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I. Cytotaxonomic Relationships Within the mesophragmatica
1

Species Group of Drosophila

DANKO BRNCIC,2 PULIYAMPETTA S. NAIR AND
MARSHALL R. WHEELER
INTRODUCTION

The mesophragmatica group of species of the genus Drosophila was established
by Brncic and Koref-Santibafiez (1957) in order to include a cluster of Neotrop
ical species that form a phyletic unit. At the present time, the group comprises
eight species: D. mesophragmatica Duda 1927; D. gaucha Jaeger and Salzano
1953; D. pavani Brncic 195 7; D. gasici Brncic 195 7; D. altiplanica Brncic and
Koref-Santibafiez 1957; D. orkui Brncic and Koref-Santibafiez 1957; D. viracochi
Brncic and Koref-Santibafiez 1957; and D. brncici Hunter and Hunter 1964. All
the species are morphologically very similar and some of them, like D. gaucha
and D. pavani, are sibling species, indistinguishable by inspection of morph
ological traits including the external male genitalia (Nacrur, 1958). Varying
degrees of reproductive isolation have been observed among the members of the
group (Koref-Santibafiez, Casanova and Brncic, 1958). Thus, D. gaucha and
D. pavani give abundant, although sterile F 1 hybrids; D. altiplanica and D. orkui
occasionally give a few sterile F, adults; while D. mesoph.ragmatica, crossed
either with D. gaucha or with D. pavani, gives only a few pupae and very seldom
some sterile F, adults (Hunter and Hunter, 1964) . D. viracochi, D. gasici and
D. brncici do not cross with any other species of the group.
The investigations of mating behavior between different members of the group
studied under laboratory conditions by Koref-Santibafiez (1963, 1964) have re
vealed that, although the general patterns of sexual behavior in all the species
are rather similar, there are quantitative differences in the utilization of certain
elements of courtship.
The eight species are fundamentally Andean in their geographical distribu
tion, and some of them live at altitudes over 10,000 feet. D. pavani has been found
in Chile from Copiap6 (27° 20'), which seems to be the northern limit of dis
tribution, to Valdivia in the south ( 39° 52') ; it also occurs on the eastern slope
of the Andes in Argentina (San Luis, at Long 66°W), where it overlaps the dis
tribution area of D. gaucha. In the North-Central part of Chile, D. pavani
represents one of the dominant endemic species of the genus. Its relative fre
1 This work has been supported by PHS Research Grant No. 5 P01 GM 11609-07 from the
Institute of General Medical Sciences to Professor Marshall R. Wheeler, Genetics Foundation,
University of Texas at Austin. The collection of species and the preparation of the stocks were
possible thanks to Grants from the School of Medicine, University of Chile, and from the
"Consejo Nacional de Investigaci6n Cientifica y Technol6gica" of Chile to the senior author.
2 Permanent address: Department of Genetics, University of Chile, Zanartu 1042, Santiago,
Chile. Visiting Investigator, 1969- 1970, Genetics Foundation, University of Texas.
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quency in collections made over fermenting fruit baits ranges between 8 to 80
percent, depending on the places and season of the year (Brncic, 195 7a, 1958).
D. gaucha is the most widely distributed species of the group. It lives at high
altitudes in Peru and Bolivia, but it seems also to be the only species of the group
that has been collected in the plains of Southern Brazil, Uruguay, and Argentina.
According to Brncic ( 1958), this species comprises over 30 percent of the indi
viduals of all species of the genus collected in certain places of Argentina, such
as Cordoba and San Luis. D. mesophragmatica has been reported in the high
altitudes of Bolivia (La Paz and Cochabamba), Peru (Cuzco), and in several
places in Colombia. In many of the collections, D. mesophragmatica represents
the most abundant species of the genus; Hunter and Hunter (1964) found that
in a locality near Pasto (Colombia) the relative frequency of the species, among
all the species of the genus attracted by banana baits, is about 80 percent. D.
viracochi is also a relatively abundant species in Peru (Cuzco and Machu Fichu),
Bolivia (La Paz) , and Colombia (San Lorenzo, Medellin, Bogota, Paipa, and
Pasto) overlapping the distributional area of D. mesophragmatica. D. gasici is a
relatively rare species, but is nevertheless well distributed from Colombia to
Northern Chile (Arica) and Argentina (San Luis) . The distribution of the re
maining three species are not well known. According to Brncic and Koref-Santi
bafiez ( 195 7) , so far D. altiplanica has been collected only near La Paz (Bolivia),
and D. orkui only near Cuzco (Peru); and according to Hunter and Hunter
(1964) , D. bmcici has been reported only in Colombia, where in some localities
(Medellin) it is a rather abundant species.
Summarizing, the mesophragmatica group probably represents the most typ
ical cluster of related Drosophila species which is restricted almost exclusively
to the Andes System of mountains. For this reason, the study of the genetics and
evolution of this group could be of importance for the understanding of the evo
lutionary patterns of many other organisms distributed along the complex An
dean biogeographical zone. Brncic and Koref-Santibafiez (1957) and Brncic
( 1958) established the phylogenetic relationships of six of the species of the
group based mainly on morphological characteristics, reproductive isolation, and
chromosomal comparisons. But the increasing importance of the group for ge
netic and evolutionary studies (see reviews in Brncic, 1958, 1970), the ad
dition of new species not considered in the works referred to, and the availability
of new methods for comparison of the genetic structure of the species, seem to
justify a re-examination of the whole problem.
In the present report, an attempt is made to establish the relationships between
six of the members of the mesophragmatica group by means of the cytogenetic
analysis and in a following report an attempt will be made to correlate this
phylogeny with the isozyme v;ariation within the group. Unfortunately, two of
the species of the group, D. altiplanica and D. orkui, were not included in the pres
ent work because no living stocks of them were available.
CYTOGENETIC ANALYSIS

Materials and Methods
For cytogenetic analysis the following stocks of flies were employed:
A . D. pavani: (1) Copiap6 (Chile), (2) Vallenar (Chile), (3) La Serena
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(Chile) , (4) Mendoza (Argentina), (5) Vifia del Mar (Chile), (6)
Olmue (Chile), (7 ) El Tabo (Chile) , (8 ) Arrayan (Chile), (9) Bellevista
(Chile) , (10) Curic6 (Chile), (11) Chillan (Chile).
B. D. gaucha: (1) Campos do Jordan (Sao Paulo, Brazil), (2) Moitos Capoes
(Rio Grande do Sul, Brazil), (3) Taimbas (Rio Grande do Sul, Brazil),
(4) La Paz (Bolivia ) , (5) San Luis (Argentina ), (6) Cordoba (Argen
tina) .
C. D. mesophragmatica: (1) Machu Pichu (Peru), (2) Cuzco (Peru), (3)
La Paz (Bolivia), (4 ) Bogota (Colombia) .
D. D. viracochi: (1) Machu Pichu (Peru) , (2) Bogota (Colombia).
E. D. gasici: (1) Bogota (Colombia), (2) Arica (Chile), (3) Cochabamba
(Bolivia) , (4) San Luis (Argentina ) .
F. D. brncici: (1) Bogota (Colombia ) .
All of the above cited stocks originated from many flies collected in nature,
and have been maintained as mass cultures in the Laboratory of Genetics of the
University of Chile for many years. Most of them were transferred in 1969 to the
University of Texas, where the present studies were carried out.
The karyotypes were determined from larval brain tissues following the tech
nique utilized by Wilson et al. (1969 ) . The ganglia were removed in Drosophila
Ringer solution (Waddington formula), then transferred to 1 percent hypotonic
solution of sodium citrate for about 6 to 10 minutes. The ganglia were then trans
ferred to acetoorcein stain, prepared according to Mather (1962), left for about
5 minutes and then mounted in a drop of 45 percent acetic acid and squashed
with thumb pressure between slides and cover glasses previously siliconed.
The salivary gland chromosomes were prepared by dissecting the glands from
third instar larvae in 45 percent acetic acid solution, then placed for about 1
minute in a drop of 1N hydrochloric acid, and allowed to stain for about 3 to 4
minutes in a drop of lactic-acetic-orcein, prepared according to Carson and Sato
(1969). The glands were transferred to a drop of a solution of 1 part of glacial
acetic-acid and 1 part of concentrated lactic acid, placed on a siliconed slide, and
squashed under a siliconed cover glass. The preparations were then sealed with
nail polish.
The photomicrographs of chromosomes were obtained by means of a Zeiss
Photomicroscope.
For the analysis of the salivary gland chromosomal sequences, cytological
maps of the chromosomes of the six species were made by assembling and mount
ing together sections of photomicrographs of the best preparations obtained in
each species. The map of the chromosomes of D. gaucha, a monomorphic species
with respect to genetic arrangements, was selected arbitrarily as representing
the "standard" gene sequences, and the banding pattern of the other five mem
bers of the group were referred to this "standard".
For the comparison of the gene sequences present in the different species, the
procedures and recommendations by Stalker (1965) were followed as closely as
possible. To avoid mistakes in the interpretation of the variations of the banding
pattern of a chromosome when compared to the sequence found in the homolog
ous chromosome of other species, or in that selected as " standard", large numbers
of photographs were obtained from the chromosomes of several larvae of each
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Fm. 1. Photomicrograph of the metaphase karyotypes of the species of the mesophragmatica
group. 1.- D. gaucha female; 2.-D. gaucha male; 3.-D. meesophragmatica female; 4.- D.
pavani female; 5.-D. pavani male; 6.-D. mesophragmatica male; 7.-D. viracochi female;
8.- D. viracochi male; 9.-D. gasici female ; 10.-D. gasici male; 11.-D. brncici male; 12.-D.
brncici female.

species amplified at about the same magnitude. Misinterpretations of the band
ing orders could be produced by technical reasons, su ch as differences in staining
and squashing, or by physiological factors, such as differences in polyteny or
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puffing. In addition to the procedure of direct comparison of photomaps, in D.
pavani the exact localization of the gene arrangements in the X-chromosome,
that differentiate this species from D. gaucha, were obtained by crossing the two
species and examining the chromosomes of the F 1 hybrids. In addition, drawings
of inversions found in the hybrids between some of the other species obtained oc
casionally in the past, such as those published by Brncic and Koref-Santibanez
(1957) of an exceptional hybrid between D. gaucha and D. mesophragmatica (a
polymorphic stock), were taken as a criteria for the localization of certain gene
arrangements.
RESULTS

Metaphase Chromosomes. The metaphase plates of D. gaucha (Fig. 1, No. 1
2), as seen in the larval neuroblasts, show one pair of V-shaped chromosomes,
three pairs of rods, and a pair of dots, as was described by Jaeger and Salzano
(1953). D. pavani (Fig. 1, No. 4-5) and D. viracochi (Fig. 1, No. 7-8) have the
same basic karyotype as D. gaucha and are in accord with the drawings presented
by Brncic and Koref-Santibaiiez (1957). The metaphase configurations of D.
gasici (Fig. 1, No. 9-10) and D. brncici (Fig. 1, No. 11-12) are similar to that of
the other three species and correspond to the original descriptions of Brncic
(1957a), Brncic and Koref-Santibanez (1965), and Hunter and Hunter (1964).
Nevertheless, a more detailed analysis of the chromosomes shows that the dots in
these two species are more enlarged, and in most preparations have the appear
.ance of a small pair of rods. This tendency of increasing the size of the dots is also
characteristic of D. mesophragmatica (Fig. 1, No. 3 and 6), in which this chromo
somal pair is definitely represented by a pair of short rods, as was described by
Brncic and Koref-Santibanez (1957). Fig. 1 (No. 6) shows that this pair of short
rods has two zones which can be distinguished by the coloration. One of these
zones has the same appearance as the Y chromosome, being strongly hetero
chromati c. This fact could be interpreted to mean that the transformation of the
dot-shar 1d chromosomes into small rods is due to the addition of extra hetero
chromatin, as seems to occur also in certain other species of the Drosophila genus
(see review in Patterson and Stone, 1952). Although the enlargement of the dots
in D. gasici and D. brncici is not as pronounced as in D. mesophragmatica, these
three species can, nevertheless, be easily distinguished from the other three for
this characteristic and it seems to be reasonable to cluster them in a common
sub-group.
In all the species of the group the X-chromosomes, as shown in Fig. 1
(especially ilJ the microphotograph corresponding to the female karyotypes) ,
have a tendency to bend near the middle. The Y-chromosome has a constriction
in a sub-terminal position that may correspond to the centromere, and that in D .
viracochi (Fig. 1, No. 8) gives the impression of a small V. The Y-chromosome
can be easily identified in the preparations by its strongly heterochromatic
character.
Salivary Gland Chromosomes. The salivary gland chromosomes of the six
species considered here show five euchromatic strands and one euchromatic dot,
all united by the heterochromatic chromocenter. The dot-like chromosome (the
fifth one) corresponds to the shortest element found in the metaphase plates, in
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FIG. 2. Composite photographic map of the standard banding pattern of the salivary gland
chromosome I (X) of D. gaucha (upper part) and D. mesophragmatica (lower part). The
proximal ends are to the right. The limits of the "fixed" paracentric inversions that differentiate
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FIG. 3. Composite photographic map of the standard banding pattern of Chromosome 2 (upper
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the right. The limits of the "fixed" paracentric inversions that differentiate the above cited
species from the other members of the group are indicated by brackets. Each letter corresponds
to the inversions described in the text.
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eluding the species like D. mesophragmatica in which the dots clearly are de
veloped into a pair of rods. This fact supports the idea that the change in length
of the fifth pair is due to the addition of extra heterochromatin as was suggested
before. Therefore, in the salivary gland cells most of this chromosome, except the
euchromatic portion, are included in the chromocenter.
The disc pattern of the homologous chromosomes of the six species considered
here are similar enough to permit an easy identification. In fact, the photomaps
of the chromosomes of D. gaucha, shown in Fig. 2, 3, and 4, which were obtained
by combining sections of photomicrographs, correspond, with the exception of
the first chromosome (the X), to the salivary gland chromosome map of D. pa
vani, obtained from camera lucida drawings that were previously published by
Brncic ( 195 7b).
Variations of the Gene Arrangements. All the stocks of D. gaucha, D. brncici,
and D. viracochi examined were monomorphic for the gene arrangements in
their chromosomes, confirming the previous studies (Brncic, 195 7c). The other
three species of the group are chromosomally polymorphic, due to the presence of
paracentric inversions. Descriptions and figures of the different inversions found
in heterozygous condition (heterokaryotypes) have been given previously
(Brncic, 1957b, 1957c). At the time when the present work was done, most of
the stocks of D. pavani were still polymorphic. In contrast, the stocks of D. gasici
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FIG. 4. Composite photographic map of the standard banding pattern of the right arm of the
Chromosome 4 (upper part) and the left arm of the same chromosome (lower part) of D. gaucha
and D. pavani. The proximal ends are to the right. The limits of the "fixed" paracentric inver
sions that differentiate the above cited species from the other members of the group are indicated
by brackets. Each letter corresponds to the inversions described in the text.
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cated in Figures 2, 3 and 4, the arrows the hypothetical links, and the numbers inside the circles
the number of inversion differences between the species.

and D. mesophragmatica, maintained for many generations under laboratory
conditions, the naturally occurring inversions were not observed.
As a result of the comparison of the band sequences of the chromosomes of the
six species considered here, only differences that could be interpreted as due to
the occurrence of paracentric inversions have been detected. In the present
report, however, only the gene arrangements that distinguish one species from
another, that is, those that do not constitute polymorphic situations, were con
sidered for cytotaxonomic purposes and are indicated in Fig. 2, 3, and 4.
In all the cases in which heterospecific hybrids between species were obtained,
such as D. pavani X D. gaucha, the differences observed in the chromosomes of
the F, hybrids corresponded to those postulated by the examination of the photo
graphs of the chromosomes of the separate species. In the case of the crosses
between D. mesophragmatica and D. gaucha, the analysis of the F, hybrids
seemed to show a greater number of inversions as compared to those found by
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direct comparison of the photographs. But, if all those inversions which are poly
morphic in D. mesophragmatica are discounted in the comparison, leaving only
"fixed" sequences, these differences tend to disappear. The above facts are im
portant because they indicate that differences in the banding pattern observed by
direct comparison of photomaps in the species that do not cross, such as D. gasici,
D. brncici and D. viracochi, seem to be reliable.
Nevertheless, it seems to be important to point out that errors could be produced
by the comparison of photomaps, especially when certain regions of chromosomes
are not clear enough in pattern or exhibit variations due to puffing. But as Stalker
( 1965) has emphasized, the diverse errors of interpretation will tend to under
estimate the structural differences, and should never result in an overestimate.
Therefore, the photographic method of analysis at least gives information of the
minimum number of gene sequences by which one species is differentiated from
another.
The X-chromosome of D. gaucho., as indicated in Fig. 2, differs only from that
of D. pavani by two overlapping inversions localized in its basal half. These in
versions correspond to the "A" and "B" gene arrangements described by Brncic
and Koref-Santibaiiez (1957). If the X-chromosomes of D. mesophragmatica
and D. brncici are compared with that of D. gaucha, it is possible to detect an
inverted zone (inversion C) near the distal end, and also a large difference in the
band pattern of the basal half which probably corresponds to a complex re
arrangement resulting from at least four overlapping inversions (C, E, F, G
complex in Fig. 2). The drawings of the chromosomes of some exceptional F,
hybrids, such as those published by Brncic and Koref-Santibaiiez ( 195 7), confirm
the existence of these differences. The basic structure of the X-chromosome
observed in D. mesophragmatica and D. brncici differs from that of D. viracochi
apparently by only one inversion (Hin Fig. 2), and the stocks from Cochabamba
(Bolivia) and San Luis (Argentina) of D. gasici differ by only the inversion "I"
(Fig. 2). When the stocks of D. gasici from Colombia and Chile are considered,
there appear three more inversions in addition to the "I" one, that characterizes
these populations from those of Bolivia and Argentina (Brncic and Koref-Santi
baiiez, 1965). The last fact indicates that, from the phylogenetic viewpoint, the
Bolivian and Argentinean populations of D. gasici are closer to D. brncici than
are the populations of Chile and Colombia.
Chromosome 2 of D. gaucha does not differ by any inversions from the
"standard" gene order of D. pavani. The only variations observed in some of the
F1 hybrids between these two species are two median inversions (one included in
the other) that constitute a polymorphic condition in all the natural populations
of D. pavani (Brncic, 1957b). The band pattern of chromosome 2 exhibited by
D. mesophragmatica, D. viracochi, D. brncici and D. gasici differ from that of
D. gaucha by only two inversions (A and Bin Fig. 3). In some preparations of
salivary gland chromosomes of D. gasici certain additional variations appeared
that probably correspond to the polymorphic inversions that are found in the
stocks and natural populations of this species (Brncic and Koref-Santibaiiez,
1965).
Chromosome 3 of D. gaucho. and D. pavani appears to be identical but seems
to differ from that of D. mesophragmatica, D. viracochi, D. brncici, and D. gasici
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by only a medium-sized inversion in the distal half (Inversion A in Fig. 3) . In
addition, D. brncici and D. gasici differ from the other four species by another
inversion localized in the proximal half (Inversion Bin Fig. 3).
The right-arm of chromosome 4 of D. gaucha has the same band sequence as
the "standard" gene arrangement of D. pavani, all the populations of the latter
being polymorphic for three overlapping inversions (Brncic, 1957b) . If this
basic sequence is compared with that exhibited by D. mcsophragmatica, D.
viracochi, D. brncici, and D. gasici, a large rearrangement localized in the middle
part can be detected. This new sequence is probably the result of two inversions
(A and B) , one included in the other as is indicated in Fig. 3.
The left-arm of chromosome 4 of D . gaucha corresponds to the "standard" gene
arrangement of D. pavani. In addition, as was indicated elsewhere (Brncic,
1957b) , D. pavani is a polymorphic species with respect to three overlapping
inversions in this euchromatic strand. The gene orders of the same chromosome
in D. mesophragmatica, D. viracochi, D. brncici, and D. gasici, when compared
with that of D. gaucha, seem to differ only by a large inversion in the middle
part (Inversion A in Fig. 4). Some preparations of D. mesophragmatica salivary
gland chromosomes show a more complex band pattern, which probably cor
responds to certain polymorphic inversions found in some of the stocks and
natural populations of the latter species (Brncic, 1957c) .
No attempt has been made to compare chromosome 5 (the dot) but it ap
parently has a similar structure in the six species. The changes in the hetero
chromatin content, that differentiate D. pavani, D. gaucha, and D. viracochi
from the other three species, do not provide much morphological difference in
the salivary gland chromosomes.
Phylogenetic Relationships Established by the Study of the Chromosomes.
There are two types of chromosomal changes that are of importance in the estab
lishment of the phylogenetic relationship within the mesophragmatica group:
First, the alterations in the amount of heterochromatin observed in the metaphase
plates, and second, the parncentric inversions that distinguish one species from
the others. If it is assumed that both types of changes have occurred at random
and constituted unique events in the evolutionary history of the group, it is
possible to cluster into phyletic units those species that share certain common
chromosomal structures. Moreover, the reconstructions of the inversion series
could give valuable information about the evolutionary pathways. Thus, if species
1 and 2 have the inversion "a" in common, and species 2 and 3 shared the inver
sion " b," which is not present in 1, it is possible to establish the following evolu
tionary pathway: Species 1 ~Species 2 ~Species 3; in other words, indicating
that Species 2 occupies an intermediate position between Species 1 and 3.
Using the above assumption, the phylogenetic relationships of the six species
of the mesophragmatica group were established as indicated in Fig. 5, in which
the numbers represent the five euchromatic strands, the capital letters represent
the "fixed" paracentric inversions, the arrows show the hypothetical links, and
the numbers inside the circles summarize the number of inversion differences
between the species.
It was considered reasonable to put D. mesophragmatica, D. brncici, and D.
gasici close together because in all of them chromosome 5 is represented by small
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rods instead of dots due to additions in the amount of heterochromatin. D. brncici
differs from D. mesophragmatica by a single inversion, and D. gasici differs from
D. brncici by another one. According to that, the genetic order observed in D.
brncici represents an intermediate link between that exhibited by D. mesophrag
matica and that of D. gasici. D. mesophragmatica is the closest related species to
D. viracochi and differs from it apparently by a single inversion. Nevertheless,
chromosome 5 is represented in D. viracochi by a pair of dots, and not by rods.
Rod-shaped "dots" are characteristic also of D. gaucha and D. pavani, and they
differ from D. mesophragmatica by at least 11 and 13 inversions, respectively.
For this reason, a "hypothetical" structural intermediate has been postulated with
the same basic chromosomal arrangement as that observed in D. mesophragmatica
but having dots instead of rods. From this "hypothetical" intermediate, three
diverging evolutionary pathways can be followed : one giving origin to D. meso
phragmatica, D . brncici, and D. gasici; a second one evolving into D. viracochi;
and a third one linked to D. gaucha and D. pavani. D. gaucha, selected arbitrarily
as having the "standard" banding patterns of the group, occupies an intermediate
position between D. pavani, which differs by only 2 inversions, and the other
species.
It seems of interest to comment that the connecting link between D. gaucha
and D. mesophragmatica required at least 11 inversions. This fact could indicate
that, during the process of evolutionary divergence, many intermediate chromo
somal structures have been lost. Nevertheless, they could also be represented in
some local populations or species not yet discovered. The geographical charac
teristics of the main distributional area of the m esophragmatica group, the Andes
System of mountains, is particularly suited for the formation of endemic forms.
The two species of the group, D. altiplanica and D. orkui, not included in the
present report due to the fact that no living stock of them was available, repre
sent examples of such localized endemic forms . D. altiplanica has been found only
in a small area near La Paz (Bolivia) and D. orkui only in Cuzco (Peru) (Brncic
and Koref-Santibafiez, 1957). Probably other related species similar to the latter
will be discovered, and perhaps in some of them the cytogenetic analysis might
reveal banding patterns corresponding to the intermediate series of inversions
postulated in the reconstruction of the phylogeny. But, as Stone, Guest and
Wilson (1960) and White (1969) have rightly expressed, one fact that must
never be forgotten is that the rearrangements, which succeed in establishing
themselves as cytotaxonomic differences between incipient species, are only a
minute fraction (perhaps 1 in 10 6 or 10 7 ) of those that occur.
DISCUSSION

Since the pioneer work of Dobzhansky and Epling (1944) on D. pseudo
obscura and its relatives, the analysis of the polytene chromosomal banding
patterns in determining the evolutionary relationships of species belonging to
the genus Drosophila has been carried out in many species groups. Particularly
valuable for the present discussion are the studies of the virilis group (Stone,
1955; Stone, Guest, and Wilson, 1960), the repleta complex (Wasserman and
Wilson, 1957; Wasserman, 1962a, 1962b, 1962c), the melanica group (Stalker,
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1965), the nasuta group (Wilson et al., 1969), and many related species of the
genus living in Hawaii (see review in Carson et al., 1970). The general achieve
ments of these studies have been summarized also by Dobzhansky (1951),
Patterson and Stone (1952), da Cunha (1960), and Sperlich (1967) as well as
others. One of the main conclusions that can be drawn from the work done is
that most of the existing differences in gene orders between species can be ex
plained by paracentric inversions. A second conclusion is that there are no strict
correlations between the evolutionary status of related species and the degree of
similarities respecting the banding patterns. For example, there are closely related
species that differ by many inversions such as the willistoni group, in particular
the paulistorum species complex (Kastritsis, 1966). In contrast, in the members
of the repleta group (Wasserman, 1962a, 1962b, 1962c), certain Hawaiian spe
cies (Carson et al., 1970) and in certain members of the nasuta subgroup of the
immigrans group (Wilson et al., 1969) there are relatively few inversion differ
ences, and there are even "homosequential" species, which, according to Carson,
Clayton and Stalker (1967) who introduced the concept, are good biological
species which nevertheless have identical polytene chromosomal banding se
quences in all chromosomes. A third general conclusion is that when related
species are compared, they very often have more inversions heterozygous in their
populations than the number of fixed inversion differences. The situation in
D. pseudoobscura and D. persimilis (Dobzhansky and Epling, 1944) is typical of
this last condition.
In the present report on the phylogenetic relationships of the six members of
the mesophragmatica group it has been found that at least 16 paracentric inver
sions have been fixed during their evolutionary history. But, within the group
there also exist 17 segregating inversions that constitute polymorphic conditions
in the natural populations of three of the six species analyzed. D. pavani is poly
morphic for 8 paracentric inversions, D. gasici for 5, and D. mesophragmatica
for 4. No chromosomal variations have been observed in D. gaucha, D. viracochi
or D. brncici. It is important to remember, however, that with the exception of
D. pavani and D. gaucha, none of the other species has been studied extensively
respecting the chromosomal variability in the natural populations.
Between some species of the mesophragmatica group, for instance, D. brncici
and D. gasici, D. mesophragmatica and D. viracochi, or D. mesophragmatica and
D. brncici, there is only one inversion difference. But between D. mesophrag
matica and D. gaucha, there are at least 11 inversion differences. As was stated
earlier in this paper, perhaps some of the intermediate gene sequences in the
hypothetical chain of chromosomal rearrangements between these two species
may yet be discovered in some local races or in new species of the group not yet
investigated. The distributional area of the mesophragmatica group is not yet
completely determined, and the Andes System of mountains, in which most
species of the group are found, is especially suited for the establishment of isolated
populations at different stages of evolutionary divergence. It is almost impossible
to guess if in certain of these isolates some of the intermediate chromosomal se
quences could actually be present. Nevertheless, there are good grounds for
arguing, and it is also probable, that most of the intermediate links postulated in
the phylogeny of the group will never be discovered. The existing inversions
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within the genus Drosophila, according to the estimations of Stone, Guest and
Wilson (1960), represent less than 1 in 106 or 101 of those which have been
produced and which have not had success in becoming established in the popula
tion and have been eliminated by natural selection and other evolutionary
pressures. The elimination of the intermediate gene arrangements which are
postulated in order to explain the present chromosomal structures in each species,
is an evolutionary trend that has also been observed in the natural populations of
some of the members of the mesophragmatica group. The most remarkable
example has been observed in D. pavani. This species is polymorphic for two
inversions in the second chromosome, one of them being included in the other.
Never have these two inversions been observed separately. In the right arm of the
fourth chromosome there is, in addition to the "standard" gene order, a compli
cated gene arrangement made up of three overlapping inversions, and in the left
arm of the same chromosome another complex of three overlapping inversions
has been found. In the last 15 years large samples of D. pavani, obtained from
practically all of the known distributional areas of the species, have been cyto
logically examined and the intermediate links in the chains of overlapping inver
sions have been found (Brncic, 1957a, 1958) .
D. gasici also constitutes an interesting example. The populations of Colombia
and Chile differ from those of Bolivia and Argentina for three fixed inversions in
the X-chromosome (Brncic and Koref-Santibaiiez, 1965) . In other words, the
cytological differences between these geographical races of D. gasici are more
pronounced than those observed when the Bolivian or Argentinean populations
are compared with D. brncici or the less related species, D. mesophragmatica.
This finding is of importance because it stresses the fact that evolutionary
divergence can happen in the absence of drastic changes in chromosomal struc
tures. It is probable that newly arising inversions constitute at first a poly
morphic condition, and can persist independently of the process of speciation, as
se=ms to have occurred in some of the Hawaiian species studied by Carson et al.
(1970) , in which certain segregating inversions have been observed in more
than one related species. The maintenance of an inversion in a polymorphic
condition, its elimination, or its fixation in a descendant population or species
depends on the selective advantage (da Cunha, 1960; White, 1969; Carson et al.,
1970) . It is possible to conclude that the critical changes in the speciation phe
nomena depend less on drastic modifications in the chromosomal sequences (or
changes in structural genes such as those controlling enzymes) than on changes
at the level of the genetic regulating mechanisms that control the structural
genes during development, reproduction and behavior. Chromosomal changes
could be of importance in the speciation process if they modify the regulatory
systems and the homeostatic adjustment of the population, and this is un
predictable. As John and Lewis (1969) have stressed, the magnitude of the
change produced at the chromosomal level bears no relation to the magnitude of
its effect on the phenotype. The biological significance of a new gene arrange
ment is that it could modify the behavior of the chromosomes in meiosis, and
this is important in the regulation of genetic recombination within the popula
tions. The maintenance of bizarre chromosomal polymorphisms due to inversions
in many species of Drosophila depends, as Dobzhansky (1951) and Wallace
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(1968) have pointed out, on the specific combining ability of the genetic content
within the inverted sections of the chromosomes, and thus determine the superior
fitness of the heterozygotes in each particular environment. This same argument
may be hypothetically applied to the extensive polymorphisms at the single locus
(gene) level. Such events that occur at the populational level could or could not
be of importance at the species divergence level. Speciation phenomena depend
primarily on behavioral traits such as those that determine reproductive isolation,
or a particular manner of niche exploitation and coexistence. Very little is known
about the significance of chromosomal or major gene mutations at that critical
stage of the evolutionary process. The available information tends to indicate,
as has been discussed, that most of the traits which are important for speciation
depend to a large extent on coadapted polygenetic systems. Changes at the poly
genetic level are not detectable under the microscope and are difficult to investi
gate by the usual genetic methods.
SUMMARY

The phylogenetic relationship of six species of the mesophragmatica group of
species of the subgenus Drosophila have been established by means of a study of
polytene chromosomes and the metaphase plates. The species studied were D.
mesophragmatica, D. gaucha, D. pavani, D. viracochi, D. brncici and D. gasici.
For the comparison of the banding patterns of the salivary gland chromosomes,
photographic maps were constructed for the chromosomes of all the species.
The metaphase plates of D. gaucha, D. pavani and D. viracochi show one pair
of V-shaped chromosomes, three pairs of rods, and a pair of dots. This pair of
dots is enlarged in D. brncici and D . gasici, while in D. mesophragmatica they
are represented by a pair of short rods. This modification of the size of the fifth
pair of chromosomes is attributed to addition of heterochromatin. This character
istic permits one to cluster together the latter three species in a common sub
group.
The analysis of the polytene banding patterns has revealed that at least 16
paracentric inversions have been fixed during the evolutionary history of the
group. D. brncici differs from D. mesophragmatica by a single inversion, and
D. gasici differs from D. brncici by another one. Thus, D. brncici occupies an
intermediate position between the former two. D. mesophragmatica is the most
closely related species to D. viracochi from which it differs apparently by only
one inversion. D. gaucha differs from D. mesophragmatica by at least 11 fixed
inversions, and from its "sibling" species, D. pavani, by only two. If we start
from a "hypothetical" chromosomal structure having the same basic chromo
somal arrangement as that in D. mesophragmatica, but having the fifth pair of .
chromosomes represented by dots instead of rods, three branched evolutionary
pathways may be followed : one giving origin to D. mesophragmatica, D. brncici
and D. gasici, a second one evolving into D. viracochi, and a third one linked to
D. gaucha and D. pavani.
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INTRODUCTION

The mesophragmatica group represents a typical cluster of closely related
species of Drosophila (Brncic and Koref-Santibafiez, 1957). In the previous
paper (Brncic, Nair and Wheeler, this Bulletin) an attempt has been made to es
tablish the phylogenetic relationships within the group based mainly on cytologi
cal studies. A comparison of the different species in the group at the genie level
could contribute much towards confirming these relationships and could provide
information on the genetic divergence involved in their speciation. It would also
help to reveal the correlation, if any, between cytological variations and genetic
differences among closely related species.
The availability of techniques to detect isozyme variations by electrophoretic
assay has made it possible to examine a previously inaccessible part of the
genome and thus provide an estimate of the genetic similarity or dissimilarity
between populations or species at a number of loci. The possibility of interpreting
phylogenetic relationships by comparison of biochemical traits has been already
explored in some species of Drosophila. For instance, Johnson et al., (1966)
studied esterase differences between taxonomically different species and found
a close agreement in the patterns. Hubby and Throckmorton (1968) compared
7 isozymes, having about 19 systems, in "triads" of closely related species of
Drosophila and found that sibling species shared isozymes with identical electro
phoretic mobility about 50%, on the average, and lesser degrees of sharing
occurred between more distantly related species. Kanapi and Wheeler (1970)
did similar investigations in three species of the Drosophila nasuta complex and
have found that the isozyme differences between species agreed well with the
presumed degrees of relationship established by cytological and hybridization
studies. It seems evident, therefore, that electrophoretic assay could be a useful
tool in estimating genetic variability within and between species. In the present
studies an attempt has been made, using these methods, to investigate a large
1 This investigation was supported by PHS Grant No. GM- 15769--03 to Professor Kojima and
GM-11609--07 to Professor M . R. Wheeler from the National Institute of General Medical
Sciences and by the Atomic Energy Commission Contract AT-(40-1) - 3681. The collection of
species and the preparation of the stocks were made possible by grants from the School of
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2 Present address: Faculty of Biological Sciences, Southern Illinois University, Edwardsville
62025.
3 Permanent address: Department of Genetics, University of Chile, Zanartu 1042, Santiago,
Chile. Visiting Investigator, 1969-1970, Genetics Foundation, University of Texas at Austin.
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TABLE 1

00

The enzymes assayed and the number and kind of variants observed in the whole group
and in each species.
Variants in each species

No.

1
2
3
4
5
6

7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

23
24

Total enzyme
variants in
the group

Enzyme

Esterase (EST B1)
Esterase (EST B2)
Esterase (EST R)
Amylase (AMY)
Alkaline phosphatase (APH 1)
Alkaline phosphatase (APH 2)
Octanol dehydrogenase (ODH)
Alcohol dehydrogenase (ADH)
Aldehyde oxidase (AO)
Choline esterase (COE)
Hexokinase (HK 1)
Hexokinase (HK 2)
Hexokinase (HK 3)
Isocitrate dehydrogenase (IDH)
oo glycerophosphate dehydrogenase
Malate dehydrogenase (MDH)
Malic enzyme (ME)
Fumarase (FUM)
Glucose-6-phosphate
dehydrogenase (G6PD 1)
Glucose-6-phosphate
dehydrogenase (G6PD 2)
Glucose Isomerase (GI)
6 phosphogluconate
dehydrogenase (6PGD)
Aldolase (ALD)
Phosphoglucomutase (PGM)
Total number of variants

(GPD)

D. pavani

D . mesophrag
D. gaucha D . viracochi matica
D. gasici

1to2
1 to4
1to6
1 to3
1
1 to6
1 to3
1
1 to5
1
1 to3
1 to2
1 to2
1to3
1 to2
1 to2
1 to3
1 to3

1,2
2,3
4,5,6
1
1
2,3,4,5
2
1
3
1
1,3
1,2
2
1,2,3
1,2
2
1,2
2,3

1
2,3
4,5,6
1
1
3,4,5
2,3
1
2
1
1,3
1,2
2
2
1,2
2
1
2

1

1

1 to2
1 to3

1
1,4
2
3
1
1
2
1
4,5
1
1,2

D . brncici

1
1,3
2
2
1,3
2,3

2
1
1,3
1
1
1
2
3
1,2
1
1
1,3

1
4
3
2
1
5
1,2
1
2
1
1
1
1
3
1,2
1
1
1

1
4
3
2
1
5
2
1
3
1
1
1
1
3
1,2
2
1
2,3

1

1

1

1

1

1,2
1

2
2

2
3

1
2

1
2

2
2

1 to3
1 to2
1 to2

3
2
1,2

1
2
1

2
2
1

2
2
1,2

2
1,2
1

2
2
1

65

40

33

30

29

27

26
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1
1
1,2
2
1
6
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number of loci in six species of the Drosophila mesophragmatica group namely:
D. pavani, D. gaucha, D. viracochi, D. mesophragmatica, D. gasici and D. brncici.
MATERIALS AND METHODS

Nineteen different enzymes, comprising twenty-four loci, were investigated
in the six species using electrophoretic assay. The enzymes analyzed, the abbrevi
ations used for each, the number of scorable systems in each enzyme, and
the variations observed with regard to eaoh system in the whole group and
in each species are shown in Table 1. For all enzymes except Amylase, starch
gel electrophoresis was ·carried out using the single-fly assay technique as de
scribed by Johnson (1966) with slight modification. For Amylase, a modified
horizontal acrylamide gel technique as described by McCune (1969) was em
ployed. The buffers and staining procedures were modified from various sources
(see Shaw and Koen, 1968, for details and references). In all cases flies of differ
ent species were assayed together in the same gel to eliminate differences due to
gels, buffers, voltage or other variables. Whenever mobility differences were too
small, flies of the two species concerned were assayed in a gel side by side along
with a mixture of their homogenates to confirm the variations. In some systems
of certain enzymes clear banding patterns were obtained in some species, but not
in others. Whether absence of bands is due to null alleles or due to certain
extraneous factors could not be determined, and hence such systems were not
considered for the present comparisons. At least 25 flies of each species were
assayed for each enzyme and, in most cases, the number of flies analyzed was
much higher. About an equal number of males and females were used in all
cases. There were male specific bands in some species, chiefly in esterases, but
these have not been included in the present data. Adult flies were used for all
enzyme assays with the exception of Alkaline phosphatase (APH). For APH,
larvae were assayed since resolution of different bands was better in larvae as it
is in D. melanogaster. However, in the mesophragmatica group, unlike in D.
melanogaster, the larval APH bands are identical with the adult bands and pre
sumably the larval and the adult APH locus is the same. The flies of the different
species assayed were from the same populations as those in which cytological
studies were done as detailed in the previous paper (Brncic, Nair and Wheeler,
op. cit.). In D. pavani and D. gaucha, populations from different ecogeographical
regions were examined while in the other 4 species only one population each was
available. This could have contributed to the detection of a larger amount of
variation in the first two species as shown in Table 1.
RESULTS

The patterns of electrophoretic variants in the six species for the enzyme
systems examined are shown in Figures 1 and 2. Enzymes with no variations in
any of the species are not represented. Arbitrarily, the different bands have been
numbered in each case progressively from the one showing maximum mobility
towards the anode. In each diagram the first column represents the total number
of bands seen in the whole group with regard to the particular enzyme.
In the analysis of the data, an attempt has been to estimate the genetic simi
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larities between the different species and also to postulate a phylogenetic relation
ship within the group based entirely on isozyme data. Based on cytological evi
dence it has been shown (Brncic, Nair and Wheeler, op. cit.) that the six species in
the mesophragmatica group can be divided into three subgroups namely, 1) D.
pavani and D. gaucha, 2) D. viracochi and 3) D . mesoplzragmatica, D. gasici and
D. brncici. Based on this grouping, the genotype of a hypothetical stem line was
postulated with regard to the 24 enzyme loci. When identical mobility bands
were seen in at least two of the three subgroups, they were assumed to have had
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Frns. 1 and 2. Relative positions of bands representing electrophoretic variants in the six species.
The first column, marked by an asterisk, represents the total number of variants found in the
whole group for each enzyme. The numbers on top denote species as follows : 1) D. pavani
2) D . gaucha 3) D. viracochi 4) D. mesophragmatica 5) D. gasici 6) D. brnci;ci. See text for
other details.

a common origm from the stem line. Alleles responsible for electrophoretic
variants which were observed only in one species or one subgroup were presumed
to have arisen within the species or subgroup as the case may be. It is recognized
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that the presumption of homology involved in this procedure may not be true.
But in a closely related group such as mesophragmatica where the species are so
similar cytologically, perhaps such a presumption may not be unwarranted. In
Figures 1 and 2 the enzyme bands representing the hypothetical stem line are
shown as solid, the group-specific bands are left blank and the species-specific
variants are stippled. When a hypothetical ancestral genotype is postulated in
the manner indicated, it is seen to be polymorphic in 11 out of 24 loci. This
degree of polymorphism does not seem too high, especially since a contemporary
species like D. pavani has 12 polymorphic loci out of 24.
The relationship between the different species of the group in terms of chro
mosomal and genie variations is shown in Table 2. The correlation between the
chromosomal inversion differences and the genie differences does not mean that
any of the alleles could be directly associated with any of the inversion sequences.
This obviously requires mapping of the positions of the different enzyme loci.
However, incorporation of a number of fixed inversions perhaps reflects the time
distance in the evolutionary path and the genetic distance seems to have close
agreement.
Genetic similarities between the different species of the group were estimated
based on the number of identical enzyme bands they shared. This is given both
as fractions and percentages in Table 3. The similarity between two species is
expressed as the fraction or percentage of enzyme variants that are identical in
the two species out of the total number of variants exhibited by the two species.
For example, in a comparison between species A and B, if both species have 3
bands each for an enzyme of which only one band is identical, then the similarity
between the two species would be 1/ 5 = 20%. This would explain the difference
in denominators in Table 3, though the same number of enzyme systems have
been examined in all cases.
In a second method of analysis of the isozyme data, the different species were
compared using the coefficients of genetic similarity proposed by Rogers (1970)
TABLE

2

Inversions and alleles specific to subgroups and species
Subgroups

III

II

D . pavan i D . gaucha

a ) subgroup

D . viracochi

D . mesophragmatica

D . gasici D . bmcici

1*

11

Fixed inversions
specific to:
b) species

2

a) subgroup

11

2

6

Alleles specific
to:
b) species
• Common to gasici and brncici only

4

2

2
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3

Genetic similarity between species in fractions and percentages (see text)
D. pavani

D. gaucho

D . viracochi

D . gasici

D. brncici

30/45

17/ 52
.326

19/51
.372

14/52

20/46

.269

.434

15/49
.306

15/48
.3 12

15/45
.333

18/ 44

17/ 42
.404

15/ 41

20/36

.365

.555

19/ 36
.527

19/ 36

D. pavani

.666

D. gaucha

D . mesophragmatic

D. viracochi

D. mesophragmatica

.409

.527
20/ 31

D. gasici

.645

D. brncici

and currently being used for analysis of data on biochemical polymorphisms in
natural populations by members of the Genetics group at The University of
Texas. The coefficients of genetic similarity obtained through computer analy
sis using the above method are given in Table 4. A dendrogram constructed on
the basis of the above coefficients using the methods suggested by numerical
taxonomists (Sokal and Sneath, 1963) is shown in Figure 3. The scale in the
dendrogram indicates the level at which the stems come together, but obviously
does not represent the relationships at the tips of the dendrogram.
The genie similarities between the species calculated by percentage analysis
as well as by Roger's method (Tables 3 and 4) show great resemblance and are
in remarkably close agreement with the phylogenetic relationships postulated
on the basis of cytological studies. Species that are very similar morphologically
and cytologically also exhibit the highest degree of genie similarity. For example,
among the subgroups, D. pavani and D. gaucha show the greatest morphological
similarity, their chromosomal sequences are very much alike and they freely
interbreed in the laboratory producing abundant, though sterile, hybrids (Brncic
and Koref-Santibaii.ez, 1962). Corresponding to this close relationship, these two
TABLE

4

Roger's coefficient of genetic similarity between species
D . pavani

D. pavani
1.00
D. gaucha
D. viracochi
D. mesophragmatica
D. gasici
D. brncici

D . gaucha

.632
1.00

D. mesaD . viracochi

.395
.410
1.00

phragmatica

.378
.382
.513
1.00

D. gasici

D. brncici

.259
.410
.474
.673
1.00

.488
.494
.617
.626
.767
1.00
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0.80

0.64

0.48

0 .32

0.16

0

D. povoni

I
I

D. gaucho
D. virocochi
D. mesophrogmolico

I
I
0.80

0.64

0.48

D. gosici

I
I

0.32

D. brncici
0.16

0

Frn. 3. The dendrogram showing relationship between species based on Roger's coefficient of
genetic distance.

species show considerable genie similarity with regard to the enzyme loci ex
amined. About 66% of the enzyme bands in the two species are identical and
Roger's coefficient of similarity is .632 (Tables 3 and 4) . This subgroup is far
removed from other members of the group in having as many as 11 common fixed
inversion differences. Paralleling this evolutionary distance as shown by chro
mosomal phylogeny, it is noticed that there are 11 new enzyme alleles specific
to this subgroup and there are only two alleles in each species that are species
specific (Table 2) .
The subgroup consisting of D. mesophragmatica, D. gasici and D. brncici
represents a different evolutionary pathway but the three species are not too
close. In fact D. mesophragmatica has been included in the subgroup only because
it shares with the other two species the characteristic that the fifth chromosomes
are represented by rods instead of dots. There are only two enzyme alleles specific
to the subgroup while D. mesophragmatica itself has 4 species-specific alleles.
However, D. mesophragmatica shows more than 50% genie similarity with both
of the other two species and hence the genetic evidence supports the postulated
relationship. D. gasici and D. brncici are indeed very close and this is reflected
both in cytological and genetic similarities. They share about 65% of their
enzyme bands and Roger's coefficient of genetic similarity is .767, the highest
in the whole group.
Among the six species, D. brncici seems to show the closest agreement with the
postulated hypothetical stem line with regard to the enzyme alleles and it has no
new alleles specific to itself. It cannot, however, be considered as in the direct
ancestral line because of its characteristic rod-shaped fifth chromosome which it
shares with the other two members of the subgroup and the unique chromosomal
inversion it shares with D. gasici (Brucie, Nair and Wheeler, op.cit.). D. viracochi
forms a subgroup by itself. In chromosome sequence it is closest to D. mesophrag
matica, differing in only one fixed inversion. Genetically, too, it is closer to the
subgroup comprising D. mesophragmatica, D. gasici and D. brncici as is shown
in Tables 3 and 4 and the dendrogram (Fig. 3) . However, its fifth chromosomes
are represented by dots as in D. pavani and D. gaucha.
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DISCUSSION

There are two questions to which one could seek answers through the study
of allelic variations at a number of loci in a group of related species. First, whether
these variations are useful as diagnostic aids in establishing phylogenetic rela
tionships; and second, whether the differences at the genie level could throw
more light on the kind and amount of genetic reorganization involved in the
process of speciation. Before attempting to answer these questions, some diffi
culties involved in interpreting isozyme variations should be pointed out:
1) Homology of alleles responsible for enzymes of identical electrophoretic
mobility in different species remains in doubt. As Zuckerkandl and Pauling
(1965) have pointed out, when the common ancestor of contemporary forms
is too remote and a thorough reshuffling of hereditary material has taken
place, then the notion of homology becomes meaningless.
2) Isozyme variations do not provide any evidence as to the "mutation dis
tance" between species. It is conceivable that two or more gene loci are involved
in providing different polypeptide subunits to a single enzyme entity and hence
it is hard to estimate the number of mutations that are involved in one mobility
change.
3) Isozyme variations do not give any clue regarding the sequence of changes.
There is no positive way one can determine which variant or allele is more
ancient, except in relation to other known facts of evolutionary sequence.
4) Isozyme variations reflect changes only in a restricted part of the genome.
Hence the estimation of genie similarities based on isozyme variations alone need
not necessarily represent the correct situation with regard to the whole genome.
For instance, Gillespie and Kojima (1968) have shown that the degree of varia
tion in enzymes involved in glucose metabolism is much less than in some others.
Though a significant difference in this respect is not seen in the present studies,
it seems reasonable to expect lesser variation in those genes that are concerned
with the essential, basic manifestations of life.
5 ) There is very little information with regard to the functional differences
between the different electrophoretic variants of enzymes. It is quite likely that
these variations represent amino acid substitutions without any serious impair
ment of functional specificity of the enzymes. Until more is known about the
physiological relevancy of these variants, it is difficult to assess whether they
have, by themselves, any evolutionary significance.
In spite of these handicaps, the present studies and various earlier studies indi
cate that isozyme analysis can indeed be very useful in answering the questions
raised at the beginning. With regard to phylogenetic relationship between species,
data from enzyme analysis can provide much meaningful information inde
pendently as well as in conjunction with other known evidence. Even if homolo
gies are questioned, there is no doubt that these endophenotypic characters have
as much relevance as other morphological characters in determining taxonomic
affinities . The close parallelism shown in these studies between isozyme varia
tions and other characters confirms this.
The second question is that of genie divergence involved in speciation as re
vealed by isozyme study. Hubby and Throckmorton (1968 ) from their studies
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already referred to, have concluded that speciation does not require change in a
large number of loci. They also find that there is greater genie similarity between
sibling species than between more distantly related species. The present studies
confirm their findings with regard to the enzyme loci. However, these conclusions
involve equating the variations at the enzyme loci with the rest of the genome.
This type of comparison of the structural genes does not take into account the
possible and perhaps more important changes in the regulatory mechanisms.
In any case, the amount of genie divergence need not necessarily have too much
relevance as far as speciation is concerned. If we accept reproductive isolation
as the criterion for differentiation of biological species, it seems evident that such
isolation could occur without reference to morphological or genie variations.
Populations of the same species which are physically isolated from one another
for a long period of time may build up a considerable amount of genetic variance
depending on differences in selective forces. Between many such populations no
reproductive barrier may exist (Dobzhansky, 1964; Grant, 1966) . But in some
cases, it is equally likely that a reproductive barrier is built up as a by-product
of other genetic changes (Dobzhansky, 1937; Muller, 1939). The formation of
distinct biological species in this manner must be considered as an accidental
evolutionary phenomenon. That reproductive isolation can occur by chance has
been confirmed by several laboratory observations (Koref-Santibafiez and Wad
dington, 1958; Rick, 1963). When populations become distinct biological species
in this manner, the genie divergence between these species will depend upon
the elapsed time and difference in selective pressures on the populations after
isolation, rather than on when the actual reproductive barrier occurred. Two
kinds of situations may exist in this regard: 1) Different populations of the
species may show a considerable degree of genie divergence without being repro
ductively isolated; 2) Populations may develop reproductive barriers and become
biological species before building up any great degree of genetic change.
The present studies indicate that both of these situations may exist in the
mesophragmatica group. For instance, D. gasici and D. brncici are two species
which are very close cytologically and genetically, and yet there is complete
reproductive isolation between them. The same situation exists between D. pavani
and D. gaucha. Perhaps these may be cases where reproductive isolation has
occurred before much genetic variance had been incorporated. On the other hand
there are two populations of D. gasici, one from Bolivia and the other from east
of the Andes in Colombia, which show three fixed inversion differences (Brncic
and Koref-Santibafiez, 1965) and between which preliminary studies indicate con
siderable genetic difference in the enzyme loci. But they freely interbreed pro
ducing fertile progeny. Perhaps these populations represent the first type of
situation where genetic divergence in isolated populations has not been accom
panied by accidental reproductive isolation. It seems likely that as more and more
populations are studied in this regard, similar situations will be seen in other
species.
In this context, the kind of reproductive isolation between two closely related
species may itself provide some clue to the type of speciation that has occurred.
Admittedly, hybrid sterility is not an economical method of preserving genetic
integrity. Hence, as has been pointed out (Grant, 1963; Rick, 1963) selection

Nair, Brncic and Kojima: lsozymes of the mesophragmatica group

27

for reproductive barriers can have reference only to isolating mechanisms in
the parental generations. Such selection would lead towards establishment of
some premating mechanism of reproductive isolation. This selection has been
designated as the "Wallace effect" by Grant (1966). The fact that such selection
is common in nature is demonstrated by studies on some Drosophila groups (King,
1947; Dobzhansky, Ehrman and Pavlovsky, 1957) where it was shown that
sympatric species are separated from one another by stronger ethological barriers
than are geographically isolated species. The speed of this selection in nature
would depend upon the frequency of hydridization. Under laboratory conditions
the effect of such selection sometimes becomes evident within a few generations
(Koopman, 1950; Paterniani, 1969) .
The absence of an effective premating reproductive isolation in two species
with overlapping distribution could be due to two reasons : 1) the seasonal or
ecological divergence between the species is so complete that there is no hybridiz
ing in nature, or 2) the geographical overlap is so recent that natural selection
has not had enough time to bring about the change. The latter situation seems
to exist with regard to D. pavani and D. gaucha whose distributions overlap in
the eastern slopes of the Andes in Argentina, and between which, apparently,
there is no significant seasonal or ecological isolation. It is possible that D. pavani
is a recent immigrant to this area from its normal distribution range in Chile
and perhaps these two species have not been existing together in the same area
for a sufficiently long time for natural selection to have brought about any effec
tive sexual isolation. A significant observation in this context is that of Koref
Santibafiez and Del Solar (1961) who found that D. pavani males from this area
of overlap show a greater degree of discrimination against D. gaucha than do
males from areas in Chile. This suggests that selection against hybridization is
in progress.
SUMMARY

Twenty-four loci controlling 19 enzymes were examined in six members of
the mesophragmatica species group of Drosophila using electrophoretic assay.
Genetic variation as revealed by this study shows a close resemblance to the
morphological and cytological variations between the species. The phylogenetic
relationships of the species, based on isozyme data, parallel the postulated cyto
taxonomic relationships, suggesting that isozyme variations could be used, with
confidence, as diagnostic aids in taxonomy.
The estimation of genie divergence as revealed by isozyme variation between
the different species, shows that speciation does not require change in a large
number of loci. However, it is argued that critical changes in the speciation
phenomena do not depend on changes in the majority of loci (or on drastic
modifications in the chromosomal sequences) but rather on changes at the level
of genetic regulatory mechanisms and on coadapted polygenetic systems.
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III. Antigenic Properties and Electrophoretic
Heterogeneity of Polypeptide Chains From
IgG Immunoglobulins
1

BOB G. SANDERS AND LEROY HOOD

2

INTRODUCTION

lmmunoglobulins are a large and heterogenous population of serum proteins
containing antibodies. These proteins resemble one another in their general
polypeptide chain structure, yet differ markedly in their specificities for different
antigens. Three classes of immunoglobulin molecules have been studied in detail
(IgG, lgM, and lgA) . These three classes of immunoglobulins differ as to physi
cal, chemical, and biological properties; however, they have a basically similar
4-polypeptide chain structure which is polymerized in some cases to form higher
molecular weight globulins. Each of the three classes of immunoglobulins con
tains two light polypeptide chain types (kappa and lambda). The heavy chains
of the different immunoglobulins are distinctive and determine the major class of
the molecule. There are some interesting questions concerning the evolutionary
relationships of the different immunoglobulin classes; however, this study has
been limited to IgG.
Studies by Edelman (1959) and Edelman and Paulik (1961) showed that
rabbit and human IgG molecules are composed of polypeptide chains. Fleishman,
Pain and Porter (1962) and Porter (1962) found that after reduction and
alkylation, IgG molecules could be separated into heavy and light chains. Investi
gation of the IgG polypeptide chains led to a model diagrammatic structure in
which the molecule is composed of two heavy and two light chains (Porter,
1962) .
An impressive characteristic of the component polypeptide chains of IgG
immunoglobulins is the tremendous molecular heterogeneity. Studies of indi
vidual polypeptide chains of lgG from human and mouse demonstrate that they
exist in multiple, chemically distinct forms. The usual methods of determining
this heterogeneity is by antigenic and electrophoretic studies, which have re
vealed that the heterogeneity exists at several different levels.
Considering light chains, there are class differences and specificity differences.
For example, the normal human light chain population is classified into separate
types (kappa or lambda chains) on the basis of distinct antigenic and chemical
properties. Light chains can be divided into amino-terminal halves which are vari
able in their amino acid sequences and carboxy terminal halves which are virtu
ally invariant. The amino-terminal half chain is designated as S (for specificity
region) and the carboxy terminal half is called C (for common region). Two
1
2
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forms of light chains can be distinguished by their terminal halves (lambda and
kappa). It has been postulated that the amino terminal (S) half of any light
chain is involved with the antibody specificity of the molecule; amino acid
changes in this region account for the great chemical heterogeneity.
The heavy chains of the IgG class in most species can also be divided into dis
tinct components on the basis of their electrophoretic and antigenic behavior. For
example, mouse IgG exists as two separate immunoelectrophoretic components
(IgG 1 and IgG 2 ) (Fahey et al., 1964). The IgG components can be further di
vided into subclasses; immunochemical analysis enabled Fahey et al. (1964) to
detect two subclasses of the IgG 2 class in mice. Assuming that each subclass is ·t he
product of a different gene, there are at least 4 different genes controlling the syn
thesis of the heavy polypeptide chains for mouse IgG. As techniques improve,
more heterogeneity will probably be detected.
Studies in our laboratory as well as in others have raised a number of questions
concerning the evolution of the genes coding for immunoglobulin molecules and
the structural character of their polypeptide chains. The heterogeneity of these
molecules quite naturally limits the applicability of many techniques commonly
used in structural studies.
The purpose of the present paper is threefold : to give procedures for purifica
tion and chain separation of the polypeptide chains from IgG of 15 vertebrates; to
present data on a comparative antigenic study of immunoglobulins and their
polypeptide chains from those 15 species; and to examine the extent of hetero
geneity within the heavy and light chain polypeptides of normal IgG.
MATERIALS AND METHODS

Purification of IgG: The starting materials (IgG or serum), their sources, and
methods of purification are given in Table I. Human, cow, pig, rat, dog, horse,
sheep and chicken IgG immunoglobulins were purchased from Pentex, Inc.
DEAE Sephadex (A-50) and DEAE cellulose equilibrated with 0.01 M sodium
phosphate, pH 6.8, were used to purify IgG from mice, mink, brown trout, mon
key, and baboon. The immunoglobulins were eluted either from columns or by
batch method. To a column (2.5 x 20 cm) , 5 ml of ammonium sulfated globulins
(dialyzed against the starting buffer) were added and eluted with 0.01 M sodium
phosphate, pH 6.8. The eluted proteins were dialyzed against distilled water and
lyophilized. In the batch method, 25 ml of whole sera were added to 10 gms of
wet DEAE Sephadex, previously equilibrated with 0.01 M sodium phosphate
buffer, pH 6.8. The mixture was agitated for 30 minutes and the supernatant
containing the IgG was separated from the DEAE Sephadex by filtration . The
procedure was repeated a second time and the resulting supernatant was dialized
against distilled water and lyophilized. Immunoelectrophoresis using antisera
against whole sera of individual species was performed to evaluate the purity of
the respective IgG proteins. Purification of immunoglobulins from tuna, turtle,
and brown trout involved ammonium sulfate precipitation ( 50, 40, 30 percent re
spectively), followed by starch block electrophoresis in 0.2 M borate buffer, pH
8.0, for 18 hours at 400 volts at 4 °C, and finally gel filtration on G-200 Sephadex
equilibrated with 0.1 M NaCl-1.0M tris buffer, pH 8.0, at 4°C. The eluted proteins
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TABLE

1

Purification procedures used were as follows: 1) Used without further purification; 2) ammonium
sulphate precipitation followed by chromatography on DEAE cellulose or DEAE
Sephadex; 3) starch block electrophoresis followed by gel-filtration
on G-200 Sephadex. Antisera listed here were directed
against whole serum from the appropriate
species, and were used for evaluating
the purity of the IgG preparations.
Animal

Starting
Material

Human

IgG

Cow

IgG

Pig
Guinea Pig

Sources of
Material

Purification

of IgG

Sources of

Antis era

1

Hyland Labs

"

1

Hyland Labs

IgG

"

1

Hyland Labs

IgG

"

1

-

Rat

IgG

"

1

Caltech

Dog

IgG

"

1

Hyland Labs

Rabbit

IgG

"

1

Hyland Labs

Horse

IgG

"

1

Hyland Labs

Sheep

IgG

"

1

Hyland Labs

Cat

IgG

"

1

Hyland Labs

Chicken

IgG

"

1

Caltech

Turkey

IgG

R. Templis

1

-

Monkey

serum

R. Owen

2

Caltech

Baboon

serum

Hyland Labs

2

Caltech

Mink

serum

F. Dixon

2

D. Porter

Duck

serum

H. Grey

2

H. Grey

Turtle

sen.an

H. Grey

2,3

Caltech.

Brown Trout

serum

J. Wright

2,3

Caltech

Tuna

serum

L. Barrett

2,3

Caltech

Pentex

were collected in tubes using a Gilson fraction collector, optical densities deter
mined spectrophotometrically at 280 mµ, and the protein fractions dialyzed
against distilled water and lyophilized.
Testing for purity of lgG preparations: Serum was subcutaneously injected
(1.0 ml of serum with 1.0 ml of complete Freund's adjuvant) into the neck and
back of rabbits. One month later, two intravenous injections (two days apart) of
0.5 ml of serum were given. Antisera were collected one week after the last in
jection. The purified immunoglobulin and non-purified serum were placed in sep
arate wells on the same slide containing 3.0 ml of 1 % agar made up in 0.075 M
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veronal buffer, pH 8.6 (B2 buffer, Beckman Instruments). The proteins were
electrophoresed for 2 hours at 6 mA per slide with a starting volt.age of 80, after
which a center trough was removed from the agar and antiserum against the
serum and globulin being tested was added. The slides were developed for 24 hours
at 23 °C in a humid chamber. The highest feasible protein concentrations were
used in order to raise the limits of qualitative detection of components contami
nating the purified IgG. The purified proteins were examined for purity at various
protein concentrations (3-10% protein) .
Chain separation: Upon verification of purity with immunoelectrophoresis, the
polypeptide chains were separated by reduction and partial alkylation of inter
chain disulfide bridges, followed by gel filtration of the chains (Fleischman et al.,
1963). Briefly, 150-200 mgs of the purified globulin were dissolved in 5 mls of 1.0
M tris buffer, titrated with HCl to pH 8.6, 75 lambda of beta mercaptoethanol
added and the mixture incubated at 23°C for 3 hours. Next 215 mgs of iodoaceta
mide (Sigma Chemicals Co.) were added, followed by frequent agitation at 4°C
for 1 hour. The partially alkylated protein was then dialyzed exhaustively against
1.0 N acetic acid at 4°C. Another method of chain separation involved reduction of
the globulin with 0.1 M beta mercaptoethanol and lowering the pH by dialysis
against 1.0 N acetic acid rather than alkylating.
The chains were separated by gel filtration, either by P-200 polyacrylamide gel
or G-100 Sephadex, with 1.0 N acetic acid as buffer in either case. The reduced
and alkylated material (200 mg) was separated on ·t he P-200 gel using a column
150 X 3.5 cm with a flow rate of 40 mls per hour. Reduced but not alkylated
globulins were separated on G-100 Sephadex using a column 150 X 2.5 cm
with a flow rate rate of 20 ml/ hr. The separated polypeptide chains were
collected in 5-10 ml volumes in tubes using a Gilson fraction collector. The pro
tein fractions were determined by spectrophotometric readings at 280 IDft; the
separated chains were then lyophilized, and yields were determined by dry
weight.
Producing antisera against the separated chains: Antisera were produced in
rabbits against the separated heavy and light chains from five species: three pri
mates (human, rhesus monkey, and baboon), one carnivore (dog), and one artio
dacty1 (sheep). This group was elected to permit a study of immunologic similari
ties in closely and more distantly related mammals. Rabbits approximately 6
months old and weighing 5-8 lbs. were injected with 10 mg of the separated heavy
or light chain. Each protein was dissolved in 1.0 ml 0.85% saline and mixed with
an equal amount of complete Freund's adjuvant. In primary sensitization the pro
tein was injected into all toe pads as well as subcutaneously in 10 separate regions
draining into lymph nodes. One month later, the rabbits were given intravenous
injections of 5 mg protein dissolved in 1 ml saline; another injection was repeated
2 days later. One week after the final injection, 20-30 mls of blood were collected
by cardiac puncture. The blood was allowed to clot at room temperature for 1 hr
and then centrifuged at 10,000 rpm for 10 min. The antiserum was carefully
poured off and stored at - 20°C.
lmmunodifjusion test: The immunodiffusion test was used to determine the
degree of cross-reaction between the heavy and light chains of the different
species of animals. Three mls of 1 % agar were placed on a slide and wells were cut
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equidistant from the center. The separated heavy and light chains were placed in
the outer wells, and the antiserum was placed in the central well. Because heavy
chains proved to be highly insoluble, the IgG molecule was used as the test anti
gen. Scanning immunodiffusion tests for the presence or absence of precipitin
bands involved cutting a series of 13 to 18 wells equidistant to a center trough. The
wells were filled with the appropriate test antigen and the trough was filled with
antiserum. The slides were incubated for 24 hours at 23 6 C and observed for pre
cipitin bands. For photographic purposes, serial dilutions of the antigen were used
to obtain the ratio which gave the sharpest precipitin band.
Complete reduction and alkylation: The separated heavy and light chains were
lyophilized and 15-20 mgs of each dissolved in 1.0 ml of deionized 10 M urea
containing 1.0 N tris buffer adjusted to pH 8.6 with HCL To the solution 25
lambda of beta mercaptoethanol were added and the solution was incubated at
37°C for 15 hours. Upon completion of the incubation, 200 mgs of iodoacetamide
were added and the solution incubated at 23°C for 15 minutes with constant agi
tation. Next, 300 lambda of beta mercaptoethanol were added and the solution in
cubated for another 15 minutes. The solution was then dialyzed exhaustively
against 0.2 N ammonium bicarbonate buffer, and the dialyzed protein was lyophi
lized in small flasks in a heated desiccator containing P 20 5 and NaOH.
Disc electrophoresis: Disc electrophoresis was performed in polyacrylamide
gels. The procedures have been described by Reisfeld and Small (1966). Because
of the insolubility of the heavy chains and difficulty with electrophoretic separa
tion, the gel composition and buffers were altered. The upper buffer, pH 8.91, for
light chains, consisted of 5.16 grams of tris, 3.48 grams of glycine, and water up to
a liter. The lower buffer, pH 8.1 , consisted of 14.5 grams of tris, 60 ml of 1.0 N
HCl, and water up to a liter. For heavy chains, the upper buffer contained the
same amount of tris and glycine but was composed of 700 ml of deionized 10 M
urea and enough water to make 1 liter; the lower buffer was the same as for light
chains. The buffers were prepared just prior to use and the urea was deionized by
passing through an ion exchange resin.
The polyacrylamide gels 7.5% for light chains and 4% for heavy chains)
were prepared in deionized 10 M urea just prior to u se. The composition of the
gels are shown in Table II. The solutions for the lower gel were added (2 ml) to a
glass tube ( 12.5 X 0.5 ems) and layered with 7 M urea, until the gel formed (usu
ally 20 minutes). Next the 7 M urea was removed and the solutions making up
the upper gel were added and subsequently layered with 7 M urea. Upon forma
tion of the gel, the tubes were placed in the upper electrophoretic chamber. Light
chains (0.15 mgs) and heavy chains (0.2 mgs) were dissolved in 0.05 ml of 10 M
urea containing 5 % sucrose. The solutions were layered on top of the gels through
the upper buffer with a Pasteur pipette. One ml of 1 % bromophenol blue was
added to the upper buffer as a marker and the sample were electrophoresed at 2.5
mA/ tube at 23°C for 2 hours for light chains and 3 hours for heavy chains. Upon
completion of the electrophoresis, the gels were removed and cut at the marker so
that Rr values could be calculated. The gels were then stained in 1 % amido black
and destined in 7% acetic acid for 20 minutes. The gels were destained with suc
cessive changes of 7% acetic acid. Rr values were determined and photographs
taken with a Polaroid Land camera.
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TABLE

2

The lower gel ( 7.5% ) consists of stock solutions A, B, and C in the ratio of 1: 1: 2. The upper gel
consists of stock solutions D , E, and Fin a 1:1 :2 ratio. For heavy chains (4%), the
stock solutions differed as follows: A (16 grams of acrylamide) , D (8.0
grams of acrylamide), F (0.04 grams of ammonium
persulfate, and 0.001 grams of riboflavin).
Upper Gel

Lower

gms/100 mls 10 M urea

gms/100 mls 10 M urea

A

Acrylamide

30.0

gms

0.8

gms

Tris

18.15

gms

1 N HCl

24.0

mls

Bis

B

*

Terned

c

**

D

Acrylamide
Bis

E

0.24 ml

*

Ammonium

F

gms

0.8

gms

2.23 gms

Tris

Terned

10 . 0

**

Riboflavin

0.1

ml

0.002 gms

0.14 gms
persulfate

*Bis

- Methylenebisacrylamide

**Temed

- Tetramethylethylenediamine

RESULTS

Purification and chain separation: DEAE-Sephadex and DEA.E-cellulose were
used in purifying the IgG immunoglobulins. The DEAE-cellulose did not elim
inate a hemoglobin contaminant which migrated with the IgG; where as the
DEAE-Sephadex retained all the hemoglobin on the column. The purity and
yields obtained were dependent on the source of the IgG. For example, serum
from human, baboon, and monkey could be purified by either method and gave
approximately 75 % yield when using 0.01 M phosphate buffer, pH 6.8 (expected
yield of 10 mg per ml of serum) . Further elution with 0.1 M phosphate buffer
gave approximately 100% yields. The globulins eluted with 0.01 M phosphate
gave one band when tested; however, the globulins eluted with 0.1 M phosphate
buffer contained two minor contaminants in the alpha region when tested for
purity by immunoelectrophoresis. Serum from mouse, rat, and mink gave two
slight contaminants (estimated to be not more than 10%) which migrated in the
alpha region when eluted with 0.01 M phosphate buffer, although the IgG yields
from these sera were approximately 10%. Higher yields could be obtained by in
creasing the molarity of the buffer, but the degree of contamination also in
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FIGURE I

FIG. 1. Undiluted serum (10 lambda) and IgG (10 lambda) were placed in the respective
wells and electrophoresed for two hours at 6 mA/ slide in 0.15 M veronal buffer, pH, 8.6. The
center trough contained rabbit antiserum against normal human serum. Precipitin bands were
photographed after incubation for 24 hours in a moist chamber at Z3°C.

creased. No attempt was made to increase the purity or yield by altering the pH
of the buffer system. With serum from brown trout, turtle, and blue fin tuna,
where it was impossible to elute the globulin from the DEAE-Sephadex or DEAE
celiulose, purification by 33% ammonium sulfate precipitation, starch block
electrophoresis, and finally G-200 gel filtration proved adequate, although yields
were low (if one assumes cold-blooded vertebrates to have concentrations of IgG
similar to mammalian serum) and it was difficult to remove minor contaminants.
The immunoelectrophoretic pattern of whole human serum and purified IgG
when reacted against human antiserum can be seen in Figure 1. The pattern
shown is typical for the 15 different species. Purification of IgG from most species
gave only one gamma precipitin line; however, some showed a slight contami
nant in the alpha region.
The P-200 polyacrylamide gel column chromatography gave adequate sep
aration of the polypeptide chains for the reduced and partially alkylated IgG.
Normally, only the heavy and light chain fractions occurred (Figure 2); how
ever, with a few species of IgG a third fraction came off with the excluded vol
ume. This fraction was composed of aggregated material and represented only a
small fraction of the total IgG. The Sephadex G-100 chromatographic separation
of the reduced-only material gave three fractions (Figure 2 ). The first fraction,
composed of IgG and aggregated material, was difficult to separate from the
heavy chains (such heavy chains were not used in this study). The G-100 gave
adequate separation of the light chains (light chains from P-200 and G-100 were
used for immunological studies with identical results). Yields of 90% were eluted
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TABLE

3

IgG from t 8 species of animals were reacted against r abbit antisera to 5 mammalian h eavy chains.
Reactions with homologous antigen or heterologous antigens not giving spur formation
are r eferred to as complete cross-reactivity (C). Reactions with heterologous
antigens giving spur formation are recorded as partial cross-reactivity
(P). Tests failing to react are recorded as n egative (- ).

Antigen Source

Rabbit antis era against heavy chains from

(Intact Molecule)

Human

Baboon
p

p

Monkey

c
c
c

c
c

c
c

Guinea Pig

p

p

p

Human
Primates

Rodents

Baboon

Monkey

Dog

Sheep

Rat
Mouse

Dog

c

Cat

c

Carnivores

Sheep
Artiodactyls

Cow

c
c

Pig

Perissodactyls

Horse

Avians

Duck

Chicken
Turkey

Reptiles

Turt le

Brown Trout
Fish
Tuna

p
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Fm. 2. The two graphs represent a comparison of heavy and light chains from IgG when
chains are separated by Sephadex G- 100 and Polyacrylamide P-200 column chromatography.
The graph on the right depicts separation of heavy and light chains from reduced and alkylated
human IgG with P-200. The graph on the left depicts chain separation of reduced only lgG from
chicken, rabbit, and human.

from the columns, with the 10% loss probably due to handling loss rather than
loss on the column.
Chain separation using these techniques proved impossible for tuna and turtle
IgG. In each case, the reduced-only and partly alkylated procedures were a1
tempted. In both cases, the protein eluted from the gel filtration column as a
single peak in the region of the unreactive IgG.
Antigenic properties: The results of the immunological studies are summarized
in Tables III and IV. The IgG and light chains were used to test the antisera to
the light chains, but because of solubility problems, IgG was used to test the anti
seria to the heavy chains. When testing the antisera against heavy chains, the
light chains were used as controls and were negative in all cases. The data are
recorded as follows: A reaction with the homologous antigen or a reaction with a
heterologous antigen not showing spur formation is scored as complete cross
reactivity (C). A reaction with a heterologous antigen giving spur formation is
scored as a partial cross-reaction (P). An example of such reactions can be seen
in Figure 3.
All antisera reacted strongly with their homologous antigens and with homolo
gous IgG. All positive reactions were confirmed by immunoelectrophoresis.
The immunological studies revealed the following : ( 1) Closely related species
showed cross-reactivity to varying degrees, with the exception of pig heavy and
light chains which failed to react with antisera to sheep heavy and light chains
respectively. (2) The antisera to heavy and light chains for the five different

TABLE 4

Light polypeptide chains from 15 species and IgG from 3 species of animals were reacted against
rabbit antisera to light chains from 5 mammalian species. A reaction with the homologous
antigen or a reaction with a heterologous antigen not showing spur formation is
scored as complete cross-reactivity (C). Reactions with heterologous
antigens giving spur formation are scored as partial crossreactivity (P). Tests failing to react are scored as
negative(-).
Antigen Source

Rabbit antisera against light chains from

(light Chains)

Human

Primates

Rodents

Baboon

Monkey

Human

c

p

p

Baboon

p

c

p

Monkey

p

p

c

Guinea Pig

p

p

p

Dog

Sheep

Rat
Mouse

Dog

c

Cat

p

Carnivores

Artiodactyls

Sheep

c

Cow

p

Pig

Perissodactyls

Horse

p

Chicken
Duck

Avians

Turkey

Reptiles

Turtle

*

Brown Trout

*

Fish
Tuna

*Gamma

*

G used as antigen source
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F IGURE 3

FIG. 3. Human, rhesus monkey, baboo:i, and guinea pig serum were placed in the respective
outer wells and reacted against rabbit antiserum to monkey heavy chains which was placed in
the center well. The photograph was taken after incubating the slide for 24 hours in a moist
chamber at 23°C.

mammals revealed the same pattern of positive reaction; i.e., the presence of a
positive reaction being the same for antisera to heavy and light chains. However,
the antisera to heavy chains revealed a greater amount of complete cross-re
activity than did the antisera to light chains. ( 3) Two unexpected reactions were
observed: guinea pig light and heavy chains reacted with primate antisera to
both heavy and light chains, and chicken light and heavy chains reacted with
antisera to sheep light and heavy chains. ( 4) Antisera to heavy chains failed to
react with light chains and blocking experiments performed by adding heavy
chains to the antigen well prior to adding light chains failed to remove antibodies
against the light chains. (5) Testing of human, monkey, baboon, and guinea pig
light chains against antisera to human myeloma lambda and kappa light chains
revealed that both light chain classes were present in the IgG light chains of the 4
species. (6) IgG ·a nd light chains from many species gave two or more precipitin
bands wheri tested by immunodiffusion. Immunoelectrophoresis of light and
heavy chains demonstrated the multiple bands to be in the appropriate region.
Heterogeneity: All normal light chain preparations had from six to eight com
ponents with overlapping R1 values, as can be seen in Figure 4 and Table V. Elec
trophoresis of greater amount of protein enhanced the faint leading and trailing
bands. Different amounts of light and heavy chains were electrophoretically
separated, and it was found that 0.15 mg light chains and 0.2 mg heavy chains
gave the best results. For example, using 0.15 mg of light chains for rabbit, the
first three bands were not observed; however, upon doubling the protein concen
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TABLE 5

The light chains (0.1 mg) were electrophoresed in 7.5% acrylamide gels for 2Y2 hours at 2.5
m/ A gel. Bromphenol blue was used as a marker which travels in front of the light
chains. At the conclusion of the electrophoretic run, the gels were cut at the
marker, stained in 1 % amino black, and destained in 7% acetic acid. Rr
values are recorded as the ratio of the distance traveled by the light
chain from the origin to the distance traveled by the marker.
Source of Light Chains

Light Chain Polypeptide Electrophoretic Bands

.u

5

6

.14

.17

.19

.20

.19

.22

. 19

Turkey

.04

.08

Rat

.05

. 08

.11

.14

.17

Pig

.05

.08

.12

. 14

.16

Chicken

.04

.07

.ll

.13

. 17

.20

Cat

.06

.09

.12

.14

. 17

,19

Guinea pig

.04

.07

.09

.12

.14

.17

Rabbit

. 04

.07 - .10

. 14

.17

Duck

.04

.08

.u

. 14

.17

11

Rf 11

8

. 22

.22

• 23

.19

.22

• 24

.20

.22

Dog

.06

.09

. 12

.15

.18

.20

Cow

.05

.08

.11

.14

.17

.19

.23

Sheep

.05

.08

.11

.14

. 17

.20

• 23

Human

.05

.09

.12

.15

. 18

.21

tration, the bands did appear, but the remaining bands gave poor separation. To
evaluate possible electrophoretic differences among some of the light chains, mix
tures ( 1: 1) were electrophoresed. Slight differences would be expected to gen
erate more bands or broader bands than individual preparations. Although slight
smearing of proteins was noted in these mixed preparations, an appropriate
number of bands of normal width was observed. It was found that 7.5 % gels gave
good separation of light chains, but heavy chains could not be separated into
bands at this gel size. Gel concentration of 4.0% gave band formation for most
heavy chains; however, the bands were broad and less sharp than those of the
light chains.
The normal heavy chains gave three different patterns, as can be seen in Fig
ure 5. Seven ( 1-7) of the species have~ bands; two (8-9) gave one broad band
and a smaller band; and the remaining species ( 10-11) gave only one large band
or a smear. In some cases (2 and 5) fast-moving bands sinJilar to light chain
patterns ''"ere obserwd, suggesting contamination of the heavy chain with light
chains.
DISCUSSION

Chain separation: The polypeptide chains of IgG from fish (tuna and brown
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FIGURE 4
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FIG. 4. The light chains (0.1 mg) were electrophoresed for 21'2 hours in 7.5% acrylamide gels
at 2.5 mA/gel. The gels were stained with 1 % amino black and destained with 7% acetic acid.
The numbers refer to the source of the respective light chains: 1 turkey, 2 rat, 3 pig, 4 chicken,
5 cat, 6 guinea pig, 7 rabbit, 8 duck, 9 dog, 10 cow, 11 sheep, 12 human.

FIGURE 5
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FIG. 5. The heavy chains were electrophoresed for 3 hours in 4% acrylamide gels made up in
10 M urea with 2.5 mA/gel. The gels were stained with 1 % amido black and destained with 7%
acetic acid. The numbers refer to the source of the respective heavy chains: 1 human, 2 duck,
3 baboon, 4 chicken, 5 cow, 6 horse, 7 sheep, 8 cat, 9 monkey, 10 rat, 11 pig.
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trout) and reptile (turtle) could not be separated by either procedure; intact IgG
emerged from the gel filtration column in each case. Presumably the non
covalent bonds joining light and heavy chains are not broken in acetic acid. This
observation seems to suggest a stronger non-covalent association of light and
heavy chains in cold-blooded vertebrates.
The light and heavy chains of all higher vertebrates were eluted from the gel
filtration column at essentially identical elution volumes. This suggests that all
these chains have similar molecular weights. The G-100 Sephadex column was
calibrated with a mixture of trypsin (approximately 25,000 mol. wt.) and lyso
zyme (approximately 14,000 mol. wt.). Comparison of the elution positions of
these proteins with those of the light chains indicated that the light chains have a
molecular weight of 20,000- 25,000. Clem and Small (1967) used analytical
ultracentrifugation to obtain a molecular weight of approximately 23,000 for
lemon shark and rabbit light chains. Marchalonis and Edelman (1966) obtained
similar molecular weights for bullfrog light chains . These agree closely with
those deduced from the sequence analysis of myeloma light chains of humans
and mice (Titani et al. , 1966; Gray, 1966) . Thus it seems certain that all verte
brate light chains are similar in size.
Antigenic studies: Antiserum to a heterogeneous population of polypeptide
chains (e.g., light and heavy chains) can sometimes recognize single amino acid
changes (Baglioni et al., 1966), and also differences in structure unrelated to
primary amino acid sequence (e.g., different carbohydrate moieties attached to
light chains may be antigenic (Fleischman et al. , 1963). In spite of these possi
bilitie3, it appears likely that most antibodies, especially those produced in heter
ologous animals, are directed against sequences of amino acids in the common
regions of heavy and light chains, since they are common to all cha.ins in the
normal serum. Particular antigenic configurations in the variable regions are
evidently present in very low concentrations due to extensive variable region
heterogeneity, and in general antibody would probably not be directed against
this region.
Antisera to the heavy and light chains reacted strongly with their homologous
antigen and with homologous IgG as measured by immunodiffusion. All positive
reactions were confirmed by immunoelectrophoresis to exclude the possibility of
contaminating cross-reactivity (e.g., by albumin). As expected, closely related
species showed cross-reactivity to varying degrees, though pig light chains did not
react with antiserum to sheep heavy or light chains. No explanation is given for
the pig IgG not reacting; however, peptide map comparisons (unpublished)
demonstrated the heavy and light chains from pig to be quite different from sheep
and cow.
The presence of a positive reaction or lack of a reaction is the same for the anti
sera to heavy and light chains of the same species (see Tables III & IV). How
ever, the degree of cross-reactivity is different since the closely related species
(for example, baboon and monkey) show complete cross-reactivity with the anti
sera to baboon or monkey heavy chains and only partial cross-reactivity with the
antisera to baboon and monkey light chains. Thus, the antigenic studies suggest
a greater amount of structural homology among heavy chains of different species
than among light chains.
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The finding of complete cross-reactivity between monkey and baboon IgG when
using antisera to monkey heavy chains, as compared to only partial cross-re
activity with human IgG, can be interpreted in two ways. Since monkey and
baboon are taxonomically closer related to each other than to human, one might
expect such a reaction. There is also the possibility that the heavy chain could
exist in different classes (such as light chains) and one class could occur in such
low amounts that it would not be observed or could be completely repressed in an
animal such as man. The double precipitin bands (see Figure 3) indeed suggest
that different heavy chain classes are present. Close examination of the precipitin
bands further shows that human and guinea pig react with the inner band from
monkey and baboon IgG, but fail to react with the outer precipitin band.
Caution must be employed in interpreting the cross-reactivity between the
heavy chains when using IgG as the test antigen. Since the chains have not been
separated, antigenic sites could be inaccessible to the antisera. Further, since the
major carbohydrate is located on the common region of the heavy chain, it is
possible that the precipitin band is reacting with the carbohydrate portion rather
than the protein itself. This possibility also applies for the light chains since trace
amounts of carbohydrate have been found on kappa light chains (Melchers, Len
nox & Facon, 1966).
The two unexpected reactions, guinea pig light and heavy chains reacting with
anti-primate sera, and chicken light and heavy chains reacting with antisera to
sheep heavy and light chains could imply that a particular antigenic configu
ration in one chain influences the antigenic configuration (structural amino
acids) in the other chain, with such structural configurations being important in
the joining of heavy to light chains. The observation that none of the antisera to
heavy chains reacted against either of these light chains, nor did the antisera to
light chains react with the heavy chains, rendered unlikely the possibility that a
common carbohydrate moiety shared by light and heavy chains was the basis of
the unexpected cross-reactivity.
The fact that guinea pig light chains reacted with antiserum against human
light chains indicated that they were reacting with antibodies to human kappa or
lambda or both. When guinea pig light chains were reacted with antisera directed
against huinan myeloma lambda and kappa chains, cross-reactivity was demon
strated against both. The same was true of monkey and baboon light chains;
hence on the basis of immunological cross-activities, it appears that guinea pig,
baboon, and monkey all have regions which share some similarities with their
human counterparts. It should be mentioned that Nussenzweig et al. ( 1966) have
also demonstrated the existence of two distinct light chain classes in guinea pig
by immunological techniques.
Cross-reactivity was not observed between heavy and light chains when ex
amined with antisera to both, suggesting that the two chains do not share the
same antigenic sites. Further, antisera was produced in rabbits against human
myeloma kappa and lambda light chains. The resulting antisera failed to dem
onstrate an antigenic relationship between the two chains, although there is good
evidence that the two chains are evolutionarily related (Singer and Doolittle,
1966). Caution must be used when trying to relate antigenic findings to evolu
tionary significance. Hood et al. (1966) found that the common region of kappa
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light chains from human and mouse had over 55% identity; however, antigenic
relatedness was not observed.
The precipitin bands observed among the light chains when tested with homol
ogous antiserum could indicate the two forms (kappa and lambda), or could de
pict monomer-dimer forms of the chains. Likewise the multiple bands with heavy
chains point out their heterogeneity. Attempts to correlate the antigenic proper
ties of light chains with the presence or absence of kappa and lambda classes are
of interest because it has been demonstrated (Hood, Gray, Sanders and Dreyer,
1967) that animals had: kappa and lambda, lambda only, or kappa only. Rabbits
were used as the source of antisera in this study (rabbits have kappa and lambda
chains) and the source of antigens in all cases (with the possible exception of
horse, which appears to be lambda only, and chicken, which is probably kappa
only) were from animals where both forms of light chains were represented.
The complete cross-reactivity found among some of the heavy chains could be
interpreted as follows: Since the techniques employed do not examine antigenic
properties of the variable region, this could imply that regions of the common
portion of the heavy chains are similar or identical. Studies have demonstrated
that the C-terminal region of the heavy chains is involved with complement fix
ation, placental transfer, and skin fixation. Because of ·s uch biological functions,
one would expect this region of the heavy chain molecule to be more conservative
in change, whereas the light chains would have no such restrictions other than
antibody specificity and combining with the heavy chains. Therefore, one would
not expect complete cross-reactivity among light chains.
The immunological observations are, for the most part, what would be ex
pected from a set of evolutionarily related proteins, i.e., those animals which are
most closely related have proteins with similar antigenic determinants in their
primary amino acid sequences, whereas polypeptide chains from distantly re
lated animals (with the two exceptions) are not sufficiently similar to reveal
common antigenic sites. One can, even on the basis of the limited sets of sero
logical reagants available, start to construct an "immunologic" phylogenetic
tree based on common regions of the chains. The correspondence between this
and the classical phylogenetic trees constructed on the basis of diverse morpho
logic features is hardly satisfactory, but the anomalies will probably be resolved
as more reagents become available.
Heterogeneity: Examination of heterogeneity in the IgG polypeptides of the
various species from different evolutionary levels should reveal one of the follow
ing: a constant amount of heterogeneity throughout the vertebrates, a decrease
in heterogeneity in stepwise fashion as one goes from advanced to more primitive
vertebrates, or a gradual linear decline in heterogeneity leading to globulins with
a limited amount of heterogeneity in primitive vertebrates. Therefore, one would
expect the electrophoretic heterogeneity in different species representing different
levels in the evolution of vertebrates to remain constant or to show a decrease in
the number of bands.
Cohen and Porter ( 1964) demonstrated that normal human light chains are
resolved into about ten regularly spaced components on starch gel electrophoresis
at pH 7 to 8, and that a similar degree of complexity can be seen in other mam
malian species (e.g., guinea pig, cow, horse, and baboon). Each electrophoretic
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band is itself heterogeneous and contains a large number of different chains.
These light chain bands differ from one another by unit charges, as has been
demonstrated by adding a single charge to a homogeneous myeloma light chain
(Feinstein 1966) . Hence the pattern is made up of bands of light chains differing
from one another by unit charges.
The banding observed did not seem to be due to experimental conditions, since
completely reduced and alkylated human myeloma proteins gave 1 or Z bands.
The electrophoretic separation of human light chains from three different sources
also failed to reveal differences, suggesting that there were not individual differ
ences within the same species. Further, evidence that the electrophoretic hetero
geneity is associated with the normal immunoglobulin and not correlated with
developmental differences or to antigenic stimuli is provided from studies by
Cohen and Porter ( 1964) on a colostrum-deprived calf at different time intervals
after birth. Such studies have shown that there was not a progressive increase in
banding although the intensity of certain bands did increase. No attempt was
made to determine if subclasses were present nor to elute the bands from the gel
to determine if the kappa and lambda light chains were present in the same
electrophoretic region.
It is not feasible to state that heterogeneity of the light chains exists throughout
the evolutionary scale since the only non-mammalian species included in the
study were chicken, duck, and turkey. Attempts to separate chains from IgG of
humpback whale, swell shark, blue fin tuna, brown trout, and turtle have been un
successful, although studies by Clem and Small (1967) have demonstrated simi
lar electrophoretic patterns on lemon shark light chains. It seems quite clear that
the complexity of this dimension of heterogeneity is similar in primitive and
higher vertebrate light chains.
The data from the heavy chain studies were not as distinct as those from the
light chain studies; however, it is apparent that heterogeneity exists at this level.
On the basis of antigenic properties of mouse IgG, it is known that the heavy
chains exist in at least four distinct molecular forms (Fahey et al., 1964). Our
data suggests that there is less electrophoretic heterogeneity with the heavy
chains than with light chains. Such findings could be due to poor electrophoretic
separation of the heavy chains.
The heterogeneity or complexity of the heavy and light chains is probably re
lated to biological functions and the potential for the great amount of hetero
geneity could be present at all levels of evolution. Since the myeloma light chains
( electrophoretically homogeneous) are thought to develop from a single clone of
cells, this raises the possibility that the IgG heterogeneity (heavy and light
chains) may, therefore, arise from many cell lines each producing a single va
riety oflgG.
SUMMARY

IgG immunoglobulin was purified from sera of 15 species of animals and the
chains were separated by gel filtration after reduction and/ or alkylation. The
separated heavy and light polypeptide chains were studied using techniques de
signed to yield information about different regions of the polypeptide chains. For
example, the immunodiffusion tests yield information on the antigenic properties

46

The University of Texas Publication

of the C-ternrinal portion of the separated heavy and light chain molecules, and
the polyacrylamide gel electrophoretic studies yield information on the hetero
geneity or variability of the N-terminal part of the respective chains.
The polypeptide chains from the different species were separated by column
chromatography at approximately the same volume, indicating that the chains
are of approximately the same size if one assumes the shape to be similar.
The immunodiffusion tests were performed on the separated heavy and light
polypeptide chains as well as the intact IgG, using antisera produced in rabbits
against the respective heavy and light chains. Cross-reactions were observed
among light chains as well as among heavy chains of the different species. On the
basis of the cross-reactions, species could be assigned to groups. The antigenic
studies demonstrated that greater antigenic similarity exists among heavy chains
of different species than among the light chains. The evolutionary significance of
the findings were discussed in relation to biological functions.
The heavy and light polypeptide chains from the different species demon
strated electrophoretic heterogeneity, suggesting that the potential for this great
amount of complexity is present throughout the evolutionary scale. The num
ber of electrophoretic bands observed varied slightly among species but it was
demonstrated that the minor bands were concentration dependent.
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IV. Biochemical Polymorphism and Systematics in the Genus
Peromyscus. I. Variation in the Old-field Mouse
(Peromyscus polionotus)1
ROBERT K. SELANDER, MICHAEL H. SMITH, SUHY. YANG,
WALTER E. JOHNSON, AND JOHN B. GENTRY
INTRODUCTION

Studies of the old-field mouse (Peromyscus polionotus) , a cricetid rodent en
demic to the southeastern United States (Figure 1), have contributed importantly
to the development of contemporary concepts of geographic variation, the adap
tiveness of morphologic characters, and the coadaptation of genomes. In a series
of papers that appeared 4-0 years ago, but which even today seem, in many re
spects, modern in orientation and content, F . B. Sumner (1926, 1929a, 1929b,
1930) sought to analyze the genetic basis of morphologic characters in several
subspecies of this mouse, concentrating primarily on pelage color, which ranges
from brown in populations of the interior regions of Alabama, Georgia, and
Florida, to white in those on the Gulf coastal beaches of Florida. Among other
things, this work provided one of the first analyses of clinal variation (Huxley,
1939; Haldane, 1948).
Some aspects of Sumner's work on the genetic control of morphologic variation
in wild populations of P. polionotus were extended by Hayne (1950), and Blair
(1951) contributed an important study of the population ecology of mice
inhabiting Santa Rosa Island. Recently, Bowen (1968) has presented a detailed
systematic analysis of geographic variation in morphologic characters in popula
tions on the Gulf coast. His contention that there is partial genetic incompatibility
between two groups of populations occurring on the Florida Gulf coast raises a
number of questions regarding the genetic, phylogenetic, systematic, and ecologic
relationships of the nominal subspecies within the species P. polionotus as a
whole. Notwithstanding the considerable attention given to this species by evolu
tionists over a period of a half-century, many major problems concerning the
genetic structure and systematic relationships of populations remain to be
investigated.
With the recent development of electrophoretic techniques for demonstrating
allelic variation at genetic loci controlling the structure of enzymes and other
proteins, it has become possible to estimate degrees of genie heterozygosity in
populations (Lewontin and Hubby, 1966; Prakash et al., 1969, on Drosophila;
Selander, Hunt, and Yang, 1969; Selander and Yang, 1969, 1970; Selander, Yang,
and Hunt, 1969, on Mus; Selander et al., 1970, on Limulus; Harris, 1969,
1970, on humans) and to compare populations with respect to total genetic char
acter, working on the assumption that the sample of loci controlling the proteins
1
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examined is representative of the genome (Hubby and Throckmorton, 1968; Se
lander, Hunt, and Yang, 1969; Selander, 1970a, b; Rogers, 1971). Following
this approach, we undertook an investigation of protein polymorphism in P.
polionotus, with the principal objectives of ( 1) analyzing geographic patterns of
variation in allele frequencies; (2) assessing levels of genie heterozygosity in
insular and mainland populations; and (3) determining the genetic relationships
of populations defined as subspecies by more conventional systematic criteria.
This is the first species of Peromrscus, and only the third mammalian species, for
which an analysis of this type has been attempted. Because of its intrinsic com
plexities of variation, P. polionotus provides excellent material for investigating
the degree to which systematic subspecies represent populations having relatively
uniform gene pools, or are characterized merely by statistical modes of allele fre
quency variation at a relatively small number of more or less independent loci.
Moreover, the species is especially appropriate for this investigation by reason of
its historical importance in the development of our current subspecies concept.
In this paper, we present the results of an analysis of electrophoretically demon
strable variation in 30 proteins controlled by 32 genetic loci. For the protein loci
that are polymorphic in the species, we describe and illustrate the electrophoretic
patterns of bands appearing on starch gels. We also present allele frequencies for
samples from 30 Jocalities and analyze intrapopulation and interpopulation genie
variability in the species in terms of average heterozygosity per individual. The
second paper in this series (Selander et al., 1971) will deal with geographic pat
terns of variation in allele frequencies and their relationships to environmental
variables, with estimates of degrees of genetic similarity among populations, and
with the relevance of our data to problems of speciation, genetic structure, and
taxonomy in the species P. polionotus. Our studies of variation in P. polionotus
are designed to serve as a base-line for future comparative studies involving,
ultimately, all species of the genus Peromrscus.
In response to requests from other laboratories and several of our colleagues, we
have included in this paper an Appendix describing the techniques of tissue
extract preparation, electrophoresis, and biochemical staining employed in our
studies of rodents.
MATERIALS AND METHODS

Samples
This study is based on 745 individuals of Peromrscus polionotus collected by
digging into their burrows (Hayne, 1936; Smith and Criss, 1967), or, in the case
of beach-inhabiting populations, by live trapping (Table 1). Only rarely were
more than two adult mice found in a single burrow (Rand and Host, 1942;
Smith, 1968) . Juveniles found in burrows with an adult pair (male and female) of
mice where not included in our samples. However, when juveniles were captured
in a burrow with only a single adult, one juvenile, selected randomly, was in
cluded. All juveniles were excluded from the large sample collected at Crestview,
Florida (sample locality 10) . Approximately 95% of the mice studied were adult
or subadult.
Mice collected in the field were shipped by air to our laboratory in Austin,
where they were housed in plastic cages and provided a diet of Purina Laboratory
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DISTRIBUTION OF PEROMYSCUS POL/ONOTUS

Fm. 1. Distribution of Peromrscus polionotus. Subspecies recognized by Hall and Kelson
(1959) are indicated. Numbered circles indicate sample localities listed in Table 1.

Chow, mixed seeds, and water for from 5 to 30 days before processing for
electrophoretic studies.
Sample localities are shown in Figure 1 and listed in Table 1. Some samples
consist of mice collected in a single agricultural field or along a short stretch of
road or beach, while others include mice from several sites distributed over an area
of many square miles. Evidence of mild genetic subdivision within certain sample
areas (notably 16 and 29) is discussed by Selander et al. (1971). Mice were as
signed to the 30 sample localities, somewhat arbitrarily, before we attempted ge
netic analysis. Sample size ranges from 5 (samples 13 and 27) to 117 (sample
10). On the basis of geographic position, the mice in our samples are assignable
to eight subspecies (Figure 1), following the classication adopted by Hall and
Kelson (1959). However, if the intraspecific classification proposed by Bowen
(1968) is followed, our material represents a total of 13 subspecies.
For convenience of reference, we use the term "beach mice" to refer to popula
tions inhabiting sandy beaches on barrier islands and peninsulas in the Gulf of

52

The University of Texas Publication
TABLE

1

Samples of Peromyscus polionotus
Date of
collection
( 1969)

Sample
nwuber

2
3
4
5
6
7

8
9
10
11
12
13
14
15
16
1i
18
19
20
21
22
23
2-l25
25
27
28
29
30

Alabama: Fort Morgan and 2 mi. '1\7 Fort Morga"' Alabama Point
Alabama: Gulf Shores. Alabama Point
Florida: Florida Point, 1 mi. E Perd.ido Inlet Bridge
Florida: Western Santa Rosa Island near Fort Pickens
Florida: Eastern Santa Rosa Island. Yz to 3 mi. W point where
Highway 399 turns west
Florida: Destin Peninsula at Seagrove Beach: 1Yz mi. W Seagrove
Beach : and 1 to 2 mi. V\1 Dune Allen on Highway 30A
Florida: 5 to 14 mi. N Holle~- on Highway 87
Florida: Near Milton on Highway 90, 2 to 8Yz mi. E junction
with llighway 87
Florida: 3 mi. '1\7 Holts on Highway 90
Florida: 6\,'2 mi \V Crest,iew
Florida: Near Ensle~- on llighway 10, 7 mi. E junction with
Highway 90
Florida: % to 4\-'2 mi. S New Hope on Highway 79
South Carolina: Bell YMCA Camp, 10 mi. NE Columbia
South Carolina: Columbia Metropolitan Airport, Columbia
South Carolina: Y2 mi. N Pellon on Highway 215
South Carolina: Sa'•annah Ri\'er Plant
Georgia: Between Statesboro and Vidalia ; and 3Yz mi. S
Statesboro on llighway 301
Georgia: 3 to 4\lz mi. W Reids,·ille on Highway 280 E Ohoopee
River ; and Reidsville
Georgia: Houston Count~- on Highway 247, 2\,'2 mi. W Pulaski
Houston County line
Georgia: Cla~· Count~· on Highway 39, 4 mi. N Early-Clay
County line
Georgia: 3 mi. '1V Barney ; and between Valdosta, Georgia,
and Live Oak, Florida
Florida: Near Branford on Highway 27, 4Yz mi. W. to 6Yz mi.
E Suwanee River
Florida: From Citra E through Ocala National Forest
Florida: Interlachen
Florida: Near Salt Springs on Highway 19, 2\lz to 4\4 mi.
S Ochlawaha River
Florida: 1 to+ mi. N Dunnellon on Highway 41
Florida: 7 mi. E Eustis on Highway 4 ~
Florida: From Lake Placid to Archbold Biological Station on
Highway 27
Florida: Anastasia Island at Anastasia Island State Park,
Frank Butler State Park, and Fort Mantansas
Florida: Hutchinsons Island (N Fort Pierce Inlet) on Highway
AlA, 6 mi. N junction with Highway 60

Number of

indiYiduals

9May
9May
9May
Aug. (1968)

13
13

7May

29

8, 11 May
7May

19
15

7May
9May
9-10 May

30
9
117

8May
12May
22 October
22 October
21 October
Apr.-Oct.

19
14
5
37
17
113

20 October

36

21 October

14

21 October

26

200ctober

13

23 October

14

t2May
Oct. ( 1968)
12May

9
13
15

12May
25 September
24July

20
21
5

24July

15

23August

61

24 July

13
11

9

Mexico off the Florida Panhandle ("western beach mice"; samples 1 through 6)
or on the Atlantic coast of peninsular Florida ("eastern beach mice"; samples
29 and 30) . Samples 7 through 12 are referred to collectively as "mainland
Panhandle mice."
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TABLE

2

Genotypic proportions and allele frequencies for several loci in large
samples of Peromyscus polionotus
1. Lactate Dehydrogenase-3
Number of
Sample

Crestview (10)

Allele frequency

Genotypeo Observed (expected)

individuals

Ldh-3°

Ldh-3°/3'

62 (males)

49(48.7)

12(12.5)

1 (0.7)

0.11

0.89

2. Phosphoglucose Isomerase-1
Genotypeo Observed (expected)
Pgi-!b/i'
Pgi-1°/!d

Number of
Sample

individuals

Crestview (10)
Anastasia
Island (29)
Columbia (14)

Pgi-!b/ib

Pgi-1c;1c

117

2(4.4)

68(69.9)

40(35.7)

61
37

1 (0.3)
1 (0.8)

53(52.3)
27(26.8)

7(8.4)
9(9.5)

5(5.4)

Allele frequency

Pgi-!b/!•

2(1.4)

Pgi-tb Pgi-1C Pgi-ld

0.20

0.77

0.07
0.15

0.93
0.85

0.03

3. a-Glycerophosphate Dehydrogenase-1
Sample

Nwnber of
Genotype: Obsened (expected)
individuals Gpd-1•/!• Gpd-!b/ib Gpd-1</i' Gpd-!•/!b Gpd-1•/1'

Crestview ( 10)

117

3(2.3)

3(0.6)

73(72.3)

0(2.4)

27(26.1)

Gpd-!b/i'

11(13.4)

Allele frequency
Gpd-1• Gpd-ib Gpd-1'

0.14

0.07

0.79

4. Phosphoglucomutase-1
Number of
Sample

Anastasia
Island (29)

Allele frequency

Genotypeo Observed (expected)

individuals

Pgm-!b/ib

Pgm-tc;tc

61

4(2.9)

38(36.9)

Pgm-!b/i'

19(21.2)

Pgm-!b

Pgm-tc

0.22

0.78

5. Albumin-1
Number of
Sample

Savannah River
Plant (16)
Houston Co. (19)
Anastasia
Island (29)

individuals

Genotype: Observed (expected)
Alb-1"/1•

Allele frequency

Alb-lb/lb

Alb-1•/!b

Alb-!•

Alb-lb

113
26

3(0.9)
1 (0.7)

95(92.9)
18(17.7)

15(19.1)
7(7.6)

0.09
0.17

0.91
0.83

61

40(38.5)

4(2.5)

17(20.0)

0.80

0.20

6. Malate Dehydrogenase-1
Number of
Sample

Anastasia
Island (29)

Genotype: Observed (expected)
Mdh-1~;1a

individuals

61

2(1.1)

Mdh-!b/ib

46(45.1)

Allele frequency

Mdh-1•/! b

Mdh-1•

Mdh-!b

13(14.8)

0.14

0.86

7. Esterase-1
Sample

Columbia (14)
Savannah River
P lant (16)
Statesboro (17)
Anastasia
Island (29)

Number of
individuals Es-tb/tb

37

2(1.2)

113
36

6(5.7)
1 (0.4)

61

15(14.1)

Genotypeo Observed (expected)
Es-1•;1•
Es-lb/!'
Es-lb/!•
Es-1'/I'

25(24.2)
1 (0.3)
(O.o)

64(58.7)
28(27.5)
17(16.1)

Es-te/td

10(11.5)
7(2.7)
(0.1)

32(36.9)
6(7.1)
29(30.7)

Allele frequency
Es-lb Es-I' Es-1 4

0.19
3(8.7)
1 (0.9)

0.23
0.11
0.48

0.81
0.05
0.01

0.72
0.88
0.52
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TABLE 2---Continued
8. Esterase-2

Sample

Number of
individuals Es-28 /2"

Savannah River
Plant (16)
Statesboro (17)

97
36

2(1.0)

Genotype : Observed (expected )
Es-2bf2b
Es-2c; 2c
Es-2•/ 2b
Es-2•/2c

53 (50.4)
17(16.6)

5(2.9)
4(3.6)

13(14.5)

3(3.5)

Es-2h/ 2c

21 (24.7)
15(15 .9)

Allele frequency
Es-2• Es-2b Es-2c

0.10

0.72
0.68

0.18
0.32

9. Transferrin-1
Sample

Number of
individuals

Crestview ( 10)
Salt Springs ( 25)

117
20

rr1:i•; 1•
3(3.0)

Genotype, Observed (expected)
Trf-!b/ !b Trf-l '/1°· Trf-1 •/lb Trf-1 •/1'

82(81.2)
9 (8.3)

(0.0 )
3(2.3)

31 (31.8)

1 (0.2)

Trf-!b/!'

0(0.8)
8(9.3)

Allele frequency
Trf-1• Trf-!b Trf-1<

0.16

0.83
0.65

0.004
0.35

Laboratory Tech niques

A detailed description of laboratory techniques is provided in the Appendix.
Genetic Interpretation of Polymorphism
Of the 17 polymorphic loci analyzed in this study, 15 have not previously been
reported for Peromyscus polionotus. (The known biochemical variants in species
of Peromyscus were recently summarized by Rasmussen, 1968.) For lactate
dehydrogenase, hemoglobin, esterase-1, albumin, and transferrin, progeny studies
of lesser or greater scope with P. polionotus or the very closely related P. manicu
latus have provided support for our interpretations, and the appropriate r efer
ences to these investigations are given under, the accounts of these proteins. For
other polymorphic proteins, we have no direct evidence of the mode of inherit
ance. However, several lines of indirect evidence support our genetic interpreta
tions. First, within samples, we have noted no significant deviation from propor
tions of phenotypes (and presumed genotypes) expected on the basis of the
Hardy-Weinberg equilibrium, with correction for bias in small samples (Levene,
1949). (Representative data for several loci are presented in Table 2.) Second,
when the phenotypes of juveniles collected in burrows with adults are compared
with those of the adults, the results are almost invariably compatible with our
genetic interpretations. (A few exceptions are expected since adults other than
the parents may be present in burrows with juveniles.) Third, because the pat
terns of banding of particular proteins in Peromyscus polionotus and otJher species
of the genus are closely similar to those of the house mouse (Mus musculus), for
which extensive data from progeny studies are available (see review in Selander
and Yang, 1969; also, Wheeler, 1970) , we are justified in assuming common
modes of inheritance.
BIOCHEMICAL VARIATION

In this section, we describe the observed variation in proteins exhibiting poly
morphism in one or more of the 30 populations sampled. Of the polymorphic pro
teins, only 17 appeared with sufficeint constancy and clarity to permit us to score
the phenotypes of all individuals in our samples. Other proteins known to be poly
morphic in one or more samples could not be scored in all samples. Addi
tionally, variants at the isocitrate dehydrogenase-1 (ldh-1) and lactate dehy
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drogenase-2 (Ldh-2) loci were detected, but these loci were arbitrarily considered
to be monomorphic in the species as a whole because variants were detected in
only single individuals.
Unless otherwise indicated, the polymorphisms described in this section have
not previously been reported in the literature.

Absence of Sexual Variation
At none of the polymorphic loci in Peromyscus polionotus is there a significant
sexual difference in frequency of alleles in our samples. Representative data are
presented in Tables 3 and 4. In Table 3, allele frequencies at the esterase-1
(Es-1) locus are shown for our larger samples. Note the close correspondence of
frequencies in males and females in all samples. In Table 4, we have compared
the frequencies of alleles at five loci in males and females by pooling all samples
in which one or both sexes are polymorphic. None of the observed sexual differ
ences in frequency is significant. (For example, in comparing the sexes with
regard to allele frequencies at the phosphoglucose isomerase-1 (Pgi-1) locus,
x~ 2 )= 2.62; P > 0.1.) While our analysis has not excluded the possibility of
small sexual differences, especially if they occur in only some of the populations
sampled or at particular times of the year, it does permit us to conclude that there
is no conspicuous sexual variation. Therefore, we have combined data for males
and females for purposes of estimating gene frequencies at the sample localities.
In our extensive work on Mus (Selander and Yang, 1969, 1970), Peromyscus
(Selander, Yang, and Smith, 1971a,b), and other rodents, we have yet to detect
a significant sexual difference in allele frequencies at any locus. However, sexual
TABLE

3

Sexual variation in allele frequency at esterase-1 locus in several
samples of Peromyscus polionotus

~~~~

Allele frequen cy
Number of

Sex

individuals

5

Male
Female

13
16

8

Male
Female

18
12

10

Male
Female

14
16
17

Z9

Es-le

Es-1•

1.00
1.00
O.Q3

O.Q3

0.94
1.00

6Z

0.0Z

55

0.04

0.01
0.01

0.97
0.95

Male
Female

19
18

o.zz

Male
Female

56
57

O.Z5

o.zo

0.04
0.06

Male
Female

18
18

0.11
0.11

0.03

Male
Female

Z6

35

0.51
0.44

0.84
0.78

0.16

0.71

0.74
0.89
0.86
0.49
0.56
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TABLE

4

Sexual variation in allele frequency at several loci in Peromyscus polionotus•
1. Esterase-1
.Allele frequency

Sex

Male
Female

!\'umber of
individuals

::\wnber of
samples

354
303

25
25

Es-1"

Es-1•

Es-tc

Es-1•

Es- 1e

0_003
0_002

0.196
0_182

0.016
0_037

0.769
0.764

0.016
0.015

2. Phosphoglucose Isomerase-1
Allele frequency

5<><

Male
Female

!\'umber of
samples

13

13

Number of
individuals

Pgi-1•

Pg.i-1•

161
145

0_257
0.216

0.728
0.776

Pgi-tC

O.ot5
0.008

3. a-Glycerophosphate Dehyd.rogenase-1
Allele frequency
~umber

:'.'\mnber of
Sex

Male
Female

of

samples

individuals

Gp<l-1•

Gpd-tb

Gpd-tc

Gpd-1•

10

152
133

0.236
0.226

0.033
0.025

0.725
0.741

0.006
0.008

10

4. Lactate Dehydrogenase-1
..\.J.lele frequency

5<><

Male
Female

:\"umber of
samples

!\'umber of
individual s

Ldh-1•

Ldh-1•

5

43
36

0.733
0.724

0.267
0.276

5

5. Phosphoglucomutase-3
:\"umber (lf

Allele frequency

Se.x

samples

Number of
individual s

Male
Female

10
10

85
74

0.012
0.006

0.634
0.616

0.060
0.067

0.294
0.311

• ..\Jlele frequencies for pooled samples polylllorphic for indicated locus.

variation in frequency of transferrin alleles is reported for the voles Microtus
ochrogaster and M. pennsylvanicus by Tamarin and Krebs (1969).

Scorable Polymorphic Proteins
In the following account, the tissue or tissues from which phenotypes of a
given protein species were scored are indicated in parentheses following the
name of the protein.
Esterase-1 (hemolysate, liver, and kidney). Two prominent esterase systems
regularly appear in hemolysates electrophoresed with a tris-HCl buffer (Buffer
System 1. see Appendix), a darkly staining system anodal to the hemoglobin
and a pale system migrating slower than the hemoglobin. The latter system does
not vary. but the upper system, designated esterase-1, is polymorphic, five bands
of differing mobility being represented in our material. This variation is inter
preted as the product of five alleles segregating at a single locus, Es-1 . Hetero
zygotes have two bands, indicating that the protein molecule is a monomer. The
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alleles, listed in decreasing order of speed of migration of their bands, are Es-ta,
Es-Jb, Es-J<, Es-Jd, and Es-J• .
Esterase-1 also appears prominently in extracts of liver and kidney, where
the darkness of the bands indicates that its occurrence cannot be attributed alone
to the presence of blood in these organs. In liver and kidney, the system is diffi
cult to score consistently because the Es-ta, Es-J <, and Es-Jd bands are similar in
mobility to bands of other esterase systems (ES-2 and ES-9, Figure 2). Moreover,
the Es-Jd band fails to appear in kidney extracts of some individuals. The mobili
ties of all allelic bands are identical in all three tissue extracts, and the phenotypes
match in all individuals. Esterase-1 is completely inhibited by eserine and eserine
sulfate.
The phenotypes of esterase-1, as they appear in liver extracts, are shown in
Figure 2, and allele frequencies for our samples are presented in Table 5.
In a study of a feral population and laboratory stocks of P. maniculatus gracilis
from Michigan, Randerson (1965) described polymorphic variation in an ery
throcyte esterase. The controlling locus of this esterase probably is homologous
with Es-1 in P. polionotus, according to our interpretation. In the Michigan
material, three alleles were represented, Es-ta (fast band), Es-Jb (slow band),
and Es-1° (absence of band; hence, a "null" or "silent" allele). Progeny tests
confirmed this interpretation. In P. polionotus, we have found no evidence, ·either
in the form of individuals lacking esterase-1 bands or in unusually low propor
tions of heterozygotes of non-silent alleles in samples (see Table 2) , of the occur
rence of a silent allele at the Es-1 locus.
In all samples of western beach mice except that from Gulf Shores (2),
Es-Jd, which is the common allele throughout the range of the species, is fixed
(Table 5). The Gulf Shores (2) sample is unique in having the Es-J• allele in
high frequency (0.82), with Es-Jd at 0.18. The high frequency of Es-1• may be
attributed to genetic drift (see page 80). yet it is curious that this allele is not
represented in the Fort Morgan ( 1) sample or in other beach samples. Indeed,

+

 - -=== =
= =
= - = == = =
-=- -=- ---== -=- =- --= -== -==

=-

ES-8 - - - - ==- 
-= - -
ES-I
ES-3
ES-4

+
ES-9

=

= =

ES-2

--

c:::::J

c:::::J

c:::::J c:::::J c:::::J

c:::::J

c:::::J c:::::J

0

0

Es-! aa bb cc dd ee bd be cd de
aa
Es-2
Es-3 aa bb ab bb bb bb bb ab bb
Es-4 aa bb ab bb aa bb aa ab bb

bb cc dd ab

be

FIG. 2. Variation in esterases in liver extracts of Peromyscus poliontus. Genotypes indicated
below origin line (0) for four polymorphic esterases.
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TABLE

5

Allele frequencies at Es-1 and Es-2 loci
Esterase-2

Esterase-1

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Sample number

Number of

and locality

individuals

Fort Morgan (Ala.)
13
Gulf Shores (Ala.)
11
Florida Point (Fla.)
13
Western Santa Rosa
Island (Fla.)
13
Eastern Santa Rosa
Island (Fla.)
29
Destin Peninsula (Fla.)
19
Holley (Fla.)
15
Milton (Fla .)
30*
Holts (Fla.)
9
Crestview (Fla.)
117
Ensley (Fla.)
19
New Hope (Fla.)
14f
Bell YMCA Camp (S.C.)
5
Columbia (S.C.)
37
Pellon (S.C.)
17
Savannah River
Plant (S.C.)
113
Statesboro (Ga.)
36
Reidsville (Ga.)
14
26
Houston County (Ga.)
Clay County (Ga.)
13
Barney (Ga.)
14
Branford (Fla.)
9:j:
Citra (Fla.)
13
Interlachen (Fla.)
15
Salt Springs (Fla.)
20
Dunnellon (Fla.)
21
Eustis (Fla.)
5
Lake Placid (Fla.)
15
Anastasia Island (Fla.)
61
Hutchinsons Island (Fla.) 9

Es-ta

Es-lb

Es-tc

Es-14

Es-1 6

Es-2•

Es-2b

1.00
0.18 0.82
1.00

1.00
1.00
1.00

1.00

1.00

1.00
1.00
0.07 0.93
0.02 0.02 0.97
0.22 0.78
0.03 O.ot 0.96
0.92
0.08
0.04
0.96
0.20
0.80
0.81
0.19
0.21 0.03 0.76

1.00
1.00
0.10 0.67
0.38
0.72
0.11 0.85
0.05 0.95
0.89
0.10 0.70
0.05 0.62
0.03 0.68

0.23
0.11
0.18
0.06
0.31
0.11
0.33
0.08 0.27
0.40
0.23
0.02 0.36
0.50
0.47
0.48
0.56

0.72
0.88
0.82
0.94
0.61 0.08
0.18 0.71
0.22 0.44
0.65
0.60
0.05 0.72
0.62
0.50
0.53
0.52
0.44

0.05
0.01

0.10 0.72
0.68
0.75
0.92
0.92
0.71

Es-2c

Es-Zd

0.07

0.17
0.62
0.28
0.03

O.ot

0.11
0.20
0.14 0.19
0.12 0.18
0.18
0.32
0.25
0.08
0.08
0.29

0.15 0.85
0.70 0.30
1.00
0.05 0.83 0.12
0.70 0.30
0.03 0.73 0.17
1.00
1.00

0.07

• 4 for Es-2.

+
13 for Es-t.
l: Not scored for Es-2..
Es-t• was not found in any sample from the mainland Florida Panhandle, being
thus far recorded on the mainland only in Clay County, Georgia (20), where it
occurs at a frequency of 0.08.
On the Panhandle, inland from the beaches, the frequency of Es-Jd varies
from 0.78 to 0.97, and both Es-Jb and Es-J< are present :in low frequency. Else
where, the major feature of geographic variation at the Es-1 locus involves an
increased frequency of Es-Jb in South Carolina, Georgia, and peninsular Florida,
including the eastern beach mice (samples 29 and 30) (Table 5). Eleven of the
30 populations sampled were segregating for three alleles at this locus.
Esterase-2 (liver). Bands of esterase-2, an enzyme specific to the liver, have
a green tone which distinguishes them from those of other esterase systems.
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Because the bands of esterase-2 overlap with those of esterase-1 (Figure 2), it is
necessary to inhibit the latter enzyme with eserine in order to score this locus.
Four alleles have been detected, and heterozygotes have two bands.
The Es-2b allele is fixed in both western and eastern beach populations and
is the commonest allele in other populations (Table 5) . All four alleles are repre
sented in a number of populations.
Most rodent esterases are remarkably stable, undergoing no appreciable change
in electrophoretic characteristics even when stored frozen for months or years.
However, esterase-2 has a strong tendency to form subbands, apparent after a
few days, even when extracts are stored at -76°C. In order to score phenotypes
of this esterase, electrophoresis must be performed soon after processing. For
sample 22, we were unable to score this locus because of extensive subbanding
and other changes occurring in storage.
Esterase-3 (liver) . This is the more anodally migrating of two esterase systems
running below the bands of esterase-1 in liver and kidney extracts (Figure 2).
The other esterase is designated esterase-4, and its variation bears no relationship
to that of esterase-3, either in individuals or in populations. Only two alleles have
been detected at the Es-3 locus (Figure 2 and Table 6). Homozygotes have two
bands and heterozygotes three. Since the band common to all phenotypes is
invariably present, it may represent a separate monomorphic esterase controlled
by a locus other than Es-3, but, in any event, we have shown it in Figure 2 as if
it were a conformational or other type of subband of esterase-3.
Es-3° is the common allele throughout the range of t!he -species and is fixed in
most populations in the western part of the range. Es-3b occurs in low frequency
in South Carolina and Georgia but reaches moderate to high frequencies in
northern and central Florida.
Esterase-4 (liver). Phenotypically, this esterase, occurring in both liver and
kidney, resembles esterase-3 (Figure 2) . Two alleles are represented, Es-4" and
Es-4b. As in esterase-3, all individuals share a common band of intermediate mo
bility, which is perhaps a separate, monomorphic esterase system. With the ex
ceptions of 7, 10, and 23, all samples are fixed for Es-4•. In the three polymorphic
samples, the frequency of Es-4b varies from 0.12 to 0.15 (Table 6).
Phosphoglucomutases (liver) . Three phosphoglucomutase ·systems appearing
in P . polionotus are designated, in order of increasing anodal mobility, PGM-1,
PGM-2, and PGM-3. All three are polymorphic, but PGM-2 has not been con
sidered in our analyses of genie heterozygosity and genetic similarity among pop
ulations because it could not be scored in all samples. PGM-2 stains less intensely
than PGM-1 and PGM-3, and its bands do not invariably resolve on our gels. The
relative mobilities of bands of the PGM systems are indicated in Figure 3, and
allele frequencies for the Pgm-1 and Pgm-3 loci are given in Table 7. Heterozy
gotes are double-banded. Actually, as in human PGM-1 (Hopkinson and Harris,
1969) and that of Mus and other rodents, Peromyscus PGM-1 shows a complex
pattern of secondary banding, with each allelic band having a prominent anodal
secondary band not shown in Figure 3. There is no relationship among variations
in PGM-1, PGM-2, and PGM-3 in individuals or populations.
Only three populations (12, 28, and 29) are polymorphic at the Pgm-1 locus,
and each has a unique allele in addition to Pgm-J <, the allele common to all popu
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TABLE

6

Allele frequencies at Es-3 and Es-4 loci
Esterase-3
Sample number

and local ity

2
3
4
5
6
7

8
9
10
11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Fort Morgan ( Ala.)
Gulf Shores (Ala.)
Florida Point (Fla.)
Western Santa Rosa Island (Fla.)
Eastern Santa Rosa Island (Fla.)
D estin P eninsula (Fla.)
Holley (Fla.)
Milton (Fla .)
Holts (Fla.)
Crestview (Fla.)
Ensley (Fla.)
New Hope (Fla.)
Bell YMCA Camp (S. C.)
Columbia (S. C.)
Pellon (S.C.)
Savannah River
Plant (S.C.)
Statesboro ( Ga.)
Reidsville ( Ga.)
H ouston County (Ga .)
Clay County ( Ga. )
Barney (Ga .)
Branford ( Fla.)
Citra (Fla.)
Interlachen (Fla.)
Salt Springs (Fla.)
Dunnellon (Fla.)
Eustis (Fla.)
Lake Placid (Fla.)
Anastasia Island ( Fla.)
Hutchinsons Island (Fla.)

Number of
individuals

13
11

13
13
29
19
15
30
9
117
19
14
5
37
17
113
36
14
26
13
14

9
13
15
20
21
5
15
61
9

Es-3a

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.996
1.00
1.00
1.00
1.00
1.00
0.99
0.96
0.96
1.00
0.96
0.93
1.00
0.96
1.00
0.65
0.57
0.90
0.80
0.52
0.61

Es-3•

0.004

0.01
0.04
0.04
0.04
0.07
0.04
0.35
0.43
0.10
0.20
0.48
0.39

Esterase-4

Es-¥

1.00
1.00
1.00
1.00
1.00
1.00
0.87
1.00
1.00
0.88
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.85
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Es-4'>

0.13

0.12

0.15

lations. Only on Anastasia Island (29) does the second allele (Pgm-Jb ) reach
moderate frequency (0.22).
PGM-3 is strongly polymorphic, with three alleles occurring in several popu
lations. In the species as a whole, four alleles are represented. Pgm-3b predomi
nates in all populations and is fixed in some, notably in those of the mainland
Florida Panhandle. But the western beach populations are polymorphic.
Phosphoglucose isomerase (liver). Four alleles are represented at this locus,
three of which (Pgi-ta, Pgi-Jb, and Pgi-t c) migrate cathodally, and one of which
(Pgi-Jd) moves a short distance anodally under the electrophoretic conditions
employed (Figure 3). The molecule apparently is a dimer , heterozygotes having
three bands, as in Mus (Carter and Parr, 1967) and in other rodents, amphibians,
and lizards (Selander and Yang, unpublished).
The predominant allele is Pgi-t c (Table 8), and most populations have Pgi-Jb
also represented in moderate frequency. However, the western beach populations
are fixed for Pgi-1'. Pgi-ta was found only at Citra (23), where it was uncommon
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7

Allele frequencies at Pgm-1 and Pgm-3 loci
Phosphoglucomutase-3

Phosphoglucomutase-1
Sample number

and locality

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

23
24
25
26
27
28
29
30

Number of
individuals

Fort Morgan (Ala.) 13
Gulf Shores (Ala.) 11
Florida Point (Fla.) 13
Western Santa Rosa
Island (Fla.)
13
Eastern Santa Rosa
29
Island (Fla.)
Destin Peninsula
(Fla.)
19
Holley (Fla.)
15
Milton (Fla.)
30
Holts (Fla.)
9
Crestview (Fla.)
117
Ensley (Fla.)
19
New Hope (Fla.)
14
Bell YMCA
Camp (S.C.)
5
Columbia (S.C.)
37
Pellon (S.C.)
17'
Savannah River
Plant (S.C.)
113t
Statesboro (Ga.)
36
Reidsville (Ga.)
14
Houston
County (Ga.)
26
Clay County (Ga.) 13
Barney (Ga.)
14
Branford (Fla.)
9
Citra (Fla.)
13
Interlachen (Fla.)
15
Salt Springs (Fla.) 20
Dunnellon (Fla.)
21
Eustis (Fla.)
5
Lake Placid (Fla.) 15
Anastasia
Island (Fla.)
61
Hutchinsons
Island (Fla.)
9

Pgm-3• Pgm-3• Pgm-3'

Pgm-3•

1.00
1.00
1.00

0.50
0.32
0.96

0.50
0.68
0.04

1.00

0.15

0.85

1.00

0.48

0.52

1.00
1.00
1.00
1.00
1.00
1.00
0.96

0.53
1.00
1.00
1.00
1.00
1.00
0.96

0.08

1.00
1.00
1.00

0.60
0.78
0.97

0.40
0.22

1.00
1.00
1.00

0.91
0.76
0.89

0.07
0.08
0.11

Pgm-1• Pgm-1• Pgm-1' Pgm-1 4

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.97

0.03
0.22

0.04

0.02

0.10

0.73
0.73
0.79
0.83
0.92
1.00
1.00
0.93
0.90
0.90

0.78

1.00

1.00

1.00

0.39

0.04

0.03
O.O'l
0.15

0.25
0.27
0.21
0.17
0.08

0.07
0.10

; 1~/r~:~~3.
(0.08) , and Pgi-Jd was limited to samples from Crestview (10) and New Hope
(12) , where it occurred in frequencies of 0.03 and 0.14, respectively.
Lactate dehydrogenases (kidney and testis)_ Variation in the lactate dehydro
genases in Peromyscus is controlled by three loci, the B and A loci expressed in
most tissues, and a C or X locus expressed only in the testes (see Goldberg and
Hawtrey, 1967, on Mus, and Blanco et al., 1964, on pigeons). The loci are desig
nated Ldh-1, Ldh-2, and Ldh-3, respectively. As in other vertebrates (Markert,
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+
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--------=

0

Pgm-3
Pgm-2
Pgm-1

aa

=

PGM-3
PGM - 2
PGM-1

bb cc d d ab be b d
ab bb ac be

aa

bb cc

aa

bb cc dd ac be cd

+
o -Pgi - 1 dd
FIG.

cc

bb aa

-

cd be

PG 1-1

ac

3. Above: Variation in phosphoglucomutases in liver extracts of Peromyscus polionotus.

Below: Variation in phosphoglucose isomerase-1 in liver extracts of P. polionotus.

1968), polypeptides of LDH-1 and LDH-2 combine in tetramers to produce a
five-banded pattern. The polypeptides of LDH-3 also form tetramers, but they do
not combine with polypeptides of either LDH-1 or LDH-2.
We find variation at all three LDH loci, but only Ldh-1 and Ldh-3 are actually
polymorphic in wild populations. Four alleles have been detected in the Ldh-1
locus. In order of decreasing mobility of the B (more anodal) homotetramers of
the polypeptides encoded by these alleles, they are designated Ldh-ta, Ldh-1b,
Ldh-1<, and Ldh-Jd (Figure 4). Sample5 from the mainland and eastern beach
populations are monomorphic for Ldh-1b, with the exceptions of Crestview (10)
and Dunnellon (26). Four of the five western beach samples (1 through 5) are
polymorphic for Ldh-Jb and a unique allele, Ldh-ta (Table 8).
The only evidence of variation at the Ldh-2 locus comes from the Lake Placid

+
LOH- I

- -- -

LDH- 2
0

------

+
LDH-3
=

0

Ldh - 1 aa bb ab bb be bd b b
Ldh- 2 bb bb bb bb bb bb aa
a a ab bb b e c c
Ldh-3
Fm. 4. Variation in lactate dehydrogenases in kidney (LDH-1 and LDH-2) and testis (LDH
3) extracts of Peromyscus polionotus.
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TABLE

8

Allele frequencies a t Pgi-1 and Ldh-1 loci

saa~X1ic:alityber

Number of
individuals

1 Fort Morgan (Ala.)
2 Gulf Shores (Ala.)
3 Florida Point (Fla.)
4 Western Santa Rosa
Island (Fla.)
5 Eastern Santa Rosa
Island (Fla.)
6 Destin Peninsula
(Fla.)
7 Holley (Fla.)
8 Milton (Fla.)
9 Holts (Fla.)
10 Crestview (Fla.)
11 Ensley (Fla.)
12 New Hope (Fla.)
13 Bell YMCA
Camp (S.C.)
14 Columbia (S.C.)
15 Pellon (S.C.)
16 Savannah River
Plant (S.C.)
17 Statesboro (Ga.)
18 Reidsville (Ga.)
19 Houston
County (Ga.)
20 Clay County (Ga.)
21 Barney (Ga.)
22 Branford (Fla.)
23 Citra (Fla.)
24 Interlachen (Fla.)
25 Salt Springs (Fla.)
26 Dunnellon (Fla.)
27 Eustis (Fla.)
28 Lake Placid (Fla.)
29 Anastasia
Island (Fla.)
30 Hutchinsons
Island (Fla.)

Lactate dehydrogenase-1

Phosphoglucose isomerase-1

Pgi-1•

Pgi-1•

Pgi-1•

Pgi-1•

Ldh-1• Ldh-1• Ldh-1•

13

1.00
1.00
1.00

0.38
0.95
0.73

0.62
0.05
0.27

13

1.00

0.35

0.65

29

1.00

0.97

0.03

13
11

19
15
30

0.97
1.00
1.00
1.00
0.97
1.00
1.00

O.o7

1.00
0.67
0.65
0.83
0.77
0.74
0.79

5
37
17

0.40
0.15
0.15

0.60
0.85
0.85

1.00
1.00
1.00

113
36
14

0.04
o.oi
0.07

0.96
0.99
0.93

1.00
1.00
1.00

0.17
0.08
0.37
0.05
0.12
0.20
0.40

1.00
0.77
1.00
0.83
0.85
0.63
0.95
0.88
0.80
0.60

1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.98
1.00
1.00

61

O.o7

0.93

1.00

9

0.22

0.78

1.00

0.33
0.35
0.17
0.20
0.26

9

117
19
14

26
13
14
9
13
15
20
21
5
15

0.23

0.08

0.03
0.14

l.dh-1 4

0.03

0.03

0.02

(28) sample, in which one individual was homozygous for an allele (Ldh-2")
producing a fast-migrating band (Figure 4). Unlike the condition reported by
Cattanach and Perez (1969) for a comparable A locus variant in a laboratory
stock of P. maniculatus, the variant phenotype in P. polionotus shows no reduc
tion in intensity of staining of LDH bands 2 through 5. For the P. maniculatus
variant, Cattanach and Perez (1969) found evidence suggesting that either the
Ldh-2b allele produces less of its polypeptide or the tetramers containing it are
enzymatically less active. Progeny tests with P. maniculatus indicated that
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TABLE

9

Allele frequencies at Ldh-3 locus
Lactate dehydrogenase-3

s~i;:I\e:ali;er
1 Fort Morgan (Ala.)
2 Gulf Shores (Ala.)
3 Florida Point (Fla.)
4 Western Santa Rosa Island (Fla.)
5 Eastern Santa Rosa Island (Fla.)
6 Destin Peninsula (Fla.)
7 Holley (Fla.)
8 Milton (Fla.)
9 Holts (Fla.)
10 Crestview (Fla.)
11 Ensley (Fla.)
12 New Hope (Fla.)
13 Bell YMCA Camp (S.C.)
14 Columbia (S.C.)
15 Pellon (S.C.)
16 Savannah River Plant (S.C.)
17 Statesboro (Ga.)
18 Reidsville (Ga.)
19 Houston County (Ga.)
20 Clay County (Ga.)
21 Barney (Ga.)
22 Branford (Fla.)
23 Citra (Fla.)
24 Interlachen (Fla.)
25 Salt Springs (Fla.)
26 Dunnellon (Fla.)
27 Eustis (Fla.)
28 Lake Placid (Fla.)
29 Anastasia Island (Fla.)
30 Hutchinsons Island (Fla.)

Number of
individuals

7
7
6
10
13
10
9
18
5
62
6
8
1
17
7
56
18
8
13
8
7
3
8
8
12
13
3
8
35
4

Ldh-3•

0.12

0.13
0.19
0.12

Llh-3•

1.00
1.00
1.00
1.00
1.00
1.00
0.94
0.97
1.00
0.89
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.88
1.00
1.00
1.00
0.87
0.81
1.00
0.88
1.00
1.00
1.00
1.00

Llh-3'

0.06
0.03
0.11

Ldh-2" ("normal" allele) and Ldh-2b are inherited as codominants at an auto
somal locus.
Work in our laboratory (Selander, Yang, and Smith, 1971b) demonstrates
widespread polymorphism at the Ldh-2 locus in populations of P. maniculatu.s
from northwestern North America. In the phenotypes of these mice, there is no
reduction in intensity of staining of the LDH bands 2 through 5.
At the Ldh-3 locus, we have identified three alleles (Figure 4). Most samples
are fixed for Ldh-3b (Table 9), an allele producing a band identical in mobility
to the LDH 4 band (AAAB tetramer). A slow-migrating band produced by
Ldh-3< occurs in low frequency in the Florida Panhandle region, and an allele,
Ldh-3", producing a fast band was recorded in moderate frequency at three locali
ties in central Florida (23, 24, and 26) and also in Houston County, Georgia (19).
In the heterozygotes Ldh-3"/ Ldh-3b and Ldh-3b/ Ldh-3 c, there are three bands
lying above and below, respectively, the position of the Ldh-3b band. If, as is prob
able, the enzyme is a tetramer, the homotetramers of the Ldh-3• polypeptide and
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the Ldh-JC polypeptide are too faint to be seen in heterozygotes on our gels. The
homotetramer of the Ldh-3" polypeptide is very faint in homozygotes for Ldh-3",
but the comparable band of Ldh-3 c in homozygotes for Ldh-3c is of normal inten
sity (Figure 4) . Whether or not the homotetramer of Ldh-3b is visible in hetero
zygotes was not determined, since the LDH 4 band lies in the same position and
is invariably present.
We have confirmed an earlier report (Baur and Pattie, 1968) that B (Ldh-1)
polypeptides are not synthesized (or, at least, are not demonstrable electropho
retically) in erythrocytes. In the house mouse, polymorphism for a regulator
locus controlling the expression of the B (Ldh-1) subunits occurs widely in nat
ural populations (Shows and Ruddle, 1968a; Selander, Hunt, and Yang, 1969;
Selander and Yang, 1969) .
Malate dehydrogenases (kidney) . Four forms of this enzyme, two NAD
dependent and two NADP-dependent, are demonstrable in Peromyscus polio
notu.s. However, mitochrondrial NADP-MDH (MDH-4) is too irregularly and
weakly stained to be consistently scored and is, therefore, excluded from further
consideration. The mitochondrial form of NAD- MDH (MDH-2), migrating
cathodally, is monomorphic. However, both supernatant NAD-MDH (MDH-3)
and supernatant NADP-MDH (MDH-1) are polymorphic in the species.
In the population on Anastasia Island (29), two alleles at the supernatant
NADP-MDH locus, Mdh-1" and Mdh-1b, are segregating at frequencies of 0.14
and 0.86, respectively. In the sample of 15 mice from Lake Placid (28), 13 are
homozygous for the common allele Mdh-1b, but two are heterozygous for Mdh-1b
and Mdh-1C. All other samples are fixed for Mdh-1b (Table 10). Heterozygotes at
the Mdh-1 locus have five bands, the molecule apparently being a tetramer (Fig
ure 5). Similarly, the supernatant form of NADP-MDH is a tetramer in the house
mouse (Shows and Ruddle, 1968b).
Only a single sample (Houston County [19] is polymorphic for MDH-3, the
supernatant NAD-MDH (Table 10). Heterozygotes have three bands, sug
gesting that the molecule is a dimer (Figure 5). Similarly, both supernatant and
mitochondrial NAD-dependent malate dehydrogenases appear to be dimer mole
cules in Limulus (Selander et al., 1970).
a-Glycerophosphate dehydrogenase (liver). Four alleles are represented
(Figure 6), of which two, Gpd-1" and Gpd-1b, are closely similar in mobility.
Heterozygotes are three-banded. We note that, in heterozygotes for Gpd-tc and
Gpd-1d, the Gpd-1 c band tends to migrate slightly faster than does the correspondTABLE

10

Allele frequencies at Mdh-1 and Mdh-3 loci
Malate
dehydrogenase-1 •
Sample number

and locality

19 Houston County (Ga.)
28 Lake Placid (Fla.)
29 Anastasia Island (Fla.)
• Mdh-1 b fixed in all samples not listed.

t Mdh-3h fixed in all samples not listed.

N umber of
individuals

Mdh-1•

26

1.00
0.93

15
61

Mdh-!b

0.14

0.86

Mdh-1<

0.07

Malate
dehydrogenase-3f

Mdh-3•

Mdh-3b

0.04

0.03
1.00
1.00

Fm. 5. Above: Variation in albumin-1 and transferrin-1 in plasma of Peromyscus polionotus.
Below: Variation in supernatant malate dehydrogenases (left) and in hemoglobin (right) of
P. polionotus.

ing band of the homozygote Gpd-tc/Gpd-tC. The more rapid migration of homo
dimer bands in heterozygotes is a common phenomenon in a variety of vertebrates
studied in our laboratory.
The allele Gpd-tc predominates or is fixed at most localities (Table 11), but
Gpd-t• is also present in moderate to high frequency at most localities, particu
larly in the western part of the range. Gpd-Jb was recorded only at Crestview
(10), and Gpd--Jdoccurred only in the sample from Statesboro ('17).
6-Phosphogluconate dehydrogenase (erythrocytes). This enzyme apparently
is a dimer (Parr, 1966; Carter et al., 1968), with three-banded heterozygotes
(Figure 6) . Three alleles were found (Table 11), of which Pgd-tc is predominant
in most samples. Polymorphism is confined to populations of peninsular Florida
and the eastern islands. On Anastasia Island (29), Pgd-t• is in very high fre
quency (0.92), with Pgd-Jb occurring at a frequency of 0.08. This is the only
sample in which Pgd-t c is not represented, but Pgd-tc is in relatively low
frequency (0 .06) on Hutchinsons Island (30) , south of Anastasia Island.
Glutamate oxalate transaminases (liver). The mitochondrial, cathodally mi
grating form of this enzyme, GOT-2, is monomorphic, but the supernatant form,
GOT-1 , is polymorphic in three of the populations sampled, with a total of three
alleles being represented (Table 12). Heterozygotes are three-banded (Figure 6),
as in house mice (DeLorenzo and Ruddle, 1970), other rodents, and animals
in general (Selander and Yang, unpublished).
Hemoglobin (erythrocytes). Phenotypic variation in hemoglobin in P. polio
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Fw. 6. Variation in a-glycerophosphate dehydrogenase-1 (top), 6-phosphogluconate dehydro
genase-1 (center), and glutamate oxalate transaminase-! (bottom) in Peromyscus polionotus.

notw;, shown in Figure 5, is similar to that described for P. maniculatw; by Ras
mussen et al. (1968) and by Ahl (1968) . Three distinctive patterns of hemo
globin occur (Figure 5) , type A, with a wide, dark secondary band anodal to the
principal band, type A-B, with a weaker, thinner secondary band, and type B,
characterized by a single component. We interpret this variation in terms of two
alleles segregating at a single locus encoding either the alpha or the beta hemo
globin chain. Presumed genotypes of the three phenotypic classes are Hb-ta/
Hb-ta, Hb-ta/ Hb-1°, and Hb-Jb/ Hb-Jb.
The Hb-Jb allele occurs at low frequency in one sample from the mainland
Panhandle (New Hope [12]) but is otherwise confined to peninsular Florida,
where it is the predominant allele (Table 12). The highest frequency (0.81) of
Hb-Jbwasrecorded in the sample from Anastasia Island (29).
Polymorphism in hemoglobin was reported in P. gossypinw; and P. leu.copus by
Foreman (1969). A report by Thompson et al. (1966) of uniformly differing mo
bilities of single-banded hemoglobin in P. maniculatus from Gothic (10,450 feet)
and Black Canyon (7,500 feet), Colorado, requires confirmation, since no sup
porting experimental or observational evidence was presented by these authors.
In Ahl's (1968) study of altitudinal variation in genotypic frequencies of hemo
globin in P. maniculatw; in Nebraska and Wyoming, there are serious errors of
analysis and interpretation, stemming from the naive and wholly erroneous as
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TABLE

11

Allele frequencies at a-Gpd-1 and 6-Pgd-i loci
a-Glycerophosphate dehydrogenase-1
Sample number

and locality

1
2
3
4
5
. 6

7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Number of
individuals

Fort Morgan (Ala.)
13
Gulf Shores (Ala.)
11
Florida Point (Fla.)
13
Western Santa
Rosa Island (Fla.)
13
Eastern Santa
Rosa Island (Fla.)
29
Destin Peninsula
19
Holley (Fla.)
15
Milton (Fla.)
30
Holts (Fla.)
9
Crestview (Fla.)
117
Ensley (Fla.)
19
New Hope (Fla.)
14
BellYMCA
Camp (S.C.)
5
Columbia (S.C.)
37
Pellon (S.C.)
tr
Savannah River
Plant (S.C.)
113
Statesboro .(Ga.)
36
Reidsville (Ga.)
14
Houston County (Ga.) 26
Clay County (Ga.)
13
Barney (Ga.)
14
Branford (Fla.)
9
Citra (Fla.)
13
Interlachen (Fla.)
15
Salt Springs (Fla.)
20
Dunnellon (Fla.)
21
Eustis (Fla.)
5
15
Lake Placid (Fla.)
Anastasia Island (Fla.) 61
Hutchinsons
Island (Fla.)
9

Gpd-1•

Gpd-tb

0.05
0.85

0.68
0.23
0.12
0.39
0.14
0.16
0.25

0. 11
0.07
0.35
0.06
0.04

0.07

0.07

Gpd-1°

Gpd-1•

6-Phosphogluconate
dehydrogenase-1

Pgd-1•

Pgd-t•

Pgd-1°

1.00
0.95
0.15

1.00
1.00
1.00

1.00

1.00

1.00
0.32
0.77
0.88
0.61
0.79
0.84
0.75

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00

1.00
1.00
1.00

1.00
0.83
0.93
1.00
0.65
1.00
0.94
0.96
1.00
1.00
0.93
1.00
1.00
1.00
1.00

0.06

0.08
0.10
0.26
0.10
1.00
0.92

0.05

0.61

0.33

1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.92
1.00
0.85
0.74
0.90
0.97

0.08
0.06

sumption that a deviation from 1: 2: 1 in phenotypic ratios at a two-allele locus in
dicates the action of selection. However, his two hemoglobin phenotypes
"single" and "diffuse"-apparently correspond to type Band to the A-Band B
phenotypes, respectively, of P. polionotus. Workingvvith several species of Pero
myscus, Foreman (1964) reported that certain hemoglobins that are elec.t ro
phoretically indistinguishable have distinctive chromatographic patterns of tryp
tic peptides ("fingerprints") . In a survey of ten species of Perom yscus, Foreman
(1968) found double-banded patterns in eight and single-banded patterns in two
species. Phenotypes that are characteristic of one species occur as genetic variants
in other sp8cies.
Albumin (plasma, liver, and kidney). Electrophoretic variants of albumin
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TABLE

12

Allele frequencies at Hb-1 and Got-1 loci
Hemoglobin-1
Sample number
and locality

Number of
individuals

1 Fort Morgan (Ala.)
13
2 Gulf Shores (Ala.)
11
3 Florida Point (Fla.)
13
4. Western Santa Rosa Island (Fla.) 13
5 Eastern Santa Rosa Island (Fla.) 29
6 Destin Peninsula (Fla.)
19
7 Holley (Fla.)
15
8 Milton (Fla.)
30
9 Holts (Fla.)
9
10 Crestview (Fla.)
117
11 Ensley (Fla.)
19
12 New Hope (Fla.)
14
13 Bell YMCA Camp(S.C.)
5
14 Columbia (S.C.)
37
15 Pellon (S.C.)
17
16 Savannah River Plant (S .C.)
113
17 Statesboro (Ga.)
36
18 Reidsville (Ga.)
14
19 Houston County (Ga.)
26
20 Clay County (Ga.)
13
21 Barney (Ga.)
14
22 Branford (Fla.)
9
23 Citra (Fla.)
13
15
24 Interlachen (Fla.)
25 Salt Springs (Fla.)
20
26 Dunnellon (Fla.)
21
27 Eustis (Fla.)
5
28 Lake Placid (Fla.)
15
29 Anastasia Island (Fla.)
61
30 Hutchinsons Island (Fla .)
9

Hb-1•

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.93
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.67
0.92
0.30
0.28
0.29
0.30
0.37
0.19
0.33

Hb-1•

Glutamate oxalate transaminase-1
Got-ta

0.11

Got-tb

0.13

0.07

0.12
0.33
0.08
0.70
0.72
0.71
0.70
0.63
0.81
0.67

0.1 0

Got-le

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.76
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.88
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.90
1.00
1.00

have previously been reported in laboratory stocks of P. polionotus by Brown and
Welser ( 1968) . A stock derived from mice collected in the vicinity of Ocala,
Marion County, Florida, showed a relatively fast moving band ("86"), while
a slightly slower band ("84") occurred in a stock derived from a mixture of mice
from several natural populations. Two distinctive allelic variants ("100" and
"96") were also recorded in P. maniculatus, and F 1 hybrids between P. manicu
latus homozygous for either "100" or "96" and P. polionotus homozygous for
"86" had two bands corresponding to those of the parental types. Albumin poly
morphisms were also detected by Brown and Welser (1968) in P. leucopus,
P. truei, P. difficilis, P. megalops, and P. fl.oridanus. We have also found albumin
polymorphism in P. fl.oridanus (Selander, Yang, and Smith, 1971a).
Two albumin ;illeles, undoubtedly corresponding to those detected by Brown
andWelser (1968) arerepresented inoursamples: Alb-ta (="86"),producinga
fast-migrating band, and Alb-Jb (="84"), producing a slow-moving band (Fig
ure 5). Phenotypes of albumin can be scored either in kidney or liver extracts
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TABLE

13

Allele frequencies at Alb-1 and Trf-1 loci
Transferrin-1

Albumin-I
Sample number
and locality

Number of
individuals

Fort Morgan (Ala.)
13
2 Gulf Shores (Ala.)
11
3 Florida Point (Fla.)
13
4 W estern Santa Rosa
Island (Fla.)
29
5 Eastern Santa Rosa
Island (Fla. )
13
6 Destin Peninsula (Fla.) 19
7 Holley (Fla.)
15
8 Milton (Fla.)
30
9 Holts (Fla. )
9
10 Crestview (Fla.)
117
11 Ensley (Fla.)
19
12 New Hope (Fla.)
14
13 Bell YMCA
Camp (S.C.)
5
14 Columbia (S.C.)
37
15 Pellon (S.C.)
17
16 Savannah River
Plant (S.C.)
113
17 Statesboro (Ga.)
36
18 Reidsville (Ga.)
14
19 Houston County (Ga.) 26
20 Clay County (Ga.)
13
21 Barney (Ga.)
14
22 Branford (Fla.)
9
23 Citra (Fla.)
13
24 Interlachen (Fla.)
15
25 Salt Springs (Fla.)
20
21
26 Dunnellon (Fla.)
27 Eustis (Fla.)
5
15*
28 Lake Placid (Fla.)
29 Anastasia I sland (Fla.) 61
30 Hutchinsons
Island (Fla.)
9

Alb-I•

0.08

0.03
0.12
0.09
0.14
0.11
0.17
0.32
1.00
1.00
1.00
0.97
0.93
1.00
0.96
0.80
0.50

Alb-I'

Trf-t•

Trf-1'

1.00
1.00
1.00

1.00
1.00
1.00

1.00

1.00

1.00
1.00
1.00
1.00
1.00
1.00
0.92
1.00

Tr!-1 °

Trf-14

1.00
0.34

0.66

0.13 .
0.07
0.28
0.16

0.87
0.93
0.72
0.83
0.97
0.93

0.004
0.03
0.07

1.00
0.97
0.88

0.90
0.97
0.97

0.10
0.03
0.03

0.91
0.86
0.89
0.83
1.00
0.68

0.02

0.04
0.20

0.98
0.99
1.00
1.00
1.00
1.00
1.00
0.85
0.57
0.65
0.93
0.80
1.00
1.00

0.50

1.00

0.03
0.07

Trf-1°

O.ot

0.15
0.43
0.35
0.07
0.20

• 14 for Alb-I.

or in diluted blood plasma. In undiluted plasma, the albumin bands are so dark
and wide that the slight electrophoretic mobility difference between the Alb-ta
and Alb-Jb bands may not be detectable.
In Peromyscus maniculatus, but not in P. polionotus, the relative mobility of
albumin bands is greatly influenced by the buffer system employed (Selander,
Yang, and Smith, 1971 b ), a situation comparable to that found in human albumin
variants (Kueppers et al., 1969 ) .
During storage, even at temperatures as low as -76°C, albumin phenotypes
of P. polionotus undergo changes similar to those described in cattle (Mclndoe,
1962) and the domestic fowl (Ashton, 1964). Anodal secondary bands are
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generated, so that homozygote phenotypes come to resemble heterozygotes. The
modification is particularly troublesome because the mobility of the anodal
secondary band generated by the Alb-tb band is very similar to if not identical
with that of the normal Alb-ta band. Hence, after several weeks of storage,
homozygotes for Alb-tb may be mistakenly scored as heterozygotes. In serum
albumin of the domestic fowl, Ashton ( 1964) was able to produce changes
similar to those occurring during storage by lowering the pH of the electrophoretic
buffer system from 8.2 to 5.6. He has suggested that the changes result from
dissociation of albumin polymers due to enzymatic action.
There is strong regional differentiation in allele frequencies at the Alb-t locus.
The frequency of Alb-ta increases clinically from South Carolina and Georgia
south into Florida, where this allele approaches fixation (Table 13). Both eastern
beach populations (29 and 30) have higher frequencies of Alb-tb than do those
on the adjacent mainland. The only occurrence of the Alb-ta allele in the western
part of the range is at Ensley ( 11), where we found three heterozygous individu
als in a sample of 19 mice. Possibly these individuals were actually homozygous
for Alb-tb but were mistakenly scored as heterozygotes because of changes occur
ring during storage.
Transferrin (plasma). The Trf-t locus is highly polymorphic in P. polionotus,
with a total of five alleles represented (Figure 5). Phenotypes were scored in
plasma treated with rivanol (Sutton and Karp, 1965; Chen and Sutton, 1967) , a
compound which precipitates proteins other than transferrin. Heterozygotes
have two bands.
The allele Trf-tb predominates throughout the range of P. polionotus and is
fixed in five of the six western beach populations (Table 13). Trf-t c occurs at
low frequency on the mainland Panhandle and in moderate frequency in main
land peninsular Florida. Trf-td is confined to South Carolina and Georgia; Trf-ta
is found only on the mainland Panhandle; and Trf-t• occurs as a moderately
common variant ( 0.34) on the Destin Peninsula (6).
Biggers (1969) reported the occurrence of three alleles in populations sampled
in South Carolina and stated that "disturbed segregation ratios of one of the
alleles (Trfd) was indicated to be due to transmission reduction." However, we
find only two alleles in populations in South Carolina and therefore conclude
that Biggers mistakenly scored a subband as a distinct allele. Polymorphism in
transferrin in P. maniculatus has been reported by Rasmussen and Koehn ( 1966).

Other Polymorphic Proteins
Esterase-8 (liver and kidney). As shown in Figure 2, the most anodal esterase
in liver extracts exhibits a pattern of individual variation strongly suggestive of
polymorphism. However, we have been unable to interpret this variation in terms
of a simple Mendelian model of inheritance. With data from progeny studies,
a genetic interpretation should be possible.
Esterase-9 (liver). A weakly staining esterase lying between the esterase-1
and esterase-8 systems is scorable in some samples but is poorly resolved in others
(Figure 2). It is polymorphic for at least three alleles, as shown in Figure 2.
Phosphoglucomutase-2 (liver). The Pgm-2 locus is polymorphic for at least
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three alleles (Figure 3), but, as mentioned previously, it cannot be scored con
sistently in all samples.
Alcohol dehydrogenase (liver). In alcohol dehydrogenase, which migrates
cathodally under the electrophoretic conditions employed, there is conspicuous
intersample phenotypic variation. However, this variation is not readily inter
pretable in terms of allelic variation. In vertebrates, ADH has a dimer configura
tion, with heterozygotes showing three bands, the central one of which is the
heterozygous or "hybrid" dimer. However, we are not convinced that all three
banded ADH phenotypes in our material represent heterozygotes, for this enzyme
frequently forms secondary bands.
Hexose-6-phosphate dehydrogenase (kidney). Shaw and Barto (1965) demon
strated autosomally determined polymorphism in hexose-6-phosphate dehydro
genase in P. maniculatus, and a similar polymorphism occurs in P. polionotus.
However, we have not been able consistently to demonstrate and score this
enzyme in our samples.
Prealbumin-1 (plasma). A protein fraction lying just above the albumin in
plasma appears to be polymorphic for several alleles, but the bands are too faintly
stained to be scored with confidence.
Postalbumin-1 (plasma). Plasma postalbumin bands are poorly resolved and
weakly stained on our gels. The system is apparently polymorphic, at least in
some samples.
Erythrocytic protein B (erythrocytes). A protein system lying below the
hemoglobin apparently is polymorphic for two widely spaced bands, but we do
not feel confident in interpreting this variation in genetic terms in the absence
of progeny studies.
Xanthine dehydrogenase (kidney). XDH is perhaps polymorphic in some
samples, but, owing to irregularities in mobility and generally poor resolution of
bands, we have not attempted to score phenotypes.

Monomorphic Proteins
The following proteins either exhibit no variation in our samples or show a
variant in a single individual.
Esterase-5 (plasma). The most anodally migrating esterase (ES-5) in the
plasma is uniformly monomorphic in all samples.
Esterase-6 (erythrocytes). The most anodally migrating erythrocytic esterase
(ES-6) on tris-maleic gels is monomorphic in P. polionotus. However, in P.
maniculatus, the Es-6 Iocus is polymorphic.
Esterase-7 (erythrocytes) . On tris-maleic gels, a weak!y staining est erase
(ES-7) migrating only a short distance anodally from the origin is uniformly
monomorphic. Possibly this is the same esterase appearing below the hemoglobin
on tris-HCl gels.
Lactate dehydrogenase-2 (kidney) . As mentioned previously, this locus is
monomorphic for Ldh-2°, except for the occurrence of a single individual homo
zygous for Ldh-2a.
Malate dehydrogenase-2 (kidney). The mitochondrial form of NAD-dependent
MDH is monomorphic, as mentioned previously.
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Isocitrate dehydrogenases (kidney, liver, and heart). Two forms of IDH occur
in tissue extracts of P. polionotus, both of which are NADP-dependent. The mito
chondrial form (IDH-2) , migrating cathodally and best demonstrated in heart
extracts, is monomorphic. The supernatant form, which stains most darkly in
liver extracts, is also monomorphic in the species as a whole, although a single
individual in the sample from Lake Placid (28) was heterozygous for the "nor
mal" allele (ldh-1a) and a variant allele (ldh-1b) producing a slow-migrating
band. As in Mus (Henderson, 1968) and other vertebrates (Selander 'a nd Yang,
unpublished), iheterozygotes have a "hybrid" band of intermediate mobility. In
P. maniculatus, polymorphism at the ldh-1 locus is widespread geographically
(Selander, Yang, and Smith, 1971b) .
Glucose-6-phosphate dehydrogenase (liver and kidney) . This enzyme appar
ently is monomorphic, being represented by a single band in all samples exam
ined. Because the band is unusually wide, we cannot entirely exclude the
possibility of polymorphism for bands of closely similar mobility.
lndophenol oxidase (liver). One prominent system appears in extracts of liver
and certain other tissues, including heart and kidney. The phenotype is a single
major band, which is interpreted as indicative of fixation of a single allele at the
lpo-1 locus. Polymorphism in this type of enzyme has been recorded in other
rodents (Selander, Hunt, and Yang, 1969; Johnson and Selander, 1971 ) , in
humans (Brewer, 1967), and in frogs of the genus Hyla (Ralin et al., 1971 ).
Glutamate oxalate transaminase-2 (liver) . As noted previously, this cathodally
migrating, mitochondrial form of GOT is monomorphic.
Leucine aminopeptidase (plasma ). A single band of constant mobility appears
in all individuals.
Erythrocytic protein A (erythrocytes) . This monomorphic protein appears on
tris-HCl gels as a single band anodal to the hemoglobin.
Plasma proteins A and B (plasma). On plasma gels stained with amido black,
two single-banded, monomorphic proteins are present, one (protein A ) lying
above the transferrin bands, and another (protein B) located just above the
origin.
ANALYSI S AND DISCUSSION

Proportion of Polymorphic Loci
The 30 proteins considered in estimating degrees of genie variation in popu
lations of Peromyscus polionotus are listed in Table 14, in which we have also
indicated for each controlling locus the percentage of populations known to be
polymorphic, the total number of alleles detected in the species, and the mean
number of alleles segregating per polymorphic population. The 30 proteins are
considered to be encoded by a total of 32 structural loci, all of which appear to
be autosomal. We are assuming for the purpose of further analysis and discus
sion that the loci investigated are a representative sample of structural loci in
the genome as a whole. Of the 32 loci, 17 are considered polymorphic in one or
more populations, and 15 are monomorphic. Estimated mean proportions of loci
polymorphic per population and of loci in heterozygous state per individual are
presented in Table 15. As indicated, there is a close similarity between values of
heterozygosity derived from allele frequencies in samples and those obtained by
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TABLE 14
Electrophoretic variation in proteins in Peromyscus polionotus
Nwnber of alleles

Protein

H ydrolases
Esterase-1
Esterase-2
Esterase-3
Esterase-4
Esterase-5
Esterase-6
Esterase-7
Dehydrogenases
Lactate dehydrogenases
LDH-1
LDH-2
LDH-3
Malate dehydrogenases
MDH-3
MDH-1
MDH-2
Isocitrate dehydrogenases
IDH-1
IDH-2
Glucose-6-phosphate
dehydrogenase-1
6-Phosphogluconate
dehydrogenase-1
a -Glycerophosphate
dehydrogenase-1
Ozidases
lndophenol oxidase-1

Phenotypic variation

Proportion of
Total in
populations polymorphic species

Polymorphic
Polymorphic
Polymorphic
Polymorphic
Monomorphic
Monomorphic
Monomorphic

0.83
0.69
0.43
0.10

Polymorphic
Monomorphic •
Polymorphic

0.27

Polymorphic
Polymorphic
Monomorphic

0.23
0.03
0.07

Monomorphic •
Monomorphic

Mean per
polymorphic
population

5

2.44

4
2
2
1
1

2.55

4
1
3
2
3
1

2.00
2.00

2.00
2.00
2.00
2.00

1
1

Monomorphic(?)
Polymorphic

0.23

3

2.29

Polymorphic

0.50

4

2.13

Polymorphic
Polymorphic
Polymorphic

0.10
0.70
0.73

4
4
4

2.00
2.19
2.14

Polymorphic
Monomorphic

0.10

3
1

2.33

0.33

2

2.00

Monomorphic

lsomerases and mutases

Phosphoglucomutases
PGM-1
PGM-3
Phosphoglucose isomerase-1
Transamina.ses
Glutamate oxalate
transaminases

GOT-1
GOT-2
Peptidases
Leucine aminopeptidase-1
Nonenzymatic proteins
Hemoglobin
Chain 1
Chain2
Erythrocytic protein A
Albumin-1
Transferrin-1
P lasma protein A
Plasma protein B
• One individual variant known.

Monomorphic

Polymorphic
Monomorphic
Monomorphic
Polymorphic
Polymorphic
Monomorphic
Monomorphic

0.43

0.57

1
2
5
1
1

2.00
2.06
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TABLE

15

Estimates of degree of genetic variation in populations of Peromrscus polionotus
based on electrophoretic analysis of 30 proteins controlled by 32 loci
Mean heterozygosity•
:M ean proportion

Populations (Sample munbers)

A. W estern Beach
Santa Rosa Island ( 4--5)
Peninsulas ( 1-3, 6)
B. Florida P anhandle (7-12)
C. South Carolina and Georgia (13- 21)
D. Peninsular Florida (23-28)
E. Eastern Beach (29-30)

Nwnber of

of loci polymorphic

samples

per population•

2
4
6
9
6
2

0.060
0.103
0.220
0.200
0.287
0.220

From
frequencies+

0.01 95
0.0323
0.0523
0.0506
0.0810
0.0825

By direct
countt

0.0180
0.0330
0.0542
0.0496
0.0857
0.0855

• Unweighted sample means.

t Heterozygosity estimated from al1 ele frequencies in samples.

t Heterozygosity estimated by direct count of heterozygo~ in samples.

Sample 22 was not included in analysis because estei·ase-2 was not scored (see Table 5).

direct count of heterozygotes in individual genotypes. The relative contributions
of individual polymorphic loci to the values of overall heterozygosity are dis
cussed beyond.
Our analysis demonstrates significant variation in proportion of polymorphic
loci (P) among major regions inhabited by the species (Table 15 ). To express
this variation, we have employed unweighted means of sample values (P),
although means weighted by sample size present a similar picture. In South
Carolina and Georgia, the average population is polymorphic at 20% of the 32
loci. Populations on the mainland Florida Panhandle have a mean value of 22%.
But the value for populations on the mainland of peninsular Florida is signifi
cantly greater, 29%. The two eastern beach populations (Anastasia and Hutchin
sons islands) off the Atlantic coast of Florida have a mean value of 22% , which
is slightly smaller than that for the adj·a cent mainland. However, on the barrier
islands and peninsulas off the Gulf of Mexico coast of the Florida Panhandle,
the proportion of polymorphic loci is markedly reduced over that of the adjacent
mainland, being only 8.8 %. Moreover, the proportion for the insular populations
(6.0% ) is smaller than that for the peninsular populations (10.3% ) .

Genie Heterozygosity
Because the proportion of polymorphic loci is strongly dependent upon sample
size, it is a relatively poor index to degree of genie variation in populations. A
superior measure is provided by the proportion of loci heterozygous in the average
individual of a population (H ). As shown in Table 15 and in Figure 7, there is
conspicuous geographic variation in degree of heterozygosity in P. polionotus. In
populations of South Carolina and Georgia, an average of 5.0% of loci are hetero
zygous. The mean heterozygosity value for the Florida Panhandle (5.4 %) is
similar, but <that for mainland peninsular Florida (8.6%) is much greater. Ad
ditionally, heterozygosity apparently is slightly greater in the central and south
ern parts of the peninsula (sample localities 26, 27, and 28) than in the northern
part (.sample localities 23, 24, and 25 ) . While eastern insular beach populations
show no decrease in heterozygosity ( 8.6% ), a marked reduction from that of the
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FIG. 7. Geographic variation in average heterozygosity in Peromyscus polionotus. Dark areas
of circles representing samples are proportional to percentage of loci heterozygous X 10.

adjacent mainland is apparent in the western beach populations. The western
beach populations have a mean heterozygosity of only 2.8% (T able 15) , and
the values for the six populations are heterogeneous. Those occupying peninsulas
(sample localities 1, 2, 3, and 6) are more heterozygous (3.3%) than those in
habiting Santa Rosa Island (sample localities 4 and 5 ; heterozygosity, 1.8%).
Mainland pattern of variation. The overall pattern of geographic variation in
degree of heterozygosity on the mainland is a north-south cline of increase
(Figure 7). To measure this relationship, we regressed heterozygosity value
(H) , as obtained by direct count of heterozygotes, against latitude (L) of locality
for 23 mainland samples (7 to 21 and 23 to 30), weighting H by sample size.
For this analysis, the linear regression equation is: H = 0.344-0.0092 L; F (1 , 2 1 > =
48.8***. Approximately 80% of the intersample variation in degree of hetero
zygosity is accounted for by the linear regression effect.2
2 A comparable weighted r egression of proportion of loci polymorphic (P) on latitude (L)
yielded the following r esults: P
0.731 - 0.0157 L; F (l.•ll
8.62**. Only 29% of the vari
ance is explained by the linear regression effect.

=

=
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TABLE

16

Estimates of mean heterozygosity* in regional populations of Peromyscus polionotus
Region

Mainland

Western Beach

Polymorphic

Santa Rosa
Island

locus

(samples 4, 5)

Es-1
Es-2
Es-3
Es-4
Pgm-1
Pgm-3
Pgi-1
Ldh-1
Ldh-3
Mdh-1
Mdh-3
Gpd-1
Pgd-1
Got-1
Hb-1
Alb-1
Trf-1

Peninsulas
(1-3, 6)

0.074

0.377

0.393

0.257

0.255

Eastern Beach

Florida South Carolina Peninsular
Florida
Panhandle and Georgia
(7- 12)

(13-21)

(23--28)

0.142
0.326
0.001
0.073
0.013
0.013
0.380
0.010
0.061

0.337
0.387
0.042

0.481
0.304
0.254
0.043
0.010
0.106
0.310
0.007
0.124
0.022

0.196

0..339

0.112

0.066
0.022
0.025
0.204

0.305
0.175
0.024
0.009
0.098
0.024
0.176
0.040

0.035
0.173
0.030
0.377
0.044
0.275

Anastasia
Island
(29)

Hutchinsons
Island
(30)

0.499

0.493

0.499

0.476

0.343
0.130

0.343

0.241

0.147

0.515

0.308
0.320

0.442
0.500

• Unweighted mean for indicated samples of proportion of individuals heterozygous at a given locus, as estimated from
sample a1lele frequencies.

An examination of degree of heterozygosity at individual loci (Table 16)
demonstrates that the contributions of various polymorphic loci to total hetero
zygosity vary markedly from region to region. Indeed, only one of the 17 poly
morphic loci, Es-2, has a consistently high heterozygosity value (h) in all three
regions of the mainland. As shown in Table 16, unweighted mean sample hetero
zygosity (h) for Es-2 is 0.387 (or 38.7%) in South Carolina and Georgia, 0.326
in the Florida Panhandle, and 0.304 in peninsular Florida. Only two other loci,
Es-1 and Pgi-1, have values of 0.10 or greater in all three regions.
We emphasize the fact that the clinal north-south increase in total heterozy
gosity is not merely a consequence of increasing heterozygosity at one or a few
loci. Comparing South Carolina-Georgia and peninsular Florida, we find in
creased heterozygosity at 12 loci and decreased heterozygosity at only five loci.
Major contributions (defined as change in h?: 0.100) to the overall increase
in heterozygosity in peninsular Florida are made by seven loci, as follows : Es-1
(+0.145), Es-3 (+0.211), Pgi-1 (+0.135), Ldh-3 (+0.101), Pgd-1 (+0.173),
Hb-1 (+0.377), and Trf-1 (+0.236). Major decreases occur at only two loci, as
follows: Pgm-3 (-0.199) andAlb-1 (-0.132).
In comparing mean heterozygosities in South Carolina-Georgia and the Florida
Panhandle, we find that six loci make major contributions (Table 16). But
between regions, only four (Es-1, Es-2, Pgi-1, and Gpd-1) are shared, and for
two of these (Pgi-1 and Gpd-1) the contributions to overall heterozygosity differ
greatly in the two regions. The remaining two loci are Pgm-3 , with h = 0.305 in
South Carolina and Georgia but only 0.013 in the Florida Panhandle, and Trf-1,
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with h = 0.204 in the Florida Panhandle but only 0.040 in South Carolina and
Georgia.
The present analysis constitutes the first demonstration of geographic variation
in degree of heterozygosity among continuously distributed populations of a
single species. The causal basis for this variation in an adaptational, evolutionary
sense is not readily apparent, although several hypotheses may be suggested. For
example, it is possible that intrapopulation genie variability is directly related to
some aspect of ecological amplitude or width of ecological niche exploited by the
population, which in turn varies geographically. The idea here is that populations
occupying a relatively large variety of subhabitat types or exploiting a relatively
large variety of types of food will, for adaptive reasons, based, ultimately, on
adaptational considerations for the individual, maintain higher levels of genie
variation than do populations relatively constrained ecologically. Evidence for
such a relationship has been advanced for species of kangaroo rats (Dipodomys)
by Johnson and Selander ( 1971) on the basis of an analysis of electrophoretic
variation in 17 proteins. For this group of fossorial rodents, the ecological
parameter presumed to index ecological amplitude is the variety of soil types in
habited. Manwell and Baker (1970:301) apparently take for granted a "general
correlation between diversity of proteins and diversity of habitats" in animals.
For certain insular species of birds, Van Valen ( 1965) has shown that intrapopu
lation variance in bill width is directly correlated with ecological amplitude as
t.liis is measured by the variety of habitats exploited. For Drosophila, there is a
modest volume of evidence from studies of both wild and experimental popula
tions indicating a relationship between variability of gene pools and ecological
heterogeneity (see review by Beardmore, 1970). And in Cepaea snails, the degree
of polymorphism in shell color bears some relationship to degree of spatial and
temporal variation in habitat conditions (Cain and Sheppard, 1954) . Recently,
Nolte (1967, 1968) has suggested that an increase in chiasma frequency during
gregarization in migratory locusts (Schistocerca, Locusta, and Locustana) pro
vides increased genie variance facilitating the evolution of genotypes adapted to
new environments in areas to be colonized. Thus, there exists at least some mini
mal factual basis for the intuitively appealing idea of a direct relationship be
tween genetic and ecological variability. Theoretical aspects of this relationship
have been extensively reviewed and explored by Levins ( 1968).
The ecological distribution of P. polionotus on the Savannah River Plant, South
Carolina, has been studied in considerable detail as part of an extensive program
of work on the old-field ecosystem. Summarizing reports by Gentry and Odum
(1957), Odum et al. (1962), Caldwell (1964), Davenport (1964), and Golley
et al. (1965) , we may note that P. polionotus is rather strictly confined to early
stages of succession on abandoned agricultural fields, where it is frequently the
most abundant herbivorous mammal. On these fields, which are characterized
by loamy sand soils, early succession involves the replacement of annual grasses
and forbs such as Digitaria, Haptopappus, Leptilon, and Heterotheca by peren
nials, especially broomsedges (Andropogon). Major food sources for rodents are
seeds from forbs (Lespedeza and Diodia) and grasses (Digitaria, Triplasis, and
Aristida). Populations of mice decline as the amount of broomsedge increases,
owing in part at least to a decline in available food.
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The habitat distribution of P. polionotus apparently is similarly restricted
throughout the mainland portion of its range north of peninsular Florida. For
example, Sumner and Karol (1929) reported that, in southeastern Alabama and
the Florida Panhandle, the species was found in greatest abundance in agricul
tural fields devoted to peanuts and other leguminous crops, where sandy soil
was largely exposed. In our field work, we have found P. polionotus in numbers
only in agricultural fields, old-fields in early stages of succession, and in sparsely
vegetated strips of sandy soil along roads (see also report by Schwartz, 1954).
In peninsular Florida, the range of habitats occupied by P. polionotus appears
to be somewhat greater, although, unfortunately, the critical data necessary to
document this aspect of ecological amplitude in quantitative fashion are not
available. As in more northern parts of its range, P. polionotus inhabits agri
cultural fields having well-drained sandy soils, especially those devoted to pea
nuts, where there is relatively little ground cover (Smith, 1968) . But, significant
ly for the argument we are pursuing, it also occurs in a variety of other habitat
types. Near Lake Placid, Highland County, Florida, Rand and Host (1942)
found P. polionotus in greatest numbers on sandy road grades overgrown with
grass, sandspurs, and weeds, and in fields grown to grass and weeds, with small
clusters of palmettos and scattered orange trees. However, the species also occurs
in moderate density in open pine forest, with scattered palmettos, cactus, small
clusters of scrub oak, and a scanty ground cover of grass, and, in lower density,
in pine forest having an understory of scrub oak, hickory, and palmetto, with
sandy patches sparsely vegetated with grass.
In sum, if the available evidence does not convincingly indicate that popula
tions of P. polionotus in peninsular Florida occupy a greater variety of habitats
than do those in other areas of the mainland part of the range, at least it does not
exclude this possibility. However, it is apparent that the habitat distribution, as
well as other aspects of the ecology of this species pertinent to our attempted
analysis, including feeding habits (Gentry and Smith, 1968) , are presently
understood in only the grossest terms. There is little justification for further
speculation in the absence of quantitative data . As Beardmore (1970) notes, it is
an extremely difficult task to measure ecological variability both in time and
space for natural populations of any species. Moreover, the more obvious param
eters of niche width that are likely to be readily measurable may be less sig
nificant, relative to degree of genetic population variability, than more obscure
parameters. We can anticipate great difficulty in attempting to demonstrate and
document the proposed relationship in natural populations.
Insular patterns of variation. The level of genie variation within the western
beach populations of P. polionotus is by far the lowest yet reported for natural
populations of organisms. The only comparable level occurs in the Bogota,
Colombia, population of Drosophila pseudoobscura, isolated by some 1500 miles
of uninhabited territory from ce:r{tral American populations of the main dis
tributional body of the species (Prakash et al., 1969). In the Bogota population,
genie heterozygosity is only about one-third that of other populations of the
species; only 25% of the loci are polymorphic, and average heterozygosity is
only 0.044. (For three populations in the United States, the corresponding mean
values are 42% and 0.123.) Recently, Prakash (personal communication) has
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discovered that the Bogota population is partially isolated reproductively from
North American populations of D. pseudoobscura, and is, therefore, more nearly
a sibling species than a conspecific isolate.
Populations of P. polionotus on Santa Rosa Island are approximately one-fifth
as variable genetically as those in peninsular Florida and one-third as variable
as those occupying the adjacent mainland of the Florida Panhandle. On the main
land (sample localities 7-12), five loci are represented, on the average, in hetero
zygous state in 10% or more of individuals of the populations sampled. These
loci are Es-1 (h = 0.14), Es-2 (0.33), Pgi-1 (0.38), Gpd-1 (0.34), and Trf-1
(0.20). In moving from the mainland proper to the peninsular beaches (sample
localities 1-3 and 6), two of these loci (Es-2 and Pgi-1) become fixed for the
respective common alleles on the mainland, and the other three show a marked
reduction in heterozygosity, as follows : Es-1 (h = 0.07), Gpd-1 (0.20) , and
Trf-1 (0.11) . However, two additional loci that are only weakly polymorphic in
mainland populations become strongly polymorphic. These are Pgm-3, with h
increasing from 0.01 to 0.39, and Ldh-1, with h increasing from 0.01 to 0.25.
Finally, on Santa Rosa Island, Es-1, Gpd-1, and Trf-1 also become fixed, but
Pgm-3 and Ldh-1 retain the high level of heterozygosity evident in the peninsu
lar beach populations, h values being 0.38 and 0.26, respectively.
The markedly reduced level of genetic variation in the western beach mice
might be attributed, at least partially, to a severe restriction in the variety of
habitats utilized on the beaches of the peninsulas and Santa Rosa Island, follow
ing the line of argument developed above for the mainland populations. How
ever. it is probable that the reduction is primarily a result of the geographic
isolation of these small populations from the main body of the species, with a
consequent increase in homozygosity arising from genetic drift. The evidence
for drift in these populations will be discussed at length elsewhere (Selander
et al.. 1971). It will suffice here to note that several lines of evidence argue for
the effects of drift. First, there is the fact that the more strongly isolated Santa
Rosa Island populations are less heterozygous than are the nearby peninsular pop
ulations occupying essentially identical sand-dune habitats but in firmer genetic
contact with populations on the mainland. Second, the action of drift is suggested
by the existence of marked heterogeneity in allele frequencies among the beach
populations. And, thirdly, there remains the fact that beach-inhabiting popula
tions on the Atlantic coast of Florida, although similarly constrained in habitat
distribution, do not manifest reduced levels of genetic variation in comparison
v.cith the neighboring mainland populations. In the case of Anastasia Island, the
retention of variability might be attributed in part to the fact that the population
structure there is somewhat similar to that of the mainland, with less of the
strongly linear character of distribution characteristic of the western beach popu
lations. It is also probable that the degree of genetic isolation from the mainland
is greater and of longer standing in the case of the western beach populations
(Selander et al., 1971) .
On the western islands and peninsulas, mice are almost entirely confined to
grassy dunes flanking the beach. Populations are normally small and periodically
experience drastic reductions in numbers, thus providing ample opportunity for
drift. For example, from extensive studies of population densities in a segment
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of Santa Rosa Island equal to 1/150th of the total area of the island, Blair (1946)
was able to estimate that the total population of sexually mature mice on Santa
Rosa Island in 1941-42 was on the order of 12,000. As noted by Blair (1946),
severe restrictions in population size and density are expected when hurricanes
strike the coast, since much of the low-lying island is inundated. When genetic
variation is reduced through drift in the beach populations, it is only slowly
regained owing to the isolation of these populations from each other and from
those on the mainland.
SUMMARY

Electrophoretically demonstrable variation was analyzed in 30 proteins en
coded by 32 structural genetic loci in samples from 30 populations of the old
field mouse (Peromyscus polionotus) , a fossorial rodent endemic to the south
eastern United States. Of the 32 loci, 17 are polymorphic in one or more popula
tions.
The degree of intrapopulation genie variability, as measured by the proportion
of loci in heterozygous state per individual. varies geographically. In the main
land portion of the species range in South Carolina, Georgia, and Florida, the
overall pattern of geographic variation is a north-south dine of increasing hetero
zygosity, with the most variable populations occurring in southern peninsular
Florida. Major contributions to this southerly increase in heterozygosity are
made by seven loci. The causal basis for this pattern of variation is not readily
apparent, but there are indications that the level of heterozygosity may be directly
related to extent of habitat distribution or to other related aspects of the ecological
amplitude of populations.
In the relatively small and isolated populations of P. polionotus exploiting
beach habitats on small peninsulas and the barrier island of Santa Rosa off the
Gulf coast of the Florida Panhandle, genetic variation is severely restricted,
apparently owing primarily to the effects of genetic drift. The lowest degree of
heterozygosity (1.8% of loci heterozygous in the average individual) occurs in
populations on Santa Rosa Island, which are only one-third as variable as those
occupying old-fields and other similar habitats on the adjacent mainland (heter
ozygosity, 5.4%) and only one-fifth as variable as populations in peninsular
Florida (heterozygosity, 8.6%). The peninsular populations are slightly more
variable, with a mean heterozygosity value of 3.3% .
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APPENDIX
(Prepared by S. Y. Yang)
LABORATORY TECHNIQUES

Following is an account of techniques routinely used in our laboratory for the
electrophoretic demonstration of enzymes and other proteins in tissue extracts
of Peromyscus, Mus, Dipodomys, Sigmodon, and other rodents . For each type of
protein, the preferred tissue ( s), buffer system for electrophoresis, and staining
solution are indicated.

Preparation of Tissue Extracts
Blood (hemolysate and plasma). Anesthetize animal with chloroform and cut
throat with sharp razor blade, allowing blood to drip into micro-beaker contain
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ing heparin; stir continuously with wooden applicator stick as blood drips to
prevent clotting. Mix whole blood with an equal volume of cold 0.85 % saline,
centrifuge at 2,500 g for 10 min at 4°C, and remove diluted plasma with pipette.
(From Peromyscus and other small rodents, 0.5 to 1.0 ml of blood can be ob
tained.) Resuspend and wash erythrocytes two or three times in approximately
10 volumes of saline, lyse erythrocytes by shaking for 60 sec with a volume of
deionized water equal to that of the whole blood and a half-volume of toluene,
centrifuge at 49,500 g for 20 min at 0 to 4°C, and remove clear hemolysate by
pipette.
Best results with hemoglobins of Mus and some other rodents are obtained by
electrophoresing the hemolysate before it has been frozen; if hemolysate cannot
be run immediately, store at 4 °C for not more than 24 hr before electrophoresis.
Other tissues. Dissect kidneys, liver, heart, testes, and other organs (or take
sample of skeletal muscle), trim off fat, and homogenize sample for about 1 min
in glass tissue grinder or Sorvall homogenizer (cooled in a salt-ice bath) in two
volumes of deionized water or buffer (0.1 M tris, 0.001 M EDTA, and 5 X 10-5
M NADP, with pH adjusted to 7.0 with hydrochloric acid) . (We are not con
vinced that the buffer is superior to deionized water.) Centrifuge at 49,500 g at
0 to 4°C for 30 min and remove clear supernatant by pipette. If fat is present in
the liver supernatant, shake with 0.5 ml toluene and re-centrifuge.
The carcass of each animal processed is tagged with a number corresponding
to its entry in a catalogue and frozen for future preparation as a museum speci
men or for identification.

Storage of Tissues and Extracts
If organs cannot be dissected and homogenized immediately after death of the
animal, freeze the whole animal (placing it in an air-tight plastic bag to prevent
dehydration) , or dissect organs and freeze them intact in 0.85% saline. Most
proteins remain undenatured in intact organs frozen for weeks or months at only
-15 to -20° C, but in solution the activity of many enzymes is soon lost unless
the extracts are stored at temperatures of -68° C or lower. And even at low tem
perature. the activity of some enzymes (notably esterase-2 in Peromyscus) di
minishes rapidly. During processing, care should be taken to avoid warming the
tissues or extracts by keeping all grinding, centrifuge, and storage tubes on ice.
Electrophoretic Apparatus
Apparatus for horizontal starch-gel electrophoresis is employed. Samples of
tissue extracts are absorbed on 9 X 6 mm pieces of Whatman No. 3 filter paper,
blotted on a sheet of this paper to remove excess liquid, and inserted in a slit cut
in the gel. The starch used is Electrostarch, Lot 682 (Otto Hiller, Madison, Wis
consin), prepared at a concentration of 12.5% (50 g/400 ml buffer), and poured
in 9 x 190 x 210 mm lucite molds. During electrophoresis, gels are cooled by a
pan of ice supported above the gel-mold by a plate of glass. Following electro
phoresis, 3-mm slices are cut from the gel and incubated in appropriate staining
solutions.
Electrophoretic Buffer Systems
1. Tris-hydrochloric acid. Electrode: 0.30 M borate, pH 8.2 (=18.55 g boric
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acid and 2.40 g sodium hydroxide dissolved and diluted to 1 1 with deionized
water). Gel: 0.01 M tris-hydrochloric acid, pH 8.5 ( =1.21 g tris diluted to 1 l;
pH adjusted with concentrated hydrochloric acid). Potential: 250 v for 1 Yz hr.
2. Lithium hydroxide. Electrode: Stock solution A. Gel: 1: 9 mixture of stock
solutions A and B. Stock solution A: 0.03 M lithium hydroxide-0.19 M boric
acid, pH 8.1 (=1.20 g monohydrate lithium hydroxide and 11.89 g boric acid
diluted to 1 1). Stock solution B: 0.05 M tris-0.008 M citric acid, pH 8.4 (=6.2 g
tris and 1.6 g monohydrate citric acid diluted to 1 1) . Potential: 350 v for 3Yz hr
or until borate line reaches anodal sponge.
3. Discontinuous tris-citrate (Paulik). Electrode: 0.30 M borate, pH 8.2
(=18.55 g boric acid and 2.40 g sodium hydroxide diluted to 1 1). Gel: 0.076 M
tris-0.005 M citric acid, pH 8.7 (=9.21 g tris and 1.05 g monohydrate citric
acid diluted to 1 1). Potential: 250 v for 3 hr or until borate line reaches anodal
sponge.
4. Continuous tris-citrate I . Electrode: 0.223 M tris-0.086 M citric acid, pH
6.3 (= 27.00 g tris and 18.07 g monohydrate citric acid diluted to 11; pH adjusted
with 1.0 M sodium hydroxide). Gel: 0.008 M tris-0.003 M citric acid, pH 6. 7
(=0.97 g tris and 0.63 g monohydrate citric acid diluted to 11; pH adjusted with
1.0 M sodium hydroxide). Potential: 170 v for 3 hr.
5. Continuous tris-citrate II. Electrode: 0.687 M tris-0.157 M citric acid, pH
8.0 (=83.2 g tris and 30.0 g monohydrate citric acid diluted to 11). Gel: 22.89 mM
tris-5.22 mM citric acid, pH 8.0 (=2.77 g tris and 1.10 g monohydrate citric
acid diluted to 11) . Potential: 100 v for 4 hr.
6. Tris-versene-borate. Electrode: 0.50 M tris-0.02 M EDTA-0.65 M boric
acid, pH 8.0 (=60.6 g tris, 40.0 g boric acid, and 6.0 g disodium salt of ethylene
diaminetetraacetic acid diluted to 1 1). Gel: 1: 9 dilution of electrode buffer. Po
tential: 200 v for 4 hr.
7. Phosphate. Electrode: 0.138 M potassium phosphate-0.062 M sodium hy
droxide, pH 6.7 (=18.78 g monobasic potassium phosphate (anhydrous) and
2.48 g sodium hydroxide diluted to 1 1) . Gel: 1: 19 dilution of electrode buffer.
Potential: 120 v for 5 hr.
8. Phosphate-citrate. Electrode: 0.214 M potassium phosphate-0.027 M citric
acid, pH 6.7 (=29.1 g dibasic potassium phosphate (anhydrous) and 5.7 g mono
hydrate citric acid diluted to 1 1). Gel: 6.07 mM potassium phosphate-1.21 mM
citric acid, pH 7.0 (=1.06 g dibasic potassium hydroxide (anhydrous) and 0.254
g monohydrate citric acid diluted to 11) . Potential: 100 v for 5 hr.
9. Tris-maleate. Electrode: 0.10 M tris-0.10 M maleic acid-0.01 M EDTA
0.01 M magnesium chloride, pH 7.4 (=12.1 g tris, 11.6 g maleic acid, 3.72 g di
sodium salt of EDTA, and 2.03 g magnesium chloride (hexahydrate) diluted to
1 l; pH adj usted with 1.0 M sodium hydroxide). Gel: 1: 9 dilution of electrode
buffer. Potential: 100 v for 5 hr.

Protein Stains
Proteins demonstrated with the following stains migrate anodally except as
noted. The following abbreviations are used in descriptions of stains: NAD = {3
diphosphopyridine nucleotide; NADP = triphosphopyridine nucleotide; NBT =
nitro blue tetrazolium; MTT = MTT tetrazolium; and PMS = phenazine metho
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sulfate. During staining, slices of gel are incubated at 37° C, unless otherwise
noted. Following staining, gel slices are fixed in a 1 :5 :5 mixture of acetic acid,
methanol, and water.
1. Alcohol dehydrogenase (ADH). Tissue: Liver. Buffer system: 8. Stain
(Shaw and Koen, 1968a): 5 ml 0.5 M potassium phosphate buffer, pH 7.0 (stock
solution: 500 ml 0.5 M dibasic potassium phosphate (anhydrous), 490 ml 0.5 M
monobasic potassium phosphate (anhydrous), and 10 ml water; pH adjusted
with 0.5 M monobasic potassium phosphate). 40 ml water, 5 ml 95% ethanol, 30
mg NAD, 20 mg NBT, and 5 mg PMS . Incubate in dark for 6 to 10 hr or until
purple bands appear. Note : ADH migrates cathodally. ADH also appears on gels
stained for a-GPD.
2. Esterases (ES).
A. Tissues: Plasma, liver, or kidney. Buffer system: 2. Stain: 4 ml sodium
phosphate buffer (stock solution: 1: 1 mixture of 0.1 M monobasic sodium phos
phate, pH 4.4, and 0.1 M dibasic sodium phosphate, pH 8.7), 1 ml of a solution
of 1 g a-naphthyl propionate (liver and kidney) or a-naphthyl butyrate (plasma)
in 100 ml acetone, 25 mg Fast Blue RR salt, and 45 ml water. Stain solution
should be prepared immediately before using. Incubate 10 to 30 min.
B. Tissue: Hemolysate. Buffer system: 1. Stain: 30 ml sodium phosphate buffer
(4: 1 mixture of 0.2 M monobasic sodium phosphate and 0.2 M dibasic sodium
phosphate) , 1 ml of a solution of 1 g a-naphthyl propionate in 100 ml acetone,
25 mg Fast Garnet GBC, and 20 ml water. Incubate 1 to 2 hr.
Inhibition of esterases with 1o-sM eserine: Add 33 mg eserine sulfate to 50 ml
stain buffer solution (lacking substrate and dye), and incubate gel at 20° C for
20 min. Add substrate and dye to solution and incubate at 37° C for 30 to 60 min.
3. Albumin (ALB) , transferrin (TRF) , and other "general" proteins. Tissues:
Hemolysate (buffer system: 1), plasma, liver, and kidney (buffer system: 2).
Stain: 2 % solution of Buffalo Black NBR (naphthol blue black) in fixing solu
tion. Stain for 20 min at 20° C. Note: Stain may be re-used; wash gels in fixing
solution several times until background is pale.
4. Glucose- and hexose-6-phosphate dehydrogenases (G-6-PD, H-6-PD). Tis
sue: Kidney . Buffer system: 3 or 6. Stain (Ruddle et al. , 1967)) : 45 ml 0.2 M tris
hydrochloric acid buffer (pH 8.0) , 5 ml 0.25 M disodium glucose-6-phosphate,
15 mg NADP, 10 mg NBT, and 2 mg PMS. Incubate in dark for 6 to 10 hr. Note:
Two systems appear, G-6-PD running anodally to H-6-PD (Shaw and Koen,
1968b). Disodium D -galactose-6-phosphate may be substituted for disodium
glucose-6-phosphate in staining for H-6-PD.
5. Glutamate oxalate transaminases (GOT). Tissues: Liver, kidney, or heart.
Buffer system: 5. Stain (modified from DeLorenzo and Ruddle, 1970) : 50 ml
0.2 M tris-hydrochloric acid buffer (pH 8.0), 0.5 mg pyroxidal-5'-phosphate, 200
mg a-aspartic acid, 100 mg a-ketoglutaric acid, and 150 mg Fast Blue BB. Prepare
stain just before using. Incubate for 10 to 15 min. Note: The mitochondrial form
(GOT-2 ) migrates cathodally.
6. a-Glycerophosphate dehydrogenase (GPD). Tissues: Liver and kidney.
Buffer system: 5. Stain: 50 ml 0.2 M tris-hydrochloric acid buffer (pH 8.0), 1 ml
0.1 M magnesium chloride, 50 mg disodium a-DL-glycerophosphate, 20 mg
NAD, 13 mg NBT, and4mgPMS. Incubate in dark for 1 to2hr.
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7. Indophenol oxidase (IPO). Tissues: Liver, kidney, heart, erythrocytes, or
testis. Buffer system: 3 or 6. Stain: 50 ml 0.2 M tris-hydrochloric acid buffer
(pH 8.0), 15 mg NBT or MTI, and 10 mg PMS. Incubate in light for 1to2 hr
or until pale bands appear against blue background. Note: IPO usually appears
on all gels stained for dehydrogenase activity, but the best patterns are demon
strated with the following combinations of buffer systems and stains. Liver:
Buffer system 3 for MDH stain or 4 for XDH. Kidney: 3 for MDH or 6 for GPD.
Heart: 4 for MDH. Hemolysate: 7 for PGI. Testis: 3 for LDH.
8. Isocitrate dehydrogenases (IDH). Tissues: Kidney for both supernatant
(IDH-1) and mitochondrial (IDH-2) forms; liver for IDH-1 only; heart for
IDH-2 only. Buffer system: 8 or 4. Stain (modified from Henderson, 1965): 50
ml 0.2 M tris-hydrochloric acid buffer (pH 8.0) , 0.2 ml 0.25 M manganese chlo
ride, 3 ml 0.1 M trisodium DL-isocitric acid, 10 mg NADP, 5 mg NBT, and 7 mg
PMS. Incubate for 30 to 60 min. Note: IDH-1 migrates anodally, IDH-2 cath
odally.
9. Leucine amino peptidase (LAP). Tissue: Plasma. Buffer system: 2. Stain:
50 ml 0.1 M potassium phosphate buffer, pH 7.0 (stock solution: 13.6 g mono
basic potassium phosphate, 59 ml 1.0 M sodium hydroxide, and 941 ml water), 1
ml 0.1 M magnesium chloride, and 10 mg a-leucyl-,8-naphthylamide hydro
chloric acid. Incubate gel slice in stain for 30 to 60 min, pour stain into flask and
add 20 mg Black K, then restain gel slice for 30 to 60 min. Bands fade rapidly.
10. Lactate dehydrogenases (LDH) . Tissues: Kidney for LDH-1 and LDH-2
and testis for LDH-3. Buffer system: 3. Stain (modified from Markert and Mas
saro, 1966): 30 ml water, 20 ml 0.2 M tris-hydrochloric acid buffer (pH 8.0), 9
ml 0.5 M lithium DL-lactate, 20 mg NAD, 4 mg NBT, and 8 mg PMS. Incubate
in dark for 1 to 2 hr.
11. Malate dehydrogenases (MDH ). Tissues: Kidney or liver. Buffer system:
3 or 4. Stain (modified from Shows and Ruddle, 1968b): 30 ml 0.2 M tris-hydro
chloric acid buffer (pH 8.0), 5 ml 2.0 M malate (stock solution: 268.2 g DL
malic acid, 100 ml water, and 900 ml 4.0 M sodium hydroxide; pH adjusted to
7.0 with sodium hydroxide), 20 mg NADP and/or 10 mg NAD, 20 mg NBT, and
5 mg PMS. Incubate in dark for from 30 min (NAD-MDH) to 2 hr (NADP
MDH). Note: The mitochondrial NAD-dependent form (MDH-2) migrates
cathodally on buffer system 4.
12. Phosphoglucomutases (PGM). Tissue: Liver. Buffer system: 7. Stain
(Spencer et al., 1964): 25 ml water, 5 ml 0.2 M tris-hydrochloric acid buffer
(pH 8.0), 5 ml 0.05 M disodium a-D-glucose-1-phosphate, 5 ml 5 X 10-4 M di
potassium a-D-glucose-1, 6-diphosphate, 5 ml 0.1 M magnesium chloride, 4 ml
glucose-6-phosphate dehydrogenase (10 units/ml water), 5 mg NADP, 5 mg
MTT, and 2 mg PMS. Incubate in dark for 1 hr. Bands fade rapidly.
13. 6-Phosphogluconate dehydrogenase (PGD). Tissues: Erythrocytes or
heart. Buffer system: 9. Stain (Carter et al., 1968): 7 ml 0.2 M tris-hydrochloric
acid buffer (pH 8.0), 7 ml 0.1 M magnesium chloride, 3 ml water, 20 mg barium
6-phosphogluconic acid, 1 mg NADP, 4 mg MTI, and 1 mg PMS. Solution suffi
cient to stain five gel slices. Paint over gel slice with camel-hair brush and incu
bate in dark at 20°C. Repaint after 30 min. Bands develop fully in about 1 hr,
then fade rapidly when gel is washed. Note: In preparing gel, add 0.8 ml of a
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solution of 1 g NADP/100 ml water to 400 ml of cooked starch and stir before
degassing.
14. Phosphoglucose isomerase (PGI). Tissue: Liver. Buffer system: 7. Stain
(Carter and Parr, 1967) : 30 ml 0.2 M tris-hydrochloric acid buffer (pH 8.0), 10
ml 0.1 M magnesium chloride, 4 ml 0.018 M disodium D-fructose-6-phosphate,
2 ml glucose-6-phosphate dehydrogenase (10 units/ ml water), 10 mg NADP, 20
mg MTT, and 10 mg PMS. Incubate in dark for 30 to 60 min. Bands fade rapidly.
Note: PGI migrates cathodally.
15. Xanthine dehydrogenase (XDH). Tissue: Kidney or liver. Buffer system: 3
or 6. Stain: 50 ml 0.2 M tris-hydrochloric acid buffer (pH 8.0) , 25 mg hypoxan
thine, 10 mg NAD, 10 mg NBT, 10 mg MTT, and 5 mg PMS. Incubate in dark
for about 3 hr.

V. Phylogeny and Population Structure in Island and
Continental Species of the cardini Group of Drosophila
Studied by Inversion Analysis'
WILLIAM B. HEED AND JEANS. RUSSELL

2

The uniqueness of inversion analysis for evolutionary studies was illustrated
by Sturtevant and Dobzhansky (1936) and Dobzhansky and Sturtevant (1938)
who demonstrated chromosome phylogeny in Drosophila pseudoobscura and
Drosophila persimilis. Since then, six species groups in the genus Drosophila have
been analyzed for the number and kinds of inversions between and within each
species. The virilis species group with nine members has been analyzed chiefly
by Hsu (1952) and later by Moorhead (1954) and Guest (Stone, Guest and
Wilson, 1960). The repleta group with 46 species was analyzed by Wasserman
(1960) and the melanica group with six members by Stalker (1966). Later work
was done by Carson, Clayton and Stalker (1967) and Carson et al. (1970) in the
Hawaiian picture-wing group, and by Brncic (Brncic, Nair and Wheeler, This
Bulletin) in the mesophragmatica group . Also, Ward has analyzed the cytology
of four morphologically distinct desert species: D. acanthoptera, D. nannoptera,
D. pachea and an undescribed form (Ward, Heed and Russell 1968, and in
preparation).
The retrievable information from inversions analyzed on the magnitude of the
species group is of two basic kinds : that of phylogeny or species relatedness, and
that of population dynamics or the present heterozygosity of each species. The
inversions which are homozygous between species, when they can be worked out,
show relatedness remarkably clearly. The inversions which are heterozygous
expose, in part, the recent history of each species since its formation. Moreover,
it is occasionally possible to detect probable structures and interrelationships of
populations which are now extinct by the manner in which the fixed and heter
ozygous inversions are distributed among the species. The only "fossil" record of
any extent in the genus Drosophila lies in the banding patterns of the salivary
gland chromosomes.
The present report presents the major results of inversion analysis in the
cardini species group of Drosophila. Detailed studies of the chromosome banding
1 Field expeditions on which many of the Drosophila cultures were collected were supported by
National Science Foundation grants G- 1653 and G-4999 to Drs. Stone and Wheeler of The
University of Texas. Laboratory studies were supported by NSF grant GB-1607 to the senior
author. We also thank the following investigators for supplying recent cardini group material
from the following localities: Dr. Danko Brncic, Peru and Chile; Dr. Hampton L. Carson, Grand
Cayman Islands and the island of Montserrat; Dr. A . B. da Cunha, Brazil; Dr. Don Hunsaker,
Mexico; Dr. Alice Hunter, Colombia; Dr. Richard Levins, Antilles; Dr. Marly Napp, Brazil; Dr.
Sarah Pipkin, Panama, Colombia and Trinidad; Mr. Alexander Russell, Mexico; and Dr. Marvin
Wasserman, Mexico.
2 Department of Biological Sciences, University of Arizona, Tucson.
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patterns and mapping of breakage points will be published later. The group
presently consists of 16 members with the inclusion of D. bedicheki, described as
a new species in the Appendix.
Of particular interest in the cardini group is the geographical distribution of
its members. Eight species are restricted to the islands in the Greater and Lesser
Antilles and eight species have distributions of various sizes in continental tropical
America. The comparison of the present day similarities and differences between
related island and continental species in terms of genetics, hybridization tests and
morphology (Futch 1962; Heed 1962, 1963) has led to the present study on the
cy1ology of the group. The results give a clearer picture concerning the relation
ships of the species and the structures of their populations. They show that the
proposed direction of cytological change is in agreement with previous informa
tion but the comparative rate of accumulation of inversions is quite unequal
among the species and among separate populations of the more widespread
species. They also show that an island species may be more similar to several con
tinental species than other island species in relative amounts of inversion fixation
and heterozygosity.
MATERIALS AND METHODS

A total of 129 cultures and 210 strains were analyzed for chromosome re
arrangements within and between each species. A culture is defined as a lab
oratory stock deriYed from more than one female, and as many as 20 or more,
from a specific locality. A strain derives from a single female previously insemi
nated in nature. From 15 to 20 larvae were analyzed from each culture and from
6 to 10 larvae from each strain in order to detect heterozygous inversions.
All cultures and the majority of strains within each species were hybridized in
round-robin fashion in order to detect possible fixed inversion differences between
them. Similarly all species except cardini and bedicheki were hybridized with at
least one other species in order to detect fixed inversion differences between them.
Break points for each inversion are marked against a standard chromosome map
of acutilabella. In a few cases, especially concerning the X chromosome, hybrid
larvae were of little value because of lack of pairing between homologous arms.
In these instances free-hand drawings were made of the chromosome banding
\vith the break points indicated and the intervening segments identified with the
standard sequence. The segments were then rearranged step by step by trial and
error until the chromosome was decoded into the standard banding sequence of
acutilabella. Each step represents a single two-break rearrangement. The inver
sion pathway ha,ing the last number of steps was chosen in each case. However,
when large differences exist between two homologues, there may be several
pathways ha,ing an identical number of steps. The more probable pathway is
then determined by the basic code of closely related species.
The more species that are clustered in a particular phylad, the more reliable
the particular sequence of inversions becomes. For instance even though there
are 14 inversion steps on the X chromosome between parthenogenetica and
acutilabella, decoding was possible since cardinoides and procardinoides under
went cytological changes identical to parthenogenetica before the three split out
as separate species, and this basic banding pattern is recognizable. Also certain
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banding sequences in the X chromosome of neocardini, which are identical to
the triad of species, lends supporting evidence that the early inversion pathway
is very probable. However, the X chromosomes of polymorpha and neomorpha
were very difficult to decode because of the position of the breaks and lack of
supporting evidence from other closely related species. The X chromosome of
cardini could be only partially decoded. At least 10 more steps are estimated as
necessary for decoding the chromosome (as indicated in Fig. 2) .
The salivary glands were dissected out in saline and mounted in 1 % orcein in
a solution of % lactic acid, % acetic acid, and % water. After 5 to 10 minutes
staining, the preparation was squashed under a cover slip and ringed with a
paraffin mixture. The preparations are clearer after 24 hours. Metaphase chrom
osomes from the larval brain were stained with 2 % orcein.
RESULTS

Confirmation of previous hypotheses. Previous studies with hybridization tests
(Stalker 1953, Heed and Krishnamurthy 1957, Futch 1962, Heed 1962) have
established a phylogeny of relatedness among 15 of the 16 species in the cardini
species group as shown in Figure 1. Connecting lines indicate at least partial
fertility in the first generation hybrids. The number of fixed inversions from the
cytological standard, D. acutilabella, is indicated for each species.
In comparison with the island species, which show a network of close genetic
relatedness and a small amount of cytological divergence, the continental forms
I
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FIG. 1. F ertility and inversion fixation in the cardini group species. Connecting lines indicate
only those hybrids which have shown at least partial fertility . Absence of a connecting line
between two species indicates no fertile hybrids produced after extensive testing except in the
case of D. bedicheki. Dotted lines for D. antillea indicate hybrid females probably fertile but
were not tested. The number of fixed inversions from the cytological standard, D. acutilabella,
is indicated for each species. Fertility data from Futch (1962) and Heed (1962).
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FIG. Z. Inversion phylogeny in the cardini species group. Salivary gland chromosome arms
are represented in all species as the X, left and right arms of Z (ZL,ZR), and left and right
arms of 3 (3L,3R), even though D. cardini has no fusions . The dot chromosome was not
analyzed. Each inversion is represented by a letter. Alphabet repetitions, such as A, A' and A",
do not connote related inversions. Hypothetical intermediate populations are indicated by Roman
numerals. Superscript "s" indicates the standard arrangement as found in D. acutilabella which
differentiates the ancestral sequence from the standard sequence. Thus D. acutilabella (standard)
has accumulated 5 inversions from Primitive I (X KS, FS, BS, AS and ZL FS). The line dividing
the island and continental inversions is arbitrary but consistent with the present distribution of
the species.
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have diverged from one another genetically as well as cytologically. Of the 39
hybridization tests between seven of the island species (acutilabella excluded),
29 tests produced hybrids (74%) . Of the 42 hybridization tests, many of which
were repeated, between seven of the continental species ( bedicheki excluded) ,
six tests produced hybrids ( 12 %) .
We would like to emphasize the close similarity between the hybrid fertility
phylogeny and the inversion phylogeny presented in Figure 2. Ever since the
study by Stalker ( 1953), it has been known that acutilabella is the most cross
fertile species. Our tests have confirmed and extended this fact. The cytological
data also show that acutilabella, as a species, has the fewest number of fixed
inversions (3) from the gene sequence of Primitive I. They are X K8 , X F8, and
2L F 8 . The species must be considered the most conservative form in the cardini
group even though it has a derived metaphase configuration. Also the three
distinct fertility phylads radiating from acutilabella to the mainland corresponds
very well with the inversion phylogeny. Moreover, cardini is not fertile with any
of the other 15 species and the inversion phylogeny shows its cytological unique
ness precisely.
One other point of similarity concerns the position of neocardini. The species
had previously been selected (Heed 1962) among the continental species as being
most closely related to the island species primarily since the genetic character
istics of its phenotype, as reported by da Cunha ( 1955), closely paralleled the
characteristics of the island species. Figure 2 illustrates the singular position of
neocardini on the continent and confirms that its closest relatives exist in the
West Indies even though neocardini has never been collected in northern South
America nor Middle America.
Interpretation of the inversion phylogeny. Table 1 is a summary of the col
lecting localities and the number of strains and cultures of the species analyzed
and provides the information for the phylogeny in Figure 2. Tables 3, 4 and 5
list the inversions found in each culture and strain.
In Figure 2, the chromosome arms are represented as the X chromosome, left
and right arm of chromosome 2 (2L and 2R), left and right arm of chromosome 3
(3L and 3R) and chromosome 4, the dot in the metaphase; it was not analyzed for
inversions. For simplicity the salivary chromosome arms are given the same
notations in cardini as in the other species even though the species has no
autosomal fusions. At least one culture of each species has been analyzed for the
larval brain metaphase chromosomes. Minor variations in metaphase chromo
somes in the form of additions of heterochromatin to the dot chromosome and the
X chromosome have been reported for dunni and belladunni (Heed and Krish
namurthy ( 1957). In Figure 2, the metaphase on the left is that of cardini. This
species probably accumulated heterochromatin on the dot independently of the
remainder of the species.
Each inversion in Figure 2 is represented by a letter. When a large number of
inversions is encountered in an arm, the alphabet is repeated with a prime (')
after each letter and then a double prime ("). There is no relation, for example,
between inversions XC, XC' and XC". Five inversions contain a superscript "s"
which indicates "standard arrangement." This is necessary because acutilabella,
the species with which all other inversions are compared, i.e., the standard gene
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TABLE

1

Number and origin of samples analyzed for inversions in each species
Island species

D. acutilabella
D. dunni
D. arawakana
D. caribiana
D. antillea
D. nigrodunni
D. similis
D. belladunni

No. of

Origin and no. of

cultures

collecting localities

Inversions
homozygous+

Inversions
heterozygous

3

9

4

0

5
5
5
5
4
4

2
1
0
0
0
0

Florida ( 8) Cuba ( 1)
Jamaica (7) Haiti (3)
Puerto Rico (3) St. Thomas (1)
Greater Tobaga (1)
St. Kitts ( 1) Montserrat (1)
Guadaloupe ( 1)
Martinique (1)
St. Lucia (1)
Barbados (2)
St. Vincent (1) Grenada ( 1)
Jamaica (1)

16
(128).
7
2
(68)*
1

1
2
2

Continental species

D. neocardini
D. polymorpha

13

D. neomorpha

(16).
6

Colombia (1) Brazil (2)
Colombia (5) Ecuador (1)
Brazil (4) Trinidad (3)
Honduras (1) Panama (2)
Colombia (1) Trinidad (1)
Bolivia (1)
Mexico (3) Honduras (1)
Nicaragua ( 1) Colombia (2)
Trinidad (2)
Mexico (5) El Salvador (1) Costa
Rica (2) Panama (3) Colombia (6)
Bolivia (1) Brazil (3) Trinidad (2)
Trinidad ( 1)
Mexico (9) Costa Rica (1) Panama (1)
Colom bia (2) Venezuela (1) Trinidad
(1) British Guiana (1) Brazil (4)
Bolivia (1) Chile (1) Peru (1) Cuba
( 1) Jamaica (3) Haiti ( 1) Puerto Rico
(3) Florida (4) Grand Cayman (1)

3

D . procardinoides
D . parthenogenetica

1
9

D. cardinoides

28

D. bedicheki
D. cardini

37
(7)*

6
17

4

24
14

9
0

18

2

10
18

23

11 c+10)

29

0

• Nwnber of strains in addition.

+Accumulated from Primitive I.
TABLE

2

Distribution of inversions among the chromosomes in the 16 members of the cardini species group

Islands
Homozygous
Heterozygous
Total
Continent
Homozygous
Heterozygous
Total
Group total

x

2L

1
5
6

1
6
7

40
38
78
84

21
16
37
44

2R

4
4
8
8

3L

6
3
9
10

3R

8
7
15
16

Species
total

Population
total

3
12
15

7
10

0.3:1 species
0.7:1 population

79
68
147
162

89
58

1.2:1 species
1.5: 1 population

Ratios
Homo:Hetero

1.0:1 species
1.4:1 population

TABLE 3
Inversions present in eight species restricted to islands in the Caribbean Sea
Species and
culture no.

D. acutilabella
* 140 strains
and cultures
H410.20
H413.7
H135.7
H411.10
D. dunni
f6 cultures
D. arawakana
H126.1
C90.1
(68 strains)
H252.7
D . caribiana
H248.1
D. antillea
H122.1
D. nigrodunni
H116.2
H247.1
D . similis
H240.1
H239.6
D. belladunni
H356.3

x

Locality

2L

FSKS

FS

BSAS
BS;+ c;+ DI+ El+
CD
BS/ + C;+ D;+ E/+
BS
FSKSC
+
FSKSC
+
+

+
ABCD
AB;+C;+D/ +

E;+M'/+

Fixed:

+
FSKSC

+
FS

Fixed:

+
FSKSC

+
FS

+
FSKSC

+
FS

+
+
FSKBC

+
+
FB

+
+
FBKBC
+

Fixed:
Florida; Cuba; Jamaica
Kenscoff, Haiti
Le Perchoir, Haiti
Petionville, Haiti
Petionville, Haiti
Fixed:
Puerto Rico; St. Thomas
Fixed:
Monkey Hill, St. Kitts
Montserrat
Matouba, Guadaloupe
Fort-de-France, Martinique
Castries, St. Lucia
Fixed:
Turner's Hall Woods, Barbados
Monkey Hill, Barbados
Fixed:
Blue Lagoon, St. Vincent
St. George, Grenada
Fixed:
Hardware Gap, Jamaica

AB/+C! +D!+
AB/+C/ +D!+
FS

Other arms

+
+
+
+
+

~

~
~

~
::ti
.::

"'"'
F,::
~

+
3RA
+
+

......

+
3RA
3LB/+
3RA
+
3RA
+
+

;::!

.Q,

+
+
FS

+
+

O'l

+

+

+
FS

El+

•Localities and culture number of D . acutilabella that are homozygous for X BSjBS, AS /AS: At28.1 (86 strains) Astor, Fla.; C49.10 (2.8 strains ) Astor, Fla.; C45.10 (3 strains)
Astor Park, Fla. · C48.8 (1 strain) Crows Bluff, Fla.; At69.1 (9 strains) Homosassa, Citrus Co. Fla.· H415.7 Royal Palm Harrunock, Everglades, Fla .; H414.8 Miami Fla.; 2099.1
St. PctersburgJ. Fla.j· 2302 .12 Floral City, Fla. ; 2380.2 St. Vicente, Cuba; H355.3 Strawberry :Hill, Jamaica; H350.9 (1 strain) Martha Brae, Jamaica; H351.12 Windsor , Jamaica;
H352.5 Ocho Jtios, amaica; Ht37.5 Hermitage Reservoir, Jamaica; Ht36.8 Bath, Jamaica; H353.4 and H355.3 Mt. Diablo, Jamaica .
t Localities and culture number of D. dunni: 2327.1 Rio Piedras, Puerto Rico; H129.4 and C43.3 La Mina Recreation Area , Caribbean National Forest, P .R.; H254.4 and H260.2
Mayaguez, P.R.; H253.5 Signal Hill, St. Thomas, Virgin Islands.
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TABLE 4

<O

00

Inversions present in seven species restricted to the continental Neotropical region
Spec ies and
cu l t lll°C no.

D. neocardini
H436.75
H339.1
H340.7
D. polymorpha

H186.49
A79.1
( 1 strain)
A97 .1
A69.13
(1 strain)
A69
(9 strains)
H194.12
H235.14
H330.12
H 334.3
H 332.8
H333. 17
H 333.32
H 323.1 6
2508.11
2099.2
2374.8
A78
(4 strains)
A78.115
(1 strain)

x

2L

GKS

GH
+
+
+
IJK

T.ocnl ity

Fixed:
Leticia, Amazonas, Colombia
Angra dos Reis, Guanabara, Brazil
Mogi das Cruzes, S.P., Brazil
Fixed:

+
+
+
HI JG' H' I'
J'K'L'M'N'

Other arms

3LA,3RB
3RC
3RC/+
3RC/+
2RC,D3L C

...,
;:i
(I)

El Recuerdo, Sierra Nevada de
Santa Marta, Magdalena, Colombia
San Lorenzo, Sierra Nevada de
Santa Marta, M agdalena, Colombia
Cucuta, Norte de Santander, Colombia
El Colegio, Cundin Amarca, Colombia

+
+
+

L/ +
L/ +
L/+

+
+
+

El Colegio, Cundin Amarca, Colombia

+

+

+

Villavicencio, Meta, Colombia
T abaquite, Coroni, T rinidad
Arima Valley, St. George, Trinidad
Arima Valley, St. George, Trinidad
Maraval, St. George, Trinidad
Maraval, St. George, Trinidad
Maraval, St. George, Trinidad
Pichilinque, Ecuador
Cantareira, Sao Paulo, Brazil
P iracununga, Sao Paulo, Brazil
Montes Claros, Minas Gerais, Brazil
Itapeva, Rio Grande do Sul, Brazil

+
+
+
+
+
+
+
+
+
P'O'
Q'
+

L
L/+
+
+
+
+
+
L
L
L;+
L/ +
L

+
+
+
+
+
+
+
+
+
+
+
+

Itapeva, Rio Grande do Sul, Brazil

+

L;+

+

~

+

+

+

;::!

~.

~

(I)
...,

~-

~

.Q.

~

!::.

"'
"tl
$::

<:::>
.._

§"
....
c;·
;::!

D. neomorpha

H51.10
H183.4
H80.8
78B 32
2R23

Fixed:
Lancetilla, Atlantida, Honduras
Cerro La Campana, Panama, Panama
Barro Colorado Island, C.Z., Panama
Barro Colorado Island, C.Z., Panama
Rio Raposa, Valle, Colombia

HIJG'H'
R'S'T'U'V'
+

Z'I+

+
+
W'Y'!+

IJK MNO
PQRST
+
+
+
+
+

H107.21
Arima Valley, St. George, Trinidad
D. procardinoides
Fixed:

+
HIGLMN
C'D'E'F'

+
STY

H346.8
Coroico, La Paz, Bolivia
D. partfumogenetica

+
HIGLMN
OZA'B'
+
+
+
+
+
+
+
+
+
HIGLMNOT

+
STWV

2264.34
1802.17
2521C.5
H50.28
H56.85
H190.5
H313.7
H333.34
2TR21
D. cardinoides
WM114.39
WM113.10
2253.2
2256.2
WM116.6
H27.9
H1661.
H402.15
Arn9.1
H181.9

Fixed:

San Andres Tuxtla, Veracruz, Mexico
Atlixco, Puebla, Mexico
Veracruz, Veracruz, Mexico

La Lima, Cortes, Honduras
El Recreo, Zelaya, Nicaragua
Barranquilla, Atlantico, Colombia
Monteria, Antioquia, Colombia
Maraval, St. George, Trinidad
Nariva Swamp, Nariva, Trinidad
Fixed:
Oaxaca City, Oaxaca, Mexico
Tehuantepec, Oaxaca, Mexico
Valles, San Luis Potosi, Mexico
Tamazunchale, S.L.P., Mexico
Cordoba, Veracruz, Mexico
Lago Pichichuela, Libertad, El Salvador
La Lola, Limon, Costa Rica
Palmar, Puntarenas, Costa Rica
Barro Colorado Island, C.Z., Panama
Barro Colorado Island, C.Z., Panama

u
u
PQRS
PQRS
PQRSVW
PQRSVWX
PQRSVW
PQRSVW
PQRSVWX
PQRSVWX

A'

A'J+B'I+
A'

A'I+ B'I+
A'
B'
B'
B'
B'
ST

z

z1+
+
+
u;+

UC'l+D'I+
E'l+F'I+

u
u

UD';+
UD'I+

2RC,D3RD
2REl+3RFI+
2R El+ Fl+ 3R El+
+
2REI+ Fl+
2RE,Fl+GI+
3LDl+3RE
+
3RG
+
3RG
3LFGH
+
+
+
+
+
+
+
+
+

l
i::i

s..

::i;,
i::

"'

~......
;:s
<:::

~

a·
;:s
i::i

;:s
i::i

~

"'i;:;·

~

s.
('>

()

+
+
3LEI+
3LE,3RII+
+
3Ll/+3RI/+
+
3RHI+
3LI/+
3RHI+

..."'0.

Er

()ti

Cl
{i

<.D
<.D

....

0
0

TABLE +-Continued
Sperics mul
culture

110 .

J,ornlily

x

H41-8 .1
H88.7
H428.44
H188.23
H188.5
H191.21
H192.34
H 89. 1
H442.1
H101.1

Barro Colorado Island, C.Z., Panama
Ancon, Canal Zone, Panama
El Real, Darien, Panama
Santa Marta, Magdalena, Colombia
Santa Marta, Magdalena, Colombia
Bucaramanga, Santander, Colombia
Rionegro, Santander, Colombia
Medellin, Antioquia, Colombia
Palmira, Cundin Amarca, Colombia
Palmira, Valle, Colombia

PQRSVWX
PQRSVWX
PQRSVWX
PQRSVWX'/+
PQRSVWX/ + Y/ +
PQRSVW
PQRSVWX
PQRSVW
PQRSVWX
PQRSVW

H342.12
H336.10
H340.19
H340.27
H338.9
1731.2
H234.1
H332.22
D. bedicheki

Santa Cruz, S.C., Bolivia
Belem, Para, Brazil
Mogi <las Cruzes, S.P ., Brazil
Mogi <las Cruzes, S.P ., Brazil
Sao Paulo, S.P., Brazil
Teffe, Amazonas, Brazil
Port of Spain, St. George, Trinidad
Maraval, St. George, Trinidad
Fixed:

PQRSVW
PQRSVW
PQRSVW
PQRSVW
PQRSVW
PQRSVW
PQRSVW
PQRSVW
HIGLMNO
PQRSTV
+

1 TR5

Nariva Swamp, Nariva, Trinidad

'.lL

u
u
u
u

Other nnns

u

+
3LI/+
3RH/+
3LI/ +3RH/+
3L I/ + 3R H, J/ +
2RH/ +3R H / +
+
2RH/ +
3RH/+
3R H/ +

u
u
u
u
u
u
u
u

+
+
+
+
+
+
+
+

UD'/ +
UD'/+
UD'/ +G'/+

u

UG'/+

STXZH'
+

+

~
(1>

~

;:s

;:::(1> ·
....

~.

~

0

~

~

't1

i:::

IJ"'
......
~·

c;·

;:s

TABLE

5

Inversions present in D. cardini
Cullurr. No.

J,ocalily

J\11 cultun~s
(fixc<l inversions)

A177.1

x
JO
(estimated. )

San Rafael Oribo, Chichuahua, Mexico

B"C"Q"N"/+

Others•

II'

Ill A, B. IV J.
V K, L, M, N , 0.

l'.l'K'

VP!+QJ+R!+

L'/+P';+

N'/+O'!+
A84.1
WM114.9

WM113.19

Chinipas, Chihuahua, Mexico
Oaxaca City, Oaxaca, Mexico

Tehuantepec, Oaxaca, Mexico

WM115.2
1808.tz
2268.14
H378.7
2263.6
H63 .4
H400.71
H360.38
H407.115
H196.16
H435.2
A154.1
H207.29

Huajapan de Leon, Oaxaca, Mexico
60 mi. SE Oaxaca City, Mexico
Cuemavaca, Morelos, Mexico
Minatitlan, Veracruz, Mexico
Tezhuitlan, Puebla, Mexico
Merida, Yucatan, Mexico
Palmar, Puntarenas, Costa Rica
Boquete, Chiriqui, Panama
Boquete, Chiriqui, Panama
Bogota, Cundin Amarca, Colombia
Leticia, Amazonas, Colombia
Georgetown, Grand Cayman Island
Caracas, Federal District, Venezuela

H332.18
H231.8
H336.28
H366.31
H340.37
2508.12

Maraval, St. George, Trinidad
Georgetown, British Guiana
Belem, Para, Brazil
Belem, Para, Brazil
Mogi das Cruzes, Sao Paulo, Brazil
Cantareira, Sao Paulo, Brazil

B"C"N"Q"
B"C"O"R"/+

L'
L';+P'!+

P"J+ J"!+ S"!+
T"I+ U";+ V"/+

N';+O'!+

W"/+X"/+N"/+
B"C"P"O" J" !+
U"/ +T"/+
B"C"P"O"J"N"/+
B"C"P"O"J"K"N"
B"C"P"O"J"N"
B"C"P"O"J"

B"C"P"O"J"L"M"
D"
B"C"P"O"H"
B"C"P"O"H"
B"C"P"O"A"
B"C"P"O"

Standard (ST)
D"/ ST

I"!+ P"!+ 0"!+
B"!+ C"!+ D"/+
D"
D"
D"
D"
D"
D"

~
~
i::i

VP;+
+

$.
:::i::i

!;;

"'
(1)

F.:=

L'

VP/+

......
;:s
~

(1)

L'!+ N'!+
L'!+ N'/+
N'O'
L'
L'!+ N'!+
+
L'
L'
L'
L'
+
L'!+
+
+
+
+
+
+
+

0'!+
0'!+
O'!+

VP/+
+
VP/+
VP/+
VP/+
+
+
VP/+
VP
VP
+
+
+
+
+
+
+
+
+

;;i

s·
;:s
i::i

;:s

~

"'

<;;·
0

s.
(1)

(")

Ill
'1

0...

§:

O'<l

Cl

-§

-0

.......
0

to

TABLE 5-Continuted
Culture No.

2507.3
H342.4
2395.6
2548.1
2389.5
H138.7
H355.8
H358.31
H409.15A
(1 strain)
H411.17
H260.26
H263.2
2546.4
A127.1
2008.3B
H415 .9B
(1 strain)
H416.1
(5 strains)

Locality

x

II"

Angra dos Reis, Rio de Janeiro, Brazil
Santa Cruz, S. C., Bolivia
Pisco, lea, Peru
Azapa, Tarapaca, Chile
Contramaestre, Cuba
Constant Springs, Jamaica
Strawberry Hill, Jamaica
Hermitage Reservoir, Jamaica
Petionville, Haiti

D"
D"
E"
E"
D"
D"
D"
D"
D"

+
L'
+
+
L'/+
+
L'/+
+
L'/+

Petionville Woods, Haiti
Mayaguez, Puerto Rico
Ensenada, Puerto Rico
Puerto Rico
Everglades City, Florida
Mayak.ka Head, Florida
Royal Palm Hammock, Florida

D"
D"
D"
D"
D"
D"
D"

+
L';+
L'/+
L'/+
L'/+
L';+
+
L'/+

Homestead, Florida

D"

• Chrom C.1Some II is homologous with 2 L, III with 2R, IV with 3L, V with 3R and VI with 4 .

Others•

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

~
(I>

~

-.
~

I:
(I>

~-

~

.Q..

~
~

"'"ti
!::

l:J"'

:::-:

2
.....

s·

~

Heed and Russell: Inversion analysis of the cardini group

103

sequence, is probably not the primitive or ancestral gene sequence for the species
group. The inferred primitive or ancestral sequence containing inversions F and
K on the X chromosome and inversion F on chromosome 2L is the gene sequence
determinable in cardini, the most isolated species. Thus standard acutilabella,
which reads X BS, As in the top left block in Figure 2, contains five homozygous
inversions removed from primitive. This is readily determined by reading the
sequence Primitive I, II, III, and IV to standard. The inversions are not repeated
as the phylogeny progresses from the center to the terminal branches. Theo
retically any primitive or any species in the phylogeny could contain the ancestral
gene sequence. It is more likely, however, to be Primitive I or cardini itself (or
a condition between these two) since the chromosomes are not fused here. The
fact that cardini has added heterochromatin to the dot chromosome indicates it is
at least partly derived.
All heterozygous inversions are represented by the use of the symbol + .
Inversions in the primitive blocks, X G/ + and 2L S/ + , T / +,were never actually
observed to be heterozygous but are indicated to have been held heterozygous as
different populations were formed in order to explain their unusual distribution
among the species. For instance X G is the only inversion, other than X F, X K,
and 2L F, that is common to neocardini and the cardinoides phylad. Similarly the
short distal overlapping inversions 2L S and Tare fixed in the cardinoides phylad
but also in only neomorpha of the polymorpha-neomorpha phylad.
The dividing line between the island inversions and the continental inversions
in Figure 2 is determined by the gene sequence in cardini. Since the X chromo
some of cardini could be only partially decoded, it is important to state that
inversions X H and X I are definitely not present in this species. If they were,
then it would increase the link between neocardini and the island species by two
more inversions that would then have to read as X Hs and X I8 and be placed in
Primitive III rather than Primitive V. It was not possible to determine whether
or not X G is present in cardini. If it were, then it would have to be labeled X G8
and made heterozygous in Primitive I as well as Primitive II and V. This would
then link the polymorpha-neomorpha phylad with the island species since the
groups would be fixed for X Gs, the standard arrangement.
It is possible that several of the primitives below the dotted line in Figure 2
also originated as island populations. Since Primitives III and V have few inver
sions, they appear to be more typical of the island populations that live today.
However, they could also be the result of rapid differentiation on the mainland.
The difference between Primitive III and Primitive IV is that the former cyto
logical arrangement would have had to invade the mainland to give rise to
neocardini, whereas Primitive IV, or any of its derivatives, have not reinvaded
the continent, except in southern Florida, at the present time.
Of special interest are the distributions of inversions BS and C on the X chromo
some among the island species. They are heterozygous at the present time in
acutilabella in Haiti on the island of Hispaniola along with five other inversions.
This is shown in the middle block at the top of the figure. However, they must
also have been heterozygous in the past since X BS without X C is presently
homozygous in standard acutilabella from Florida, Cuba, and Jamaica where
inversion X As now overlaps it. Similarly X C without X B8 is presently homozy
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FIG. 3. Evolution of the basic gene sequence in chromosome X and 2L in the eight island
species.

gous in all seven species of the dunni subgroup inhabiting nine islands in the
Lesser Antilles, Puerto Rico and Jamaica. Figure 3 illustrates the relative posi
tion of the inversions in the different homologues. Since the two inversions are on
different homologues with very little chance of crossing over between them, it is
not difficult to visualize that they segregated independently of one another to
form different island populations. It is tempting to suggest that the location of
Primitive IV was indeed the island of Hispaniola.
However, if it were, then inversion 2L A had to become fixed after the splitting
off of X C and X BS while these two inversions remained heterozygous in their
place of origin. An alternative but less likely explanation for the heterozygosity of
X C and X BS in Hispaniola would be hybridization between two populations
fixed for the inversions. The inversions 2L B, C and Dare short and triply tandem
in acutilabella from Hispaniola. Krivshenko (1963) showed how similar tandem
inversions probably evolved in busckii.
Inversion 3R A in the dunni subgroup poses an interesting problem. T able 1
indicates which species are fixed for the inversion, for they are the species which
are homozygous for five inversions from Primitive I. Geographically the four
species inhabit six islands in the center of the Lesser Antilles. It is not possible
to determine whether the inversion spread as a homozygote as the population s
became established on the different islands, which probably happened in the
case of X C, or whether the inversion is younger than the island populations an d
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became fixed at a later time wherever it became established as a heterozygote. In
any event, the species to the north, south, and west of the distribution of inver
sion 3 RA, dunni, similis, and belladunni, are morphologically distinct from the
four central species and from one another, while the four central species are very
similar to one another (Heed 1962). The seven species in the dunni subgroup
represent two clusters of species that have identical (homosequential) gene ar
rangements, even though several of them have additional heterozygous inver
sions. They are dunni, belladunni, and similis, representing one cluster, and
arawakana, caribiana, antillea, and nigrodunni representing the other cluster.
Without exception, the species inhabit islands distinct from each other. There
are no continental species clusters with identical gene arrangements in the car
dini species group.
The other inversions in the dunni subgroup are heterozygous. Inversion 2L E
is present in the St. Kitts and Montserrat cultures and strains of arawakana. In
version 2L M' is present in the Montserrat strains of arawakana. They are both
short, basal, and independent. The frequencies of the two inversions in Montser
rat are discussed in the next section.
The cardinoides phylad has two shared inversions, X 0 and 3R G, which shows
that three species could have split out from a stem population more or less simul
taneously, with parthenogenetica fixing the two inversions, procardinoides fixing
only 3R G and cardinoides fixing only X 0 . However, the stem population could
very well have been an early cardinoides population since ( 1) the species is now
widely distributed, (2) is fixed for only one inversion (X T) beyond X 0, which
makes it more conservative, and (3) it is as yet cross-fertile with acutilabella.
Genetic tests indicate that the three species in the phylad are still fertile among
themselves. Table 1 shows the present distribution of the three species. It should
be pointed out that parthenogenetica apparently has a disjunct distribution.
There are no cultures and, what is more important, no records of the species
from Costa Rica or Panama, both of which have been collected extensively.
D. bedicheki is from Nariva Swamp, Trinidad, and is sexually isolated from
cardinoides as well as acutilabella. It split off late, compared to parthenogenetica
and procardinoides, as an isolated population and fixed two inversions of its own
on chromosome 2L and five inversions on the X chromosome, which are still
heterozygous in cardinoides.
Drosophila polymorpha and neomorpha had a common evolution (Primitive
VII) before they differentiated into different species. However, neomorpha sub
sequently became fixed for twice the number of inversions (14) as polymorpha
( 7) , and eight of them are located on chromosome 2L.
POPULATION DYNAMICS

A total of 162 inversions was discovered and estimated among the 16 species.
Fifteen inversions are restricted to eight species on the islands ( 1.8 inversions
per species) and 146 inversions are present in eight species on the continent ( 18.3
inversions per species). One inversion, X K8 , is common to the continental neo
cardini and to the island species. Since it was apparently already fixed before the
islands were founded, it will be listed as a continental inversion, bringing the
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total to 147. There are thus more inversions on the continent by a factor of al
most ten, even though only approximately twice as many cultures were ana
lyzed from the continent (101 vs . 58 ). The strains for the comparison were con
verted into cultures by dividing by seven, the lowest number of strains analyzed
for a particular species in Table 1.
Another way to illustrate the low number of island inversions is by the fact
that only 18% of the 33 localities sampled from the islands contained popula
tions that were heterozygous for at least one inversion while in the continent
.54% of the 88 localities contained populations that were similarly heterozygous.
Moreover, if we compare the islands from which all samples were taken, only
four of the 15 islands (and including Florida) have at least one heterozygous
inversion, as far as our sampling permits an estimate. These estimates do not
include the several heterozygous inversions in cardini found on the islands, since
they are also present on the continent.
Table 2 shows the distribution of the inversions among the chromosome arms.
The X chromosome has more than one-half the total number of inversions even
though it is next to the shortest chromosome arm. Chromosome 2L is the longest
chromosome arm and contains one-quarter the total number of inversions. Table
2 illustrates the proportion of inversions which make up the fixed genetic struc
ture of a species (homozygous inversions) and the inversions which are some
times present in a species (heterozygous inversions). The comparison is made
between the eight island species as a group and the group of eight continental
species. The island species as a group have fixed fewer inversions than they carry
heterozygous, while the continental species as a group have fixed more inver
sions during their history than they presently carry heterozygous. The difference
is significant at the 5 percent level. Also if cardini is removed from the calcula
tions, chi square is 5.8 and Pis less than 0.025.
A second comparison in Table 2 is made by dividing certain species into popu
lation units. This is more valid for comparing the two regions because of the
unusual geographic distribution of certain inversions. For instance inversion
2L A in Figure 2 is fixed in acutilabella in Hispaniola but does not exist in Flori
da, Cuba, or Jamaica. The inversion must be classified as a heterozygote for the
species. but on a population basis it can be designated a homozygote, which is
its present state as far as our samples permit an estimate. Inversion X As is sim
ilarly treated. Also inversion X Bs on a population basis is classified as both a
homozygote (Florida, Cuba, and Jamaica) and a heterozygote (Hispaniola) since
the populations are obviously cytologically distinct and geographically disjunct.
Inversion X C is treated in a similar manner.
In two continental species there exist several inversions which are widely
distributed as homozygotes but which are not characteristic of the cytological
structure of the entire species. Even so, it is more realistic to classify the inversions
as homozyotes, rather tlian create a new category, since they are presumably
carried in the heterozygous condition in only a small fraction of their total distri
bution. In cardinoides, inversions X P, Q, Rand Sare fixed in 26 cultures, XV
and Win 24 and 2L U in 23 cultures (Table 4 and Fig. 6). In cardini, inversion
X D" is homozygous in 22 cultures from South America and the West Indies.
Inversions X B" and X C" are homozygous in 12 cultures from Middle America
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FIG. 4. Population structure of D. cardini shown by inversion analysis. Gene sequence, X ST,
is standard. Gene sequence II
and V
are ancestral. Blocks labeled I and II are hypothetical.
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and Colombia (Table 5 and Fig. 4). In the culture from near Caracas, Venezuela,
these inversions are on one homologue and X D" is on the other. This is an area
of secondary hybridization between two independent cytological phylads. The
homologues are distinct with no recombination possible between the outside
break points, since two more inversions, X P" and X 0" overlap and include
X B" and X C".
The adjusted homozygous to heterozygous ratios in Table 2 show that the
island populations have 41 % of their inversions fixed while the continental
populations have 60% of their inversions fixed. The difference is not significant
at the 5% level. Also, the difference is not significant if the adjusted island popu
lations are compared to the unadjusted continental species. However, if cardini
is removed from the calculations, then the chi square is 4.14 and P is less than
0.05.
While these comparisons are interesting and should be made, a glance at
Table 1 immediately indicates that acutilabella is the only island species which
has more heterozygous than fixed inversions and that cardini and cardinoz'des
have this same characteristic, which makes them exceptional continental species.
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This is not an artifact of sampling as can be seen in Tables 3, 4, and 5. We may
gain more insight, then, into population dynamics by comparing species with
similar inversion characteristics, regardless of their origin.
The three species, acutilabella, cardini, and cardinoides own a total of 94
inversions, 33 of which they have accumulated homozygous from Primitive I
and 61 are presently heterozygous (0.5:1). On the population level (see above)
the ratio amounts to 46 fixed : 49 heterozygous inversions, inversion X B8 being
counted in both categories. The remaining 13 species have a total of 78 inversions,
59 of which have accumulated homozygous from Primitive I and 19 are presently
heterozygous (3.1:1). It was necessary to repeat 10 fixed inversions from the
above three species in the remaining 13 species because of the manner in which
the phylogeny is constructed. However, if the dunni subgroup actually evolved
from the acutilabella stem population as suggested, and if procardinoides and
parthenogenetica actually evolved from the cardinoides stem population as sug
gested, the 10 fixed inversions could be ignored and the ratio would be 49 fixed :
19 heterozygous (2.5: 1) . These differences are dramatic on two counts: ( 1) three
species own an average of 31.3 inversions each while 13 species own 5.2 inversions
each (10.6 inversions per the six continental species) , and (2) the high inversion
species have a low amount (and inferred rate) of fixation while the opposite is
true of the species with a low number of inversions. The probable manner in
which at least several of these differences have evolved will become clear as the
significant species are described in more detail. Interestingly enough, the three
species with high inversion polymorphism are the same species designated as
possessing an abdominal color phenotype of low heritability called "environ
mental polymorphism" (Heed 1963). The species were also considered at that
time to be less derived than the remaining members of the group.
Drosophila cardini. This species is heterozygous for 29 inversions, 22 of which
are located on the X chromosome. Figure 4 shows the geographic distribution and
the phylogeny of the inversions in the species. Table 5 lists the cultures and their
inversions. The point of origin may exist anywhere within the system of double
headed arrows, which means that any one of the inversions X ST, E", B", C",
or 0" may be the ancestral sequence for the species. Until the X chromosome of
cardini is completely decoded, it will not be possible to determine the primitive
gene arrangement. The sequence, X ST, has been taken as the standard and all
other inversions are related to it. X ST is fixed in the Leticia, Colombia, culture
from the Amazon Basin, where the autosomes, which have been completely
decoded, all have the primitive arrangements. Single-headed arrows indicate
that a recognizable neocardini sequence has been disrupted and the inversion,
such as X D", is considered derived.
Figure 5 illustrates the position of the more ancestral inversions in the X and
II* chromosomes. Very few of the existing six X homologues would recombine in
a heterozygote with one anotl1er in the middle 1/ 5th of the chromosome. Inver
sion X 0" must follow X C" since it overlaps it. Inversion X R" replaces X P''
on the B"C"O" homologue. The distal break of X R" is only a band shorter than
the distal break of X P". The basal breaks of XE", X D" and X 0" are identical.
The three gene sequences, X ST, X D" and XE", occur in most of South America,
• Chromosome II is homologous with 2L, III with 2R, IV with 3L, V with 3R, and VI with 4.
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Fw. 5. The basic homologues of D. cardini showing the positions of the more ancestral inver
sions in the X chromosome (upper) and chromosome II (lower) . The chromosomes are of
proportionate length. The overlapping (outside) inversions have not been inverted. Intermediate
steps as in X ST -> B or C -> BC and II
-> N' -> N'O' have not been discovered. Homologues
1-6 are mostly non-recombining in the mid-115 of the X chromosome. Their geographic distribu
tions are shown in Fig. 4.
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the West Indies and Yucatan. The X B"C" homologue and its derivatives inhabit
Middle America, the northern Andes (Bogota, Colombia) and Caracas, Venezuela.
There are three non-recombining homologues in chromosome II (Figure 5).
The single inversion II N' has not been found. Inversion II P' is heterozygous
within L' but has not been found in the II+ homologue. The ancestral sequence
is fixed in the majority of cultures from South America (and also Yucatan) and
is heterozygous with L' in Florida, Grand Cayman Island, and the large islands
in the West Indies. In Middle America and the Andes (Bogota, Colombia and
Santa Cruz, Bolivia) chromosome II is either fixed for L' or is heterozygous
U / N'O' or L' P'/ N'O'. The heterozygote II L'P'/ N'O' has been found in one
culture from Oaxaca and one from Chihuahua. The culture from Oaxaca is also
heterozygous for 10 inversions in the X chromosome.
· It is evident that the more derived inversions and complex heterozygotes are
present in Middle America and Colombia (25 inversions), while the cultures
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from the West Indies and the remainder of South America are primarily homozy
gous ( 5 inversions) and more primitive, at least autosomally. Cytologically, it is
simplest to derive the latter sequences from the heterozygote in Grand Cayman
Island, which may presently represent an island refuge for the Standard X
chromosome sequence. Inversion XE" is found west of the Andes at Pisco, Peru
and Azapa, Chile, where it is fixed as a unique arrangement one step removed
from Standard. Chinipas and San Rafael Oribo, Chihuahua, have the most primi
tive sequence in Middle America (X B"C") where they exist as northern
peripheral populations. They possess the short terminal and independent inver
sion X N", however, along with four other populations from southern Mexico,
even though the latter populations are fixed or heterozygous for X B"C"O"P"
or X B"C"O"R". This probably indicates genetic exchange between the periphery
and more central areas of the species. In the phylogeny of cardini, X N" is
shown arising early in Primitive I in order to account for its distribution. It is
more likely, however, that it arose and became dispersed after the majority of
inversions had determined their present distribution because of its local occur
rence which is on the Pacific drainage of Mexico. This is also true for inversions
II N', 0' and P'.
The Middle American element meets the South American element near
Caracas, Venezuela, and the complex heterozygote of six inversions is the result
of secondary hybridization between two derived races that were mostly homozy
gous when they met. The complex heterozygotes in southern Mexico present a
more interesting problem because, although they are made up of derived homo
logues also, it appears that the more ancestral homologues were eliminated in situ.
This has occurred with the heterozygotes X B"C"O"P"/B"C"O"R" and II L'/
N'O' in which the X B"C"O" and II+ homologues have been replaced. The prob
lem will be examined in the Discussion.
Drosophila cardinoides and bedichek.i. Figure 6 illustrates the population
structure of cardinoides constructed from the analysis of 28 cultures derived

D. cardinoides : D. bedicheki
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Frn. 6. Population structure of D. cardinoides and D. bedicheki shown by inversion analysis.
Numbers in parentheses indicate cultures analyzed. Letters indicate inversions fixed or heterozy
gous in their respective groups of cultures.
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from the major parts of its distribution, including Trinidad. Table 4 lists the
cultures and their inversions. The 29th culture constitutes a new species, D .
bedicheki, from Nariva Swamp, Trinidad, and is included within the cardinoides
population because of its cytological similarity. The new species is sexually
isolated from cardinoides and from acutilabella (see Appendix).
D. cardinoides is heterozygous for 23 inversions, 10 of which are located on
the X chromosome. Figure 7 illustrates the position of the more ancestral inver
sions in the X and 2L chromosomes. The intermediate steps in the phylogeny
have not been found. Inversion X V is included within X W and its basal break
is identical with it. It is very probable that X V preceded X W since homologue
4 is fixed in bedicheki while the remainder of the homologues, including 5, are
restricted to cardinoides. Inversion XS (not shown) is short, distal and inde
pendent. In chromosome 2L inversions U and Z share the same basal break
point. Homologue 4 is fixed in bedicheki while cardinoides owns the other three.
In bedicheki inversion 2L X reinverts the majority of 2L Z. 2L H' is distal and
independent.
X TU
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Fm. 7. The basic homologues of D. cardinoides and D. bedicheki showing the positions of the
more ancestral inversions in the X chromosome (upper) and chromosome 2L (lower) . The
chromosomes are of proportionate length. The overlapping (outside) inversions have not been
inverted except in homologues 4 and 5 of the X where the sequence PQR is shown in black.
Intermediate steps as in X T -> X TP -> X TPQ (or X TPR) -> X TPQR have not been dis
covered. Homologues no. 4 in the X and no. 4 in 2L are restricted to D. bedich.eki; the remainder
belong to D. cardinoides. Their geographic distributions are shown in Fig. 6.
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In Figure 6 notice that XU is isolated peripherally in Oaxaca and that 2L Z is
found only in Oaxaca in cardinoides and in Trinidad in bedicheki. The early
X PQRS homologue is peripheral in northeastern Mexico (San Luis Potosi) and
its cytologically closest population again is bedicheki in Trinidad where XV is
present but X Wis not. These large disjunct distributions of identical inversions
or inversion steps, as in cardini, must be explained either by long distance dis
persal or by partial isolation of the peripheral populations from the derived
cytological changes issuing from the more central parts of the population (see
Discussion) . D. bedicheki is an example where the isolation is complete. How
ever, there is cytological evidence of present-day gene exchange between the
northern marginal and the more southern populations. Inversions 3R /+ has
been found only from Tamazunchale, San Luis Potosi, and Lago Pichichuela,
El Salvador, even though the latter culture i< more derived as evidenced by the
three fixed inversions and five additional neterozygous inversions which are
typical of the Central American populations. D. cardinoides is most derived and
heterozygous in El Salvador, Panama, and Colombia. Three heterozygous inver
sions have been reported in cardinoides in low frequencies for southern Brazil by
da Cunha, Brncic, and Salzano ( 1953) but the identity of the inversions is not
known.
Notice that bedicheki is a recombinant of the u sual association of inversions
found in cardinoides. This suggests a former secondary hybridization between
the Oaxacan cytological element and the San Luis Potosian cytological element
(with the addition of inversion XV) and subsequent segregation to form the
basic bedicheki inversions. The two Oaxacan cultures are "~ood" cardinoides
since they are completely fertile with other samples of the species (unpublished
data). The Trinidad cardinoides with the derived inversions is probably the
result of a more recent migration into the area where it now overlaps bedicheki.
The data in Table 1 show that, aside from cardini, cardinoides is a unique
continental species by being fixed for fewer inversions, from Primitive I, than
for which it is heterozygous. This is even more striking if only the inversions
restricted to cardinoides are considered. The species has fixed only X T, while
it is heterozygous for 23 inversions. The high heterozygosity is, in part, the
result of the cytologically distinct peripheral populations. If cardinoides were to
lose its peripheral populations in Mexico and in Trinidad (bedicheki) through
extinction, the species would automatically become fixed for seven more inver
sions since they are already apparently homozyogous in the more central parts
of the distribution. The species would also lose five inversions. The trimming of
the species margins would change the cardinoides-bedicheki inversion ratio
from 10 fixed : 25 heterozygous, from Primitive I, (.40: 1) to 17 fixed: 13 hetero
zygous ( 1.3: 1). Local extinctions of cytologically more conservative peripheral
populations may be a large factor accounting for the higher rate of chromosome
replacement in some species.
The total number of species-specific inversions fixed and heterozygous in the
five remaining continental species is 39 and 16, respectively, giving a ratio of
2.4: 1.
Drosophila arawakana. The chromosome changes in the island species were
discussed in the last section. It is highly probable that inversions X B8 and X C
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became fixed independently on other islands from a heterozygous population in
Haiti. It is also probable that the Haitian inversion 2L A became fixed in its place
of origin while the two former inversions remained heterozygous.
A somewhat similar process appears to be occurring on the island of Mont
serrat. Dr. Hampton L. Carson kindly sent a sample of arawakana collected
December 23 to 30, 1964, from which a total of 54 females were analyzed for
their karyotypes. Thirty vials were prepared with two females each and an
average of 14 larvae were analyzed per vial. A single wild caught male was
added to each of the 11 vials that produced no larvae in the first two weeks. Two
independent heterozygous inversions were found on chromosome 2L. Inversion
2L E, previously known from St. Kitts, made up 80.6% of chromosome 2L cal
culated on the basis of the 216 chromosomes (4 homologues per fertilized fe
male). Inversion 2L M' made up 99.5%. Five of the nine possible karyotypes
were found among 438 first generation larvae 1n the distribution shown below.

Observed
Expected

EM'
EM'
280
282.5

EM'
+M'
147
132.6

EM'
E+
0
4.6

+M'
·+M' .
4
15.3

EM'
++

3
2.1

+M'
++
4
0.2

The expected values were calculated on the independent inversion frequencies
derived for the original parents on the assumption of random mating and linkage
equilibrium. The expected values are significantly different from the observed
at the 1 % level (chi square= 242.0 with 4 degrees of freedom). Notice, however,
that homologue E+ need not be present in any of the observed genotypes. All
double heterozygotes are almost certainly in coupling phase since the EM'
chromosome is in so high a frequency. The data are rearranged below accordingly
into six classes and the expected frequencies are calculated on the basis of gametic
frequencies (EM', +M', ++) derived from the 438 larvae.

Observed
Expected

EM'
EM'
280
288.2

EM'
+M'
147
128.8

EM'

+M'
+M'
4
14.3

++
3

5.2

+M'
++
4
0.9

++
++
0
0.03

Again the expected values are significantly different from the observed at the
1 % level (chi square is 18.0 with 4 degrees of freedom). In both cases the
heterozygote (EM'/+M') appears to have an advantage and the homozygote
( +M'/+M') is at a disadvantage. The sequence below of inversion mutations
and recombinations represents the simplest interpretation concerning the evolu
tion of the Montserrat frequencies. If the linked inversions arose in the coupling
phase, then the St. Kitts chromosome (E+) originated as a recombinant from a
heterozygous population in Montserrat.

I

EM'
E+
++-> +M'-> EM' and++--> - - - - --> E+ and++-> - 
++
++
. . . . . . . Montserrat . . . . . . .
. . . . St. Kitts . . . .
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The other possibilities are: ( 1) 2L E arose first and then M' coupled to it,
making chromosome +M' a recomlrinant in Montserrat; (2) 2L E and M' origi
.nated in repulsion making chromosome EM' a recombinant in Montserrat. It
appears from the present data that inversion M' arose first and is almost fixed in
Montserrat and inversion E arose second and possibly is also in high frequency
in both islands. The latter inversion could remain heterozygous while 2L M'
became fixed by chance. Further studies on these populations should be most
rewarding for a better understanding of epistasis, linkage and selection in adjust
ing population fitness (Lewontin and Kojima 1960; Levitan 1964) .

Distribution patterns and the origin of the group.
The complex cytological structure of cardini (Fig. 4) and cardinoides (Fig. 6)
illustrates how the differentiation of a number of inversions into different geo
graphic areas could precede subsequent speciation events. Therefore the rate of
cytological change may be quite independent of the rate of species formation.
The basic inversion phylogeny is already established, even if cardini were to
fragment into a number of species as the paulistorum complex appears to be
doing today (Dobzhansky, Ehrman, Pavlovsky and Spassky 1964). However, in
the paulistorum complex (Kastritsis 1966a) there are apparently many more
identical polymorphic inversions in the various geographic races (semi-species)
than in the cytological races of cardini. In fact the only one in the latter species
is inversion II L'. There is little evidence that any population examined of cardini
has yet achieved the level of a different species. Morphologically, all tested
cardini cultures are similar enough to belong together. However, the Chilean
population is noticeably differentiating, since it was involved in seven of 14

j
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Fm. 8. H y pothetical early population of 15 of the 16 m embers in the cardini group. Inversions
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sterile crosses among the 45 hybridizations conducted for salivary gland prepara
tions. Dobzhansky (1965) indicated that an exceptional strain of willistoni from
Lima, Peru_ is partially sterile to many strains from Brazil but not to several from
Middle America and Ecuador.
It is possible to imitate to a certain degree the present-day species structure of
cardini and cardinoides by telescoping many of the basic inversions within the
primitive blocks in Figure 2 into a model of a single presumptive species (Fig_ 8).
The guide lines for the construction of the model are: ( 1) separate populations
may be fixed for different inversions, (2) outlying areas may be cytologically
conservative and more homozygous, and (3) central areas may be cytologically
derived and more heterozygous. Between Primitive I and the model, the two
autosomal fusions had to occur. Wasserman (1960) was very successful in recon
structing a hypothetical ancestral population for the mulleri subgroup species.
In fact it was necessary to establish five semi-isolated populations instead of a
"simple evolutionary history of divergence" because of the manner in which six
inversions had segregated among the 12 species. The act of setting cytologically
different populations adjacent to one another not only simplifies the complex
phylogeny in Figure 2, but also accounts in a more satisfactory manner for the
distribution of inversions X G and 2L S and T among the species. Moreover, the
positions of the inversions in the model, as now decoded, allows them to form a
variety of homologues from heterozygotes. Additional within-population hetero
zygous inversions could, of course, be added in the model, but they are not
necessary.
The short inversion, X G, is located medially and is independent of the over
lapping short distal inversions X H and I . Inversions X G' and H' decode as basal
and overlapping and X J is included within X G'_ Inversion X Ks is long and
basal and includes X G. Therefore, there is no obvious cytological hinderance for
X H and I to recombine from the X G homologue or from the X J G' H' homo
logue. Also, X G may recombine with X Ks by a double crossover.
Inversions 2L I, J and K decode as three overlapping inversions basal and
independent from 2L S and T , which are short, overlapping and distal. This
distribution would allow the two clusters of inversions to recombine and segregate
as homozygotes in four different ways which are present in the following species:
neocardini (without these inversions), cardinoides phylad (2L Sand T), poly
morpha (2L L J and K) and neomorpha (2L S, T , I, J and K). None of these
inversion combinations has been found heterozygous in any present-day species
in contrast to the inversion homologues X Bs;+ and C/ + in the Haitian popula
tion of acutilabella.
Table 6 illustrates how the cardini species group may be divided into three
geographic areas according to the distribution of inversions and species. The
majority of heterozygous inversions, but not species, are located in Middle
America and Colombia. There is a total of 60 inversions, including cardini, and
33 inversions, with cardini deleted. The fewest number of heterozygous inver
sions with moderately high species endemism occurs in the remainder of South
America: 13 including cardini, 5 deleting cardini. The West Indies has an inter
mediate number, 14 with and 12 without cardini, and 12 are endemic.
It is now possible to superimpose the hypothetical population in Figure 8 on
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TABLE

6

Distribution of 80 heterozygous inversions in the cardini species group (left columns)
and 51 inversions with D. cardini deleted (right columns)

No. cultures and
strains examined
No. inversions each area
% all inversions
% inversions endemic
No. species examined
% species endemic

Mexico

Central
America

Colombia

18
8
38 13
48 25
74 78
3
2
0
0

17 14
18 15
23 29
39 33
4
3
0
0

27 25
23 17
29 33
39 53
4
5
0
0

South
America

41
13

17
46
8
50

30
5
10
80
7
57

'Vest

Indies

246 227
14 12
18 24
86 100
8
9
89 100

this distribution so that Primitives V, VI, and VII are located in Middle America
and Colombia, and so that pre-neocardini is located in South America and pre
acutilabella (Primitive IV) is in the West Indies. The number of heterozygous
inversions for each area would then be approximately one-half the number
existing today (not including cardini) : 13 to 18 in Middle America and Colombia,
4 to 6 in the West Indies and 2 in South America. This surprising correlation, if
not fortuitous, suggests conditions controlling inversion polymorphism under
which the cardini group species arose were similar to conditions existing at the
present time. Furthermore, the number of fixed intraspecific inversions accumu
lated as the species split out is twice as high in the Middle America-Colombia
region (9.7 inversions per species) as in South America (5.0 inversions per
species) . The figures however rest on the assumption that neomorpha, cardi
noides and parthenogenetica evolved in. the Middle America-Colombia region
and subsequently migrated farther south a:nd east, and that polymorpha, pro
cardinoides, bedicheki and neocardini evolved in South America with only
polymorpha reaching as far north and west as Colombia.
The present-day distributions of the species and their inversions suggest a
series of species splittings that are of unequal age. D. cardini is both genetically
and cytologically distinct with no close relatives. It could be older than the
remainder of the species in the group. The species evolving from Primitive III
are disjunct with neocardini not known north of the Amazon Basin and the
remaining eight species in the West Indies. Other disjunct or very small distri
butions of species and their inversions issue from Primitive IV. Drosophila
parthenogenetica is present in Middle America and northern South America
except for Costa Rica and Panama. Drosophila procardinoides is an isolated
popul:ation in the Andes. Drosophila cardinoides has fixed different and more
ancestral gene sequences in Mexico and in Trinidad, the latter in the form of
bedicheki. However, polymorpha in South America and neomorpha in Middle
America and northern South America have continuous distributions with some
what similar inversion patterns.
The center of inversion diversity for polymorpha is southern Brazil where four
heterozygous inversions have been found. Actually, the count is higher than this
since da Cunha, Brncic and Salzano ( 1953) list six heterozygous inversions for
this region. The center of inversion diversity for neomorpha is Panama and
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Colombia. These data are generally coincident with the centers of phenotypic
polymorphism for the two species (Heed 1963). Neither species has large areas
fixed for inversions different from other areas, as in cardinoides and cardini. The
evidence suggests that neomorpha and polymorpha have more recent distribution
patterns. The fact that neomorpha is fixed for twice the number of inversions as
polymorpha may reflect its inferred origin in the Middle America-Colombia
region where present-day heterozygosity for the species group is high. Similarly
polymorpha is fixed for only seven inversions because it most probably evolved
in South America where present-day heterozygosity for the group is low. How
ever, obviously the majority of non-recombining inversions for the two species
had to arise in coupling, rather than in repulsion, for this to occur (see
Discussion) .
The pattern of inversion distribution in the Caribbean Islands is generally
similar to the pattern found in the more widespread continental forms. There are
several island populations that are fixed for different inversions and are heterozy
gous for others and they are surrounded by homozygous and less derived popula
tions. The principle center is, of course, the island of Hispaniola where acuti
labella is fixed for three inversions (from Primitive III) and heterozygous for
seven inversions (Carson and Heed 1964). The eighth inversion reported in that
paper was a highly localized kink. A secondary center of inversion activity is in
the area of the Leeward and Windward Islands between St. Kitts and Barbados
whose populations are fixed for one inversion (3R A) and heterozygous for
three. This comprises the arawakana-caribiana-antillea-nigrodunni complex. The
remaining island populations which surround the two centers of activity, from
Grenada to the southern part of Florida, an arc of almost 2000 miles, are homozy
gous and are usually less derived. It is suggested that the island populations are
of unequal age with the Haitian acutilabella comprising the oldest cytological
element in the West Indies, the dunni subgroup being the next oldest and acuti
labella from Florida, Cuba and Jamaica comprising the youngest. The fact that
belladunni is more frequent in the mountains of Jamaica and acutilabella is
more frequent in the lowlands is good evidence that the latter species is a later
immigrant to that island (Heed 1963). Moreover, Hispaniola is ecologically the
most diverse island in the Caribbean area and the position of the inversions along
the X and 2L chromosomes of the present-day acutilabella shows the result of
selection for a delicately balanced system. By contrast, Montserrat, which has an
area of only 32 square miles and is only 1/ 1000 the size of Hispaniola, has a
population of arawakana which is polymorphic for two inversions. The distribu
tion of inversions on the islands thus has a strong historical element.
These data do not agree well with the patterns of inversion polymorphism
reported by Dobzhansky (1957) in willistoni in the Antilles where a generally
positive correlation was found with island size. The difference can be resolved if
it is realized that probably all the polymorphism in willistoni in the islands was
inherited from the continent, with no inversions being unique to the islands. A
total of 25 willistoni inversions are distributed among the islands in the Antilles;
this is 50% of the number known for the species. A total of 24% is found in Cuba,
and 20% in the islands of Hispaniola, Jamaica, and Puerto Rico. In the cardini
species group 16% (13/ 80) of all heterozygous inversions are found in the islands
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and 92% (12/ 13) of them probably evolved as island inversions. Dating of
islands in the Caribbean Sea is difficult, even for the tiny Cayman Islands (Rich
ards 1955 ), and therefore we cannot date our inversions even approximately.
DrscussroN
The evidence from the cardini species group allows a variety of comparisons to
be made between species and within species because of the great diversity of
population structure and population size of its members. However, in order to be
as precise as possible, it is important that each comparison be made at the same
level of organization, as in genetic tests, morphology, cytology, etc. Even these
categories are too broad to be well understood. In any event it is abundantly clear
that populations and species evolve at different rates on all levels of organization
and also within each level in different populations. The discovery by Prakash
and Lewontin ( 1968) that genie differences between inversions antedate the
speciation event between pseudoobscura and persimilis emphasizes the point
precisely.
The following discussion is concerned with three problems relating to inver
sions: (1) number per species, (2) amount (and inferred rate) of fixation and
replacement, and (3) distribution. The problems are plainly interrelated and
the present report shows thi5 very clearly because of the positions of the inversions
along the chromosomes. Since approximately one-half of the total of 162 inver
sions in the cardini group are located on the X chromosome and one-fourth of
them are on chromosome 2L (II), there exist many cases of overlapping and
adjacent (nonrecombining) types. The causation of the non-random accumula
tion of inversions in one or two arms of a species or group of species is yet another
problem. For reviews of this subject see Levitan 1958; Wallace 1966; and
Stalker 1966.
Fixation and replacement events are dependent upon, among other factors,
inversion positions with respect to a single chromosome (recombining or non
recombining) and with respect to two or more homologues (coupling or repul
sion) . This in turn affects the number of inversions contained in a species. Fixa
tion events are also dependent upon the geographic distribution of the inversion
homologues. If they are complex distributions, fixation on the species level be
comes almost impossible without large-scale extinction or interdeme selection or
species splitting. However, under certain conditions inversions certainly may go
to fixation in an infinite random mating population (Ohta and Kojima 1968).
The inversion, however, must contain a unique advantageous mutation and ad
vantageous alleles at most other loci. In the model of Ohta and Kojima, mutations
in the remainder of the genome were not considered. Fixation is also possible
under normalizing selection if an inversion can evolve a unique epistasis (Ohta
and Kojima 1968 ). If it does not, then tight linkage selects for intermediate gene
frequencies under normalizing selection (Lewontin and Hull 1967).
Number of inversions per species. Table 7 summarizes the information on the
species groups in the subgenus Drosophila where the number of intraspecific as
well as interspecific inversions have been determined. The species groups fall
into two categories. The groups with a low number of inversions per species are
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Relation of the cardini group to other species groups in the number of inversions
Species group

cardini (islands)
Hawaiian picture-wing
repleta and nannoptera
mesophragmatica
Total

virilis
cardini (continental)
mel.anica
Total

No.

No.

species

inversions

8
69
51 +4

15
179
195 + 5

Inversions
per species

1.9
2.6
3.6

6

33

5.5

138

427

3.1

9
8
6

112
147
141

12.4
18.3
23.5

23

400

17.4

Reference

Carson et al. 1970
Wasserman, 1968, &
Ward et al. 1968
Brncic, Nair and Wheeler
This Bulletin

Stone, 1962
Stalker, 1965

either island groups (Caribbean cardini and Hawaiian picture-wing) or groups
found in the arid parts of the New World (repleta and nannopter~ chiefly
Mexico; mesophragmatica, chiefly Andean) . The groups with a generally higher
number of inversions per species are all continental, forest-dwelling species. The
virilis and melanica groups in North America also have relatives in the Palae
arctic. The eight continental species of the cardini group, of course, represent the
Neotropical element. This dichotomy in number of inversions per species was
originally discussed by Stone, Guest and Wilson (1960) and Wasserman (1960)
for the virilis and repleta groups.
Kastritsis ( 1966b) has demonstrated the existence of 71 heterozygous inver
sions and inversion complexes in 11 species of the forest-dwelling neotropical
tripunctata group. Allowing for a low or a high rate of inversion fixation between
species, we estimate that the species as a group would average between 15 and 24
inversions. This is in agreement with the analysis above for a continental forest
group.
The forest habitat has probably been more stable, as well as more favorable, in
the sense of da Cunha and Dobzhansky ( 1954) , through time, even though it has
probably advanced and retreated with recent temporal changes in temperature
and humidity in the Neotropical as well as the Nearctic regions (Haffer 1969) .
This would allow complex adaptations (inversions) to accumulate in a balanced
condition at least in refuge areas. The higher inversion heterozygosity of D.
robusta in the Ozark Mountains in Missouri (Carson and Stalker 1947) and of
D. montana in the Coastal and Cascade forests in the Pacific northwest (Moor
head 1954; Reusser 1960) show the phenomenon very clearly for single species.
By contrast, the island and arid land groups contain species whose local popu
lations are distinctly disjunct and/or of limited distributions. The large number
of species in the Hawaiian picture-wing and the repleta groups attests to this for
these groups. They also indicate that large environmental differences may exist
within short distances which is certainly true for the Hawaiian Islands and cen
tral Mexico. These conditions probably lead to a greater amount of instability
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TABLE

8

Relation of the cardini group to other species groups in inversion ratios
(fixed : heterozygous)
No.
Species group

cardini (derived species )
repleta and nannoptera
Hawaiian picture-wing
Total

virilis
mesophragmatica
melanica
cardini (stem species)
Total

species

13
51+4
69

No. Inv.

fixed

49
124+4
115

No. Inv.
hetero.

19
71+1
63

Ratio

2.5: 1
1.8 : 1
1.8 : 1

137

292

154

1.9: 1

9

3

61
16
61
33

51
17
80
61

1.2 : 1
0.9: 1
0.8: 1
0.5 : 1

24

171

209

0.8: 1

6
6

than in the continental forest groups in the sense of extinctions and recoloniza
tions of local populations. The chromosomally more homozygous condition must
be more favorable for initiating new populations in the same sense that ecologi
cally marginal populations many .times are mor e homozygous (Carson 1958) .
Moreover, random fixation and loss of heterozygous inversions would be more
probable under the conditions outlined a hove.
Amount of inversion fixation and replacement. The comparison of the number
of fixed (interspecific) inversions to the number of heterozygous (intraspecific)
inversions has proven useful for population analysis (Stone 1962) . Table 8 sum
marizes this information for the same species groups listed in Table 7. In·general,
the groups with a low number of inversions per species are also the ones with a
lower proportion of heterozygosity and vice-versa. This may mean that each in
ver sion that arises -in the Hawaiian picture-wing and repleta groups has a greater
probability of becoming fixed than in the virilis and melanica groups. Kojima
(1967) found that the highest probability of inversion fixation, in his model of
directional selection in extremely small populations reproducing over many gen
erations, resulted from a balance between the frequency of beneficial alleles in
the population and the probability of an inversion capturing many of them. His
optimum frequency value was 0.95 . If the species in H awaii a n d in the repleta
group are more inbred than the species in the other two groups, they could very
well have different frequencies of beneficial alleles.
As discussed in the results, the cardini group must be redivided into the three
presumptive ancestral species (acutilabella, cardini and cardinoides) and the 13
more derived ·species to make the ratio comparison meaningful. Also the meso
phragmatica group is exceptional since one-half of the small number of 33 in
versions are heterozygous. This case appears to be similar to the three stem species
of the cardini group in which many of the intermediate steps in the inversion
phylogenies have been replaced (Brucie 1970). Thus selection for heterokaryo
types means selection for complex rearrangements.
Of the 16 members in the cardini group, four species presently carry at least
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two non-recombining inversions or multiple inversion homologues which usually
make up the major divisions of their populations either as heterozygotes or homo
zygotes. The significant ones are listed below. The basic architecture of the re
maining species consists of their respective ancestral gene sequences:

x

2Lor II
L'P', N'O'

cardini
D", E", B"C"O"P", B"C"O"R"
cardi noides
U, PQRS, PQRSV\V
acutilabella
BS, CD
parthenogenetica

u,z
A, ABCD
A', B'

No.

6
5
4
2

17
The following illustrates how two adjacent or overlapping inversions may
arise. In Case I the inversions are coupled while in Case 2 they are in repulsion :
3.

2.

1.

~
t

-+=

t
Case 1.

t

t
----E:::3-
Case 2.

In both cases, selection for the double heterozygote, or against the intermediate
homologue, may replace a gene sequence but no fixation can occur. In Case 1 the
first inversion is replaced and in Case 2 the ancestral arrangement would be re
placed. However, simultaneous fixation for the first inversion and replacement
of the ancestral homologue can occur in Case 1 by selection for the single hetero
zygote of the second inversion, as pointed out by Wasserman ( 1960).
One restriction on several of the proposed selection events is aneuploidy due
to crossing-over in the orthosegment of an overlapping inversion resulting in loss
of fertility (Sturtevant and Beadle 1939). That recombination is important
within the limits of inversions or inversion complexes is illustrated by the com
plete absence of heterozygous pericentric inversions, unless they are qualitatively
different from paracentrics, as suggested by Rothfels and Fairlie (1957). In
acutilabella and cardini cited above, aneuploidy is rarely possible since the in
versions, whether in coupling or repulsion, are tandem (2L/ B,C,D ) or adjacent
(X BS, C) which allows no orthosegment, or the overlap is protected by other in
versions (II L', P', N', 0') or the inversions are very short (X B"C"O"P", X
B"C"O"R") . In cardinoides, many of the non-recombining inversions are not
protected from aneuploidy and they are rarely found heterozygous in the same
culture. In parthenogenetica, the two moderately long inversions, 2L A' and B'
overlap by most of their length in repulsion and are not protected in any way.
The inversions were heterozygous in two cultures. In cases like this one we can
only surmise that the inversions have an effect that overrides the sterility for
which they are presumably responsible.
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Another restriction concerning the incorporation of a third gene sequence or
more complex non-recombining arrangements into a population is the rather
precise array of relative fitness values necessary for each genotype as discussed
by Haldane (1957 ). Also there may be coupling-repulsion effects on fitness
rendering some homozygotes fitter than others depending on whether they are
derived from balanced or unbalanced gametes (Haldane 1957; Bodmer and Par
sons 1961) . The loss of coadaptation due to recombination within inversion limits
of a triad system (Wallace 1953) places another restriction and predicts these
lection for only two of the three homologues in Case 1 and 2. Furthermore,
Lewontin and Hull (1967) have demonstrated unexpected effects in Monte Carlo
runs of large populations having two blocks of genes with various degrees of link
age and there was interaction between the blocks under normalizing selection.
For our purposes, it was illuminating to see that the system had higher fitness in
the early generations of medium selection when two linked blocks were tightly
linked to each other than when they were not. The fitnesses were almost identical
under stronger and weaker selection.
The precise placing of a second inversion in repulsion with respect to the first,
as with X C and X B• in acutilabella, argues that it arose witl1in the population
having the first inversion and replaced the ancestral sequence. Other less precise
arrangements do not imply origination in the same population. Secondary hy
bridization between two structurally heterozygous populations having a gene se
quence in common could very quickly break down both coadapted systems and,
if they formed the triad type combinations, may be expected to select the double
heterozygote on occasion (homologues 1 and 3 in Case 1 and 2). The extinction
of the 2L+ homologue in cardini in southern Mexico could have been by a similar
process leading to the present L' /N'O' condition. Notice in Table 5 that 2L P'
is present in the cultures having the highest inversion heterozygosity in other
arms. This would preserve the two 2L homologues from recombining in the other
wise long orthosegment (Fig. 5). That double structural heterozygotes can have
a higher selective value than other arrangements has been demonstrated. Double
heterozygous inversions, 2L Band 2R C, in D. melanogaster, have exhibited sig
nificant heterosis over single heterozygotes (which exhibited none) when tested
with the Cy/ Pm technique (Watanabe et al. 1965). These authors also found
more double heterozygotes of inversions on the second and third chromosomes
than expected in populations of melanogaster from graperies in Japan (Watanabe
and Oshima 1965) .
We are interested in relative rates of fixation between two kinds of species:
( 1) the ones with a low number of homozygous interspecific inversions but high
heterozygosity and (2) the ones with more fixed than heterozygous intraspecifics.
It is clear that in certain areas of the distribution of acutilabella and cardini, at
least, selection has been for the double and multiple heterozygote of non
recombining inversions, usually in repulsion, and this of course makes fixation,
at least temporarily, impossible.
By contrast, two linked but independent inversions allow more combinations
of karyotypes than two non-recombining inversions which lack the intermediate
gene sequence (9 vs. 3 combinations respectively). This allows one inversion to
rise in frequency and become fixed while the other remains heterozygous, if their
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epistatic interactions are not too strong. Inversion 2L M' in arawakana, which is
99.5% in frequency in a fairly large sample .from the island of Montserrat, ap
pears to be near fixation while the more basal inversion, 2L E, is 80.6% in fre
quency. Recombination events could also account for the distribution of the now
fixed inversion complexes 2L ST (coupled overlapping) and 2L IJK (coupled
overlapping, but independent of S and T) among the cardinoides phylad (fixed
for 2L ST), polymorpha (fixed for 2L IJK) and neomorpha (fixed for both com
plexes). The three species just discussed, arawakana, polymorpha and neo
morpha, have more fixed than heterozygous inversions. The latter two species,
moreover, must have accumulated the majority of their inversions in coupling,
allowing a continuous series of fixations to take place as discussed earlier.
Inversion distribution. One major characteristic of the cardini group is the
localized distribution of many inversions, both heterozygous and fixed, whether
island or continental. Thus, aside from the restrictions discussed above, the in
versions may be adapted to sets of environmental conditions that are not repeated
in other areas where the inversions are absent or the inversions were never tested
in other areas. This overriding effect of eco-historical factors makes it difficult
to relate the amount of inversion polymorphism to island size, for instance. By
contrast, the inversions in D. willistoni, which are short and recombining. may
be adapted to much narrower ecological conditions (micro-niches) of tempera
ture, humidity, etc., which generally can be found in almost any tropical forest
(see Levins 1969). This could make inversion number more sensitive to param
eters such as population size, as found by Dobzhansky ( 195 7).
Another major characteristic of inversion distributions in the cardini group is
the presence of the more ancestral sequences in the species periphery. The prob
lem of peripheral areas (Mayr 1963), or relictual areas (Brown 1957), or mar
ginal areas (Carson 1955, 1959) in population genetics has been discussed by
others on several occasions and will not be reviewed here (for instance see Cook
1961). The present work on the cardini species group definitely proves that many
outlying areas of a species range certainly can be more ancestral in cytological
makeup than the more central area. It suggests the expansion of these species,
whether by migration or major dispersals, was the most extensive early in their
histories. Similar inferences have been made for subobscura by Richter and Hiind
ler (1955) and Krimbas (1967) . The cardini data is also in agreement with the
interpretation of Wallace (1966) who proposes that the Tree Line phylad in
pseudoobscura is likely to be more ancestral than the phylad arising from Stand
ard because of its Vl>idespread and peripheral characteristics.
The picture emerges in the cardini group that the gene arrangements giving
rise to two non-recombining inversions, whether in coupling or repulsion, are
usually either completely replaced or are protected in the geographic margins
of their presumably former distribution. The frequency with which a multiple
inverted (derived) homologue may be replaced, of course, cannot be measured
if it should become extinct. However, there are no examples of them surviving
only as peripheral populations in the cardini species group except in the case of
bedicheki, which survives as a peripheral species. Wallace (1959) envisions
chromosomal changes that are rejected by the majority of populations of a species
as exactly the ones that are most likely to adapt to peripheral conditions and to
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expand the range of the species. The relation of chromosomal rearrangements
to the process o{ speciation is reviewed for animal populations by White (1969).
To polarize the debate: cytological differences may precede speciation events and
aid in the process or many of the differences may be the result of the events. We
have shown the large amount of inversion differences within several wide
ranging species and have constructed a hypothetical ancestral species on the
principal that many inversion differences, both fixed and heterozygous, can
precede speciation. However, we have little evidence where cytological differences
expected to reduce hybrid fertility are coincident with two species. In fact, in the
cardinoides-bedicheki complex, the Oaxacan-Veracruz and the Veracruz-San
Luis Potosi cytological races would be expected to have lowered fertility if they
hybridized. Aneuploidy may have protected these marginal chromosome races
from being over-run but it has not yet caused speciation. In fact, the existence of
inversion 3R I/ + in San Luis Potosi and in El Salvador indicates that some gene
exchange could have occurred across the second zone.
The retention of the cytologically more conservative karyotypes outside the
area of high heterozygosity in acutilabella, cardini and cardinoides, of course,
adds considerably to their number of heterozygous intraspecifics. It is quite likely
that the only methods remaining for these polytypic species to fix more inversions
is either by speciation or extinction events in the parts of their distribution which
are cytologically distinct. D. bedicheki, which emerged from cardinoides, is a
case in point. The peripheral species has fixed six inversions which remain
heterozygous in the parent species. Similarly if the Oaxacan population should
eventually become a distinct species (or become extinct by replacement or even
passively), then cardinoides would automatically become fixed for four more
inversions. These proposed events illustrate the probable importance of interdeme
selection (Wright 1967 and earlier; Lewontin 1965; Carson 1967) for the even
tual fixation of inversions on the species level.
SUMMARY

The inversion phylogeny confirms the relationships between the majority of
the 16 species in the group, the major outlines of which have been established
by genetic tests and morphological evidence. The inversion phylogeny, however,
provides a different level of organization with which to interpret the history of
the group, provided it is kept in mind that inversion fixation on the level of the
species may proceed at different r ates. These rates are controlled among other
factors by the kinds of inversions which appear and become selected as well as
the population structure of the species. Since approximately one-half of the total
of 162 inversions are located on the X chromosome, and one-fourth of them on
chromosome 2L, there are many cases of overlapping and adjacent (non
recombining) types which permit inferences as to past selection events.
The cytological differences between island and continental species are striking
only in total number of inversions. The two complexes of homosequential species
in the islands, one with three monomorphic species and one with four species
having a very low amount of heterozygosity, certainly indicate the difficulty in
establishing inversions even as heterozygotes under these conditions. The only
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structurally monomorphic species on the continent are the ones with the smallest
distributions, bedicheki and procardinoides, for which there exists but one culture
each.
However, there are large differences concerning the number of fixed to hetero
zygous inversions between species which cut across the islands vs. continent
boundary. The "low rate" fixers of cardini, chiefly continental, cardinoides, con
tinental, and acutilabella, island, have complex inversion distributions. Within
these species there is cytological evidence for gene flow, secondary hybridization,
segregational and even recombinational events. Several peripheral populations in
cardini and cardinoides are cytologically closer to the ancestral sequence since
they have fewer population-fixed inversions. Moreover, the more central popula
tions in cardini and acutilabella have selected for the double or multiple heterozy
gote or non-recombining inversions in repulsion and/or coupling which ap
parently has forced replacement, but not fixation, of the intermediate gene se
quences. The more obvious methods by which more inversions may become fixed
on the species level in the members having complex distribution patterns lies in
the fate of the peripheral populations.
The probable once extant close relatives of cardini have disappeared, which
automatically fixes a large number of inversions for that species and isolates it
on all levels of organization from the remainder of the group. However, cardini
is a widespread polymorphic species and holds more inversions heterozygous at
the present time than it has fixed. D. acutilabella, or its stem population, appears
to have given rise to the dunni subgroup in the islands. D. cardinoides, or its stem
population, undoubtedly has given rise to bedicheki and also possibly to pro
cardinoides and parthenogenetica.
The inversion distribution patterns of the "high rate" fixers, polymorpha and
neomorpha, are not complex. They are built directly upon the ancestral gene
sequence of each species and there are no large areas of inversion replacement.
By selecting for the single heterozygote of the second inversion in a non
recombining triad, it may be possible to passively fix the first inversion. In this
manner a continuous series of non-recombining inversions may arise in coupling
and become fixed as the population remains heterozygous through time. These
species also have accumulated many of their fixed inversions in the stem popula
tion common to them before they split out as separate species as illustrated in
the model for the origination of the group.
As in the other three species, polymorpha and neorrwrpha also have peripheral
areas which are cytologically more conservative both for fixed and heterozygous
inversions. However, in these cases, the fixed condition is always the ancestral
sequence of each species. The simplified distribution pattern may represent a
relatively recent age of the species.
The geographic area with the greatest inversion polymorphism for the group
is Middle America and Colombia (44 endemic) followed by the Caribbean Islands
(12 endemic) and the remainder of South America (6 plus, endemic). The
original species for the group may very well have been widespread and cyto
logically complex as cardini is today.
The cytological characteristics of the more thoroughly analyzed species groups
are compared and discussed.
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APPENDIX
Description of D. bedicheki, New Species

In the summer of 1964 we received a culture of "D. cardinoides" from Nariva
Swamp, Nariva, Trinidad, sent by Dr. Sarah Bedichek Pipkin. The inversion
sequences on chromosome 2L proved to be different from all other cardinoides
and upon closer examination of the strain we were able to detect distinct
morphological differences from cardinoides. Large reciprocal mass matings of the
Nariva strain to two separate cultures of cardinoides (H 234.1, Port of Spain,
Trinidad and H 340, Mogi das Cruzes, Brazil) produced no larvae in a three
week test. Twenty-three females among the four crosses were dissected and no
sperm were detected in the reproductive organs of either cardinoides or the
Nariva females. It is concluded that the Nariva strain is a new species and it is
a privilege to name it in memory of Mr. Roy Bedichek, well known Texas edu
cator and naturalist, in behalf of his daughter.
Many of the characters that distinguish bedicheki from cardinoides with a
dissecting microscope are listed in tabular form below. The comparison is made
with cardinoides from Port of Spain, Trinidad, H 234.1. D. bedicheki is a typical
member of the cardini group. The characters which distinguish the group are
given by Stalker 1953, and Heed 1962.
character
eye color
arista
palpi, male

palpi, female
color of thorax
wings
abdominal pattern

size (males)
claspers (males)

cardinoides
light burgundy
5 dorsal, 2 ventral hairs
plus apical fork
7-8 primary bristles, 14 length of
palpus, on anterior and lateral
margin and a dense clump of
40-50 secondary bristles, Yz or
more length of primaries, on
ventral surface (see figure)
4-5 primary bristles,
% length of palpus
yellow brown
heavy bristles on basal
% of 3rd costal section
males monomorphic black;
females monomorphic black
body about 2.3 mm.
wing about 2.3 mm.
6-8 primary teeth in straight row,
8--11 secondary teeth in semicircle

bedicheki
brighter red with orange tinge
4 dorsal, 2--3 ventral
hairs plus apical fork
6-8 primary bristles, %-Yz length of
palpus, on anterior and lateral margin
with about 35 secondary bristles, less
than Yz length of primaries, on ventral
surface (see figure)
3-6 primary bristles,
Y2 length of palpus
darker brown, almost ebony
heavy bristles on basal 14
males monomorphic black;
females polymorphic for
graded series light to black
body about 2.1 mm.
wing about 2.1 mm.
8-9 primary teeth in straight row,
6- 9 secondary teeth in irregular row

The female abdomen of bedicheki has several color types that form a graded
series. The light form has narrow black apical bands on tergites 2--5 which are
medially interrupted. Tergite 6 has a median rectangular black spot. A faint dark
basal spot is present at the angle of tergites 3-6. In specimens with more pigment
each spot is connected posteriorly with the now wider black apical bands in
tergites 3, 4 and 5. In the darkest specimens the amount of dark pigment covers
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FIG. 9. Distinguishing characters between D. cardinoides (left) from El Salvador and D. bedi
cheki (right) from Trinidad. Upper is left palpus of each species. Only the longer marginal
bristles are drawn in. Measurement is 0.125 mm. Lower is aedaegus of each species. Measurement
is 0.06mm.

approximately ¥z the area of the abdomen. The apical bands are Yz the width of
each tergite. No tergite is completely black.
In the males tergites 5 and 6 are black and 5 is interIUpted dorsally. Tergites 2,
3 and 4 have apical black bands ¥z the width of the tergites and all are interrupted
dorsally. Tergites 3 and 4 are black from the angle of the tergites almost to their
margins.
Figure 9 illustrates the differences in palpal bristle pattern as well as the major
differences in the structure of the penis between the two species. The chromo
somal characteristics and the relationship of bedicheki to the other species in the
group are described in the main text. D. bedicheki is the sixth species of the
cardini group to be found in the Island of Trinidad. The other species are:
cardini, parthenogenetica, cardinoides, neomorpha and polymorpha.
The holotype male and paratype males and females have been deposited in
the University of Texas Collection.
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VI. Genetic X-Radiation Damage and Its Modification
in Drosophila melanogaster1
JONG SIK YOON
INTRODUCTION

Biological damage resulting from radiation has been studied in a number of
biological systems. Since the discovery of the effect by Muller (1927) , ionizing
radiations, as well as ultraviolet light, have been proved mutagenic agents
capable of changing the genes and chromosomes in a great many organisms
ranging from viruses to man.
It has been assumed that ionizing radiations cause their primary biological
effect by producing ionizations within the tissue and that they have secondary
effects resulting from thermal agitation or excitation of the tissue molecules
(Fritz-Niggli, 1959) . Most workers have presumed that all these radiations exert
an effect on genes and chromosomes by producing energy for chemical changes
resulting in mutations. Although the nature of the chemical changes is unknown,
many of them are stable, as shown by the fact that mutant phenotypes induced
by radiation maintain a stability from generation to generation characteristic
of naturally occurring mutations. In addition to gene mutations, chromosomal
breaks are also induced, resulting in inversions, translocations, duplications, and
deletions, as well as loss of whole chromosomes and other types of abnormal
conditions. Despite the tremendous amount of work which has been done in this
study of genetics and biological damage, the complex processes involved in
mutagenesis which lead to genetic and biological damage are incompletely
understood.
Studies of genetic radiation damage in a number of organisms have shown that
the extent of effect in genetic systems depends on such complex physical factors
as type (Lea, 1956) , intensity, quantity, and duration of radiation (Alexander
and Stone, 1955; Oster, 1959; Tazima, Kondo and Sado, 1961; Sax, 1939;
Faberge, 1940; Sobels and Tates, 1961; Parker, 1959; Dickerman, 1963) , tem
perature before, during and after radiation (Muller, 1930 ; Caldecott and Smith,
1952; King, 1947; Novitski, 1949; Wedvik and Stri:imnaes, 1963; Konzak, Curtis,
Delihas, and Nilan, 1960) , gaseous environment (Holthusen, 1921; Bender,
1958 ; Chang, Wilson and Stone, 1959; Evans, Roberts, and Orkin, 1964) , and
chemicals (Sparrow, 1951) at the time of radiation, and such biological factors
as species (Bacq and Alexander, 1961) , sex (Tazima and Kondo, 1963) , water
content (Stadler, 1928), stage of cell cycle (Muller, 1954) and gametogenesis
(Russell, 1952).
Of these modifiers of genetic damage, the extrinsic ones are temperature and
infrared radiation as physical factors; oxygen effects and chemicals, including
1
This work was supported in part by a Public H ealth Service research grant, GM- 11609, from
the National Institutes oI Health to the late Prof. Wilson S. Stone and M. R. Wheeler.
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various other gases, as chemical modifiers; and the time factor as a more artifical
factor.
Recently, it has become evident that genetic damage can be appreciably modi
fied by changes in both pre- and post-irradiation treatment in the biological and
physiological environment. Perhaps the post-irradiation treatment is more im
portant. It is necessary to clarify some of the most important factors of post
irradiation modification of genetic damage, for practical and theoretical reasons.
First of all, treatments which change the growth or synthesis of nucleic acids
and protein will probably change the amount of genetic ·d amage. Secondly, post
irradiation treatment is only effective if given before a division, or duplication.
Although this work is still in an early state, there appears to be no reason why
the various physiological post-treatments may not be acting through quite differ
ent mechanisms from the several pre-treatments, so the hopeful prospect is
thought to be that genetic damage reversal by combined treatments may be
achieved. A time limit for effective reversal is also clearly indicated.
It has long been known that some eggs fertilized by irradiated sperms will not
give rise to adult organisms. Evidence has shown that the effect is mainly a
genetic one, not a physiological effect (Muller, 194-0; Bauer, 1939; and Whiting,
1955).
It should be noted, however, that dominant lethals are mostly chromosome
changes, rather than gene mutations proper (Atwood, von Borstel and Whiting,
1956; Sonnenblick, 1940) . A mathematical expression for the yield of dominant
lethals has been developed, based on the conception that unrejoined breaks and
asymmetrical exchanges result in dominant lethals (Lea and Catcheside, 1945).
On the other hand, when a chromosome is broken by radiation, the broken
ends are usually left in a joinable condition. It has been observed that transloca
tions lead to a reduced fertility of the organism, since only those gametes that
contain a normal complement of genes can form viable zygotes.
The experiments in this study were designed to show the effects on the X
radiation damage and its reversal by various gases present during the time
interval between the treatment with X-rays, as measured by genetic damage in
the form of dominant lethals and translocations.
MATERIALS AND METHODS

The Oregon-R, Oak Ridge strain of Drosophila melanogaster, which has an
unusually low mutation rate, was used as the test stock. The flies were raised at
24°C by mass breeding in half-pint milk bottles with standard Brewer's yeast
cornmeal-molasses-agar medium containing 0.5% propioni:c acid as a mold
inhibitor.
The males were taken within two hours of eclosion and aged 19-21 hours
before treatment in all experiments.
In all the X-ray experiments males were irradiated with a total dose of 1000
roentgens (NO, #2-6) or 3000 roentgens (CO, #7-11 ), given in two equal frac
tions of 500 roentgens (NO, #3-6 ) or 1500 roentgens (CO, #7-11) at a dose rate
of 500 r. per minute, except for Experiment 2 ( #2), in which they were given a
single dose of 1000 r . at 24° ± 1 °C.
In gas treatments, the males were pretreated with the proper gas (see Table 1)
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TABLE 1

A synopsis of the experimental design•
Experiment
Series

No .

Pre-treotment

X-roy

15min.

500 r/min.

Symbols
(Control)
-NO

NO -NO-NO

Gases 15 min.
11 min.
He
NO
4min.
He
NO

11 min.
4 min .

o,

He
NO

12 min .
3 min .

0 -N0-0
2
2

02

15 min.

NO

50lh

02

A
A-NO-A

A

15 min,

co-co-co

co

IS min .

8

CO-He-CO
C0-0 2

10

CO-NO-CO

II

CO-..,,,co-CO

6

co

9

X""Tay

o,

NO
He
NO
NO
0
NO

5 min.
30min.

NO

NO
He

20min.
20 min.

02

500 r

5 min.
1 min,
34min.

500,

NO
He

20min.

A

20min,

co

500'

1500'

He

4 min,
36 min,

He
0
Hl

40min.
4 min.
36 min.

NO
He

4 min.
36 min,

-co

15min.

Gases 15 min.
NO
He

12 min.

NO
He
NO
NO
He

10min.
JO min.
JO min.
15 min.

02

15 min.

A

15 min.
15 min.

4 min.

5 min,

5 min.

co

500'

Pod"-treotment

500r/min.

IOOOr

500'

7

min.

NO

NO
N0-0 -NO
2

Interval

Gases 40min.

co

co

1500r

NO/C04m;n.
He
36min.

*At each change of gos (es), the system was flushed with helium for 1 minute.

for 15 minutes prior to the first X-irradiation and post-treated for 15 minutes
after the second X-irradiation with a time interval of 40 minutes ( #3-11)
between the two doses. During the time interval, gases used were the same or
different from that in which the two X-irradiations, pre- and post-treatment were
given (see Table 1).
Inlet and outlet valves on the gas-tight irradiation chamber were constructed
so that the replacement of the gases could be done without allowing any air to
enter the chamber. At each change of gas(es), the system was evacuated to
remove all gases, then flushed with helium for 1 minute. However, it should be
mentioned that since no methods are available for determining the internal gas
concentrations of the flies, the test-gas indicated in each experiment refers to the
environmental gas concentration of the flies during irradiation.
Tests using CO were carried out in the dark and the others in the light, both at
1 atmosphere of the gas or gas mixture. All gases were obtained from the Mathe
son Company, Inc. in Houston, Texas; these were:
NO (2% + 98% He)
CO (99.6% + 0.3% A)
0 2 (99.5% + 0.45% A)
He (99.99%)
A
(99.5%)
The X-rays used in these experiments were administered from a Westinghouse
Quadrocondex constant potential machine operating at 250 kv, 15 ma, with a
Yz mm copper and 1 mm aluminum filter. The dose rates were checked before
and after each irradiation with a Victoreen roentgen meter (condenser dosimeter) .
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In order to study the genetic radiation damage and its modification, the fre
quencies of dominant lethals and translocations were measured in all the
experiments.
The experimental procedure was as follows: shortly after recovery from the
treatment, each male was mated individually and simultaneously to one hetero
zygous female (from a cross between Austin females and Canton-S males) and
2 or 3 bw; st females. These females were 3 to 6 days old.
In order to measure the effects on each consecutive stage of spermatogenesis,
since the stages differ markedly in susceptibility to radiation damage, each male
was remated to a new virgin female group every two days. Females from the
previous mating period were separated from each other. In all experiments, there
were seven two-day mating periods, A to G, before the males were discarded.
According to Auerbach's experiments (1954) with D. melanogaster, Period A
represents mature sperm; B, sperm bundles; C and D , spermatids; E, meiosis;
F, spermatocytes; and G, spermatogonia . l'vloreover, it should be mentioned that
these cell stages may be regarded as synchronyzed, for although there may be
some differences in stages in two-day periods, most of the cells would be in the
stages indicated. The actual cytological division stages in meiosis are so short that
two-day intervals do not separate all stages in spermatogenesis as perfectly as
divided above (A-G ).
In dominant lethal tests, females from each mating period were allowed to lay
eggs for 4 or 5 successive days. Dominant lethal frequencies were calculated as
the number hatching vs. the number of eggs laid (instead of the percentage of
eggs which failed to develop to the adults). During the days allowed for egg
laying, each female was transferred to non-yeasted food to count the eggs laid
each day.
In the tests for translocations, the frequencies were calculated as the total
percentage of induced 2-3, Y-2, Y-3, and Y-2-3 translocations from sperm
tested. Translocation frequencies were measured by determining the frequencies
of normal and abnormal segregations in tests using the brown and scarlet mutants
(bw ;st) located on the second and third chromosomes respectively. Treated males
were mated to 2 or 3 virgin bw; st females, and F 1 males heterozygous for the
treated chromosomes and marker mutants were test crossed. All doubtful dasses
were rechecked by mating F 2 males to 2 or 3 bw; st marker virgins in order to
verify that the translocations came from the treated P , males and to identify the
doubtful classes.
In order to determine the confidence limits for proportion (95% level of
expectation), the standard errors (as 2ypq/ n) were calculated for dominant
lethals, and the conventional Stevens' Method ( 1942) was used for translocations
to determine the fiducial limits of the expectation. In determining the significance
level, the chi-square test was used for both dominant lethals and translocations.
Since the experiment samples were large enough, the Yates' correction was not
used in x" tests.
RESULTS

All experimental results are given in Tables 2 through 4, and Figures 1 and 2.
The data showing the dominant lethal rates, which are presented as the
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TABLE 2
The frequencies of induced dominant lethals (NO and CO series )
Sta~s

Series
1,
Control

2.

-NO-

(lOOOr)
3.

5.

0-NO-O

(500 r)(500r)

8.
9.

0.8
a c 1.9 2.3

o.o
0.0

1.9

2.9

1.2
5.9

c

0.0

D

0.0
1.2
0.0

0.0

0 .5
(500 r)(500 r) a c 1.5 3 .2

N0-0-NO

7.

o.o
b
a c 0.0 1.5

of Spermatogenesis

NO-NO-NO

4.

6.

A

2.0
a c 3.0 3.9

b
3.0
(500 r )(500 r) a c 4.0 6.3

1.1

6.0
(1500r)(l500r) a c 6.1 8.0

CO-NO-CO

6.7
(1500r)(l500r) a c 7 .7 9.5

11.

CO- N9'ca-CO
(l~QQ[)!l~Q(l:l

o-%of
transtocations

4.7

b
0

o.o
0.2
2.6

o.o
0.0

1.3

0.2

0.1
0.7

o.o
0.5

2.8

o.o

0.0
9 ,7

1.8

0.1
9.9

o.o

o.o
0.1

o.o

0.1
5.2

0.1

0.0
0.5

0.2

0.5

7 .2

6.2
8.9

20.9

20.0
22.9

18 .2

16.4
21.7

0.2

17.9

16.9
19.8

22 .4

20.8
24.7

19.9

19.0
23 .0

19.7

10.4
34.4

18.3

17 .4
20.3

14.2

12 .7
17.2

21 .6

20.7
23.5

23.3

22.3
25.4

5.2

4.3
7 .1

5.5

4.6
7.4

6.7

5.9
8.5

14.0
12.5

11.6
14.3

11.1

10.2
13.0

13.3

12.4
15.2

14.5

13.6
16.4

4.3
1

0.5

0.0
1.2

o.o

0.0
0.3

o.o

0.4

0.0

o.o

0.4
0.3

0.8

0.2
0.4

0.1
1.1

o.o
0.0

o.o
0.2
0.7

o.o

2.0

13.1
15.9

o.o

G

0.0

o.o

0.0

~ - 1:w?r ·~mits ai ·;onf~~ nce
5

0.9

o.o

0.0
1.2

5.7

C0-0-CO

10.

18.2

2.3
65.6

o.o

o.o

CO-He-CO

b
5.7
(1500r)(l500r) a c 6.6 8.5

0.1
3.9

o.o

1.0

2.6
5.6 10.1

co-co-co

4.9
(1500r)(l500r) a c 6.6 8.5

o.o
o.o

A-NO-A

b
1.0
(500 r)(500 r) a c 1.8 3.1

o.o

o.o
0.0

0.3

1.1

0.3

0.0
1.1

1.3

0.9
3 .4

0.1

1.7

0 .7
3 .3

4.5

1.8
9.2

0.3

0.0
1.0

1.8

1.0
3.1

0.2

0.0
0.7

o.o

o.o
o.o

0.8

o.o
1.2

e:::: upper limits of confidence

percentages of eggs from each mating period that developed into adults (i.e.,
those without lethals), are given in Table 2 and Figure 1. The results show that
the highest percentages of dominant lethals were obtained from the mating
periods corresponding to spermatids and meiotic cells following X-irradiation in
these experiments, and the frequency was the lowest from spermatogonial stages.
It should be pointed out that the spermatid cells (period C ) in Experiment #1-6
(NO series) are so susceptible to radiation injury that most (all except in #4)
cells die and/ or few sperm are produced, while spermatogonial cells are the least
susceptible to radiation and NO injury.
These results are in agreement with the findIDgs by many investigators
(Stone, Hass, Alexander, and Clayton, 1954; Alexander and Stone, 1955; Oster,
1959; Liining, 1952a; Alexander, Bergendahl, and Brittain, 1959; Clayton, 1962;
Alexander, 1963; Rinehart, 1963).
The results of Experiments 2 and 3 (in Table 2 ) show that the total length of
time in NO, anoxia and continuous versus intermittent X-ray treatment can
modify dominant lethality in stages A and B. The comparison between Experi
ments 3 and 4 demonstrates that NO, u sed between the doses, increases the
dominant lethality in stages A, B, and probably C, as compared to the damage
when oxygen was used in the interval. The results from Experiment 5 show also
that, as compared with the data of Elequin (1966 ) . NO u sed during the interval
between the fractionated doses acts to enhance radiation damage significantly in
post-meiotic cells compared to oxygen or argon. Data from Experiment 6, where
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TABLE 3
The frequencies of translocations (NO and CO series)
Stages of Spermotogenesis
B
c

A

Series

E
94.3: 1.7

F

G

92.5: 1.5

90.6 + 1.3

7.8: 1.2

68.0 : 1.4

84.4! 1.2

7.8: 2.1

ll.3!6.4

65.2 + 2 .0

76.0: 2.3

8.3: 1.2

9.6: 2 .8

71.6: 1.0

77.7! 1.0

42.8: 3.4

5.5: 1.6

5 . 0: 1.9

63 .6

:!:. 1.3

79.5: 1.4

59.5! 2. 1

45.0! 8.4

42.9+ 1.9

43.2: 2.0

82. l : 1.4

86.5: 1.2

40.2: 1.5

44.7 ~ 1.2

21.4! 0 .9

7 . 9:0.5

s. 1 : 1.4

67.0! 2.5

7 1.8::: 1.6

43 .7: 1.8

46.4: 1.5

31.7: 1.3

13.3: 0.9

11 .5::: 1.3

51.8: 3.0

69.8: 1,8

37.5! 2. 1

45 .3: 1.7

32. l ::: 1.3

9 .6: 0.9

9.8: 1.5

42.9::: 1.5

50 .0: 2.7

46.3::: 1.5

43.l: 0 . 9

23.7: 0.9

13.8 + 0.9

13 .5: 2.3

33 . l : 3.8

69. l::: 3.6

50.2: 1.2

43 .6: 1.0

22.6: 1.0

13.3 : · 0.8

9.3: 1.2

39.8: 2 .7

70.5::: 2.1

l,

Control

96.6: 2 .0

96.8: 3.5

2.

-NO

60. 2 : 0.9

46 .8: 6.2

18.2: 2.8

8,2: 7.8

58 .8: 0.9

57.2: 6.3

49.9! 1.5

98 .2: 1.6

D

95.l: 1.8

(1000 r)
3.

NO- NO-NO

(500 r) (500 r)
4.

N0--0-NO

3.9: 5.4

(500 r) (500 r)
5.

0 - N0--0

(500r) (500r)
6.

A - NO -A

(500 r) (500 r)
7.

co -co-co
(1500 r) (1500 r)

8.

CO -He-CO

(1500 r) (1500 r)
9.

C0 --0-CO

(1500 r) (1500 r)
10.

CO-NO-CO

(1500 r) (1500 r)
11.

CO-N'}'co-CO

(1500 r) (1500 r)
:!: 2 S .E .

% of hatch

TABLE 4
Types of translocations and distributions of breaks involved
Expt .
No.

Hr

#sperm
Tested

T(2:3)

T(Y:2)

T(Y:3 )

T(Y:2:3)

Min imum # Breaks In
y
2
3

7

423

4785

347

18

34

24

76

389

405

8

452

511 3

358

32

36

26

94

4 16

420

9

373

442 1

298

28

24

23

75

349

345

10

436

4757

336

48

35

17

100

401

388

11

506

5963

361

50

48

47

145

458

456

Tota l 21 90 25039
%
8 .74
%
%

1700

176

177

137

490

2013

201 4

77.6

8.1

8.1

6.2
10 . 8 44.6

44 . 6
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X-irradiation was in argon and NO was used in the interval between doses, when
compared with tests by Elequin (oxygen and argon in the interval), give similar
results.
These findings, that NO during irradiation enhances radiation damage as
measured by dominant lethals in Drosophila, are in agreement with the earlier
observations of many investigators (Howard-Flanders, 1957; Capps, 1961; and
Rinehart, 1963) . The interpretation of the NO experiments in Drosophila is very
difficult. because a small per cent of NO delays spermatogenesis (Capps, 1961) .
Some eggs which have no sperm due to this delay do not develop, and it is not
possible to distinguish unfertilized eggs from eggs fertilized by sperm carrying
a dominant lethal.
Table 2 and Figure 1 (Experiments #7-11, CO series) show that, in general,
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there is not much difference between the results obtained with the various gases
used between two doses of irradiation. However, it is possible that the duration
(4 minutes) of tested gases in the interval between X-ray treatments was too
short to modify damage measurably. From the results of the CO series, however,
it is reconfirmed that the response of germ cells to radiation differs with the stage
of spermatogenesis.
The data on translocation rates under the several treatment conditions are
given in Table 3 and Figure 2. There is difficulty in making valid comparisons
due to the extremely low viability of the C stage when NO is used. The amount
of damage can be ordered thus for radiation in the gases indicated:
CO> 02 >NO> A (fewer translocations)
When an attempt is made to assess the effects on X-ray damage of changing gases
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in the interval, some interesting comparisons are found . There are insignificantly
more translocations when 0 2 replaces NO:
NO - 0 2 - NO ~NO - NO - NO
However, the oxygen replacement improved survival of stage C. None of the
short gas changes in the interval between radiation in CO changed the results
significantly. Elequin ( 1966) showed that 0 2 - A - 0 2 produced more transloca
tions than 02 - 02 - 0 2, and these tests showed insignificantly more damage in
02 - NO - 02 than either of them in the sperm stages (A and B), but C and D
did not survive well enough to justify conclusions as to the effect in spermatids.
Elequin's and these data place the differences due to interval replacement when
argon is used during radiation in the following order with more translations:
A - NO - A ~ A - 0 2 - A ~ A - A - A
However, the differences are not significant, except the killing stage C
(spermatids).
The translocation results from the CO series of experiments (Table 3 and
Figure 2) show that no significant differences are found in the per cent of translo
cations between any of the experiments with different gases between the two
doses (although E stage cells lagged into period F more in Experiment 10).
Translocation frequencies increased from period A and B (these are both similar)
to period D and E (which are the maximum frequencies), and they decreased
until period G, which varied from 0.0 - 0.3%. These results coincide with those
of many previous investigators (Auerbach, 1954; Alexander, 1954, 1960).
It should be pointed out that the clear-cut difference in frequencies of translo
cations between pre-meiotic and post-meiotic stages support the hypothesis that
no translocations are produced in pre-meiotic stages. That a few are recovered
from pre-meiotic cells (period F and G) must be the result of a mixture of sperm.
Table 4 shows the sensitivity differences in recovery of Y-A (autosome) trans
locations and chromosomes involved in them. In CO tests, a total of 2190 translo
cations, which is 8. 74% of 25,039 sperms tested, were recovered. Of these, 1700
(77.6%) involved second and third chromosomes, 176 (8.1 %) and 177 (8.1 %)
involved Y-2 and Y-3 chromosomes respectively, and 137 (6.2%) were Y-2-3
chromosomes. The number of Y-2 (176) and Y-3 ( 177) translocations are the
same. From these data, one can conclude that there is no preference on the part
of the Y-chromosome for interchanging chromosome parts with the one rather
than the other of two major autosomes. This agrees with the findings of Falk
(1962).
Table 4 indicates that the Y-chromosome is involved in 10.8% of total breaks
detected by translocations, or about ~ as frequently as the two autosomes. This
is slightly lower than the result (14%, or ¥3) of Elequin (1966).
From data of both dominant lethals and translocations, the following relations
can be drawn. First of all, the cycle of damage for dominant lethals is similar to
that for translocations, but does not coincide with it completely, and the peaks of
damage for both are located between sperm bundles and the meiotic stages.
Second, the cycle of frequencies of translocations coincides well with that of
sterility of F, (see Figure 2), although the percentages of translocations and
sterility are different.
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DISCUSSION

A number of investigators have reported the degree of dominant lethality
resulting from radiation at different dosage levels, in various gaseous environ
ments with different time factors, and at different stages in spermatogenesis.
Dominant lethals are scored by the percentages of eggs that fail to develop into
adults (or pupae in some cases) . The failure of spermatozoa from X-irradiated
males to fertilize eggs has been reported by some workers.
In order to examine the nature of sterility, Stone, Haas, Alexander, and
Clayton (1954) examined eggs and attributed a portion of the dominant lethals
during sensitive spermatogenetic stages to failure of X-irradiated males to produce
functional sperm. They concluded that
the dominant lethal effect resultsfrom a number of different things-breaks
that heal over resulting in loss of chromosome fragments, large deletions,
dicentric and acentric formation, non-disjunction with translocations, and
reduction in egg hatch through lack of sperm because of destruction of a
great number of cells.
Since the frequency of dominant lethals is determined by the percentage based
only on eggs laid, it is possible that there may be, at least in part, a discrepancy
between the genetic dominant lethals induced and the"scored" lethality because
of destruction of a great number or all cells in particular stage ( s). In other words,
it is hard to distinguish genetic damage from physiological damage induced by
radiation without a more effective test.
In connection with this, the non-appearance of eggs in period C (spermatids)
of the NO series in these experiments might be thought of as a destruction of
most germ cells by combined NO and radiation damage, as there is no accumula
tion of translocations in stage D and E from delayed C cell maturation. It is
unlikely that this resulted from a delay of spermatogenesis for 2-3 days by NO
effect in radiation damage. Care was taken to insure that these results were not
caused by food conditions, excessive etherization, or experimental error.
The relations of radiation damage to the sensitivity of the several stages of
spermatogenesis have been studied in animal cells, notably in Drosophila (Bon
nier and Liining, 1950 ; Liining, 1952a,b; Auerbach, 1953, 1954) as well as in
plant cells (Singleton and Caspar, 1954) . Liining ( 1952b) concluded that the rate
of chromosomal breakage varies with different conditions. Auerbach (1954)
showed that mutation frequency is much higher in the meiotic and post-meitoic
stages of spermatogenesis than in spermatogonia or mature sperm. Stone, Haas,
Alexander, and Clayton (1954) demonstrated in D. virilis that 1!here is no doubt
of the similarity in their findings to those of Liining and Auerbach in D. melano
gaster, and concluded that the stages between meiosis and mature sperm yield
more recoverable translocations than do mature sperm and .t hat the dominant
lethal frequency cycle does not correspond to that of recoverable translocations.
Carlson ( 1954) also has shown that cells in different stages and under different
conditions respond differently to radiation. The results of the present experiments
are in agreement with the findings of previous workers.
It has been believed that in general the fractionation of a continuous dose of
radiation, with a time for healing, etc., reduces biological damage (Sax, 1939,
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194-0; Faberge, 1940; Patt and Brues, 1954). The data from Drosophila experi
ments also show a reduced effect of a fractionated dose on the induction of muta
tion ( Sobels and Tates, 1961) , showing specific sensitivities in different stages.
Berry and Oliver (1964) and other investigators, however, showed a reduction
in amount of damage with short fractionation intervals but a tendency toward an
increase in damage at longer intervals. Liining (1958) suggested that a 30- to 4-0
minute interval between two doses prevents disturbing any healing which may
occur in anoxic condition in D. melanogaster.
Further studies on fractionation effect (Russell, 1962, 1963; Tyler and
Steamer, 1964) suggest the conclusion that the time interval between fractions is
an important factor. The work of Alexander (1963) and Alexander and Bergen
dahl ( 1964) demonstrated that radiation fractionation effects varied with the
species of Drosophila.
It could be true that fractionated doses induce different changes in comparison
to a continuous dose and influence some process in cell metabolism leading to
resistance against radiation or recovery from its injury. Unfortunately, it is not
yet known whether the oxidative systems, which may be involved in biological
damage in all organisms, are similar or not. From this point of view it is not
surprising to find that different organisms have various critical time factors in
their damage or recovery from radiation injury.
Alexander and Bergendahl ( 1964) discussed the fact that the response of
germ cells to radiation may vary with physiological or biochemical differences in
the cells. The higher sensitivity of spermatids than of sperm to radiation when
oxygen is present has been observed in both D. melanogaster (Oster, 1957) and D.
virilis (Alexander and Stone, 1955). From the biochemical analysis of the pro
tein differences in germ cells of some species of fish (Allfrey, Mirsky and Stern,
1955 ) , it has been suggested that a change of protein in the chromosome structure
as well as the cytoplasmic structure of germ cells causes a variation in the
response to radiation (Alexander and Stone, 1955; Oster, 1959). Sobels (1960)
found that there are physiological and structural chromosomal differences in
sperm and spermatid stages. Chromosomal structure as well as cytoplasmic struc
ture of germ cells contributes to the varying sensitivity, along with environmental
changes. Thoday and Read (1947, 1949) demonstrated the "oxygen effect" and
explained that irradiation produces a damaging compound such as hydrogen
peroxide (H2 0 2) in the water of the cell in the presence of oxygen. This interpre
tation of the oxygen effect coincides with many observations (Weiss, 1944; Allen,
1948). It was shown that organic peroxides formed by the action of H 20 2 on
broth are mutagenic for bacteria (Wyss, Clark, Haas, and Stone, 1948). In
Drosophila, Sobels ( 1955, 195 7) and Altenburg ( 1954) also demonstrated that
organic peroxides can produce genetic damage.
Abrahamson (1959) has shown that oxygen has a marked effect in increasing
the X-ray induced translocations, similar to that in Tradescantia (Riley, Giles,
and Beatty, 1951, 1952), in Maize (Schwartz, 1952) , and Vicia faba (Ebert and
Howard, 1961). Dominant lethals induced by X-rays were also much less fre
quent in anoxia than in the presence of oxygen (Liining, 1954; Stone, Haas,
Alexander, and Clayton, 1955; Alexander and Stone, 1955; Stone, 1956).
Although the oxygen effect has been detected in many organisms, leading to
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genetic damages as well as chromosomal aberrations (Kimball and Gaither, 1951;
Baker and Edington, 1952; Stapleton and Hollaender, 1952; Hayden and Smith,
1949) , it is not always found. The precise mechanism of oxygen effect is cer
tainly complicated and still not clearly understood, although a great deal of work
has been done on injury by X-rays in the presence of oxygen.
Nitric oxide (NO) has been shown to be a gas which increases X-irradiation
damage to nearly the same amount as equal quantities of oxygen in Shigella
fiexneri (Howard-Flanders, 1957 ; Howard-Flanders and Jockey, 1960), in Vicia
faba (Kihlman, 1958) and in ascites tumor cells (Gray, Green, and Hawes,
1958).
Other investigators (Powers, Kalata and Webb, 1958; Powers, Webb and
Kalata, 1960) , however, have shown that the X-irradiation damage to the dry
Bacillus megaterium spore is reduced by the presence of NO, while the damage
is increased by similar amounts of oxygen. They surmise that the action of
oxygen and NO is to be distinguished from the post-irradiation action of oxygen
which is interpreted to result from the activation of oxygen in the cell by the
products of radiation.
Capps (1961) concluded from her study of D. virilis males that oxygen and
NO are operating, at least in part, by different mechanisms. Rinehart ( 1963) con
cluded from his experiments with D. virilis males that a reaction between oxygen
and NO, which will produce nitrogen dioxide (N0 2 ) , reverses the ability of both
gases to increase radiation damage by effectively removing the gases from the
system. He based this on the fact that there is no indication that N0 2 or its
products play a major role in enhancing radiation damage or in causing a delay
of development in Drosophila.
As was seen from the comparison of dominant lethal results from Experiments
3 and 4, treatment of .the flies with oxygen in the interval between two doses in
NO lowered the amount of damage compared with treatment of flies with NO
during the interval, except in spermatids (D) and meiosis (E).
Based on the fact that oxygen has no post-treatment effects on irradiated
Drosophila (Alexander and Stone, 1955; Schmid, 1961b), it may be concluded
that NO has an active effect increasing the X-ray damage after irradiation. This
conclusion is in agreement with the results in D. virilis (Rinehart, 1963). In this
connection, it should be mentioned that NO and oxygen reacted unequivalently
on the X-radiation system in dry Bacillus megaterium (Powers, Webb, and
Ehret, 1959), and in S. fiexneri (Dale, Davies, and Russell, 1961) .
Carbon monoxide (CO) is well known as a respiratory poison blocking cyto
chrome oxidase and can be shown to increase genetic damage induced by X
radiation (King, Schneiderman, and Sax, 1952; Haas, Dudgeon, Clayton, and
Stone, 1954; Stone, Haas, Alexander, and Clayton, 1954; Fritz-Niggli, 1959;
Oster, 1959; Chang, Wilson and Stone, 1959 ; and Schmid, 1961a). It has been
reported that CO shows a post-treatment effect in Tradescantia spores (Beatty
and Beatty, 1960) , while no CO post-treatment effect was shown in Drosophila
(Alexander and Stone, 1955; Stone, 1956; and Schmid, 1961a) . It has been agreed
that CO inhibits the cytochrome system resulting in the reduction of molecular
oxygen by the flavoproteins (King, Schneiderman, and Sax, 1952; Gray, 1959).
Stone, Haas, Alexander and Clayton (1954) concluded that CO inhibition may

Yoon: Genetic X-ra.diation damage in Drosophila

143

interfere with the energy production from the Krebs cycle. Schmid (1961a)
postulated that CO inhibits respiration of cells (organisms) and subsequently lets
oxygen remain in the cell, at the pre-existent amount, so that the oxygen increases
the radiation damage. Beatty and Beatty (1960) , considering the post-treatment
effect, postulated that CO affects the reunion mechanism, preventing the rejoining
of the broken ends of chromosomes, because it reduces the energy available for
the process by its inactivation of cytochrome oxidase.
It has long been known that translocation frequencies resulting from radiation
vary also with the stage of spermatogenesis (Liining, 1952b; Auerbach, 1953,
1954; Oster, 1959; and Alexander and Stone, 1955; Alexander, Bergendahl, and
Brittain, 1959). They concluded that the highest susceptibility is among sperma
tids and the least among spermatogonia and pre-meiotic spermatocytes. The
present test indicates the same differences in sensitivity at different stages. The
translocations recovered from period D and E ( spermatids and meiotic stages)
were 3.2 times as frequent as those recovered from period A and B (sperm and
sperm bundles) .
Of a total 2190 translocations from CO series, 93.8% were of the T 2 Type (2: 3,
Y:2, Y:3) and 6.2% involved complex Type (Y:2:3) . These results correspond
closely with those of Haas, et al. (1954), and Clayton (1962) in D. virilis. How
ever, the frequency of the Y-chromosome involvement, which amounts to 10.8%
of the total breaks detected, is lower in value than any previous results in both
D. virilis and D. melanogaster.
Bauer, et al. (1938) reported that a distribution of breaks among chromosomes
of comparable length is at random in Drosophila melanogaster. In general, breaks
in heterochromatic regions are more frequent than in euchromatic regions for
similar salivary chromosome lengths, and the distribution of breaks is at random
within euchromatic sections of chromosomes with the possible exception of distal
regions where breaks tend to be slightly more frequent. Many other investigators
(Bauer, Demerec, and Kaufman, 1938; Bauer, 1939, Haas, et al. , 1954) have
reported that break distribution following radiation is proportional to the length
of the chromosome at the time of radiation. Kaufmann and Demerec (1937) also
presented further evidence for the proportionality above mentioned. The fre
quency of breaks induced by nitrogen mustard showed the proportionality with
the length of chromosome, and the breaks were distributed at random among
chromosomes in Drosophila (Kaufman, Gay, and Rothberg, 1949) .
In this connection, it is interesting to note that rates of lethal mutations as well
as breaks correspond to the cytological length of the chromosomes involved,
while some lethal mutations induced by viruses are disproportionately distributed
along the chromosome (Yoon, 1968) .
SUMMARY

Drosophila melanogaster (Oregon-R, Oak Ridge strain) males, 19 to 21 hours
old, were X-rayed with a total dose of 1000 r. or 3000 r. given in two equal frac
tions of 500 r. or 1500 r. at a dose rate of 500 r. per minute, except for Experiment
#2 in which they were given a single dose of 1000 r. at 24 ± 1°C in several gas
environments, with a time interval of 40 minutes between the two doses. At each
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change of gas (es), the system was evacuated to remove all gases, then flushed
with helium for 1 minute. Tests using CO were carried out in the dark and the
other in the light, both at 1 atmosphere of the gas or gas mixture.
In order to study the genetic radiation damage and its modification in the
presence of several gases and a time factor, the frequencies of dominant lethals
and translocations induced in cells whioh were in different stages of spermato
genesis were scored using seven sequential 2-day matings over a two-week test
period.
Data are presented which indicate that:
1) The frequency of dominant lethals increased from sperm to spermatids
and meiotic cells, then decreased in spermatogonia. The spermatogonial cells
were the least susceptible to X-rays.
2) The cycle of damage for dominant lethals is similar to that for transloca
tions, but does not coincide with it completely, and the peaks of damage for both
are located in the early post-meiotic stages.
3) The cycle of frequencies of translocations coincides with that of percentages
of sterility of Fi- The coincidence of frequencies between translocations and
sterility demonstrates that the mechanisms of damage for both are related, at
least in part.
4) The nitric oxide effect on sperm and late spermatids is more drastic than
the oxygen effect, but a major fraction of the effect is to cause the death of the
sperm.
5) The carbon monoxide during radiation increases genetic damage above the
other gases tested, and it is possible to conclude that the duration(s) of 4 minutes
of gases in post-treatments is too short to modify the damage.
6) There are few (or no) translocations recovered from pre-meiotic cells.
7) The Y-chromosome was involved in 10.8% of total breaks, or about 1;4. as
frequently as the two autosomes tested, and chromosomes 2 and 3 participated
equally in an interchange.
The relations of these data to other investigations concerning the possible
actions of various gases and a time interval between doses in modifying X
radiation damage are discussed briefly.
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VII. New Picture-Winged Drosophila From Hawaii, Part II.
( Drosophilidae, Diptera)
1

D. ELMO HARDY AND K. Y. KANESHIRd

The picture-winged species of Drosophila are now better known than any other
of the major groups of Hawaiian <lrosophilids. These flies have received special
attention because of their large size, relative ease in rearing in artificial media
and handling in the laboratory, and their ornate wings and other elaborate mor
phological characters. These have proved ideal animals for evolutionary studies
and the main efforts of our research have been centered on these flies for several
years. Specialized technics have been perfected which are highly effective for
collecting picture-winged species. New species are still being discovered frequent
ly as we get into unsurveyed, or incompletely surveyed areas and as we find new
host plants and breeding sites for the flies.
The following new species have come to our attention during recent field work
and names are needed for use in reports of cytological, behavioral, or ecological
studies. They are being treated by species groups which are based upon chromo
somal similarities supported by morphological characteristics, especially those of
the male copulatory organs.
The drawings have been prepared by Miss Geraldine Oda; we greatly appreci
ate this valuable assistance.
DISTINGUENDA SPECIES GROUP

Drosophila divaricata n .sp. (figs. 1a-d)
This species is intermediate between distinguenda Hardy and inedita Hardy
and the salivary chromosomes are alike (Carson and Stalker, 1969, and this
bulletin) in all three of these. D. divaricata has the leg ornamentation and wing
markings similar to distinguenda and has the thoracic markings of inedita. This
cannot be a hybrid, however, since we have a series of uniformly marked F, in
dividuals from the same wild female which show similar markings. All three of
these species live in the same environment and have been collected in the same
valley. It should be noted that inedita on the basis of leg ornamentation and
general facies would appear closely related to paucipuncta Grimshaw, from
Hawaii. The two, however, fit in completely different species groups on the basis
of the chromosomes and male genitalia and the external similarities are mislead
ing.
1 Published with the approval of the Director of the Hawaii Agricultural Experiment Station
as Journal Series No. 1239. This work was financed by National Institutes of H ealth Grant No.

GM-1064-0.
2

Department of Entomology, University of Hawaii.
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FIG. 1. Drosophila divaricata n.sp. : a, front leg, lateral; b, thorax, dorsal; d, male genitalia.
D. distinguenda Hardy: c, thorax, dorsal.

In the key to species of picture-wings (Hardy and Kaneshiro, 1968: 176) , this
would run in the second part of couplet 24 with distinguenda on the basis of the
ciliation m the front tibiae. It is differentiated from this species by having dark
brown to blackish vittae on the mesonotum (fig. 1b) with the submedian vittae
widely separated by a width equal to four or five rows of acrostichal setae and
comparatively short, ending opposite the anterior dorsocentral bristles. In dis
tinguenda the markings are rather faint, the submedian vittae are close together
(fig. k), separated by about two rows of acrostichal setae, and fade out on rt.he
posterior portion of mesonotum between the anterior and posterior dorsocentral
bristles. Also the upper portion of each humerus is brown and the dorso-anterior
portion of eaoh mesopleuron and dorsal portion of each pteropleuron is marked
with dark brown to black in divaricata, while in distinguenda the humeri and
pleura are entirely yellow. We find no other characters for separating these.
The ornamentation of the front legs is like that of distinguenda with about nine
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erect, fine, anterodorsal cilia arranged from about basal fourth to just before a
level with preapical dorsal bristles, also about nine long dorsal cilia arranged over
median portion of tibia as in figure 1a. The front basitarsus has about a dozen
long, black, dorsal cilia arranged in two irregular rows. Male genitalia as in
figure 1d.
Length: body, 4.7 mm; wings, 4.8-5.0 mm.
FEMALE. Fitting description of male except for sexual characters.
Holotype male and 5 paratypes, 3 males, two females, MakalEoha Valley, Oahu,
1800 ft., April 26, 1969, reared from F 1 progeny of iso-female (A. H . Kuniyuki),
collection #M39R23. An allotype has not been designated since the female speci
mens on hand have the wings torn.
Type in B. P. Bishop Museum, paratypes in collections of U. S. National Mu
seum and University of Hawaii.
HAWAIIENSIS SPECIES GROUP

Drosophila gymnobasis n.sp. (figs. 2a-d)
Fitting near silvarentis Hardy and Kaneshiro and according to Dr. H. L. Carson
the metaphase chromosome differ from silvarentis but the salivary chromosomes
are the same in the two species. In the key to picture-winged species (Hardy and
Kaneshiro, 1968: 177) it would run in couplet 35 to silvarentis by having the
coxae and femora brown to blackish and with only a single row of cilia on antero
dorsal surface of front tibia. It differs from silvarentis by having irregular rows of
moderately long, erect hairs over dorsal surface of tibia, rather than having a
single row along anterodorsal surface; by the front tibia having six to seven long
anterodorsal hairs and lacking long cilia dorsobasally (fig. 2a), rather than with
fourteen erect hairs in anterodorsal row, plus several long, curved, dorsobasal
cilia (fig. 2b); face all or predominantly black, rather than black only on lower
median portion and otherwise yellow; posteroventral portions of head slightly
gibbose behind genal bristle and anterior sternopleural bristle well developed;
about two-thirds as long as posterior bristle and with several black bristle-like
setae in area between anterior and posterior bristles. In silvarentis the lower
margin of the head is not noticeably swollen, the anterior sternopleural bristles
are rudimentary, one-third-one-fourth as long as posterior bristles and with few
inconspicuous setae between the bristles. Also in gymnobasis the hyaline mark
ing just beyond level with m crossvein is continuous over wing through cell 2nd
M 2 to the margin, the lower apical margin of second M 2 is hyaline (fig. 2c). The
apical portion of cell 2nd M 2 along the wing margin is usually infuscated with
brown in silvarentis (fig. 2d), some specimens on hand, however, have the hya
line marking continuous across wing to hind margin, so this character would not
be reliable. Otherwise fitting the description of silvarentis. Male genitalia very
similar to silvarentis.
Length: body, 3.5-3.7 mm; wings, 4.0 mm.
FEMALE. Fitting description of male, except for sexual characters.
Holotype ~, allotype ~ and 23 paratypes, 11 ~, 12 ~, Auwahi, Maui, 2800 ft.,
August 5-7, 1969 (H. L. Carson and K. Y. Kaneshiro), F1 generation reared in
laboratory, collection #M64G 1-2.
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2a

2d

Frn. 2. D. gymnobasis n.sp.: a, front leg, lateral; c, wing. D. silvarentis Hardy and Kaneshiro:
b, front leg; d, wing.

Type, allotype and some paratypes in B. P. Bishop Museum, other paratypes
deposited in collections of U. S. National Museum, British Museum (Natural
History) and the University of Hawaii.
Modification of couplet 35, Hardy and Kaneshiro, 1968: 177:
35 ( 34). Legs dark brown to black with a single row of long cilia on
anterodorsal margin of front tibia .................................................. 35A
Legs mostly yellow to yellow-brown with two rows of long
cilia extending full length of tibia and tarsus of front leg of
male (refer Hardy, 1965:507, fig. 209A) .......... Molokai, Maui
........................................................................................ villitibia Hardy
35A.
Front basitarsus of male densely ciliated, with three irregular
rows of moderately long erect hairs over dorsal surface; front
tibia with seven long anterodorsal hairs and lacking long cilia
dorsobasally (fig. 2a) .................... Maui.................... gymnobasis n.sp.
Front basitarsus with only one, anterodorsal row of long cilia
and front tibia with fourteen erect hairs along anterodorsal
surface plus several long, curved, dorsobasal cilia (fig. 2b)
..........................Hawaii ..........................silvarentis Hardy and Kaneshiro
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Drosophila heedi n .sp (figs. 3a-d)
This species runs in the hawaiiensis complex of species by having a complete
crossband over the middle of the wing and lacking long ciliation on the front tibia
of the male. Because of the dark colored femora and coxae and black lower portion
of face it would fit closest to musaphila Hardy from Kauai, it is differentiated
from this species by having a distinct brown spot on the r-m crossvein; basal
portion of cell Ri beyond apex of vein R1 subhyaline; last section of vein Mi+•
one-half longer than penultimate section; face predominantly black; and cilia
on front basitarsus showing a distinct gradation from very long at the base to short
at apex (fig. 3b). D. musaphila lacks a distinct spot on r-m; has a brown marking
extending into basal R,; last section of vein M,+ 2 is one-third longer than pen
ultimate section; face yellow-white except for brown to black rim above mouth;
and with the cilia on basitarsus all approximately the same length. By the orna
mentation of the front legs this would appear close to gradata Hardy and Kane
shiro, it differs by having the front, antennae, face and mouthparts, black rather
than having front yellow to rufous on orbits and on lower half, face entirely
yellow-white, antennae brown, tinged with rufous and mouthparts largely rufous.
Also the r-m crossvein is covered by a small brown spot and is situated well
beyond a level with apex of vein R,, just before middle of cell 1st M 2 (fig. 3c).

Fm. 3. D. gradata Hardy and Kaneshiro: a, front leg, lateral; D. heedi n.sp.: b, front leg,
lateral; c, wing; d, male genitalia.
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The gradation of the cilia on the front basitarsus is even more pronounced than in
gradata (refer to figures 3a and 3b) . The coloration of the mesonotum is also very
different in the two, in heedi the ground color is dark brown to black with a
narrow gray median vitta extending the entire length, rather than having a
broad yellow vi tta down middle of mesonotum, etc. , as in gradata.
Male genitalia as in figure 3d, fitting in the hawaiiensis subgroup (Kaneshiro,
1969) and differentiated from gradata by not having a depression on the aedeagus
in region of preapical protuberance (figures 3d with 6e, Hardy and Kaneshiro,
1968:190).
Length: body and wings, 3.5 mm.
FEMALE. Unknown.
Holotype male and 22 paratypes, all males, Pohakuloa, Hawaii, 6200 ft., Jan.
17-18, 1970, collected on rotting bark of Myoporum (W. B. Heed, S. Montgomery
and B. Ward) .
Type and some of the paratypes in the B. P. Bishop Museum, other paratypes
in the collections of the U . S. National Museum, British Museum (Nat. Hist.),
and the University of Hawaii.
This species is named after Dr. W . B. Heed who has been one of the principle
investigators for the past seven years on the project dealing with the Evolution
and Genetics of Hawaiian Drosophilidae. His ecological studies have made most
important contributions to our understanding of the evolution of the native
species.
Modification key hawaiiensis complex, couplets 29- 30
(Hardy and Kaneshiro 1968: 176-177)
29 (28). Face black, at least along lower margin; coxae and femora
dark colored mostly brown to black.................................................. 29A
Face yellow to white; coxae and femora yellow .............................. 30
29A.
With a distinct brown spot on r-m crossvein; basal portion of
cell R1 beyond apex of vein R, subhyaline; last section of vein
M, +2 one-half longer than penultimate section; face predomi
nantly black; cilia on front basitarsus gradated (fig. 3b)
..........................................Hawaii.......................................... heedi n.sp.
Lacking a distinct spot on r-m; with a brown marking extend
ing in basal R1; last section of the vein M 1+ 2 one-third longer
than penultimate section; face yellow-white except for brown
to black rim above mouth; cilia on basitarsus all approxi
mately same length .....................Kauai.................... musaphila Hardy
30.

Mesonotum predominantly brown to black in ground color,
not with a yellow median vitta. Cilia on dorsal surface of basi
tarsus approximately equal in length....Hawaii hawaiiensis Grimshaw
Mesonotum with a pair of brown submedian vittae, rather
widely separated by yellow background. Cilia of front basi
tarsus graduated, long at base, becoming shorter toward apex
(fig. 3a) .................Oahu........... ........ gradata Hardy and Kaneshiro
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OooNTOPHALLUS SPECIES GROUP

Drosophila psilophallus n .sp. (figs. 4a-e)
In the key by Hardy and Kaneshiro (1968 : 177) this runs to liophallus in
couplet 32. The species shows rather close relationship to odontophallus Hardy
and Kaneshiro because of the ornamentation of the front legs of the male, the
presence of a dark spot over the m crossvein, and by having m crossvein situated
well beyond apex of vein R 1 . Also, Carson (this bulletin), shows that chromo
somally it is homosequential with odontophallus. Dr. F . Clayton (this bulletin)
has found differences in the metaphase chromosomes; psilophallus has 6 rods and
odontophallus has 5 rods and a dot.

--- - ·--- ---
-

FIG. 4. D. psilophallus n .sp. : a, wing ; c, front leg, dorsal; e, male genitalia. D. odontophallus
Hardy rind Kaneshiro : b, wing ; d, front leg.
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D. psilophallus differs from odontophallus by lacking ventral teeth on the
aedeagus of the male; by having no dark mark in middle of cell R, and the wing
markings are quite different as shown in figures 4a and 4b. It also differs from
odontophallus by having the face mostly dull yellow-white with the lower margin
brown to blackish and the antennae brownish yellow, rather than the face being
entirely white and the antennae predominantly black; the ciliation over the
dorsal surface of the front tibiae and ·t arsi of male much more dense, with nine
fifteen long cilia on each anterodorsal and posterodorsal surface, plus 11 con
spicuous hairs down dorsal row, rather than about 6 long cilia in each of the
anterodorsal and posterodorsal rows ( c.f. figs . 4c and 4d); also r-m crossvein
situated near basal two-fifths of cell 1st M 2 , rather than at middle of cell; and
wing markings differing as in figures 4a and 4b.
Male genitalia very similar to those of liophallus (cf. fig. 4e with fig. 10d
Hardy and Kaneshiro 1968:200).
Length: body, 3.5-4.0 mm; wings, 3.3-4.2 mm.
FEMALE. Fitting description of male except for sexual differences.
Holotype male and 3 male paratypes Kaunala Gulch, Pupukea, Oahu, July 30,
1969 (H. L. Carson-one paratype collected by F. Clayton) , collection #M60.
Allotype female, Pupukea, Oahu, July 6, 1969 (F. Clayton) collection #M50L1.
Type and allotype in B. P . Bishop Museum, paratypes in collections of U . S.
National Museum and University of Hawaii.
1

0RPHNOPEZA-LIMITATA SPECIES GROUPS

Drosophila atrimentum n .sp. (fig·s. 5a-d)
Near D. orphnopeza Hardy and Kaneshiro and fitting the description of that
species in most respects. Differing by having the mentum, labella and clypeus
black, rather than yellow; front basitarsus of male more densely ciliated, with
several rows of erect cilia extending over dorsal portion the entire length of tarso
mere, rather than having the cilia of basitarsus rather sparsely arranged with
about five-six pairs of cilia but not reaching base of tarsomere ( c.f. figs . 5a and
5c). The ornamentation of the front legs of the male is more sllnilar to that of
rnurphyi Hardy and Kaneshiro except that the basitarsal ciliation is much shorter,
approximately equal in length to preapical dorsal bristle of front tibia and not so
densely placed (fig. 5a). In murphyi the basitarsus is densely covered with long
dorsal cilia which are distinctly longer than the preapical dorsal bristle of tibia
(fig. 5b). Also in atrimentum the subbasal wing spot is comparatively small and
does not extend to r-m crossvein, also the spot in middle of cell R, is directly above
the brown mark on r-m crossvein. In murphyi the subbasal wing spot extends to
r-m crossvein and the spot in middle of R, is slightly anterior to the mark over
m crossvein.
Male genitalia very siinilar to those of murphyi and orphnopeza, cf. figs . 13c
(Hardy and Kaneshiro, 1968:205), 6c (Hardy and Kaneshiro, 1969:46) and 5d.
Length: body, 3.7-4.0 mm; wings, 4.25 mm.
FEMALE. Fitting description of orphnopeza except for the blackish colored
mentum and clypeus.
Holotype male, allotype female and 11 paratypes, 5 males, 6 females, labora
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FIG. 5. D. atrimentum n .sp.: a, front leg, lateral ; d, male genitalia. D. murphyi Hardy and
Kaneshiro: b, front leg. D. orphnopenza Hardy and Kaneshiro: c, front leg.

tory reared F, generation, female collected Makaleha Valley, Oahu, 1800 ft.,
August 6, 1969 (F. Clayton). Collection #M63L5; except for one male fiel,d
collected same locality as type, April26, 1969 (A.H. Kuniyuki).
Type allotype and some paratypes in B. P . Bishop Museum, remainder of para
types in collections of U. S. National Museum and University of Hawaii.
Dr. H. L. Carson has indicated that this is cytologically closely related to
orphnopeza (this bulletin) .

Drosophila sobrina n.sp. (figs. 6a-e)
Fitting near limitata Hardy and Kaneshiro but with distinctly different wing
markings. The front basitarsus densely ciliated, with numerous rows of moder
ately long cilia over entire dorsal surface, these hairs are approximately equal in
length of preapical dorsal bristle. Also the preapical dorsal bristle is comparatively
small, scarcely larger than the ventral apical bristle of tibia. In limitata the dorsal
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Fm. 6. D. sobrina n.sp. : a, front leg. lateral; c, wing; e, male genitalia. D, limitata Hardy and
Kaneshiro: b, front leg; d, apex of wing.

cilia of the front basitarsus are arranged in two irregular rows, the hairs are dis
tinctly shorter than the rather large preapical bristle and the bristle is nearly
two times longer than the apical ventral bristle of the tibia ( d. figs. 6a and 6b) .
Also the yellow median vitta extending the full length of the mesonotum is com
paratively narrow in sobrina, scarcely wider than the space between two rows of
acrostichal setae while in Zimitata this median vitta is broad, occupying the width
of four rows of acrostichal setae. In sobrina the brown mark across apex of wing
is straight along the basal margin (fig. 6c), rather than being indented or concave
along vein M1+ 2 (fig. 6d); the subbasal wing spot is comparatively large in
sobrina the brown mark extends along base of vein R,+ s to r-m crossvein, rather
than being comparatively small, not extending to r-m; and the r-m crossvein is
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situated about opposite end of vein R,, rather than being well beyond apex of R,,
near basal third of cell 1st M 2 in limitata.
Male with three strong bristles on upper margin of each vibri.ssal row, female
with two strong bristles.
Male genitalia (fig. 6e) not fitting the characteristics of the ochracea subgroup
(which includes ochracea and limitata) as described by Kaneshiro (1969); rather
they are intermediate to those of the ochracea subgroup and the orphnopeza sub
group.
Length: body and wings, 3.5-3.7 mm.
FEMALE. Similar to the male except for sexual characters.
Holotype male and allotype female Lulumahu Falls, Oahu, 1050 feet, May 16,
1968 (H. L. Carson).
Type and allotype in B. P. Bishop Museum.
Key to orphnopeza-limitata complexes of species
Couplet 16 to the Hardy and Kaneshiro key (1968:175) should be revised as
follows :
16(15) . Mentum yellow, clypeus and labella yellow tD rufous, tinged
lightly with brown······························-··-······--------·--······--···· ............ 16A
Mentum, labella and clypeus black ............Oahu............atrimentum n.sp
16A.
Veins R2+ a, R,+ 5 and M1 +2 each with an isolated brown spot at
apex. Brown spot in cell R, situated at or slightly before middle
of distance between apices of veins R, and R2+ 3 , and above the

16B.

16C.

m crossvem ····················-·-·······-·---·------·······--·····-------------··----····---- 16B
Apical wing spots confluent, spot in cell R, situated distinctly
before middle, near basal two-fifth of distance between apices
of R, and R2 +a and distinctly before m crossvein ········----··········-·-- 16C
Front basitarsus of male densely ciliated over dorsal surface,
the cilia arranged in numerous rows covering entire dorsal
surface of basal two tarsomeres ....................Hawaii................... .
----·---·-----------murphyi Hardy and Kaneshiro
Front basitarsus with a half dozen pairs of cilia arranged on
dorsal surface, the long hairs do not extend to the base of the
tarsomere ................ Maui............. ...... orphnopeza Hardy and Kaneshiro
Brown mark over apex of wing 'vith a medium concavity on
basal margin, with a hyaline indentation extending along vein
M, +2 (fig. 6d). Subbasal wing spots small, not extending along
base of vein R4 +o· Crossvein r-m situated well beyond apex of
vein R,, at basal third of cell 1st M , .......... ......Maui.__ _____________
............... .limitata Hardy and Kaneshiro
Brown apical mark straight along basal edge, not indented
along M, + 2 (fig. 6c) . Subbasal wing spot comparatively large,
the brown mark extending along base of R..;. 5 tD r-m crossvein.
Crossvein r-m situated opposite apex of R,........Oahu ..........sobrina n.sp
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PLANITIBIA SPECIES GROUP

Drosophila ingens n .sp. (figs. 7a-c)
In the key to species of Drosophila possessing an extra crossvein in cell R5
(Hardy 1969: 72) this runs to melanocephala (Hardy). The two species are re
markably similar, both are large, almost totally black with the anterior margin
of the male wing strongly arched. Except for the difference in ornamentation of
the front legs, we see no morphological characters for separating these. The ge
netic studies however indicate that they are distinct species. Dr. Carson has re
ported that this is highly distinctive cytologically, with three fixed inversions
different from melanocephala. It is differentiated from melanocephala by lacking
long erect dorsal hairs at apex of front basitarsus of rthe male and also Iacking
long oilia on other 1:arsomeres. Also the cilia at base of front tibia are much more
densely arranged in several irregular rows extending over entire dorsobasal por
tion and are distinctly graduated from base over about basal third of tibia rather
than having only one row of anterodorsal cilia at the base of the tibia and not
distinctly graduated ( c.f. figs. 7a and 7b) . Wing as in figure 7c. We find no other
characteristics for separating these.
Length: body, 6.7-7.0 mm; wings, 7.0-7.25 mm.
FEMALE. Fitting description of melanocephala.
Holotype male: Hanaula, Maui, 4000 ft., August 13-14, 1969 (K. Y. Kane
shiro) collection #M66. Allotype female: Haelaau, W. Maui, July 31, 1968

Frn. 7. D. ingens n.sp.: a, front tibia, lateral; c, wing. D. melanocephala (Hardy): b, front
tibia.
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(J. P. Murphy) #M3C11. Six paratypes, all males, all same locality as type,
July 9-10, 1968 except one Kaulalewelewe, W . Maui, July 16, 1969 (K. Y. Kane
shiro).
Type and allotype in B. P. Bishop Museum. Paratypes in collections of U. S.
National Museum and University of Hawaii.
This species apparently is restricted to the mountains of West Maui and me
lanocephala is restricted to the slopes of Haleakala on East Maui.
PuNALUA SPECIES GROUP

Drosophila paucicilia n .sp. (figs. 8a-h)
Fitting in the punalua complex of species very near basisetae Hardy and Kane
shiro because of the wing and body markings, the arrangement of the cilia on the
front tibia and by having the closely appressed apical bristles on palpi (fig. 8e).
The similarity to basisetae is very close and the only differences we find for dif
ferentiating these is that paucicilia is smaller and has fewer cilia at base of front
tibia of male and fewer rows of acrostichal setae. The front tibia has two long
black posterodorsal cilia just before the base and two long black dorsobasal cilia
(figs. 8a and 8b) . There are no differentiable fine cilia along the anterdorsal
surface of the tibia. In basisetae the tibia has five or six long black posterodorsal
cilia arranged in a row down the basal third of the segment (figs. 8c and 8d) in
addition to the two dorsobasal cilia and also has five or six fine anterodorsal cilia
on basal portion of segment. D. paucicilia has only six rows of acrostichal setae
over hind portion of mesonotum, measured at a level with the anterior dorsocen
tral bristles. D. basisetae has eight-ten irregular rows of acrostichal setae on the
posterior portion of the mesonotum.
MALE. Head: Front brown, covered with golden pollen. Anterior reclinate
bristles small, about one-third as long as proclinates and situated halfway between
the proclinates and the upper reclinates. Lower margin of face dark brown to
black in ground color. In basisetae the lower margin of the face is tinged faintly
with brown. Palpi and mouthparts entirely yellow except for a narrow brown
rim at base of each labellum. The palpi each with a clump of closely appressed
bristles at apex (fig. 8e) . Thorax: Yellow to rufous with a faint tinge of brown
on dorsum but no distinct brown markings except a narrow band along upper
edge of each mesopleuron to wing base and a more faint, rather broad, longi
tudinal marking of brown at level with median portion of mesonotum but inter
rupted over posterior two-thirds of that sclerite, extending over upper ptero
pleuron and metapleuron. Legs: Entirely yellow. Femora slender, tibiae as noted
above and with cilia as in figures 8a and 8b; also with the preapical dorsal bristle
distinct but short, approximately equal in length to apicoventral bristle. Tarsi
devoid of cilia, basitarsus approximately three-fifths as long as tibia. Wings: Pre
dominantly subhyaline, with a small subbasal spot, a large dumb-bell shaped
mark over m crossvein and with apex dark brown (fig. 8g) . Abdomen: As is typi
cal of most species in this complex with the first tergum and basal portion of
second yellow and with other terga yellow except for brown to black apices and
a narrow mark of brown through median portion. Male genitalia as in figure 8h.
Fitting in the paucipuncta subgroup as discussed by Kaneshiro ( 1969) .
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Frn.8. D. paucicilia n.sp.: a, front leg, later al; b, base of front tibia, dorsal; e, palpus; g, wing;
h , male genitalia. D. basisetae H ardy and Kaneshiro: c, front leg; d, base of front tibia, £, palpus.

Length: body, 3.2-mm; wings, 3.5 mm.
Female unknown.
Holotype male and 3 male paratypes from valley near Waialua, Waianae Mts.,
1600 ft. , March 1, 1970 (S. Montgomery).
Type in B. P. Bishop Museum, paratypes in collections of U. S. National
Museum and the University of Hawaii.
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VESCISETA SPECIES GROUP

Drosophila alsophila n .sp. (figs. 9a-b)
This species fits in the complex of picture-wings characterized by having the
thorax predominantly rufous, a prominent dark brown spot in middle of cell R,,
also apical bristle of palpus small, rather poorly developed. It would run in the
same species group with vesciseta Hardy and Kaneshiro, assita Hardy and Kane
shiro and pisonia n.sp. but is readily differentiated from any of these by lacking
long cilia on basal third to two-fifths of the front tibia of the male and having the
cilia of the front legs very differently developed (fig. 9a), also by the presence
of a prominent brown marking extending through middle of cell M 4 to wing
margin (fig. 9b) . The pal pi and labella are yellow as in assita except for a tinge
of brown around the dorsal margin of each labellum. Antennae yellow, tinged
with brown over dorsal portion and with a faint tinge of brovrn over third seg
ment, rather than being pale yellow as in assita. Wing markings rather similar
to those of vesciseta except for the dark marking in cell M,, also the median spot in
cell R, is more prominent as in figure 9b. Front tibia of male with short, erect
hairs arranged in several irregular rows over apical one-third of segment and with
one row continuing basad over anterodorsal surface on basal third of tibia. Basi
tarsus densely covered with several irregular rows of short erect hairs over dorsal
surface (fig. 9a). Basitarsus approximately one-half as long as tibia. The male
genitalia would fit in the vesciseta subgroup as described by Kaneshiro, 1969.

Frn 9. D. alsophila n.sp.: a, front leg, lateral; b, wing.
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FrG. 10. D. ambochila n.sp.. a, front leg, lateral ; b, mouthparts.

Length: body, 4.0 mm; wings, 4. 7 mm.
Female unknown.
Holotype male: Laupahoehoe Stream, NE slope of Mauna Kea, Metrosideros
Rain Forest, 2500 feet, Jan. 6, 1970 (K. Y. Kaneshiro).
Type in B. P. Bishop Museum.

Drosophila ambochila n.sp. (figs. 10a-b)
Because of the body coloration, wing markings, and the rudimentary preapical
dorsal bristle of front tibia, this would fit near vesciseta Hardy and Kaneshiro.
It is differentiated by lacking posterodorsal cilia on the front tibia of the male;
by having only four dorsal cilia on front basitarsus (fig. 10a) , rather than a dense
clump of dorsal cilia; the palpi reddish brown and labella yellow except for a
narrow polished black basal rim (fig. 10b), rather than palpi and labella black;
also the apices of the abdominal terga are more narrowly rimmed with black than
in vesciseta.
MALE. Head: Front reddish brown, with a golden sheen over median portion,
as se?n in indirect light. Face white, very slightly raised down median portion.
Lower superior fronto-orbital bristles situated slightly above inferior fronto
orbitals. Antennae yellow, tinged with brown on dorsum of second and over mos<t
of third segment. Arista with seven dorsal and three ventral rays in addition to
apical fork, also with prominent setae along apical half of inner margin. Thorax:
Yellow, lacking brown markings except for a faint streak of brown through me
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dian portion of each mesopleuron, extending over upper portion of pteropleuron.
Legs: Yellow with a row of moderately long, erect, black cilia extending entire
length on anterodorsal surface and tarsi lacking long cilia except for four on dor
sum of first tarsomere (fig. 10a). Wings: With a rather prominent subbasal spot
on anterior margin extending approximately to r-m crossvein; a prominent spot
in middle of cell Ri extending across most of cell R 3 and with isolated brown spots
at apices of veins Ri. R•"'-3 and R,+ 5 ; and with a large, rather dumb-bell shaped
spot over m crossvein. The spot in cell Riis situated distinctly before a level with
the mark over m crossvein. Abdomen: Predominantly yellow, first tergum en
tirely yellow, other terga each with a narrow black band on posterior margin and
a streak of black through median portion. Male genitalia fitting in vesciseta sub
group as discussed by Kaneshiro ( 1969).
Female unknown.
Length: body and wings, 3.3-3.5 mm.
Holotype male and one male paratype from Gulch between Puu Hapapa and
Puu Kanehoa, Waianae Mts., Oahu, Feb. 2-14, 1970 (S. Montgomery).
Type in B. P. Bishop Museum, paratype in University of Hawaii collection.

Drosophila montgomeryi n.sp. (figs. 11a-b)
Fitting near pisonia n.sp., from the Island of Hawaii, but differing by having
a narrow, pale brown vitta on each side of mesonotum behind suture and just
outside dorsocentral bristles; by having the genae entirely yellow; the postero
dorsal cilia on front tibia extending only over basal two-thirds of the segment;
the basal margin of labellum red, tinged with brown. The front is reddish brown
with a golden sheen on upper two-thirds, rufous faintly tinged with brown on

Fm. 11. D . montgomeryi n.sp .: a, front leg, dorsal ; b, male genitalia.
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Fm. 12. D. pisonia n.sp.: a, front leg, dorsal; b, wing. D. assita Hardy and Kaneshiro: c, an
terior margin of wing.

lower portion. In pisonia the front is entirely brown, tinged vvith yellow to rufous.
The second antenna! segment of montgomeryi is yellow, tinged ·with brown on
posterodorsal surface and the third segment is brown on the apex, yellow basally.
In pisonia the antennae are entirely brown. Otherwise fitting the description of
pisonia and other species of this complex. Ciliation of front tibia and basitarsus as
in figure 11a.
Male genitalia (fig. 11 b) fitting in vesciseta subgroup as discussed by Kane
shiro ( 1969) ; however, the anal plates are about one-fifth longer than wide rather
than being vvider than long ( c.f. figs . 11 b and 26c, Hardy and Kaneshiro, 1968:
232, and le, Hardy and Kaneshiro, 1949:40).
Holotype male and three male paratypes from Gulch between Puu Hapapa and
Puu Kanehoa, Waianae Mts., Oahu, Feb. 2 and 14, 1970, collected in the same
habitat as ambochila n.sp ( S. Montgomery).
Type in B. P . Bishop Museum, paratypes in collections of U.S. National Mu
seum and University of Hawaii.
This species is named after Mr. Steven Montgomery, graduate student in en
tomology, University of Hawaii, who is a very energetic field worker, has col
lected a number of new species and added many new host and di~tribution rec
ords.
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Drosophila pisonia n.sp. (figs. 12a-c)
Fitting very near assita Hardy and Kaneshiro but differing by having the an
tennae dark colored, rather than pale yellow; the front entirely brown, tinged
faintly with yellow on lower margin, rather than being yellow to rufous on lower
margin; the mark in middle of cell R1 being almost quadrate, equal in length to
apical spot on vein R2+s, rather than being elongate as in assita (compare figures
12b and 12c). The anterodorsal cilia on the front basitarsus are equal or slightly
longer than the dorsobasal cilia on front tibia, whereas in assita they are distinctly
shorter. This is also close to montgomeryi n .sp. but differs by having the long
posterodorsal cilia on front tibia of male extending the full length of the segment;
the front basitarsus with a 5-6 long black anterodorsal cilia (fig. 12a); each gena
with a brown to black mark below eye margin; and mesonotwn lacking brown
marks. Otherwise fitting the description of other species of this complex.
Length: body and wings, 3.75 mm.
FEMALE. Fitting characters of male except for primary and secondary sexual
characters. The ovipositor blades are slender, about two times longer than cerci.
Holotype male, allotype female and 5 male paratypes, Pololo Stream, Kohala
Mts., Hawaii, Jan. 13, 1970, on rotting pisonia, 1400 ft., (H. L. Carson and K. Y.
Kaneshiro ) collection #M95. This has been bred from Pisonia stems, in the lab
oratory. Type and allotype in B. P . Bishop Museum. Paratypes in U.S. National
Museum and Univ. of Hawaii collections.
Key to vesciseta species group
Modification of couplet 8 of the key by Hardy and Kaneshiro ( 1968: 174 ). This
couplet should read as follows :
8(7).
Thorax usually conspicuously marked with brown to black, at
least disc of scutellum marked with brown. Preapical dorsal
bristle of front tibia well developed, considerably stronger than
apicoventral bristle of tibia............... .................................................... 9
Thorax entirely rufous, or with not more than a faint streak of
brown on mesonotum outside the dorsocentrals or along upper
edge of mesopleuron. Preapical dorsal bristle of front tibia
small, poorly developed, often not differentiable from dorsal
setae .................................................................................................... 9A
9A.
Front tibia of male with long dorsal ciliation extending the full
length of segment (figs. 10a, 11a, and 12a) ····················----·-·-········ 9B
Front tibia bare of long cilia on basal two-fifths (fig. 9a) ....... .
................. .......... .............Hawaii.. ........................................ alsophila n.sp.
9B.
Front tibia of male with a row of strong posterodorsal cilia .......... .. 9C
Front tibia lacking posterodorsal cilia; with a complete row on
anterodorsal surface and front basitarsus with four dorsal cilia.
Palpi reddish brown. Labella yellow except for a narrow shin
ing black basal rim ........................Oahu........................ ambochila n .sp.
9C.
Labella and palpi yellow. Posterodorsal surface of front tibia
with a complete row of 9-12 long cilia extending from base at
least two-thirds the length of the segment, and front basitarsus
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9D.

9E.

with 3-6 evenly spaced, long, dorsal cilia, not arranged in a
clump ·················--···-·-······-···-·-----------··--················-··-······-··········-···-·--· 9D
Labella and palpi black, front tibia with only four long erect
posterodorsal cilia extending from middle of segment to apical
one-fifth and with the dorsal surface of basitarsus densely cov
ered with a clump of long black cilia arranged in three irreg
ular rows ·······--···----·--·Maui .................... vesciseta Hardy and Kaneshiro
Antennae predominantly reddish brown to blackish. Front
largely brown or reddish brown, not marked with yellow. Spot
in middle of cell R1 square, equal in length to or shorter than
the apical spot on vein R 1 (fig. 12b) -··--·--····-·····----·------····-··-·----·-·----- 9E
Antennae and lower portion of front pale yellow. Spot in mid
dle of R, elongate, 1Yz longer than apical spot on R,. Antero
dorsal cilia on front basitarsi distinctly shorter than dorsobasal
cilia of tibiae ··--··--······----Hawaii.................. assita Hardy and Kaneshiro
Mesonotum entirely rufous, lacking brown markings. Gena
with a brown to black mark below eye margin. Posterodorsal
row of cilia on front basitarsus extending from base to pre
apical dorsal bristle. Basal margin of la bell um black -······- ...-·-
-------·-······-···-···-- ------- ····Hawaii................................................ pisonia n.sp.
Mesonotum with a streak of brown on each side behind suture
and just outside dorocentral bristles. Gena entirely yellow.
Posterodorsal cilia on front tibia extend over basal % of seg
ment. Basal margin of labellum red, tinged with brown____ ___ _
....................................Oahu ............................ ............ montgomeryi n.sp.
LITERATURE CITED

Carson, H. L., and H. D. Stalker. 1969. Polytene chromosome relationships in Hawaiian spe
cies of Drosophila. IV. The primaeva subgroup. "Univ. Texas Pub!. 6918: 85-94.
H ardy, D. E. 1965. Insects of Hawaii vol. 12. Diptera: Cyclorrhapha II, Series Schizophora,
Section Acalypterae I, Family Dros~philidae , 814 pp. 232 pis., University Hawaii Press,
Honolulu.
1969. Notes on H awaiian "idiomyia" (Drosophila ) . Univ. T exas Pub. 6918,
studies in Genetics V: 71-77, 8 figs.

- -- - . .

- -- - , and K. Y. Kaneshiro. 1968. New picture-winged Drosophila -from H awaii. Univ.
Texas Pub. 6818 studies in Genetics IV: 171-262, 36 pis.
Kaneshi ro, K. Y. 1969. A study of the relationships of Hawaiian Drosophila species based on
external male genitalia. Univ. Texas Pub. 6918, studies in Genetics V: 55-70, 9 pis.

VIII. Additional Karyotypes of Hawaiian Drosophilidae
FRANCESE.CLAYTON

1

2

The present report is an additional listing of karyotypes of species of the
Hawaiian Drosophilidae. Of the 252 additional strains within the genus Dro
sophila, karyotypes are presented for 66 different species, including 16 species
not previously reported. Of these, 8 are new species which have been described
by Hardy and Kaneshiro ( 1971). Karyotypes were determined from larval brain
smears or from meiotic figures in smears of adult testes; the techniques used in
the present study are identical with those described in detail in previous publica
tions (Clayton 1968, 1969).
RESULTS AND DrscussrnNs
The metaphase determinations are summarized in Table 1, which includes
observations concerning the variations in chromosome size and shape. Several
species are reported (D. assita, basisetae, clavisetae, flexipes, macrothrix, sil
vestris, spaniothrix) in which paired rods are unequal in length. These are prob
ably the X and Y chromosomes, although the larval sex was not determined when
brain smears were prepared and this cannot be confirmed at the present time.
D. mimica has been collected from several localities on the island of Hawaii;
however, one female of a mimica-like species was collected in Makaleha Valley,
Oahu. It is listed in Table 1 as "mimica-like" since it differs cytologically from
mimica by having one pair of extremely large rods. D. villitibia, previously col
lected only from Maui, has a metaphase configuration consisting of six pairs of
rods. During the 1969-1970 collections, however, females collected from the Puu
W aawaa Ranch, Hawaii, yielded material with five pairs of rods and one pair of
very large dots, a configuration quite distinct from that of the Maui strains. This
strain is listed, therefore, as villitibia? in the table.
Some of the typical chromosome variations are illustrated in the photographs of
larval metaphase configurations from several picture-winged species. D. clavisetae
(Fig. 1) has a rather typical metaphase consisting of five pairs of rods and one
pair of dots; however, secondary constrictions may be seen in the pair of rods
which are slightly longer than the other chromosomes. The metaphase of D. assita
(Fig. 2) consists also of five pairs of rods and one pair of dots but one pair of rods
are double-length. This is the most common type of variation among the picture
winged species. The chromosomes of D. silvarentis have been reported previously
from larvae of females collected at Humuula Saddle, Hawaii. Configurations were
interpreted as consisting of five pairs of rods and one pair of very large dots,
1 This investigation was supported, in part, by Public Health Service Research Grant GM
1064-0 from the National Institutes of Health and grant GB-711 from the National Science Foun
dation.
2 Department of Zoology, University of Arkansas, Fayetteville.
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with one pair of unequal rods present in smears from male larvae (Clayton,
1969) . However, in additional material from Puu W aawaa Ranch and Pohakaloa,
Hawaii, the large dots have been present in all preparations but the metaphases
have been of two types, five pairs of rods and one pair of dots or a configuration
in which a rod is paired with a J- shaped chromosome (Fig. 3). The J-shaped
chromosome, therefore, probably represents the Y-chromosome. This configura
tion had been found previously in only one other Hawaiian species, D. infuscata,
also collected from the island of Hawaii (Clayton, 1969). This configuration is
reported here for villitibia?, and silvarentis, both collected from the Puu Waawaa
and Pohakaloa areas of the island of Hawaii.
D. psilophallus (Fig. 4) has a configuration typical of those species with six
pairs of rods; whereas, D. prostopalpis (Fig. 5) has a unique configuration not
previously observed among the species of the Hawaiian Drosophila. The meta
phase consists of four pairs of rods, one pair of V-shaped chromosomes, and one
pair of dots. The V-chromosome is apparently the result of added heterochromatin
as there is no indication of a fusion or pericentric inversion.
Metaphase configurations of D. silvestris, one of the large "idiomyia" species,
have been examined from specimens collected in eight different localities on the
island of Hawaii. Brain smears from 33 different strains have been analyzed,
with no abnormalities or irregularities observed in any of the metaphases. During
the examination of two strains from Puu Laalaau, South Kohala Mountains,
however, it was found that an "extra" rod occurred in all dividing cells of a
larval brain smear from an iso-female designated M58B5 (Fig. 6). With the
discovery of this extra rod, additional slides were prepared and configurations
from ten different larvae were examined. The "extra" rod was present in seven
preparations and absent in the other three. Six slides from an iso-female desig
nated M58B3 were examined; "extra" rods were not present in any cells. A
possible explanation is that this "extra" rod may be a portion of a long rod of the
normal chromosome set. When the types of configurations seen in Figures 7 and

LEGEND FOR FIGURES

Fm. 1. D. clavisetae (M46Q30) , Waikamoi, Maui. Secondary constrictions may be seen in
one pair of rods.
Fm. 2. D. assita (M91A8), Laupahoehoe, Hawaii. One pair of double-length rods present.
Fm. 3. D. silvarentis (M97A8) , Pohakaloa Training Camp area, Hawaii. One pair of large
dots present; arrow indicates J-shaped chromosome which is probably the Y-chromosome.
Fm. 4. D. psilophallus (M60G1 ), Kaunala Gulch, Oahu. Metaphase consists of six pairs of
rods.
Fm. 5. D. prostopalpis (M 55G1), Kaulalewelewe, West Maui. Picture-winged species with
four pairs of rods, one pair of dots, and one pair of V-shaped chromosome indicated by the arrow.
Fm. 6. D. silvestris (M58B5), Puu Laalaau, South Kohala Mountains, Hawaii. Form which
seems to have eleven rods; one pair of rods has secondary constrictions.
Fm. ·7 D. silvestris (M58B5) , Puu Laalaau, South Kohala Mountains, Hawaii. Another cell
of the apparent eleven-rod form; arrow indicates a possible connection between two of the rods.
Fm. 8. D. silvestris (ME6B5 ), Moanuiahea, Hualalai, Hawaii. Normal configuration of five
pairs of rods and one pair of d:>ts. Arrow indicates long chromosome with secondary constriction.
(All photographs taken at an original magnification of 1212X, using phase contrast micro
scopy; brain smears are aceto-orcein preparations.)
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Metaphase configuration of Hawaiian Drosophilidae
Meta phase

Collection no.

5R,1D
5R,1D
IV,3R,1D
6R
5R, 1D

M46L14, L15, R17, R21
M86G3
M67J1
6/17/69(Dr. Mitchell)
M91G6

basisetae

5R, 1D
5R, 1D

M63L5
M20C5; M53C10, C11, C13

Makaleha Valley, Oahu
Upper Olaa Forest, Hawaii

bostrycha
ciliaticrus

5R,1D
5R,1D

M30CZ
M95Q1

cilifera

5R,1D

clavisetae

5R,1D

M30CZ3; M51N12
M52N4, N5, N6
M46L13, Q30, Q33, Q34

Puu Kolekole, Molokai
Pololu Stream, N. Kohala
Mts., Hawaii .
Puu Kolekole, Molokai
Kaunuohua, Molokai
Waikamoi, Maui

claytonae

5R, 1D

M91B14

crucigera

5R, 1D

M34R1
M90Q1

Species

Drosophila
adiastola
*alsophila
amplilobus
asketostoma
*assita

•atrimentum

M49G3, G4, G6, G7, GB
G10, G11, G12, L19, L24,
L29, NZ, N3, N4, N6
M51G10

Locality

Waikamoi, Maui
Moanuiahea, Hawaii
Kokee, Kauai
Haleakala, Maui
Laupahoehoe, Hawaii

Laupahoehoe Stream,
Laupahoehoe, Hawaii
Palikea Trail, Oahu
Manoa Cliff Trail, Mt.
Tantalus, Oahu
Makaleha Valley, Oahu

Puu Kolekole, Molokai

Remarks

In some slides one pair of double-length rods
present; in others, double-length rod paired
with nonnal rod.

~
fi

One pair of rods double-length in all individ
uals; second pair of rods either double-length
or one nonnal paired with double-length rod.

~·
.Q_

~-

~
~

One pair of rods longer but not double-length
in Q30 and Q34; in Q33, one pair rods un
equal in length.

Dots larger than in most strains of crucigera.

<::r<

~
....
c;·
;:s

cyrtoloma

5V, 1J

discreta
disiuncta

5R,1D
5R,1D

distinguenda
*divaricata
fasciculisetae
*flexipes
gradata
grimshawi

5R, 1D
5R, 1D
5R,1D
5R,1D
5R,1D
5R,1D

•gymnobasis

5R,1D

*hamifera
hawaiiensis
hemipeza
heleroneura
inedita
•ingens

5R, 1D
5R,1D
5R,1D
5R,1D
5R,1D
5R,1D

li neose Ifie
liophallus

5R,1D
5R,1D

M26C3; M46L5; M59L',
M59L2
L31P19; M46R14
M55G9, GtO, Gt 1, G12, G33
M73G2, G4
M51G16
M39R', M39R23
M55G2
P2Q1, Q2
M62L1
M3C1, M55G6, G7, G8, L1
M59L10,L11
M64G35, G36, G38, G39
M71B21, B25, B28, C3
M51G7, G14, G15, G16,
Gt 7, N7, N8, N9, NtO
M57C1
M65G5~ X KK-1 'i1
M60B7 ~ X KK-1 'i1;
M60G14~ X KK-1 'i1
L37B4~ x C134.7D 'i1
M64G1, G2, G5, M64B '
M59L8, L9, M64Q'
M87G', M87B14; M98A3
M34R3
M53C14
M49C M49L'
M66D1
M55L'
M91B2
M64G10
0

,

Waikamoi, Maui
Waikamoi, Maui
Kaulalewelewe, W. Maui
Kolea Stream, Maui
Puu Kolekole, Molokai
Makaleha Valley, Oahu
Kaulalewelewe, W. Maui
East Makaleha Valley, Oahu
Kaau Crater Trail, Oahu
Kaulalewelewe, W . Maui
Waikamoi, Maui
Auwahi, Maui
Kaupo Gap, Maui
Puu Kolekole, Molokai

No double-length rods present.
No double-length rods present.
(')

One pair of rods unequal in length.

~
....
0

r!
~

~

~
0

....

~

~

0

Wiliwilinui Ridge, Oahu
Lulumahu, Oahu
Kaunala Gulch, Oahu

~

~-

i::;·
Ponli Stream, Kauai
Auwahi, Maui
Waikamoi, Maui
Puuwaawaa Ranch, Hawaii
Palikea Trail, Oahu
Upper Olaa Forest, Hawaii
Makaleha Valley, Oahu
Hanaula, W. Maui
Kaulalewelewe, W. Maui
Hanaula, W. Maui
Auwahi, Maui

;::!

Two pairs of rods double-length; large dots
present.

tl
.....
0

"'0

'l:l

~
.......

~
~

One pair of rods longer than normal but not
<louble-length.

"U"\'

.......

TABLE 1-Continued
Species

• macrothrix

melanocephala
murphyi

MetaphaSt.;

Collection no.

5R, 1D

M45E2
M76B43
M91B2, B3, B4, B5, B10,
B13, G10
M46L6, M46L 0 , M59N°
M54A2
M58G2

5R, 1V
5R, 1D

M76C7
M87G 0
M91Q1, GB
M92B1
neogrimshawi

5R,1D

M18C4

neoperkinsi

5R,1D

neopicta
oahuensis

5R,1D
5R, 1D

ochracea
odontophallus
ornata

5R, 1D
5R,1D
5R,1D

orplmopeza
orthofascia
paucipuncta
picticornis
pilimana

5R, 1D
5R,1D
5R,1D
5R,1D
5R,1D

M51G11,N4
M52N1, M52G 0
M51B1, N1
Mi 4C4; M75C3
L87B10-12
M20C17
M64G17,G24
M67L°
L37G16, G17
M72G14,G16
M64G29
M20C7,C9,C15,C53
M19C40,C42,C48,C49
M4ZR2
M49C12, B10, B11
M14C2; M18C2

Locality

Bird Park, Hawaii
Above Laupahoehoe, Hawaii
Laupahoehoe Stream,
Laupahoehoe, Hawaii
Waikamoi, Maui
Bird Park, Hawaii
Puu Laalaau, S. Kohala Mts.,
Hawaii
Above Laupahoehoe, Hawaii
Puuwaawaa Ranch, Hawaii
Laupahoehoe, Stream,
Laupahoehoe, Hawaii
Lalakea Stream, above Wapio
Valley, Hawaii
Wiliwilinui Ridge, Oahu
Puu Kolekole, Molokai
Paunuohua, Molokai
Puu Kolekole, Molokai
Wiliwilinui Ridge, Oahu
Mt. Kaala, Oahu
Upper Olaa Forest, Hawaii
Auwahi, Maui
Mt. Kahili, Kauai
Ponli Stream, Kauai
Kaupo Trail, Maui
Auwahi, Maui
Upper Olaa Forest, Hawaii
Kokee Park, Kauai
Mt. Kaala, Oahu
Makaleha Valley, Oahu
Wiliwilinui Ridge, Oahu

'1
Ol

Remarks

Y is a rod slightly shorter than the X.

'"-3

;:s
('>

c::::

;:J

N.

~

....('>

~......

~

0

Two pairs of rods slightly longer than normal,
not double-length.

~

$:)

"''ti

I::

<:J
..._

c:;·
$:)

5·
;:J
No double-length rods present.

planitibia

5R, 1D

primaeva

5R,1D

prolaticilia
•prostopalpis
• psilophallus
punalua

recticilia
setosimentum

5R, 1D
4R, lV, 1D
6R
5R,1D

5R,1D
5R,1D

M59L3, L6, L7; M82C4
M52G 0
M19C9, C10, C12, C13, C15,
C18, C25, C60; M67L13,
L16, L21
L37B6
M58G2
M55G1
M50Ll; M60Gl, M60G 0
M24C1
M99C12
M75B14, B1 5, B17,B18,C2
M65G3
M90G2,Q5
M71B2,B6
M29R13, R14, R15
M48C5
K15N3
M94G2, G3

silvarentis

5R,1D

M91B34, B35, B36, B37,
B39, B41, B43, Q10, G14,
G15, G17, G19, G20, G21
M87G21, M87G 0 , M84G2
M97 A3, AB, A27

Waikamoi, Maui
Kaunuohua, Molokai
Mt. Kahili, Kauai

Ponli Stream, Kauai
Puu Laalaau, South Kohala
Mts., Hawaii
Kaulalewelewe, W. Maui
Kaunala Gulch, Oahu
Kaau Crater, Oahu
Makaleha Valley, Oahu
Wiliwilinui Ridge, Oahu
Lulumahu, Oahu
Manoa Cliff Trail, Mt.
Tantalus, Oahu
Kaupo Gap, Maui
Puu Laalaau, S. Kohala
Mts., Hawaii
North Kohala Mts., Hawaii
Kipuka at BM 5108, Saddle
Road, Hawaii
Puwaiola Gulch, N. Kohala
Mts., Hawaii
Laupahoehoe Stream,
Laupahoehoe, Hawaii
Puu Waawaa Ranch, Hawaii
Pohakaloa Training Camp
Area, Hawaii

\)

~
...
c

~

~

~
c

~

~
~

Two pairs of rods double-length.

~
~

$:)

s=
;:i
tl
..,
c

.g"'
i:r.

f
Extremely large dots present; in some slides
normal-length rod was paired with a J-shaped
chromosome.
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'I
'I

TABLE 1- Continued
Species

M etapho.se

Collection no.

silvestris

5R, 1D

M86B5

Locality

N25A1
M58B3 ( #1, 3, 4, 5, 6, 7)

*sodomae
•spaniothrix
sproati

5R,1D
5R,1D
5R,1D

M58B5 ( #1, 2, 6, 7, 8, 10,
11, 12, 13, 14)
M64B
M60L2, G2, G3, M60G
0

0

M20C23
M87G
M91G12
M46Q13, M46L
M93G
0

truncipenna
*turbata

5R,1D
5R, 1D

•varipennis
•n. sp. clavisetae
like
villitibia?

5R,1D

mimica-like
modified
mouthparts
Antopocerus
cognatus

5R,1D
5R,1D

6R

0

0

M52G6, G7, M52G
M56G2

0

M87G M87G1, G12, B3
0

,

M98A5
M63L4

5R, 1D

M91 G32, G33, G35

5R, 1D

M22C3,C4

• Metaphase reported here for the first time .
0
Metaphase determined from dissection of adult male.

Remarks

Moanuiahea, Hualalai, Hawaii One pair of rods longer than normal, or one
longer rod paired with normal.
Kipuka #14, 5100', Saddle
Road, Hawaii
No extra rods present.
P uu Laalaau, South Kohala
Mts., Hawaii
Puu Laalaau, South Kohala
Extra rod in all cells from slide #1, 2, 6, 7,
Mts., Hawaii
11, 12, 13 ; absentin #8, 10, 14.
Auwahi, Maui
Kaunala Gulch, Oahu
Two pairs of rods and one single rod double
length.
Upper Olaa Forest, Hawaii
Puu Waawaa Ranch, Hawaii
Laupahoehoe, Hawaii
Very large rods present.
Waikamoi, Maui
Manoa Cliff, Trail, Mt.
One pair of rods greater than double-length;
large dots present.
Tantalus, Oahu
Kaunuohua, Molokai
Puu Kukui, W . Maui
T wo pairs of double-length rods.
Rainsheds, Puu Waawaa
Ranch, Hawaii
Puu Waawaa Ranch, H awaii
Makaleha Valley, Oahu

Large dots present; in some slides a normal
length rod is paired with a J-shaped
chromosome.
One pair of rods extremely large, greater than
double-length.

Laupahoehoe Stream,
Laupahoehoe, Hawaii
Kipuka at BM 5108, Saddle
Road, H awaii

Large dots are present.
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TABLE 2
Summary of karyotype variation in species groups of the genus Drosophila
Species groups
Karyotype

Primitive configuration (SR, 1D)
Heterochromatin added:
Basic karyotype unchangedDouble-length rod (SR, 1D)
Large dots (SR, 1D)
Karyotype alteredDot to V (SR, 1V)
Rod to V ( 4R, 1V, 1D)
Dot, rods to Vor J (SV, 1J)
Dot to rod (6R)
Double-length rod (6R)
Rod to J (4R, 1J, 1D)
Fusion, loss of centromere:
1V,3R, 1D
2V, 1R, 1D
Fusion, added heterochromatin:
2V,2R, 1D
Total

Modified
mouth parts

groups

Scaptomyz.a-like
species

64

14

8

0

86

16

1
0

0
0

18

2
0
0
0
0
0
0

0
0
0
0
0
0

Picture
wings

s

0
0
0
4
1
0

s

Other

Total

7

1
9
2

0
0

6

t

2

0

0
3

s

0
93

0
30

0
12

4

1
139

7

8 are noted, there seems to be a fine strand connecting two rods in Figure 7, and
in Figure 8 one chromosome has a strong secondary constriction. This, however,
does not account for the consistency observed in all cells examined on any given
slide.
The chromosomal configurations for 140 species of the Hawaiian Drosophila
are summarized in Table 2. As discussed in an earlier publication (Clayton,
1968), Drosophila karyotype changes may result from fusion of chromosomes
with the loss of a centromere, by the addition of heterochromatin, or by peri
centric inversion. Patterson and Stone (1952) reported a minimum of seventeen
alterations in karyotype by pericentric inversion among 150 species in the genus
Drosophila; they assumed that a particular change occurred only once within a
species group. Among 140 Hawaiian species there is no evidence for karyotype
change by pericentric inversion.
Many of the Hawaiian species within the genus Drosophila have been placed
into species groups by investigators on the project (Spieth, 1966; Throckmorton,
1966; Hardy and Kaneshiro, 1968, 1969; Hardy, 1969; Heed, 1968) . These
groups have been given descriptive names such as the "picture-winged" species,
species with "modified mouthparts," "white-tip scutellum" species, "spoon tarsi,"
and others. The cytological studies have been concerned primarily with the
species of the "picture-winged" group, in which both salivary gland and meta
phase chromosomes have been analyzed (Carson, 1971; Carson and Stalker,
1968a, 1968b, 1968c, 1969; Carson, Clayton, and Stalker, 1967; Clayton, 1966,
1968, 1969). Therefore, 93 of the 139 species may be placed in the "picture
winged" group. Thirty species of the "modified mouthparts" type have been
examined; the remaining 16 species belong in other species groups or among the
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Scaptomyza-like species. Kaneshiro (1969) has placed three of the Scaptomyza
like species in a new subgenus, Engisr.aptomyza, thus leaving only one species,
D. parva, in the subgenus Drosophila.
Among the 93 species of the "picture-winged" group, changes from the primi
tive karyotype are present in thirty species. The simplest explanation in each of
these species is that the alteration has been by the addition of heterochromatin.
There are no examples of fusion and centromere loss among the "picture
winged" group. The primitive configuration has been retained by 64 species;
sixteen species retain the five rod, one dot configuration but have at least one
double-length rod. Five species, which retain the primitive configuration, have
additional heterochromatin added to the dot, greatly increasing its size. The
remainder of the species in which there has been an addition of heterochromatin
have altered karyotypes as a result of the presence of additional heterochromatin.
Four species have karyotypes of six pairs of rods as the result of the addition of
heterochromatin to the dot chromosome. In D. prostopalpis, one rod was con
verted to a V-shaped chromosome by the addition of heterochromatin, resulting
in a haploid set of four rods, one V-shaped chromosome, and one dot. As
described previously, the most extreme case is that found in D. cyrtoloma in
which heterochromatin has been added to every chromosome, resulting in a
metaphase configuration of five pairs of V-shaped chromosomes and one pair of
J-shaped chromosomes. Thus, among the 93 species of the "picture-winged"
group, 85 have retained the primitive karyotype although additional hetero
chromatin is found in 22 species. Only seven karotypes have been modified by
changes in the primitive chromosome shapes.
Although the number of species in the "modified mouthparts" group is
smaller, altered karyotypes are present in fiteen of the thirty species examined.
There are eight species in this group which have V-shaped chromosomes which
have arisen apparently through chromosome fusion and loss of a centromere.
This is in contrast to the "picture-winged" group in which there has been no
indication of this type of modification in any of the species. Since only twelve
karyotypes have been determined from species in other groups, these have been
summarized together; species represent "white-tip scutellum," "spoon tarsi,"
"split tarsi," groups as well as miscellaneous species. Only one of the twelve
species has a modified karyotype, and this one has been changed by an apparent
fusion of two rods with subsequent loss of a centromere.
A comparison of the groups in Table 2 shows that certain types of changes are
more frequent in particular groups. The addition of heterochromatin is more
common among the "picture-winged" species and is the only apparent means by
which the primitive metaphase configuration has been altered. Addition of
heterochromatin has occurred among species of the "modified mouthparts"
group also but there have been also V-shaped chromosomes formed by the fusion
of two rods. Overall, karyotype modification among the Hawaiian species has
been very conservative. When changes have occurred, the most common altera
tion has been by the addition of heterochromatin; other chromosomes have been
modified by fusion of two rods and loss of a centromere. There is no evidence for
alteration in chromosome shape by pericentric inversion.
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IX. Polytene Chromosome Relationships in Hawaiian Species
of Drosophila. V. Additions to the Chromosomal Phylogeny
of the Picture-Winged Species
1

HAMPTON L. CARSON

Carson, Clayton and Stalker (1967) described the polytene chromosome rela
tionships of 22 picture-winged species of Drosophila from Hawaii. Subsequent
papers from Carson and Stalker ( 1968a, b, c and 1969) and by Carson et al.
(1970) documented the break-points of these inversions and added accounts of
the gene sequences in 47 more species. A master diagram showing the relation
ships of 69 species was presented in the latter paper.
The present paper contains data on 13 species not previously reported; these
have been integrated into a new edition of the master diagram (Figure 1) which
provides information on a total of 82 species. The present paper also has two
photographic chromosome plates (Figures 2 and 3) which document the break
points of most of the inversions not previously reported. Inversions for which the
break-points are still unpublished include those of certain members of the
adiastola subgroup. A separate publication dealing with this subgroup is planned.
MATERIAL AND METHODS

The methods followed have been detailed in Carson and Stalker 1968a. The
chromosome sequences of all 82 species have been described in terms of the
Standard D. grimshawi from Auwahi, Maui by direct comparison of sequences
observed under the compound microscope.
REsULTS

As in previous papers a lower-case letter has been used to denote each new
inversion and the break-points entered on photographic chromosomes maps. The
letters used for the first time in this paper, therefore, supplement those previously
published. In the case of highly variable chromosomes, such as the X and 4th,
the alphabet has been already used more than twice, using superscripts on the
letters the second and third time. The most recently found inversions bear the
superscript "3." Thus, Xa is the first and XP the last inversion to be found in the
X chromosome. The 13 picture-winged species for which chromosomal informa
tion has been added in this paper, fall into four of the five previously recognized
subgroups (Table 1).
Figure 1 presents the chromosomal relationships of all 82 species in a single
diagram. No species has been included unless the exact order of each of its five
major polytene chromosomes can be completely described in terms of the Stand
1 Department of Biology, Washington University, St. Louis, Missouri 63130. After January I,
1971: Department of Genetics, University of Hawaii, Honolulu, Hawaii 96822.
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1

Cytological subgroups of the species of Hawaiian Drosophila diagrammed in Figure 1
Cytological subgroup
Name

!'umber

I.

grimshawi
Standard 4 phylad
4bphylad

II.
III.
IV.

v.

planitibia
adiastola
punalua
primaeva

Number of species
previously publi shed

23
13

14
11

6

Species added in the
present paper

atrimentum, f/ezipes
gymnobasis
alsophila, assita
divaricata, macrothriz
psilophallus, spaniothriz
Total, grimshawi subgroup
ingens
hamifera, varipennis
prostopalpis

2

Total number
shown in Fig. 1

26
19

4Q

15
13
7

2
Total

82

ard D. grimshawi sequences. This figure may be used to read the basic polytene
chromosome formula of each species. In every instance, one must start with the
box labelled "STANDARD" in the upper center of the figure. From there, the
lines leading to the species concerned should be followed and the inversion
formula read cumulatively. D. conspicua, for example, is Xmm 2 3 4bm 5. Chro
mosome 6 is the microchromosome and has not been systematically studied.
Figure 1 also shows, in much the same manner, the metaphase chromosome
configuration of each species. If a species differs from the five rods and one dot
(5R1D) condition of the Standard D. grimshawi, this fact is recorded in a box
under the species name. For example, D. conspicua is 5R1D but D. limitata has
six rods (6R) . The metaphase data have been taken from Clayton (1966, 1968,
1969, 1971) and Carson, Clayton and Stalker ( 1967).
The inversion formula for each species, as determined by actual examination,
is given in boxes with rectangular ends. Most intraspecific polymorphisms have
been omitted from the figure. When they have been entered (e.g. 4v/+ in
D. disjuncta and D. bostrycha) the identical polymorphism is either found in
more than one species (as in this case) or the inversion concerned is fixed in one
or more other species. When the ends of the box are rounded, this denotes a
hypothetical population ancestral to one or more existing species.
The material given in Figure 1 is further documented in Table 2. The localities
where the wild specimens were collected are given. The collection is followed by
the number of wild homologous chromosomes recorded in each case (for
method, see Carson and Stalker, 1968a) . The model follows that in earlier papers
of this series. In several instances (e.g. D. neopicta, D. fasiculisetae , etc.) new
Frn. 1. Chromosomal relationships among 82 species of Hawaiian Drosophila. Read the in
version formula for each species additively by following the line from the Standard chromo
some sequences for the five large chromosomes (box, upper center). For example, D. liophallus
has the formula Xh 2 3i 4b 5d. Letters appearing singly represent fixed inversions. For details,
see text.

r:_--

-

:::::-.-;

rr)

·u - 

----

Frn. Z. Position of newly-found X chromosome inversions in various species given in Figure 1.
Top: D. grimshawi (Standard X); middle: D. obscuripes with the Xu 2 and Xt inversions (Xij
kopqstu2); bottom: P. punalua (Xef). The distal ends of the chromosomes are to the left. For
details, see text.

-•

FIG. 3. Position of newly-found autosomal chromosomal inversions in the various species given
in Figure 1. Top: chromosome 3 of D. grimshawi (Standard 3); middle: chromosome 4 of D.
obscuripes (4b ); bottom: chromosome 5 of D. grimshawi (standard 5). For details, see text.
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TABLE

2

Species and strains of Hawaiian Drosophila for which new or corrected data
are presented in Figure 1

Species

D. alsophila*
D. assita*
D . atrimentum*
D. divaricata•
D. fasciculisetae

D. flezipes*
D. gymnobasis*
D. hamifera*
D. hawaiiensis

D. ingens*
D. macrothriz*

D. neoperkinsi

D. neopicta
D. oahuensis

D. prostopalpisf
D. psilophallus+
D. spaniothriz•
D. spectabilis
D. varipennis*

Locality and
strain numbers

Number of wild
chromosomes observed:
Auto- X chromo
somes
somes

Moanuiahea, Hualalei,
Hawaii (3400') M86G3
Laupahoehoe Stream
Hawaii (2500') M91G6
Makaleha Valley,
Oahu (1800') M63L5
Makaleha Valley,
OahuM39R23
Apee, E. Molokai (1700')
L97B11, 13, 15, 18

Remarks

Described by Hardy and
Kaneshiro, 1971

2

2

2

2

4

3

2

2

12

10

4

4

10

8

6

5

12

9

Intraspecific polymorphism;
+/3d 2

2

2

4

3

Described by Hardy and
Kaneshiro, 1971
Intraspecific polymorpism;

4

3

4

3

6

5

2

2

4

3

4

3

2

2

12

9

16

12

6

5

Described by Hardy and
Kaneshiro, 1971
Described by Hardy and
Kaneshiro, 1971
All X chromosomes have fixed
inversion Xg3; Maui flies are

+!+

East Makaleha Valley,
Oahu P2Q1,
Auwahi, Maui
(3000') M64G1, 2, 5
Waikamoi, Maui
( 4200') M59L8, 9
Puuwaawaa Ranch,
Hualalei, Hawaii (4300')
M98A3 M87G25; B14
Hanaula, W. Maui
(4000') M66D1
Kipuka Puaulu, Hawaii
(4000') M54E2
Laupahoehoe Stream,
Hawaii M76B3
Puu Kolekole, Molokai
(3500') M51N4

Puu Kolekole, Molokai
M51N1; M51B1
Wiliwilinui Ridge, Oahu
(2300') M14C4
Mt. Kaala, Oahu
(4000') L87B10-12
Kaulalewelewe, W. Maui
(3000') M55G1
Kaunala Gulch, Oahu
(1300') M50L1
Kaunala Gulch, Oahu
M60G2,3 M60L2
Hanaula, W. Maui (4000')
L61G37, 38, 41; L91B6
Kaunuohea, Molokai
(4500') M52G6, 7

• Metaphase reported as 5R1D in Clayton 1971.

t Metaphase reported as 4RtV1D in Clayton 1971.

+Metaphase reported as 6R in Clayton 1971.

Intraspecific polymorphism;
+/4l3
Described by Hardy and
Kaneshiro, 1971

+!5t
All 4th chromosomes show
+!+;i.e., they lack 4£3 which
appears to be fixed at
Nawaihulili Stream (See
Carson et al., 1970)
Intraspecific polymorphisms;
+/4£3; +/4a3; +/4g3
Intraspecific polymorphisms;
+/Xe3
Fixed Xe3/Xe3

Described by Hardy and
Kaneshiro, 1971
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geographical or chromosomal data have been added for species on which condi
tions have been reported in earlier papers.
Documentation of the break-points of the newly-discovered inversions listed in
Figure 1 and Table 2 will be found in Figures 2 and 3. In most cases, the banding
orders of the new gene arrangements found may be made by making the simple
inversion indicated. For example, the X chromosome of D. prostopalpis may be
made from Figure 2 (lower) by simply inverting the Xh 3 segment. The excep
tions are as follows: To make Xe 3 of D. oahuensis from Figure 2 (middle), the
Xu 2 inversion must be removed first followed by inversion of segment Xe3 • On
Figure 3, upper, the 3b 2 arrangement of D. murphyi cannot be properly made
unless 3o is made first. In a like manner, 3d must be made before 3c2 of D. ingens.
In chromosome S (Figure 3, bottom) Sd must be made before St of D. macrothrix
and Sa must be made before Sr of D. claytonae.
A considerable amount of new information has been obtained on inversions
within several species of the adiastola subgroup. Publication of the break-points
of Xf3 of D. truncipenna (Fig. 1) and several corrections of break-points (e.g.
4o of D. adiastola, 4r of D. spectabilis and Xn 2 of D. setosimentum) will be de
ferred until a later paper dealing specifically with this subgroup.
Table 3 lists the number of inversions described from all species of picture
winged Drosophila from Hawaii to June 1970. Chromosomes X and 4 are the
most variable; chromosomes 2 and Sare the least variable and chromosome 3 is
intermediate. On the average, considerably less than two inversions have been
fixed per species.
DISCUSSION

The data presented above bear on various aspects of the evolution, speciation
and migration of the picture-winged Drosophila of Hawaii. As a detailed review
of the evolution of the various subgroups has been recently given (Carson et al.
1970), the discussion here is designed to merely supplement this earlier account.
A minimum number of 22 interisland founders was proposed in this earlier paper.
The new data are discussed below particularly in regard to these founders.
Three species have been added to the standard 4 phylad of the grimshawi sub
group (see Table 1). One of these, D. atrimentum of Oahu, is homosequential
with the Standard D. grimshawi. It appears to have arisen on Oahu as an offshoot
from Founder No. S from Kauai to Oahu (Carson et al. 1970, Fig. 16) .
D. fl-exipes of Oahu, which differs from Standard only by inversion 2b neces
sitates a reconsideration of the evolution of the 2b phylad (Fig. 1, the hawaiiensis
phylad) and would appear to invalidate Founder No. 11 (Carson et al. 1970, Fig.
TABLE

3

Number of fixed and polymorphic inversions among 82 species of Hawaiian Drosophila

Inversions fixed
Inversions polymorphic
within species
Total

Chromosome

x

2

3

4

53

12

16

29

12

11

6

32
61

71

18

14
30

8

64

20

193

Total

122
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16). Judgment on this matter will be withheld pending chromosomal analysis of
D. turbata of Oahu, which appears, on morphological grounds, to belong also to
this phylad.
In the 4b phylad (Table 1), D. alsophila and D. assita of Hawaii could have
arisen from Founder No. 18, that is, the one giving rise to D. conspicua of Hawaii.
Despite the great flowering of 4b species on Maui, rather few appear to have
reached Hawaii. D . divaricata of Oahu belongs to the very close cluster of Oahu
species of which D. distinguenda and D. inedita are the other members . All three
of these species are homosequential and are sympatric in Makaleha Valley in the
W aianae Range on Oahu.
D . macrothrix of Hawaii is homosequential with D. odontophallus of Maui and
is considered to represent an evolutionary product of a new interisland founder,
to be called No. 23. It is considered to have gone from Maui to Hawaii. The two
other homosequential species in this complex (D. psilophallus and D. spanio
thrix) are endemic to Oahu. Their discovery obviously complicates the history
of this complex. Further interpretation will be deferred until more information is
available. These species are characteristic of somewhat dry forests. Collections in
such ecological sites have recently been intensified and it is hoped that other new
species can be found which will help clarify the interisland movements of this
complex.
D . ingens of West Maui is very close to D. neoperkinsi of East Molokai and
D. melanocephala o.f East Maui. Each species appears to be endemic to the vol
cano mentioned. D. varipennis of Molokai, D. paenehamifera of West Maui, and
D. hamifera of East Maui appear to be allopatric homosequential endemics.
Again, one species is found on each of these three volcanoes. D. truncipenna,
which is sympatric with D . hamifera on East Maui is cytologically very close to
these other three, despite strong morphological differences.
The D. punalua subgroup, as previously known, has consisted of six species, one
on Kauai, two on Oahu and three on Hawaii. All are very similar chromosomally
(Figure 1) . The absence of the subgroup from Maui seemed noteworthy and it
is therefore of great interest that the rare giant species, D . prostopalpis of Maui,
has been found to belong to this chromosomal subgroup (Figure 1) . Except for
its metaphase and one fixed X chromosome inversion, it is very close to the other
members of the subgroup. Evidence has been presented earlier (Carson and
Stalker 1968c) which suggests that the subgroup arose on Kauai and spread from
there to Oahu and thence to Hawaii. The ancestor of D. prostopalpis could have
reached Maui from any one of these three islands, but the species does not appear
to be intermediate between Oahu and Hawaii forms as has been observed in many
other cases (Carson and Stalker, 1968a,b,c). Thus D. uniseriata of Oahu and D .
paucipuncta of Hawaii are homosequential and their metaphases differ only by
a heterochromatic segment (Clayton 1968) . They hybridize easily, although the
hybrid males from both reciprocal crosses are sterile (Yang and Wheeler, 1969) .
Accordingly, despite the discovery of the chromosomal relationships of D. prosto
palpis, the close affinity of the Hawaii and Oahu fauna of this subgroup remains
apparent.
SUMMARY

The chromosomal sequences o.f 13 picture-winged species of Hawaiian Dro
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sophila are presented for the first time. A new edition of the master diagram,
into which these have been integrated with those previously published presents
the polytene relationships for 82 species, 45 in the D. grimshawi subgroup, 15 in
the D. planitibia subgroup, 13 in the D. adiastola subgroup, 7 in the D. punalua
subgroup and 2 in the D. primaeva subgroup.
The number of inversions recorded in these species, relative to the D. grimshawi
Standard is 193 of which 122 are fixed within a total of 82 species. The new find
ings indicate that the origin of the 2b (D. hawaiiensis) phylad of the grimshawi
subgroup is more complicated than previously thought. The existence of D.
macrothrix on Hawaii necessitates the postulation of a new founder (no. 23;
Maui to Hawaii) stemming from a D. odontophallus-like ancestor on Maui. D.
prostopalpis of Maui is a member of the punalua subgroup.
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X. Allozyme Changes During the Evolution
of Hawaiian Drosophila'
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The Hawaiian Drosophila fauna has been extensively studied during the past
nine years. Over 462 endemic species of Drosophila and species within closely
related genera have been described by Hardy (1965, 1966, 1969), Hardy and
Kaneshiro (1968, 1969) and Kaneshiro (1969). They represent approximately
one third of the total number of Drosophila species known for the entire world.
New species are collected every year, and the projected total is estimated to be
650-700. All the endemic Drosophilidae could have evolved from one or two sep
arate introductions of single fertile females (Throckmorton, 1966). The absence
of competitors on the islands allowed the descendents of the original founder(s)
to rapidly radiate throughout several of the open niches. The wide variety of
habitats into which the Drosophilidae have radiated and the large amount of
overlap of species within single habitats have been reported by Heed (1968).
Additional factors which have contributed to the evolution of large numbers of
species have been enumerated in a recent review article (Carson et al. 1970).
These factors are ( 1) limited food supply resulting in the evolution of low re
productive rate and small population size, (2) effective isolation between and
within the islands due to volcanic and meteorological action, (3) the evolution
of lek behavior, and ( 4) the invasion of specialized food sources such as leaves.
An analysis of the genetic variability maintained in natural populations of
closely related species contributes to the understanding of the evolutionary proc
ess, and gel electrophoresis is a useful tool to detect allelic differences at a single
locus. Markert and Meller ( 1959) defined the different molecular forms of an en
zyme which catalyze the same reaction as isozymes. This general term includes
the variant proteins which are the result of polymers produced from monomers
specified by different loci. To prevent confusion in terminology, Prakash et al.
(1969a) has proposed the term allozyme for variant proteins produced by allelic
forms of the same locus.
The purpose of this paper is to examine the amount of allozyme variability
which has arisen and been maintained in the Hawaiian Drosophila and to de
termine the effects of isolation and small population size on the gene pool of
individual species. The significance and limitations of allozyme variability in the
study of speciation and evolution is discussed.
1 This work was supported in part by USPHS Research Grant No. GM-11609 from the Na
tional Institute of General Medical Sciences, and in part by NIH GM-10640--05.
2
Present address: Genetics Committee, University of Arizona, Tucson, Arizona 85721.
3 Present address: Department of Biology, University of Santo Tomas, Manila, Philippines.
4 Wilson S. Stone encouraged and directed the original application of electrophoresis to the
study of the Hawaiian Drosophila, and although his untimely death in February, 1968 prevented
his participation in the final analysis, he is liste:l. as a contributor to this report.
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Esterase Phenotypes of
Bristle- tarsi

A ntopocerus
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6

Forked- tarsi

Ciliated-tarsi

7

Fungus feeders

+

1

II

13

12

Modified- proboscis

+

1
-

14

IS

16

17

18

19

20

21

22

MATERIALS AND METHODS

The individuals to be assayed were obtained over the past four years either
from field collections or from stocks maintained at the University of Hawaii or
The University of Texas. Whole individuals were homogenized in 1Oµl tris-citric
acid buffer pH 8.6. Starch gel electrophoresis according to Smithies (1955) was
used with the discontinuous buffer system described by Paulik (1957). After
electrophoresis, each gel was cut into three layers and each layer was stained
separately. When possible, all species were assayed for octanol dehydrogenase
(ODH, after Courtright et al. 1966), nicotinamide adenine dinucleotide depend
ent malic dehydrogenase (MDH-D, after Lewontin and Hubby 1966), alpha
glycerophosphate dehydrogenase ( a-GPDH, after Sims, 1966), leucineaminopep
tidase (LAP, after Beckman and Johnson 1964b), esterase (Est, after Johnson
et al. 1966), alcohol dehydrogenase (ADH, after Johnson and Denniston 1964),
alkaline phosphatase ( APH, after Beckman and Johnson 1964a) , and acid phos
phatase (ACPH, after Macintyre, 1966).
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A minimum of ten individuals from each stock was assayed to determine a
general enzyme pattern for each species. All gene frequen cy and heterozygosity
data were obtained from wild-caught individuals. The number of wild-caught
individuals assayed per species varied depending upon the availability of the
species in the field. D. crucigera individuals from a m onomorphic stock, WH
29A7, were u sed as controls on each gel. The m obility position of all allozymes
was calculated in relation to the control band.
RESU LTS

The esterase phenoty pes of the Hawaiian Drosophilidae are represented in
Figure 1. The ,B-specific esterase zone (Est-C) which is present in the picture
wing group is reduced or absent in the other groups which have been examined.
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FIG. 1. Line drawings representing the esterase phenotypes of the Hawaiian Drosophilidae.
The solid bands represent the a-specific esterase zones, and the dotted bands represent the {3
specific esterase zones. The general amount of activity is indicated by the width of the band.
The bands crossed with diagonal lines represent eserine-inhibited a-specific esterases. The arrow
indicates the direction of current flow. The variant allozymes found for each a -specific (Est-B)
and [3-specific (Est-C) zone are drawn at the right of each general zymogram. The line (•)
represents the mobility position of the homologous control band of WH29A7 individuals. The
name of each of the species is listed as follows:
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ANTOPOCERUS
1. aduncus
2. tanythriz
3. villosus
DROSOPHILA
bristle-tarsi
4. bicondyla
5. seclusa
6. torula
7. trichaetosa
ciliated-tarsi
8. comatifemora
9. imparisetae
10. latigena
forked-tarsi
11. fundita
fungus feeders
12. cilifemorata
13. dolichotarsis
modified-proboscis
14. asketostoma
15. diminuens
16. dissita
17. eurypeza
18. laciniosa
19. mediana
20.mimica
21. mitchelli
22. quadrisetae

picture-wings
23. adiastola
24. balioptera
25. basisetae
26. bostrycha
27. crucigera
28. cyrtoloma
29. discreta
30. disjuncta
31. distinguenda
32. engyochracea
33. fasciculisetae
34. gradata
35. grimshawi
36. hanaulae
37. hawaiiensis
38. hemipeza
39. heteroneura
40. inedita
41. limitata
42. lineose tae
43. melanocephala
44. murphyi
55. neoperkinsi
45. neopicta
46. nigribasis
47. oahuensis
48. obscuripes
49.ochracea
50. odontophallus
51. ornata
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52. orphnopeza
53. orthofascia
54. paucipuncla
56. picticornis
57. pilimana
58. planitibia
59. primaeva
60. prolaticilia
61. punalua
62. recticilia
63. setosimentum
64. silvarentis
65. silvestris
65. spectabilis
67. sproati
68. uniseriata
69. vesciseta
70. villitibia
71. villosipedis
spoon-tarsi

72. disticha
miscellaneous
73. achy/a
74. quasianomalipes
Engiscaptomyza
75. crassifemur
76. nasalis
77. reducta
T RICHOTOBREGM A
78. petalopeza

The activity of the a-specific esterase zone (Est-B) is reduced in the bristle-tarsi
group and in a few species of other groups. The absence of activity indicating
the presence of null alleles was detected in both esterase systems of many species.
Whether this inactivity is genetically caused or due to variation in the electro
phoretic technique or the physical state of the fly requires more detailed analysis.
Table 1 lists the allozymes of the major a-GPDH, MDH-D, ODH, LAP, Est-B,
and Est-C systems which are present in each species. The total number of mo
bility positions which can be identified for each enzyme system indicates the
relative stability of the respective loci during evolution. The most stable loci are
a-GPDH and MDH-D. Four mobility positions can be identified for a-GPDH
and 5 for MDH-D, but while more than one a-gpdh allele is present in only
9.2% of the species, 32.9% of the species were variable for MDH-D. There are
17 allozymes for LAP, 20 for Est-C, 23 for Est-B, and 24 for ODH. However,
28% of the species are variable for ODH, while 81.1 % are variable for Est-B.
The stability of an enzyme locus during evolution is not a reliable indication of
the variability of that locus in any particular species.
The observed heterozygosity values are given in Table 2. There is a wide
range of variability between the values calculated for each species. The heterozy
gosity at individual loci ranges from 0 to 88% , and the average heterozygosity
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TABLE 1

Species

ANTOPOCERUS
aduncus
tanythrix
villosus
DROSOPHILA
bristle-tarsi
bicondyla
seclusa
torula
trichaetosa
ciliated-tarsi
comatifemora
imparisetae
latigena
fungus-feeders
cilifemorata
dolichotarsis
modified-proboscis
asketostoma
diminuens
dissita
eurypeza
kambysellisi
laciniosa
mediana
mimica

mitchelli
quadrisetae
picture-wings
adiastola
balioptera
basisetae
bostrycha
crucigera
crytoloma
discreta
disiuncta
distinguenda
engyochracea
fasciculisetae
gradata
grimshawi
hanaulae
hawaiiensis
hemipeza
heteroneura
inedita
limitata
inedita
limitata
lineosetae
melanocephala
murphyi

a-GPDH

MDH-D

2

2,3
3
3

2

2

1,2
2

3
2,3
3
3,4

ODH

none

1

2
1
2
1*,2
2
2
2
2
1
2
1
1,2
2
1
2
2
2
1
2
2
2
2

Est-C

6,7,8
6
4

8,10,11,12
6,7,9
9,12,13

none
none
none

8,10

6
12,13
9
5,7

none
none
none
none

none
none

6
6

11 ,12,16
none
7,9,12 15,16,18,19,20
none
6,7,8

2,3
2,3
3

7,10
5
9

4
3,4

6
6,8

12
20

none
none

6,10
4
5
6
6
10
7
5,6
3

10,12
3,8
12
4,6,7

7
none
none

none

none
none
none
none
none

2,3

2

Est-B

none

2

1
2

LAP

3
3
3,4
3

none

3
3,5

3,10

14,17,21,23
3
4
9
18
3
4
9
4•
9•
4,5
9,14
4,5
9
1,2,3
9,12,14
13
5
4
14
5
9
4
14
2,3,4,5
9
4,9
5
4
15
4
14
3
8,14
5
13
2,9
3,4
13
5
3,4
2,9
4,5
5,9
14
5
4
7,14

12,13
12,13
10,12,13,17
11 ,12
6,7

4

5,6
9,10,11,13 5,9,10,12
6,10
7
10
4
5,6
1
4,8
9,11,14
8
6*
8,9*,12 9,13,15,17
1,3,5,6
6,10
7,10 10,12,14,16,20
9
8,9,11,13,16
2,8
7,8
1
6,8
15,17
4,6,14
3,5,8
5,7
7,10 12,15,20,22,23
9
2,4
7,10,11,13
9
5,6 7,8,10,11,12,15
9
17,19,20
5,6
2,5
12,13,19
4,6
10
5
10,11
6,10
7,9,11
5
4
12
4,6,8
5
6,7
12
4
6,7
4,6,8
5
10,13
14,16,19
3
10,12,14,17
6
8
5
5
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Species

a-GPDH

neoperkinsi
neopicta
nigrobasis
oahuensis
obscuripes
ochracea
odontophallus
ornata

orphnopew
orthofascia
paucipuncta
picticornis
pilimana
planitibia
primaeva

prolaticilia
punalua
recticilia
setosimentum

silvarentis
silvestris
spectabilis
sproati
uniseriata

2
2
2
1
2
2
2
2
2,4
1
2
2
2
3
2,3
1
2

4
5
3,4
4
4
4
4
5
3
5
3,4
2,3
2,3
4
3

ODH

14
14
22,24
11
9
4
9
9
8
9
14
9
9
16,19,23
14
11
14

LAP

Est-B

Est-C

10,11,15
8
11
5
2,3
9,10
5
3,4
9,11
6
1,2
8
7
5
9,12
6,10,12
6
21
2
7,8,9,10,15
2
12
8
2
10
13
2
10,11,13
7
7,10,11,13
7
5,6
6,10
9,13,14,17
9
9,11,12,14,16
10
6
7,9
9
2
4
5,6
11,13,16
7,10
15
10
5,7
5,6 6,9,10,13,15,18 7,10,12
2,5,7
8,9,10,13,17
3
6,9
6
5
8
11,12,15,17
5
4
2
7
6,11
4
5
15
12,13,15
10
5
9,12,14,15
8
5

4
4
4
4
4

2

2

3,5

7,9,12

none

2

2
1,2,3
3,4

6,9

6,11

none

5,6

11,12,13

cracens

quasianomalipes
Engiscaptomyza
amplilobus
crassifemur
nasalis
reducta
TRICHOTOBREGMA
petalopew

5
4
4
4

1,2
3

vesciseta

villi tibia
villosipedis
spoon-tarsi
dis ticha
miscellaneous
achyla

MDH-D

2

2

3,4
3,4
4,5
3,4
3

9
13
9
13
9,14

5

14
14,15
13,16
12,15,16
14,16,18
14,15,16,17 6,7,9,11
3,4,5

6

11
14
none
none

The total number of allozymes which have been identified for each species. The mobility position of each allozyme
was calculated in relation to the control band of WH29A7, and numbered in decreasing order of mobility from the anode.
The (•) indicates the number of the control band, and .. indicates information not availab le. In a few species, additional
allozymes have been identified but their exact mobility Position in relation to the control band was not determined.

estimate for the total genome ranges from 0 to 39.8%. Two species, D. cilifemorata
and D. odontophallus, are monomorphic.
Population samples were obtained from more than one locality for three
species to determine the effects of geographic isolation on the gene frequencies.
D. adiastola individuals were collected from two localities on western Maui,
Kaulalewelewe and Hanaula, and from one location on eastern Maui, Waika
moi. Tables 3, 4, 5, and 6 contain the observed and expected numbers of indi
viduals in each phenotypic class and the allele frequencies of the Est-B, Est-C,

Kl

TABLE 2

0
0

Observed heterozygosity in natural populations of Hawaiian Drosophila
Species

ANTOPOCERUS
aduncus
tanythrix
DROSOPHILA
bristle-tarsi
seclusa

trichaetosa
ciliated-tarsi
comatifemora
imparisetae
latigena
fungus feeders
cilifemorata
dolichotarsis
modified-proboscis
diminuens
kambysellisi
mzmzca

N umber
Assayed

Est-B

Waikamoi
Kipuka 10

16
14

.125
.786

Waikamoi
Kipuka 10

8
10

.280
N.V.

Loca tion

Est-C

...

LAP

MDH-D

ADH

OOH

a-GPDH

.188
N.V.

.100
.571

.. .

N.V.
N .V.

.375
.286

..

N.V.
N.V.

.140
.222

.140
.100

...

.

APH

General
ACPH Heterozygosity

.. .

.. .

.158
.329

.140
.081

. ..

~
<I>
~
;:i

N.

Waikamoi
Bird Park
Waikamoi

23
62
23

Waikamoi
Waikamoi

11

Puu Hulu Hulu
Bird Park
Bird Park
KipukaKi

picture-wing
adiostola subgroup
Waikamoi
adiastola
Kaulalewelewe
Hanaulae
Kahili
ornata
setosimentum
M58G
grimshawi subgroup
st 4 phylad
Kipahulu Val.
disiuncta

6

11
44
102
94

.220
.170
N.V.
N.V.
.250
N.V.
.276
.177

.470
.490

. ..
...
...
.. .

.570
N .V.
N.V.
N.V.
.170
.091
N.V.
N.V.
N .V.

.. .

...
.

.09 .17
N.V.

N.V.
N.V.

..

.382
.360

.290
N.V.

N.V.
N.V.

N .V.
.571
N.V.
N.V.
N.V.

.390
.360
N.V.

N.V.
N.V.
N.V.
N.V.

.182
.342

N.V.

.402
.723
.766

.500
.505

.330
.178
.043
.000
.040

.218
.129
.269
.258

<:::
<I>

~

::::.·

~

0

~

i::i

"'"tl
>::

~

c:;·
~

c;·

;:i

47
78
21
9
10

.290
.350
.540
.780
.380

33

.120

.500

N.V.
N.V .
N.V.
.500
.100

N .V.
N.V.
N.V.
N .V.
N .V.

.570
.400
.570
N.V.
N.V.

N.V.
N.V.
N.V.
N .V.
.100

.. .

.150

N.V.

. ..

N.V.

.300
.410
.450

...
.110
.190

.. .
...
...
...
...

. ..

.241
.179
.237
.232
.181

. ..

.067

.530
.060
.100

engyochracea
grimshawi
recticilia
silvarentis
sproati

Kaulalewelewe
Hanaulae
Bird Park
Kipuka Ki
Auwahi
Waikamoi
Puuahi
M58G

19
14
113
21
4-0
9
38
18

.520
.64-0
.380
.480
.676
.1 54
.462
.333

Waikamoi
Makalaho Val.
Waikamoi
Hanaulae
Auwahi
Kupaua Val.

16
15
18
10
4-0
6

.690
.333
.390
.430
N.V.
.44

Waikamoi
W aikamoi

18
10

.40

.500
.4-0

9

.33

.. .

.470
.290

...

.222
.148

N .V.
N.V.
N.V.
N .V .
.067
N .V.
N .V .
.056

.105
N.V.

.050
.210
N.V.
N.V.
.667
.111
N .V.
N .V.

N .V .
N .V .
N.V.
N .V.
N.V.
.778
N.V.

N.V.

.250
N.V.
N.V.
.250
N.V.
N.V.

N.V.
N.V.
N .V .
N.V.
N.V.
N.V.

N.V.
N .V.
.370
.100
N.V.
N.V.

N.V.
N.V.
N .V .
N .V .
N .V.

N.V.
N.V.

N.V.
N.V.

.333
N .V.

N .V.
N .V.

.083
N .V.

.33

N .V.

.22

N.V.

.11

.059
.22
.293

N.V.
N .V .

N.V.
.143

N .V .
N.V.
N.V.

.333
.33

.11
.13
.11

.14
N .V.
.11

. 13
.43
.56

N.V.
N.V.
N.V.

.17
.88
.86

N.V.

.500
.017
.250
.316

...

...
...

...
N.V.
.307

.. .

.. .

.440

.. .

...

.150
.166
.170
.212
.204
.216
.217
.078

4b phylad

discrela
distinguenda
fasciculisetae
lineosetae
odontophallus
pilimana
planitibia subgroup
cyrtoloma
neoperkinsi
punalua subgroup
punalua

Lulumahu Val.

N.V.

...

.75 .25
N.V.
.23 .20
.200
N .V.

.. .

...
. ..
...
.. .

...

.264
.056
.149
.163
.000
.111
.153
.114
.165

Waikamoi
W aikamoi
Kahili

12
9
28

N.V.
N.V.
.143

Waikamoi
Waikamoi
Kipuka 12

30
8
9

.44
.50
.75

.33

.. .

.098
.091
.152

...
.50
.75

.213
.384
.398

SCAPTOMYZA

Exalloscaptomyw
throckmortoni

(')

;i,...

E:

§_
(t)

N .V.

miscellaneous

achy la
cracens
quasianomalipes
Engiscaptomyw
crassifemur
nasalis
reduct a

::ti

0

.+

~
tl:l

;:i
1"

1
"'"'

~
.....

i::

5·

;:i
N

o

;:i

~

E:
S.

s·
;:i
ti
>;
0
0

V>

"C

::r'"
.....

Kauai

35

.79

P aliku

8

.192

.50

N.V.

N.V.

N.V.

.25

.14

N .V.

.37

.031

N.V.

N.V.

.225

El

TRICHOTOBREGMA

petalopew

...

.095

to
0
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Esterase-B variability in natural populations of D . adiastola
Observed and expected, nos. in Est-B phenotypic classes
1-3
2-2
2-3
2-4
3-3
3-4

Collection site

Waikamoi

1
(1)
2
(2)

Kaulalewelewe
Hanaula

6
(3)

6
(4)
3
(3)

13
(18)
23
(27)
9
(9)

1
(1)

27
(24)
46
(44)
7
(8)

TABLE

Allele frequencies

T otal

2
(2)
3
(2)

+

2

3

47

.011

.266

.723

80

.013

.225

.744

0.19

.341

.591

.068

22

4

Esterase-C variability in natural populations of D . adiastola
Allele frequencies
2
3

Observed and expected nos. in Est-C phenotypic classes

1-1

Collection site

Waikamoi
Kaulalewelewe
Hanaula

1-2

1-3

5
(1) (7)
8
11
(3) (16)
1
(2)

3
(4)
2
(8)
2
(1)

2-3

2-4

3-3

Total

7
(11) (12)
27
19
(23) (23)

2
(1)

6
(3)
11
(6)
2
(2)

39

.166

.526

.283

78

.186

.538

.276

22

.091

.612

.273

1-4

2-2

16

1
(0)

10

6

(8)

(7)

TABLE

4

.026

.023

5

Octanol dehydrogenase variability in natural populations of D. adiastola

Collection site

Waikamoi

Observed and expected nos. in ODH phenotypic classes
1-Z
2-2
2-3
2-4
3-3

1
(1)

Kaulalewelewe
H anaula

13
(15)
41
(42)
7
(8)

24
(21)
35
(33)
12
(12)

2
(1)

TABLE

7
(8)
5
(6)
2
(1)

Allele frequencies
2
3

Total

47

.011

.564

.404

81

.722

.278

21

.619

.381

4

.021

6

Acid phosphatase variability in natural populations of D. adiastola
Allele frequencies
3

Observed and expected nos. in ACPH phenotypic classes
Collection site

1-2

Waikamoi

8
(8)

Kaulalewelewe
Hanaula

2-2

46

2
(2)

(46)
18
(18)

2-3

21
(20)
3
(3)

3-3

11
(12)

3-4

1
(1)

z

4

41

.451

.537

.012

49

.969

.031

Total

20

.050

.950
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ODH and ACPH enzyme systems. All three populations are in Hardy-Weinberg
equilibrium. The ACPH and ODH phenotypic frequencies are significantly
(< 5 %) different between the eastern and western populations. The ODH pheno
types found in the Waikamoi population are not significantly different from
those in the Hanaula population, but are different from those of the Kaulalewe
lewe population. Both esterase frequencies were similar in all three populations.
D. disjuncta has also been collected from three localities on Maui. The num
bers of individuals in each phentoypic class and the gene frequencies are given
for Est-B, MDH-D, ODH, and LAP in Tables 7, 8, 9, and 10. Kaulalewelewe
TABLE

7

Esterase-B variability in natural populations of D. disjuncta

Collection site

1-3

2-2

Kipahulu Valley

1
(0)

27
(25)
2
(2)

Kaulalewelewe

Observed and expected nos . in Est·B phenotypic classes
2-4
:>-3
3--4
3--5
:>-6

4-5

2-3

6
(8)

2

3
(6)
4
(3)

Hanaula

Collection site

Total

Kipahulu Valley
Kaulalewelewe
Hanaula

33
29
14

10

5

(8)
5
(6)

(7)

6

T ABLE

.864
.241

1
( 1)

1
(1)

1
(1)

(5)

2

.015

(.4)
2
(2)

Allele frequencies
3
4

.015
.534
.643

.106

.224
.250

.036

.071

8

NAD dependent malic acid dehydrogenase variability in natural populations of D. disiuncta

Collection site

Observed and expected nos.
in MDH-D phenotypic classes
2-2
:>-3
1-2
2-3

Kipahulu Valley

17
(16)
18
(18)

Kaulalewelewe
Hanaula

2
(2)

2
(4)
1
(1)
1
(1)

11

(11)

TABLE

1
(0)

Total

Allele frequencies
1
2
3

20

.900

.100

19

.975

.026

.895

.035

14

.071

9

Octanol dehydrogenase variability in natural populations of D. disjuncta
Observed and expected nos .
Collection site

Kaulalewelewe
Hanaula

in ODH phenotypic classes
1-1
1-2
1-3

21
(21)
10
(10)

6
(5)
3
(3)

1
(1)

Allele frequencies

Total

1

2

27

.890

.110

14

.857

.107

3

.036
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T ABLE

10

Leucineaminopeptidase variability in natural populations of D. disjuncta
Observed and expected nos.
in LAP phenotypic classes

Allele frequencies

Collection site

1-1

1-2

Total

1

2

Kaulalewelewe

17
(17)
14
(14)

2
(2)

19

.947

.053

14

1.000

Hanaula

and Hanaula were sampled during July, 1969, while the sample of D. disiuncta
from Kipahulu Valley in eastern Maui was collected in August, 1967. Each of
the populations is in Hardy-Weinberg equilibrium. According to the Est-B
phenotypic frequencies, each of the populations is significantly different ( < 5%).
The MDH-D phenotypic frequencies of the three populations are similar. No
information is available on the ODH or the LAP systems for the Kipahulu Valley
population.
D. engyochracea was collected from Kipuka Ki and Bird Park (Kipuka
Puaulu) on the island of H awaii. T he Est-B and Est-C phenotypic classes and
gene frequencies are given in Tables 11 and 12. T he population from Bird Park
is not in Hardy-Weinberg equilibrium. The observed excess of homozygotes could
result from the combination of several populations. The collections were made
from several points within Bird Park and it is possible that the population of
D. engyochracea is subdivided within the park. There is a significant difference
in the Est-B phenotypic frequencies between the populations in the two kipukas.
T ABLE

11

Esterase-B variability in natural populations of D. engyochracea
Observed and expected nos. in Est-B phenotypic classes
Collection site

Bird Park
KipukaKi

Allele frequencies

1- 1

1-2

1-3

2-2

2-3

3--3

Total

1

2

3

39•
(30)
5
(5)

33
(50)
6
(6)

6
(6)

30
(21)
3
(2)

4
(5)

1
(0)
3
(1)

113

.518

.429

.053

21

.476

.286

.238

4

(5)

• The observed numbers of individuals in the phenotypic classes are significantly different ( <1 %) from the numbers
expected according to the Hardy-Weinberg equilibrium.

TABLE

12

Esterase-C variability in natural populations of D. engyochracea
Observed and expected nos. in Est-C phenotypic classes
Collection site

Bird Park
Kipuka Ki

Allele frequencies
1
2
3

1-1

1-2

1-3

2-2

2-3

Total

45
(47)
16
(16)

35
(32)
7
(7)

7
(6)

4
(5)
1
(1)

1
(1)

92

.717

.239

24

.813

.188

.043
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DISCUSSION

Allozyme Variability and Population Analyses.-A study of the D. ananassae
populations in the Pacific Islands (Johnson et al. 1969) related greater divergence
of allele frequencies to increased geographic distance. However, no geographic
difference was found between the gene frequencies of populations of D. pachea
distributed throughout the Sonoran Desert and adjacent regions (Rockwood et al.
1969). Gene frequencies for 24 loci were calculated for natural populations of
D. pseudoobscura collected from Strawberry Canyon. Mesa Verde, and Austin
(Prakash et al. 1969). Only 2 loci associated with the third chromosome gene
arrangements had different gene frequencies in the different populations. Clines
were evident for the gene frequencies of one esterase locus. O'Brien and Mac
Intyre ( 1969) also found gradual dines in populations of D. melanogaster in the
eastern United States. Significant differences were found between the Samoa and
Fiji populations of a species of the D. nasuta complex (Stone et al. 1968). Intra
regional differences were found between the populations on American and
Western Samoa. These populations were located on different islands. It is un
common for electrophoretic studies to demonstrate significant differences between
populations of Drosophila separated by only a few miles.
Population analysis has stressed the importance of isolation in fragmenting
the gene pool of single species of Hawaiian Drosophila. Eastern and western
Maui have existed as separate islands several times during the past. These geo
logical changes could have segmented the original gene pool and the resulting
populations diverged due to drift or in response to differential selection pressure.
More dramatic chromosomal differences were described by Carson and Sato
(1969) between the Maui populations of D. disjuncta. Striking differences exist
between the heterozygosity values for the Est-Band ACPH locus of D. adiastola
and the Est-B locus of D. disjuncta in the eastern and western populations. The
presence or absence of allozymes in populations could be due to drift or founder
effect, but the differential heterozygosity is most probably a response to
selection.
Kipuka Ki and Bird Park were isolated less than 2,000 years ago (Mueller
Dombois and Lamoureux 1967) by a lava flow which destroyed all the surround
ing vegetation. A study of D. mimica, a Hawaiian Drosophila collected from
Kipuka Ki and Bird Park, did not indicate a difference between the populations in
these kipukas (Rockwood, 1969) . Since that study, additional enzyme loci have
been analyzed and the populations are still similar. Although relatively few in
dividuals of D. engyochraceae were sampled from Kipuka Ki, the difference
found between the two populations is probably not due to sampling error. The
rarest allele in Bird Park is more common in the small sample collected from
Kipuka Ki. Although Bird Park and Kipuka Ki are separated by only a few miles,
a report by Smathers ( 1968) indicated that sufficient differences exist in the
microclimate of these kipukas to allow for differential selection to be acting on
the two populations. If differences could be demonstrated between the population
structure, physiology, ecology or behavior of D. mimica and D. engyochracea,
the forces other than geographic isolation which have caused the divergence of
populations on the Hawaiian islands could be identified. D. mimica and the
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picture-wings in general (including D. engyochracea, D. dis;uncta, and D. adia
stola) breed in different hosts. D . mimica is primarily a fruit and fungus breeder
while most of the picture-wings breed in bark (Heed, 1968). The major difference
between the two species, however, is the population size and stability. Field col
lections have indicated that the D. mimica population is larger and more stable
than that of D. engyochracea. In general, the picture-wings are rare flies which
are difficult to collect in large numbers (Carson and Sato 1969). The small
population size and restricted distribution to rigidly defined ecological niches
within the forests (Spieth in Carson et al. 1970) have reduced the gene flow
between populations and strengthened the existing geographic and geological
barriers to gene flow. The fluctuating population size has provided more oppor
tunity for drift to occur within each isolate.
In spite of the generally small population size, a large store of variability is
maintained by some of the endemic Drosophila. O'Brien and Macintyre (1969)
list some of the average heterozygosity values which have been calculated for
other Drosophila: D. pseudoobscura = 12%, D. persimilis = 10.5% (Prakash
et al. 1969, Prakash 1969), D. melanogaster = 22.8% (O'Brien and Macintyre
1969), D. nasuta = 33% (Stone et al. 1968), D. ananassae = 13.3% (Johnson
et al. 1969). These values were calculated according to the formula of Lewontin
and Hubby (1966) while the values for the Hawaiian Drosophila were taken
directly from the observed natural population data. There is very little difference
between the values obtained by these two methods. The highest heterozygosity
values observed for the Hawaiian Drosophila were in D. reducta (39.8%) and
D. nasalis (38.4%) . Both of these species belong to the subgenus Engiscaptomyza.
The occurrence of monomorphic species is unusual and contrasts sharply with the
variability of other species collected from the same localities. No pattern has been
detected to explain the variability of heterozygosity values. The large, wide
spread populations of D. melanogaster are highly heterozygous but only 2 alleles
are usually present for each enzyme system. For the Est-B locus, 4, 5, and 6
alleles are frequently found in populations of Hawaiian Drosophila. The large
number of allozymes found in relatively small populations indicates that selec
tion must be acting on the populations to maintain the genetic variability.
Evolution and Speciation.-The degree of divergence between species can be
estimated as the proportion of the gene pool which is unique (no. of unique
allozymes / total no. allozymes between species pairs). Carson and Stalker
(1968a, b, c, 1969) have conducted a detailed chromosomal analysis of the
picture-wing group of Drosophila, and have constructed an inversion phylogeny.
They identified ten homosequential groups each of which was made up of two or
more species with identical banding sequences for each polytene chromosome.
The proportion of the gene pool which is unique between each homosequential
species pair varied from 26.3% to 80.0% with a mean of 54.7% and a variance
of 133.28. An equal number of species pairs were selected at random from the
picture-wing group and the divergence between each pair was calculated. The
random sample varied from 44.4% to 86.7% unique with a mean of 65.6% and
a variance of 14.89. According to a standard t test these two samples are signifi
cantly different ( ~ .5%). Therefore, the homosequential species are genetically
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more similar than randomly chosen pairs within the picture-wing group. How
ever, the similarity in macrochromosomal banding sequences does not necessarily
correspond with similarity at the microchromosomal (genetic) level. The large
range and variance for the homosequential species indicate that no clear assump
tion of genetic similarity can be made from the identity of banding sequences on
homologous chromosomes. Some of the chromosomes have been stable over a
long period of genetic change.
Hubby and Throckmorton (1968) estimated the divergence between sibling
and non-sibling species within several species groups in the genus Drosophila.
The proportion of the gene pool which was unique between pairs of sibling
species varied from 14.3% to 80.0% with a mean of 50% . The proportion of the
gene pool which was unique between nonsibling species ranged from 71.0 % to
92.8% with a mean of 82%. The average genetic similarity between homo
sequential species of Hawaiian Drosophila is slightly less than the estimated
similarity between sibling species of non-Hawaiian Drosophila. The average
genetic similarity between randomly chosen pairs of species within the picture
wing group is greater than the estimate for non-sibling Drosophila. The relatively
high level of genetic similarity within the picture-wing group agrees more
closely with the genetic similarity values calculated for the virilis group (Hubby
and Throckmorton 1965) .
The proportion of the gene pool which is unique to each subgroup of picture
wing Drosophila is relatively low: D. adiastola = 17.9%, D. planitibia = 11.1 % ,
D. punalua = 22.7%, D. grimshawi 4b phylad = 20.7%, and st4 phylad =
23.4%. The rapid evolution within the picture-wing group from a common
ancestral gene pool could account for the high level of genetic similarity between
species and the low number of unique allozymes within each subgroup. This
could also be the result of convergence due to recurrent mutation and/ or limited
resolution by the electrophoretic technique. Figure 2 illustrates the frequency
of allozymes within each subgroup according to their mobility position on a
starch gel. From the LAP and Est-B systems, it is evident that only a limited
number of mobility positions can be differentiated within a restricted range
which may represent the optimal charge of the enzyme. It is probable that al
though allozymes are not distinguishable according to their mobility, the actual
molecular structure differs. Henning and Yanofsky (1963) estimated that only
78% of all single substitutions result in proteins with an altered electrophoretic
mobility. The probability that allozymes with identical mobility actually differ
in molecular structure is greater between subgroups than within subgroups. The
MDH-D and a-GPDH enzyme systems suggest that only a limited number of
substitutions may take place with the retention of functional activity. If this is
true, the same allozyme could be produced many times during evolution.
The ODH allozymes in the D. planitibia, D. adiastola, and D. punalua sub
groups are distributed over a wide range of mobility positions. The range is more
restricted in the D. grimshawi subgroup and the distance between allozymes is
reduced. These changes could represent a shift from variation due to charge
differences to variation based on differences in the size or configuration of the
molecule. The latter changes are not separated as distinctly as charge differences
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Allozyme Frequencies in Subgroups of Picture-winged Drosop/JJlo
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on a starch gel. Little information on the molecular structure of the allozymes
exists, and this type of data is crucial to the interpretation of enzymatic
evolution.
Table 13 classifies the types of changes which have taken place at individual
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Frc. 2. The frequency of the allozymes in the picture-wing group of Drosophila arranged ac
the total no. allozymes
cording to their mobility position on a starch gel. The total frequency
with a specific mobility I total no. allozymes at that locus. The subgroup frequencies = the total
number of allozymes with a specific mobility in the subgroup / total no. allozymes at the locus
in the whole group. The frequencies are represented as histograms. The position of each bar cor
responds to the mobility position of an allozyme on the starch gel. The line ( •) represents the
mobility of the homologous control (WH29A7) band, and the arrows represent the direction of
the current flow in the gel.

=

homologous loci between the homosequential species. The data indicate that
substitutions have taken place at 35.1 % of the homologous loci. This is an over
estimate due to the divergence between some of the homosequential species which
probably took place after the speciation event. Therefore, speciation in the
Hawaiian Drosophila is not accompanied by a major reorganization of the gene
pool. Prakash (1969) studied the variation at homologous loci of D. pseudo
obscura and D. persimilis and found no evidence of substitution.
The relation of gene changes to the actual process of speciation was studied by
assaying the offspring from species hybrids. The F 1 's from some of the hybrid
crosses obtained by Yang and Wheeler (1969) were used. Typical enzyme ac
tivity is present in the hybrids with no stimulation or inhibition. Hybrids can
tolerate the presence of allozymes differing in molecular charge with no lethal
effect in lab cultures. However, none of the crosses which resulted in partial
development were assayed, so the possibility remains that some specific enzy
matic differences may have arrested development. A relation between the degree
TABLE

13

Gene changes at homologous loci between chromosomally homosequential species
Per cent changed

Type of change

both monomorphic for same allele
1 monomorphic and 1 polymorphic with a common allele
1 monomorphic and 1 polymorphic with no common allele
both monomorphic for different alleles
both polymorphic for same
different alleles
both polymorphic with no common allele
both polymorphic for same alleles

+

31.0
21.0

16.2
15.5
12.1

3.4
0.7
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TABLE

14

The number of homologous loci which are different, polymorphic, or the same
between the parental species of hybrid crosses

St~y~;!el~:;~:ttion

Number of
hybrid crosses

Larvae

12

Pupae

8

Adult (male sterile)

22

Adult (male fertile)

6

Number of loci
Polymorphic
Different

37
(49%)*
26
(52%)
52
(35%)
13
(30%)

25
(33%)
11
(22%)
58
(39%)
15
(35%)

Same

18
(18%)
13
(26%)
4-0
(27%)
15
(35%)

• Per cent of loci which are in each class.

of development of the F 1 individuals and the general genetic similarity of the
parent species was found (Table 14). There is a significant difference ( < 5 %) in
the numbers of loci which are different and the numbers which are polymorphic
or the same between each of the classes of hybrids. The mean genetic similarity
values between the parental species are 33.1 % for the crosses which produced
only larvae, 32.6% for the crosses which produced pupae, 41.4% for the crosses
which produced adults with male sterility, and 43.1 % for the crosses which
produced fertile adults. The electrophoretic information indicates that the specia
tion of some of the picture-wing Drosophila is the result of gradual accumulation
of genetic differences through time with a reduction in the viability of hybrids.
Slight selection against hybrids from isolated differentiated populations would
further reduce the gene flow between populations and increase the rate of
speciation and evolution.
The function of most of the enzymes used in this electrophoretic analysis are
unknown and many of the substrates used to detect enzymatic activity are syn
thetic. The variation at individual enzyme loci is not responsible for the repro
ductive isolation which is usually assumed to accompany the speciation event,
but it is important that a valid measurement of the physiological similarity of
the species can be obtained from it. Evidence that allozyme variability is physio
logically significant to the individual adds to the validity of all electrophoretic
analyses.
SUMMARY

A wide range of heterozygosity is maintained in the Hawaiian Drosophila.
The high levels of heterozygosity and the relatively large numbers of alleles
which are present in many of the small populations indicate that selection is
acting to maintain the genetic variability. The significant differences between
populations maintained on the same island, often only a few miles apart, have
stressed the importance of isolation to the rapid rate of evolution on the islands.
The small population size, and reduced viability of differentiated hybrids may
have limited the gene flow between populations and strengthened the existing
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isolation due to geographic barriers. In addition, fluctuations in size have prob
ably increased the rate of drift within the isolated populations.
In general, there is a high level of genetic similarity between all the species
within the picture-wing group. The wide range (26% to 80%) of genetic
divergence between several pairs of homosequential species indicates that macro
chromosomal similarity does not necessarily correspond with microchromosomal
(genetic) similarity. Substitutions have accounted for 35% of the genetic changes
between homologous loci of homosequential species. Hybrid studies have indi
cated that the speciation of some of the picture-wing Drosophila is the result of
gradual accumulation of genetic differences through time with a reduction in the
viability of hybrids. Allozyme variability is a valid measure of the physiological
similarity between species.
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XI. Neutron Activation Techniques for Labeling Drosophila in
Natural Populations; II. Development and General
Considerations of Autoradiography for Detection
of Tagged Individuals
I

R.H. RICHARDSON, A. C. FABERGE AND JOAN LUCK

A technique for tagging insects by feeding certain stable isotopes with subse
quent detection by neutron activation analysis was presented by Richardson et al.
( 1969). A tag element was sprayed on the insect food source. The insects were
collected from the area surrounding the tag source, and those previously having
fed on the tagged food identified by the presence of the radioisotope of the tag
element produced by exposure of the tagged flies to slow neutrons. For identi
fication and quantitative determinations of tag elements in single specimens, a
multichannel analyzer was used to examine the gamma emission spectrum after
production of the radioisotopes. The reliance of this analytical procedure upon
individual screening restricts the number of insects which may be examined. The
inefficiency of the procedure is an important consideration, especially since the
proportion of tagged individuals in a sample may be small. Autoradiographic pro
cedures may facilitate screening of large numbers of tag-fed insects simultane
ously, enabling rapid determination of those individuals containing tag elements.
Identification and quantitative determinations of tag elements may then be car
ried out only with respect to those insects known to be tagged.
Besides having low toxicity and mutageneity, high stability in the insect, low
metabolic turnover, and normally absent or almost absent in the insect, the tag
elements must meet certain physical requirements for activation techniques. The
radioactivity produced in a specimen due to the presence of a tag element must be
intense relative to the background due to the naturally occurring elements in the
specimen and other background sources. Ideally, the background from untagged
sources will be low compared to the activity of a tagged specimen. Thus successful
application of this technique would require low concentrations of elements in the
untagged specimen with high neutron absorption cross section and short half
lives of radioisotopes produced by neutron activation. A preliminary analysis of
untagged individuals collected from the particular population is desirable so that
tag elements may be selected to differ in radioactive decay properties from radio
isotopes of elements naturally occurring in the individuals to be tagged. Samples
should also be handled carefully during preparation for analysis to prevent con
tamination with easily activated elements such as sodium.
STUDIES IN GENETICS VI. Univ. Texas Pub!. 7103, February, 1971.
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TECHNICAL BACKGROUND

Atomic Considerations
The production of metallic silver grains on a photographic emulsion depends
upon the absorption of energy, in this case originating from particles emitted in
the radioactive decay process. Both the type of decay product and its energy affect
the efficiency of the absorption. The greater the linear energy transfer (LET) of
the emitted particle reaching the emulsion, the greater is the silver grain pro
duction for a given radioactive decay event. However, the linear distribution of
ionizations differs among beta particles, alpha particles and gamma rays. Alpha
particles emitted from nuclear disintegrations of a given isotope are characteris
tically of a single energy and have a very high LET, and therefore a very low
penetration capability. The particles dissipate their energy in a very short ioniza
tion track, which for autoradiography would require squashing the sample di
rectly on the photographic emulsion. This procedure is not convenient in the in
tended screening system and thus alpha emission will be ignored.
Ordinarily gamma rays have a very small LET and are ineffective in the pro
duction of the autoradiograph. However, intensification of their effects on the
emulsion may be obtained by use of a scintillation screen. This screen contains
one or more chemicals which produce light flashes (scintillations) when exposed
to an energy source such as gamma rays. If very low energy gamma rays are
produced, a significant portion of the energy may be absorbed in the scintillator
or emulsion to warrant consideration of their contribution to the formation of a
latent image on the film. In addition, if the gamma rays originated from the tag
element, they might be more efficiently utilized by use of a lead " screen" placed
away from the emulsion relative to the sample. In this way "backscatter" from
energy passing entirely through the scintillator and emulsion would be emitted
back into the system. On the other hand, avoidance of the effects of gamma rays
from background would indicate not using a lead screen, and otherwise it would
be similar to avoidance of background beta emission.
In these studies beta particles are the principal source of energy for autoradio
graphic screening of samples. The small mass and high velocity of beta particles
results in a LET intermediate between alpha and gamma emission, allowing them
to reach the scintillator or emulsion; but given passage through the photographic
emulsion, the efficiency of energy transfer in the emulsion is fairly low. We found
that efficient use of beta particles, especially those with energies of one Mev or
more, requires the use of both a scintillator and sensitive photographic emulsions.
Both positrons and negatrons have been called beta particles. These two entities
are physically alike except for charge, but the charge difference results in very
different ionization properties. The negatron, the major form produced from neu
tron activation, is like an orbital electron, except that it originates from a nuclear
disintegration of a "neutron-rich" isotope. The positron is a s€:'Condary product
of the activation process as a consequence of high energy gamma rays present
(pair production). Positrons result in the formation of "annihilation radiation"
of 0.51 Mev and are detectable in the spectral analysis of gamma radiations after
activation. The low energy gamma emission may also contribute to the forma
tion of a latent image on the film.
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Beta particles emitted from a given isotope have a distribution of energies rang
ing downward from some maximum energy characteristic of the isotope. The
population of beta particles for a particular energy will be composed of some
particles originating from all isotopes with an Emaxgreater than that energy. Thus
logically the presence of several beta-emitting radioisotopes in a sample reduces
screening resolution. Resolution may be affected by control of several conditions,
such that the autoradiograph is primarily the result of the radioisotopes of the
tag element. For example, low energy betas from background sources may be
filtered out before reaching the emulsion or scintillator. Background elements
with half-lives longer than for the tag element may be minimally activated by
short exposure times to neutrons in the reactor and, once activated, contribute
minimally to the autoradiograph by short film exposures. Background isotopes
with very short half-lives compared to the tag element may be allowed to partial
ly decay before exposing the samples to film. Adjustment of these technique
parameters need be made according to the tag element and the particular sample
background, and will constitute the subject of subsequent reports.

The Scintillation Apparatus
When electron excitation of certain substances occurs, the additional exciting
energy may subsequently be emitted as a light flash (scintillation) . These sub
stances are known as fluors. The source of excitation energy may vary, but in
this case it ultimately resulted from the transfer of some energy of a beta particle
or gamma ray from the activated sample. Primarily for economic reasons, an
organic fluor was used in a plastic of polystyrene.
The formation of the autoradiograph is more efficient when a scintillation
screen is utilized. Not only does the energy absorbed directly from the beta part
icle or gamma ray by the emulsion contribute to the formation of a latent energy,
but also there are contributions from absorption of light energy from scintilla
tions. The screen absorbs a considerable portion of the initial radiation energy
and converts it to a form more efficiently absorbed by the photographic emulsion.
The Solvent. Polystyrene has commonly been used as the matrix for solid or
ganic scintillators. Koski ( 1951) observed ultraviolet luminescence of pure poly
styrene, and initially it was thought the fluor only served to absorb the UV radia
tion and re-emit it at longer wavelengths . However, later studies by Pichat and
Koechlin (1951), Swank and Buck (1953), and Buck and Swank (1953) found
that excitation originally produced in the solvent (polystyrene) was transferred
to the solute ( fluor) before emission (Swank 1954) . That is, not only electron
excitation to the first level above ground, but more extensive excitation as well,
was transferred directly to the fluor. Thus the polystyrene serves u.s an effective
gathering substance for the high energy as well as low energy beta particles. Al
though existence of the interaction between the solvent and solute for organic
scintillators is known, Berlman (1965) states,"... the general question of where
the energy goes when a scintillation solution is excited by a 1-Mev ,8-particle es
sentially remains unsolved. A few per cent of the energy of the ,8-particle is
known to be emitted as fluorescence radiation, but how the remaining energy
is dissipated is not known accurately."
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In liquid scintillation systems, efficient solvents are aromatic hydrocarbons of
alkyl benzene structure. Styrene has the chemical structure

which polymerizes to form a chain

(for discussion see Teach and Kiessling 1960) . The ring structure is important
for energy transfer to the fluor, and various ring substitutions have been found
to increase the scintillation pulse-height (light output). For instance, Sandler
et al. (1960) found the pulse-height using the polymer of 2,4-dimethyl styrene
was 60% higher than that for polystyrene, and either 2,5-dimethyl styrene or
3,4-dimethyl styrene were almost as efficient.
The absorption of energy by a plastic is largely a function of its density with
regard to electrons or beta particles with energies between about 0.5 Mev and
6.0 Mev (see Price 1968 or Friedlander, Kennedy, and Miller 1964 for discus
sion) . In this energy range the absorption curve empirically may be approxi
mated by the exponential expression
R ='= exp-(1-trnd)
( 1)
where R is intensity at d of radiation relative to the recipient surface of the ab
sorber, ftm is the mass absorption coefficient in cm 2/g and dis the absorber thick
ness in g/ cm 2 • This expression holds up to a maximum distance, known as the
range, that obviously is determined by Em... It has been found for most beta emis
sion spectra that
(2)
ftm ='= 22/ Emax" 3 " (Price 1968)
where Ema:i: is the maximum energy of the beta emitter in Mev.
For example, polystyrene has a specific gravity between 1.04 and 1.065. Using
1.05 g/cm 3 as a typical value for density, the value of din eq. (1) may be cal
culated for a 0.4 cm screen
d = (0.4 cm) (1.05 g/cm3 )
= 0.42 g/ cm 2
From eq. (2), one may calculate for a source with Emax of 1 Mev the approximate
value for ftm
ftm ='= (22) (1) -1.3 3
=22
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Thus, the proportion of energy dissipated in the screen is 1-R, or
proportion energy dissipated= 1-e-( 22 l (o. 42 l
= 0.9999
=99.99%
Similarly, for a source with an Emax of 2 Mev, 97.47% of the energy is dissipated,
88.27% for a 3 Mev source, and so on.
The Solute. A number of organic fluors have been used in scintillators, but the
choice has largely been determined by the properties of a photomultiplier tube in
the detector portion of the system. For autoradiography, the sensitivity of the
photographic emulsion is the relevant parameter. However, by the use of X-ray
film, the choice of a fluor is considerably simplified. X-ray film emulsions are
sensitive in the blue and violet regions of the visible spectrum, but have been de
veloped with the intent of maximizing sensitivity over as wide a spectrum as
possible into the ultraviolet and beyond. Thus, the problems of precise coupling
of wave length of peak emission of the fluor to greatest sensitivity of the photo
multiplier tube are not very important for autoradiography where X-ray film
emulsions are utilized.
Relative pulse height comparisons of various fluors need be considered how
ever. Substitutions on the aromatic ring of a fluor have varied effects (Berlman
1965). Alkyl substituents (e.g., toluene vs. benzene) results mainly in a shift in
absorption and fluorescence spectra (e.g., spectra for toluene is shifted toward
red) (Stevenson 1965). Substituents either of unsaturated hydrocarbon groups
with at least one double bond or non-hydrocarbon groups containing an atom
with unpaired electrons result in spectral shifts similar to those of alkyl sub
stituents, as well 11.s causing other changes in the spectral and fluorescence param
eters which may be compensated for in part by modifications of molar concen
trations of the fluor. The substitution of carbonyl groups, quinone structures,
high Z or heavy atoms directly on the ring reduces the quantum yield of fluores
cence (Berlman 1965). For use with the wide range of sensitivities of X-ray film,
only the avoidance of cases where quantum yield is reduced need be considered
seriously. A relatively cheap and efficient fluor used in many scintillation systems
is 2,5-diphenyloxazole (PPO), which has the chemical structure

Oi-OJ-0
An example of its absorption and emission spectra are given in Figure 1.

Scintillation Screen Fabrication
Buck and Swank (1953) describe the procedures and characteristics of plastic
scintillators made from styrene and vinylstyrene. They vacuum distilled the
monomers immediately before polymerization for greatest possible purity, and
then completed polymerization under vacuum without the addition of a catalyst
(benzoyl peroxide). They found in preliminary tests that pulse height showed
marked dependence upon purity and "freshness" (absence of oxidation products
of monomers). No additional purification of the fluors was necessary for maxi
mum efficiency.
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FIG. 1. Fluor absorption and emission spectra; A, A' are absorption and emission spectra,
respectively, for p-terphenyl and B, B' are those for PPO (from Berlman 1965) .
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FIG. 2. Photon emission intensity, relative to anthrycene crystal, versus fluor concentration
in plastic: A , p-terphenyl in polyvinyltoluene; B, p-terphenyl in polystyrene; C, PPO in poly
styrene (from Buck and Swank 1953) .

Figure 2 (from Buck and Swank 1953) presents the relationships between
pulse height and fluor concentration for PPO and p-terphenyl. It is apparent that
the best concentration for PPO is between 0.75g/100g to 1.00g/ 100g of poly
styrene, or the equivalent for the monomer is about 6.8g/l to 9.1g/ l (specific
gravity of 0.9 1). A concentration of 8.0g/l of the monomer was used in the initial
studies described here.
In the present study it was found that casting thin sheets (1/8" to 1/ 2") of
polystyrene between glass following the same procedure that is commonly used
for methl methacrylate resulted in a very brittle product which tended to shatter
spontaneously, even after annealing. As a consequence a mixture of 20% butyl
methacrylate and 80% styrene was used as a matrix. The structure of butyl
methacrylate is
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and does not effectively transfer absorbed energy to the fluor. Thus it dilutes the
styrene and reduces the efficiency of the scintillator.
The procedure followed in the fabrication of the scintillator screens is given
in Table 1.

Autoradiographic Procedures and Results
Screening for dysprosium and manganese are of interest, since successful tag
ging of flies has been demonstrated (Richardson et al. 1969; Richardson 1969).
Samples were prepared on filter paper which contained 20,ug-at, * 2µ,g-at, 0.2,ug-at,
0.02,ug-at, 0.002,ug-at of Dy and Mn as the acetate and gluconate salts, respective
ly. A control of filter paper was included. Also laboratory-reared D. mimica were
obtained, and separated into three groups. One was retained as control, one fed
on O.OJM dysprosium acetate, and the third fed on O.JOM manganese gluconate.
The flies were individually examined and quantitative determinations of tag ele
ments performed. The results are presented in Table 2.
Samples were heat sealed between two 6 mil sheets of polyethylene film (stock
no. 48114, U.S. Plastic Corp., Lima, Ohio) having low activation properties and
activated for 2 minutes at an average neutron flux of 3 x 1012 neutrons/ cm2 / sec.
Kodak Royal Blue X-ray film was placed in a light-tight paper envelope con
structed of black artist construction paper, with the scintillator screen adjacent
to the film. The sheet of activated samples were placed over the paper envelope,
next to the scintillator, immediately after removal from the reactor. An exposure
for 15 minutes, followed by developing the film in Kodak D-19 developer accord
ing to directions resulted in the autoradiograph, the photograph of which is shown
in Figure 3. From this, and other similar replicates, it is possible to detect samples
with as little as 0.02,ug of Dy or 0.2,ug of Mn. All tagged flies are easily distinguish
able from control flies .
DISCUSSION

The screening system produced as described takes liberties with well known
procedures of producing efficient plastic scintillators. However, the scintillators
produced as described require no sophisticated fabrication apparatus nor appa
ratus not easily obtainable or ordinarily available to a biologist. Therefore, cost
of fabrication is minimized and emphasis remains on use of the apparatus rather
than on its fabrication.
The performance of the scintillator is probably several times less than the best
obtainable, yet 20ng of Dy and 200ng of Mn are detectable with simple visual
examination of the autoradiograph. So long as the background of untagged flies
can be maintained at or below that of the necessary detection threshold of the tag,
• ,ug-at, microgram atoms, the microgram atomic weight of the elem ent disregarding its mole
cular form (e.g. salt)
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Frn. 3. C8mposite of two autoradiographs of standards and flies. Top row (1-r) are visible latent images of dysprosium standards of ZOµg-at, 2-µg-at,
0.2µg-at, and 0.02µg-at. Second row are visible latent images of manganese standards of 20µg-at, 2µg-at, and 0.2µg-at. Third row are six dysprosium tagged
flies corresponding to samples number 1-6 (Table 2) followed by 3 untagged control flies (very faint latent images). The bottom row contains six latent
images of manganese tagged flies corresponding to samples 1-6 (Table 2) followed by 3 untagged controls (very faint latent images).
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Procedure followed in the fabrication of the scintillator screen
1. Remove inhibitors from monomers:
1.1 Wash styrene 2 or 3 times with 10-20% sodium hydroxide aqueous solution. Continue
washings in a separatory funnel until no discoloration of wash occurs.
1.2 Remove sodium hydroxide with water washes until pH of wash is about neutral.
1.3 Dry in a flask containing anhydrous calcium sulphate ("drierite") for about six hours.
1.4 Wash butyl methacrylate 2 or 3 times with 20% sodium chloride+ 5% sodium hydroxide
aqueous solution. Continue washings in a separatory funnel until no discoloration of wash
occurs.
1.5 Remove wash as in 1.2.
1.6 Dry as in 1.3.
2. Preparation of mold:
2.1 Use 2 pieces of 1/8" plate glass separated by a gasket of tygon tubing with dimensions:
inside diameter 3/16", outside diameter 5/16" and wall 1/16" (formula S50-HL). Heavy
binder clips (8 used for 8" x 9" sheets of glass) hold the mold together.
2.2 The glass sheets must be treated with a release agent before mold is assembled, for subse
quent separation of mold and plastic. (A suitable agent is the silicone "Dryfilm" (General
Electric Co.) at a concentration of a few percent in well dried benzene.) To apply, flow
over glass. Allow to dry. Rinse with water and dry off.
3. Mix styrene and butyl methacrylate 4:1. Add 8g/l PPO (2,5-diphenyloxazole), and 1 %
benzoyl peroxide. About 225 ml total volume is required for a 3/16" screen. Pour into mold.
4. Heat to 40°C for a minimum of forty hours, then slowly increase temperature to 60-70°C over
an eight hour period. Hold screen at that temperature for twelve hours. Slow changes in
temperature are essential to avoid thermal stress or bubble formation in screen. Cool slowly
over a forty-eight hour period to room temperature.
5. Remove binder clips and soak mold and plastic sheet in a detergent solution until they
separate. This may require a few hours.
6. After completion of the scintillator screen, it may be cut into a convenient size, such as 5" x 7"
to match the sheet film size. Frosting of one of the surfaces, that next to the film by sand
blasting, greatly reduces light loss through internal refraction in the screen. When scratches
occur in the other surface, they may be "polished" by briefly passing a Bunsen burner near
the surface.
7. Source of chemicals:
Styrene was obtained from Eastman Organic Chemicals, Rochester, New York. Butyl meth
acrylate was obtained from Rohm & Haas Co., Philadelphia, Pennsylvania. (A good general
monomer source is also Borden, Inc./Chemical Division, Monomer Polymer Laboratories,
5000 Langdon Street, Philadelphia, Pa.) PPO (2,5 diphenyloxazole, scintillation grade, was
obtained from Packard Instrument Co., Downers Grove, Illinois (catalog No. 6002023) .

more sophisticated analysis is not required. Preliminary examination of samples
for tag selection and technique must be performed before extensive autoradi
ography is initiated.
Should a more efficient scintillation screen be needed, some modifications can
be proposed, some of which might not involve great additional fabrication com
plications. The use of p-terphenyl as a fluor would shift the absorption spectrum
toward shorter wave length radiations and still retain an emission spectrum in
the UV spectrum primarily between 3500A and 4000A, a sensitive region for
X-ray film. The combination of p-terphenyl as a primary fluor and PPO as a
secondary fluor would not be an efficient combination, since the emission spec
trum of the former does not coincide with the absorption spectrum of the latter.
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TABLE2

Quantitative analysis by neutron activation analysis of tagged flies

Tag Element Specimen No.
Dysprosium

Manganese

Reference
1
2
3
4
5
6
Reference
1
2
3
4
5
6

Area in
Peak (cpm)

Area of
Background (cpm)

229,096
6170
79009
21066
38505
23079
21756
3638
908
71
1414
304
335
1122

99621
6353
31820
10404
17888
10422
13160
20944
2628
1360
2448
1900
2268
3006

l'g-at tag ± 1u
1.625
0.04 ± .001
0.56 ± .003
0.15 ± .002
0.27 ±. 002
0.16 ± .002
0.15 ± .002
5.494
1.37 ± .143
0.11 ± .080
2.14 ± .173
0.46 ± .100
0.51 ± .109
1.69 ± .162

However, other secondary fluors could be used to shift the emission into the visi
ble spectrum if another film were used.
The use of polyvinyltoluene (Buck and Swank 1953) might also be incorpo
rated, but at a greater expense than for polystyrene. Buck and Swank obtained
vinyltoluene from Dow Chemical (product number Q-783), and found that for
p-terphenyl as the fluor, there was about a 15% increase in maximum pulse
height (Figure 2) over the use of polystyrene. But in itself, this difference would
not be much more effective in increasing negative density.
Further purification probably will not be needed for the purposes discussed
here. However, use of the catalyst could be discontinued at the expense of a long
er time for polymerization of the screen. Should further purification of the mo
nomer be needed, procedures are given in d'Alelio (1946). For instance, instead
of vacuum sealing the mold during polymerization, the process could be carried
out with N 2 flowing over the exposed surface in the mold.
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XII. Male Genitalia of Some Representative Genera of
American Drosophilidae
1

2

MARSHALL R. WHEELER AND HARUO TAKADA

To enable research workers elsewhere to determine the identity or non-identity
of their material with reasonably well authenticated specimens, we are illustrat
ing the male genitalia of representative species of a number of American genera
of Drosophilidae. The identifications were made by the senior author, the dissec
tions and drawings were by the junior author, and the final figures were prepared
by Linda Wheeler.
Other American genera which have been illustrated by comparable figures
are: Laccodrosophila, Zapriothrica, Zygothrica (Wheeler 1968); Scaptomyz.a
(Wheeler and Takada 1966); Mycodrosophila (Wheeler and Takada 1963).
We are also illustrating a few species whose generic position is unclear, and
some of the species have been illustrated earlier by others: Rhinol.eucoplumga
obesa (Malogolowkin 1946), and Paracacoxenus guttatus (Hardy and Wheeler
1960, McAlpine 1968).
Taxonomic and nomenclatural changes made here are as follows:
Clastopteromyia Malloch = Cladochaeta Coquillett: New Synonym.
Cladochaeta inversa (Walker): New Generic Combination.
Cladochaeta fioridana (Malloch): New Generic Combination.
Cladochaeta sturtevanti: New Species.
McAlpine ( 1968) , after studying the type-species of Gitona (distigma Mei
gen), decided that the three North American species assigned to this genus were
incorrectly placed. Although their generic affinity is not known, two of the species
(americana and sonoita) have a bare arista but the third (bivisualis) has short
hairlike branches very suggestive of some species placed by Duda in Rhino
leucophenga. Three examples are shown in Fig. 9. An interesting feature is the
presence of a third row of setae (Duda wrote: dreizeilig gefiedert), especially evi
dent on bezzii and stigma and also present on bivisualis. It may be that Rhino
leucophenga, Gitonides, and the American "Gitond' form a natural group.
1 This study was supported, in part, by Public Health Service Research Grant No. GM-11609
from the National Institutes of Health. Field expeditions on which some of the materi-,1 was
eollected were supported by National Science Foundation grants G-1653 and G-4999.
2 Present address: Sapporo University, Sapporo, Hokkaido, Japan.
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Frc. 1. Amiota ( Amiota) minor (Malloch). Described in Phortica. Type-locality: Illinois,
Dubois. Fig. specimen: Tennessee (Great Smoky Mountains N. P.); ~ ~ agreeing: Alabama,
Georgia, Michigan, Nebraska, Washington. In this figure, and most others, are illustrated a
view of the genital complex, hypandrium in ventral (V; left) and dorsal (D, right) aspects,
genital arch and clasper, and one or two lateral views of the inner genital complex. Some figures
also show the seventh sternite (7 st).

Fw . 2. Amiota ( Phortfra) albavictoria Patterson and Mainland. Type-locality: Mexico, Hi
dalgo. Fig. specimen: Panama (Boquete).
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FIG. 3. Amiota (Sinophthalmus) picta (Coquillett). Described in Sinophthalmus. T ype-lo
cality: California, mountains near Claremont. Fig. specimen: California, Santa Anita Canyon.
FIG. 4. Rhinoleucophenga obesa (Loew). Described in Drosophila. Type-locality: T exas. Fig.
specimen: Texas, Austin. Fig. 4e shows the appearance of the clasper when not compressed
beneath a coverglass.
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FIG. 5. Trachyleucophenga sp. (?
flavocostata Hendel). Type-locality of flavocostata:
Colombia, Aracataca. Fig. specimen: Eunice, Louisiana. The specimen agrees very well with
the original description.
FIG. 6. Paracacoxenus guttatus Hardy and Wheeler. Type-locality: Washington. Fig. speci
men: Hood River, Oregon (paratype i ) . This species has also been illustrated by Hardy and
Wheeler (1960) and by McAlpine (1968).
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Fw. 7. Orthostegana acutangula Hendel. Type-locality: Bolivia. Fig. specimen: El Recreo,
Nicaragua. Additional specimens from Panama Canal Zone and Colombia. The mid femora and
tibiae are exceptionally spinose.
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Fw . 8. Gitona americana Patterson. Type-locality: Texas. Fig. specimen: Austin, Texas.

bezzii

breviplumala

stiqmo

FIG. 9. Arista! patterns of Rhinoleucophenga species: bezzii Duda, breviplumata Duda, and
stigma Hendel (after Duda).
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FIG. 10. Neotanygastrella chymomyzoides Duda. Type-locality: Bolivia & Peru. Fig. speci
men: Colombia (Buenaventura). The sp. is widespread, and occurs in two forms- fore tarsi pale
(figured) or black.
FIG. 11. Paraliodrosophila bipartita Duda. Type-locality: Costa Rica, Suiza de Turrialba. Fig.
specimen: Costa Rica (La Lola).
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12 d
FrG. 12. Drosophila (Siphlodora) sigmoides Loew. Type-locality: U.S.A., Texas. Fig. speci
men: S. Carolina (Myrtle Beach S. P.).
THE CLADOCHAETA-CLASTOPTEROMYIA-DIATHONEURA COMPLEX

The male genitalia of 12 species from this complex are illustrated here in
Figures 14-25, and preparations of an estimated additional 75 species have been
examined. It is clear that a wide variety of species are included in this complex
and, in general, generic limits are not apparent (see also the remarks of Frota
Pessoa 1947). On the other hand, there is a cluster of about 30 species from the
Neotropical area which is consistently distinctive in the structure of the male
genitalia . This group includes both Cladochaeta nebulosa and Clastopteromyia
inversa-both of which are the type-species of their respective genera. Accord
ingly, the following synonymy is made:
Cladochaeta Coquillett 1900: 263. [Report on a collection of Dipterous insects
from Puerto Rico. Proc. U . S. Nat. Museum 22: 249-270]. Type-species:
C. nebulosa Coquillett 1900.
= Clastopteromyia Malloch 1924: 31. [in Malloch, J. R. and W. L. McAtee:
Flies of the family Drosophilidae of the District of Columbia region, with
keys to genera, and other notes, of broader application. Proc. Biol. Soc. Wash.
37: 25-42] . NEW SYNONYM. Type-species: Drosophila inversa Walker
1861.
Within this group of species, most of which are undescribed, there is an in
teresting sequence of variation in aristal branching (Fig. 13), with the species
of Cladochaeta sensu Coquillett being one extreme (Fig. 13a, 13b) and inversa
and its close relatives (Clastopteromyia sensu Malloch) representing the other
(Fig. 13£). A tabulation of 15 assorted species which are presently considered to
belong to this complex shows that only one of them has an aristal branching
pattern of the types in Fig. 13-Diathoneura bomplandi Malloch; it has 5 dorsal
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Fm. 13. Arista! patterns of various species of Cladochaeta.

15c

15 d

Fm. 14. C/.adochaeta nebulosa Coquillett. Type-locality: Puerto Rico, Arroyo. Fig. speci
men Cuba (Santiago de Cuba, Puerto Boniato). Other
checked: Haiti (Kenscoff); El Sal
vador (San Salvador). Other material agreeing morphologically : West In:lies (Jamaica; St.
Lucia; St. Vincent ).

oo

Fm. 15. Cladochaeta infumata (Duda). Described in Diathoneura; transferred to Clado
chaeta by Wheeler 1963. T ype-locality: Costa Rica, Suiza de Turrialba. Fig. specimen [com
pared with type]: Panama (Boquete).
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and one ventral branch in addition to the terminal fork. The branching patterns
of the other species are as follows:
9 dorsal, 4 ventral, plus fork: Clastopteromyia longipennis Malloch
Drosophila superba Sturtevant
6 dorsal, 3 ventral, plus fork: Diathoneura nubeculosa Duda
Diathoneura nigrescens Duda
Drosophila splendida Williston
Drosophila opaca Williston
5 dorsal, 3 ventral, plus fork : Diathoneura quadrivittata Duda
Diathoneura guttipennis Duda
Diathoneura euryopa Duda
Diathoneura nigrifrons Duda
Diathoneura laticeps Duda
Clastopteromyia albinota Wheeler
5 dorsal, 2 ventral, plus fork: Clastopteromyia aberrans Wheeler
4 dorsal, 2 ventral, plus fork: Drosophila dubia Sturtevant
The new generic synonymy discussed above requires that the following species
show the altered nomenclature:

Cladochaeta fioridana (Malloch ) , NEW COMBINATION. Described in
Clastopteromyia. The figured male (Fig. 18) has the arista-type shown in Fig. 13f.
A female from the Archibold Biological Station, Florida, has the arista-type of
Fig. 13d, and has the crossveins more heavily darkened. The holotype (USNM)
appears to have one more dorsal branch than that of Fig. 13d, but has equally
dark crossveins. It may well be that two species are involved and if so, the figured
male is more likely to be an undescribed species.
Cladochaeta inversa (Walker), NEW COMBINATION. Described in Dro
sophila ; is the type-species of Clastopteromyia. The figured male (Fig. 16) has
the arista-type shown in Fig. 13f; a few specimens from the same locality have
one less dorsal branch.
Cladochaeta sturtevanti NEW SPECIES. Holotype male, allotype and 13
paratypes, Arcadia, California, August through November, 1949, M. R. Wheeler,
coll. Also 17 paratypes from nearby California communities: Pasadena, Tujunga
Canyon, and Santa Anita Canyon. The relationship with Clastoptera nymphs
was described by Wheeler ( 1952: 181) .
We are pleased to name this species for the late Professor A. H. Sturtevant.
The arista is shown in Fig. 13f; a few specimens have one less dorsal branch.
The male genitalia are shown in Fig. 17. It is otherwise very similar to inversa.
Another (undescribed) species apparently occurs in northern California. We
have seen two specimens from Mill Valley, Marin County with the body
noticeably larger and darker, and with the wings much more heavily clouded.
Diathoneura infumata Duda was earlier removed to Cladochaeta by Wheeler
( 1963) after examining the holotype from Costa Rica.
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Frn. 16. Cladochwta inversa (Walker) , NEW COMBINATION. Described in Drosophila;
is type-species of Clastopteromyia. Type-locality: United States. Fig. specimen: Canada. Mar
mara, Ontario. This appears to be widespread over the northeastern U. S. It may also occur as
far west as Wisconsin., Michigan and Minnesota, but male specimens have not yet been checked.
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17b

18b

18 d
FIG. 17. Cladochaeta sturtevanti n. sp. Fig. specimen: California, Arcadia. Specimens from
northern California appear to be another ( undescribed) species.
FIG. 18. Cladochaeta floridana (Malloch)[?], NEW COMBINATION. Type-locality: Flor
ida, Fort Lauderdale. Fig. specimen: Florida, Hollywood .. [Species identity uncertain; see text].
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20a

20b

20d
20c

21c

21d

FIG. 19. Drosophila metallica Sturtevant [?]. Type-locality: Cuba, Bartle. Fig. specimen:
Panama, Bnquete. There are at least 6 similar species in the Caribbean-Central American area;
the form figured may not be metallica sensu strictu.
FIG. 20. Drosophila nana Williston. Type-locality: West Indies, St. Vincent. Fig. specimen :
West Indies, St. Vincent.
FIG. 21. Drosophila opaca Williston. Type-locality: West Indies, St. Vincent. Fig. specimen:
Panama Canal Zone, Barro Colorado I.
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22a

22e

22d
22 c

23d

23~

I

FIG. 22. Diathoneura tesselata Duda. Type-locality: Costa Rica, Suiza de Turrialba. Fig.
specimen [compared with type]: Panama (Boquete); also examined from Costa Rica (Palmar).
FIG. 23. Diathoneura laticeps Duda. Type-locality: Costa Rica, Suiza de Turrialba. Fig. speci
men [compared with type] : Costa Rica (La Lola).
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FIG. 24. Clastopteromyia longipennis Malloch. Type-locality: Costa Rica, San Mateo, Hi
guito. Fig. specimen: Panama (Boquete, Chiriqui Pr.).
FIG. 25. Drosophila superba Sturtevant. Type-locality: Guatemala, Trece Aguas, Alta Vera
Paz. Fig. specimen: Costa Rica (La Lola) and Colombia (El Recuerdo, Sierra Nevada de Santa
Marta) .
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XIII. Changes in the Ultrastructure of Rhynchosciara
Cells Infected by Microsporidia'
C. PAVAN,

J. BIESELE, R. W. RIESS ANDA. V. WERTZ
INTRODUCTION

Microsporidia ( Protozoa, sporozoa) are obligatory, cytoplasmic parasites.
While cases of infection have been reported in fish (Summerfelt, 1964; Lorn and
Corliss, 1967), crabs (Sprague, 1965), and rodents (Lainson et al., 1964; Weiser,
1965), the majority of the hosts of Microsporidian infections are in insects.
Several Dipterans are infected by different species of Microsporidia (see Thom
son, 1961) and, among these, at least two species of Sciaridae are known to be
infected (Diaz and Pavan, 1965; Pavan and Basile, 1966; Pavan, et al., 1969).
The host-parasite relationship of Rhynchosciara and Sciara infected by
microsporidia is of special interest. While the presence of the microsporidian
is only slightly detrimental to the host organism studied as a whole, an endo
symbiotic relationship (mutualism) may exist within the context of the indi
vidual infected cell, for, in many cases, the infected cells may survive longer than
the uninfected cells of the same tissue (Pavan et al., 1969). The increased
longevity of the infected cell seems to be a result of the induction, by the micro
sporidian, of a new pattern of development in the infected cell.
In several infected tissues, such as the salivary gland, each infected cell behaves
as a kind of microcosm within the host and follows a developmental pattern which
has no evident relation to the other cells of the same tissue. Each cell is, in reality,
a unicellular tumor that has its own pattern of development. A cell which was
part of a balanced system may, after being infected, become a separate entity
that uses the organism for its maintenance, but appears not to contribute anything
to it. This new entity (unicellular tumor) has its own regulating system, and in
Sciaridae it is possible to observe that the genomal, the chromosomal, and the
genie activities are different from those of the uninfected cells (Diaz and Pavan,
1965; Pavan and Basile, 1966; Pavan and daCunha, 1969; Pavan et al.., 1969).
In other tissues, such as the fat bodies, several cells may fuse and, together with
the microorganisms present, behave as a unit. The unit formed by the fusion of
several such infected cells is somewhat similar to the situation in infected striated
muscle which is naturally syncytial. In these syncytial tumors the chromosomes
are also enlarged permitting a detailed analysis of the induced changes in the
morphology and physiology of the host polytene chromosomes as a whole or in
specific bands.
We think that it is important to analyze the changes in the ultra-structure of
these different infected systems, as this may help us to understand the genetical
1 Work supported by Grants of the Public Health Service (GM-15769) and research career
award number 5-K6-CA-18366 from the National Cancer Institute.
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and physiological behavior of infected and uninfected cells. We present data on
the ultrastructure of normal tissues of R. angelae with the changes induced in
infected cells of several tissues by two species of Microsporidia. These changes
are so striking that they suggest the possibility that during the development of
the unicellular or syncytial tumor, the host cytoplasmic organelles may be par
tially replaced in their function by the corresponding organelles of the protozoa.
MATERIALS AND METHODS

The Rhynchosciara angelae used in this study were derived from cultures
originally collected in Vila Atlantica, State of Sao Paulo, Brazil, and sent to us
by Prof. A. B. daCunha and Mr. J. S. Morgante. In this species the larvae of
each sibling group develops synchronously (Breuer and Pavan, 1955). The larvae
were maintained in the laboratory according to the procedure described by Lara,
Tamaki and Pavan ( 1965) .
The spores of microsporidia were derived from infected larvae of R. angelae
collected in Vila Atlantica in 1968. The Microsporidia are maintained in the
laboratory in infected larvae of R. angelae or as spores stored at 4°C. Spores may
be obtained by centrifugation of dissected infected R. angelae tissues in distilled
water or triturating infected individuals or infected tissues in dry powdered
sweet potato leaves. Such spores can maintain their infective capacity for several
months if kept at 4°C.
Groups of newly hatched larvae of R. angelae were fed with corn meal agar
(10 grams of corn meal, 4 grams of agar in 100 cc water) mixed with mi.cro
sporidian spores. The spores used in the present experiment and rthe method used
to infect the larvae of R. angelae are described by Wertz and Pavan (1971). For
observation with the light microscope, the larvae were dissected in saline, the
tissues put on ethanol-acetic acid ( 3: 1) from a few minutes to several hours and
then fragmented in a drop of 60% solution of acetic-acid. The squashes were
lightly stained with lactic acetic-orceine ( 1 % ) and observed under phase contrast.
For observation with the electron microscope, the larvae were dissected in
saline and the desired tissues were fixed in 2.5% glutaraldehyde buffered with
0.1 M Sorensen's buffer (pH 7.2-7.3) for 45-60 minutes. The tissue was then
rinsed three times in an aqueous solution for 0.05 M Sorensen's buffer. There
followed a further fixation for one hour in 1 % osmium tetroxide in Sorensen's
buffer, a rinse in !listilled water, and staining en bloc with aqueous 0.5% uranyl
acetate for 16-20 hours. Alcohol dehydration was followed by impregnation of
the tissue with a graded series of acetone-plastic mixtures until a 100% plastic
phase was reached. The plastic mixture was made up of 70 parts Araldite 6005,
20 parts dodecenyl succinic anhydride, and 10 parts Epon 812 (Shell). Polymeri
zation was carried out at 80°C for about 24 hours with 2,4,6-tri (dimethylamino
methyl) phenol as catalyst. Thin sectioning was done on a Servall MT-1 Porter
Blum ultramicrotome with a diamond knife. Sections averaging 600 Angstrom
units were floated on water as cut, spread with toluene vapors, picked up on clean
specimen grids, and stained with Reynolds's lead citrate. The prepared grids were
examined with a Siemens Elmiskop I electron microscope.
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OBSERVATIONS

Two species of microsporidia (one of the genus Tlzeloh.ania and one of the
genus Octosporea) were found to infect R. angelae. Several tissues of the larva
and of the adult may be infected. In R . angelae we found that the infection is
most successful when newly hatched larvae were fed with spores of microsporidia.
We had no success in obtaining infected larvae if the spores were given to larvae
older than ten days.
The infected tissues may be observed in intact larvae due to the transparency
of the larval skin and the whitish aspect of the infected tissue. Infection by
Octosporea was usually confined to the intestine. Most cells infected by Thelo
h.ania sp. were found in the salivary gland, the parietal and visceral muscle,
and the fat bodies. We present data here from the study of the salivary gland,
the parietal and visceral muscle, and the intestine in light microscope and
electron microscope preparations. For clarity, each of these tissues will be dis
cussed separately. In addition, some comments on the protozoan (Theloh.ania sp.)
are included in a separate section.
All of the infected adults we have studied carried the infection through pupa
tion from the larval stage. Infection might possibly be introduced into adults
through injection or in spore-contaminated liquids (the adults ingest only liquids)
but the short lifetime of the adult flies (8 to 10 days) precludes our studying it.
Salivary gland: In R . angelae larvae a single layer of cells composes the salivary
glands which may reach 20 mm. in length in the fourth larval instar. Infection
may affect cells of any part of the gland. In the infected cells of the salivary gland,
the cell membrane is apparently strong enough to maintain the various stages of
the protozoan inside its limit. Each infected cell is an independent unit in relation
to development and function, and there is no indication of any product eliminated
by infected cells which would affect the host as a whole or the neighboring cells.
The cells of the salivary gland just adjacent to an infected cell go through their
normal process of development, and the puffs shown by the polytene chromosomes
at specific stages of development are normal, i.e., similar to the puffs seen in
chromosomes of other uninfected cells of the same tissue or those seen in un
infected larvae of the same age. The infected cells have a different pattern of puffs
than that of the uninfected cells. Some puffs of the uninfected cells may be
present in the chromosomes of the infected cells, but the time relationship be
tween different puffs is not normal. The most evident puffs of the uninfected cells
frequently do not appear when the cell is infected.
As in the normal salivary gland, the uninfected cells in an infected larva go
through a lysis process during pupation, and salivary gland cells do not exist in
the imago. The infected cells do not go through this lysis process and may be
found in adults as isolated entities-sometimes still attached to some remaining
gland secretion. Even in the adult stage the nuclei of these infected salivary
gland cells are well individualized and the chromosomes are very active in DNA
and RNA synthesis (Pavan, unpublished). The microsporidia in the adult sali
vary gland are also very active.
Under the electron microscope extensive changes were noted in the infected
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Fw. 1. Portion of salivary gland cell of microsporidia-infected Rhynchosciara larva. Nucleus
(N) and cytoplasm (C) are separated by the nuclear envelope (NE) bearing pores (P) .
The cytoplasm contains microtubules (MT), vesicles of rough endoplasmic reticulum (RER)
bearing ribosomes, and polyribosomes (PR ). The nucleus contains grandular or fibrillar chro
matin (Ch ) and a large mass of condensed chromatin (CCh). There are several invaginations
(In ) of the nuclear envelope into the nuclear space. The invaginations pass through tightly closed,
straited necks (SN) and open out into spheroidal pseudoinclusions (SP ) of cytoplasm. X 31,500.

salivary gland cell. We paid particular attention to the invagination of large
masses of cytoplasm into the nucleus in an apparent exaggeration or exacerbation
of a process that was found to a smaller degree in uninfected salivary gland cells.
We shall also describe alterations in the basal cytoplasm.
Invaginations or infoldings of the nuclear envelope ("pseudoinclusions" of
Bernhard and Granboulan, 1963), carrying cytoplasmic material into the nuclear
space, took several forms. Figure 1, of an infected cell, shows nucleus to the right
and cytoplasm to the left of the nuclear envelope, which extends vertically across
the micrograph and in which pores can be distinguished. Many microtubules,
vesicles of rough endoplasmic reticulum, single ribosomes, and polyribosomes
are present in the cytoplasm. Inside the nucleus, portions of two and possibly of
four invaginations can be m ade out. These seem to involve both membranes of
the enve~ope . The conical invagination closes into a tight cylinder a short distance
into the nucleus. The tight cylinder in cross-section contains dense 50-70 A dots
centrally, and when cut at another angle it seems to contain or to be made up of
dense curving striae of a periodicity of about 200 A. At the end of this sinuous
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cylinder within the nucleus, the membranes expand to reveal an enclosed
spherical portion of cytoplasm. lnvaginations perhaps of this sort may have been
involved in the formation of the apparent inclusions of cytoplasm seen as
spheroids enclosed in double membranes within the nucleus in Figure 2 and
Figure 3, both from uninfected salivary gland.
An example of multiple invagination is shown in the heavily infected adult cell
of Figure 4. In this micrograph of an infected cell (two microsporidia are
evident in the lower left corner) , the nuclear enevlope proper, marked by
numerous pores, stretches diagonally across the figure. In the cytoplasm to the
left and below the nuclear envelope, there are distended irregular channels,
presumbably of endoplasmic reticulum, numerous smaller vesicles, a number of
mitochondria and microtubules, and perhaps some ribosomes. On the nuclear side
of the envelope, about two dozen inclusions can be made out. Each is bounded by
two membranes, and there is a space of variable width between the two mem
branes. In some cases, there are obvious pores across this two-membraned envel
ope, and there is little question that the nuclear envelope is concerned. Within
the invaginated inclusions, there is a variety of vesicles, microtubules, and small
granules that are probable ribosomes. Remarkably similar inclusions of cytoplasm
in the nuclear space have been found in enlarged mammalian liver and hepatoma
cells. A recent description cf these in the livers of rats treated with certain
alkaloids is given in the paper of Allen et al. (1970), with micrographs amazingly
similar to ours.
Disorganization of the cytoplasm is described here only for the basal third or
so of the cell. As in Chironomus thummi, the basal plasma membrane is deeply
infolded, perhaps to expedite the uptake of material from the haemolymph to be
worked over and secreted into the saliva (Kloetzel and Laufer, 1969). This basal
infolding is seen in Figure 5, which shows little damage, although it is part of an
infected cell. Mitochondria are not as abundant in this micrograph as in that
published for Chironomus (Kloetzel and Laufer, 1969). The basal infoldings
penetrate deeply into the cell, apparently cutting the cytoplasm into irregular
columns and perhaps even being responsible for the cytoplasmic areas surrounded
by two membranes and found near the nucleus in Figure 2.
There is an abundance of microtubules in the basal cytoplasm of the salivary
gland cell. In Figure 5 many of the microtubules were cut obliquely or in cross
sections, so that they appear as short cylinders or circles. In Figure 6, the cell has
been sectioned at right angles to the preceding, and a great field of approximately
parallel microtubules is revealed, interrupted by perpendicular strings of vesicles,
which possibly represent infoldings of the basal plasma membrane. Note in
Figure 6 that there is disorganization of this microtubular array in the immediate
vicinity of the microsporidia. We may note here a difference from Sciara ocellaris
salivary gland cells, in which Jurand, Simoes, and Pavan (1967) described the
microtubules as "stray tubular structures . .. scattered over the entire cytoplasm
in both infected and uninfected cells in apparently similar numbers."
Figure 7 (which is cut at a different angle than the two preceding figures) de
picts a further stage in the cytoplasmic disarray. There is a microsporidian to the
right of the figure. Besides the numerous microtubules, the elongate, dense mito
chondria, and the sinuous infolded channels, note the ribosomes, many of which
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appear in groups, perhaps as polyribosomes. Comparison of mitochondria in this
figure with those in the uninfected cell of Figure 2 tend to confirm the observation
of Jurand et al. (1967) in Sciara ocellaris that mitochondria in infected salivary
gland cells become more slender than normal. However, we have carried out no
systematic series of comparative measurements.
Visceral muscle: The long uninuclear fibers found around the intestinal caeca
and connecting them to the midgut may also become infected. When infected,
these cells form a unicellular tumor similar to the situation in the salivary gland
cells. Uninfected cells are normally atrophied in the adult, but, when infected, the
cells are large and the chromosomes remain very active. Under the light micro
scope uninfected cells exhibit myofibrils with the typical transverse striation. In
infected cells these myofibrils appear to be gradually eliminated. This is clearly
shown under the electron microscope, but here, even in heavily infected cells,
some myofibrils may be seen.
The first three electron micrographs of visceral muscle show uninfected cells
attached to the outer surface of the intestinal caecum. Figure 8 is of two visceral
muscle cells in place against the basement membrane of a caecal cell, whose
basal plasma membrane is greatly infolded in this region. Muscle fibrils fill over
half the internal volume of the muscle cells. The myofilaments are cut approxi
mately transversely in this section, which is at the level of the A band, and each
thick filament is surrounded by a number of less dense thin filaments. Several
moderately dense mitochondria and several ribosomes are in each cell and a
transverse tubule is seen entering each cell at the surface away from the caecal
basement membrane.
Figure 9 is at greater magnification than the preceding figure and shows the
myofilaments cut approximately longitudinally. The thick filaments are accom
panied by thin filaments, and toward the middle of the cell the thin filaments are
seen to continue alone through the I band to the Z band, which is near a mito
chondrion. Also seen in this cell are channels of the sarcoplasmic reticulum, some
membrane-bound and other possibly free ribosomes, and a portion of one micro
tubule. The thick myofilaments, of diameter approximating 160 A, have sinuous
edges, and there is evidence of periodic cross-bridges between the thick and thin
filaments.
Figure 10 is another uninfected visceral muscle cell, which, at this level, is
filled almost entirely with myofilaments. A few microtubules and some cross sec
tions of the sarcoplasmic reticulum can be seen. Many of the myofilaments have
been cut transversely in the A band, and each thick filament is surrounded by a
number of thin filaments of about 50 Angstrom units diameter. The number of
thin filaments ringing each thick filament is variable, ranging from less than five

Fm. 2. Portion of uninfected salivary gland cell, showing spheroidal pseudoinclusi:m s (SP) of
cytoplasm in the nucleus, nuclear envelope (NE) with pores, mitochondria (M ), and cytoplasmic
columns (CPC) inside presumed basal infoldings (BI) of the plasma membrane. X 12,600.
Fm. 3. Portion of uninfected salivary gland cell sh3wing large double-membraned cytoplasmic
pseudoinclusion (SP) within the nucleus, a large irregular mass of condensed chomatin (CCh), a
broad infolding of the nuclear envelope (NE) bearing numerous pores (P), and a small bit of
the cytoplasm (C). X 12,700.
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to about twelve, with nine commonly found. Rhynchosciara thus agrees with
what is known about other insect visceral muscle, in which orbitals of up to twelve
thin filaments have been described about each thick filament (Smith, 1968).
There are occasional masses of Z-material. Around these only thin filaments are
seen. Thick filaments in the vicinity of such I and Z regions seem to have few or
no thin filaments associated with them.
Visceral muscle cells infected with microsporidia typically increase greatly in
size. Most of the increase in volume is devoted to the protozoa, however, and the
myofibrils are frequently crowded to the edge of the cell. Figure 11 shows a por
tion of such an infected cell against a caecal cell which is in a secretory phase.
Several dense mitochondria of the muscle cell are located among the large micro
sporidia, while the myofibrils (seen here in a cross section of the A band) form a
thin sheet below the protozoa. A similar situation is depicted in Figure 12 at three
times the magnification. Comparison of the density of myofilaments in infected
and uninfected cells (Figure 8 and 11) indicates that many of the myofilaments
may be destroyed during infection. However, those myofilaments which remain
in infected cells appear normal. In this micrograph, the association of thin myo
filaments with the thick seems to be unchanged from normal but the microtu
bules, seen here largely as hollow circles in cross section, appear relatively more
abundant than in uninfected cells.
Figure 13 is of a visceral muscle cell with a broader mass of myofilaments be
tween the microsporidian and the plasma membrane. This figure may be com
pared with Figure 10, which also shows masses of Z-material with numerous thin
filaments surrounding them. In this infected cell, however, there are some thick
filaments nearby which apparently lack associated thin filaments. Numerous
microtubule cross sections are evident in Figure 13, and there is also a fair
amount of obliquely sectioned A band, with both thick and thin filaments.
Parietal muscle: The parietal muscle is normally a union of interconnected
fibers forming a syncytial system, i.e., each nucleus, although having its own un
differentiated cytoplasm around it, shares the common differentiated cytoplasm
formed by the striated muscle fibers. Once the microsporidia enter the muscle
fiber, they may start development in the undifferentiated cytoplasm near the
nucleus or along the muscle fiber. After a certain stage of the infection, the muscle
loses its contractibility and morphologically resembles the fat body tissue. Under
the light microscope one can observe that the myofibrils are gradually destroyed
in the infected cells. In some cases, at the beginning of the infection, one may
notice ·a sequence of different stages of the microsporidia developing along a mus
cle fiber. In other cases, the entire muscle is full of microsporidia, and the myo
fibrils present are inversely proportional to the number of microsporidia present
in the muscle fiber.

FIG. 4. Portion of a microsporidia-infected salivary gland cell that persisted from the larva
into the adult, with numerous cytoplasmic pseudo-inclusions ( S) in the nuclear space. The nuclear
envelope proper (NE) with pores separtes cytoplasm from nucleus. Pores (P) are also evident
in the double-membraned envelopes of some pseudo-inclusions. The cytoplasm contains distended
endoplasmic reticulum (ER), microtubules (MT), mitochondria (M), ribosomes (R), and mi
crosporidia (MS) with complex walls. X 11,500.
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Fm. 7. Basal cytoplasm of an infected salivary gland cell showing part of a microsporidian at
right (MS), basement membrane (BM) at left, basal infoldings (Bl ), mitochondria (M), micro
tubules (MT), and ribosomes. X 11,900.

Disorganization of the cytoplasm was quite obvious in the infected parietal
muscle cells studied by electron microscopy. Figure 14, at low magnification,
shows the normal nucleus of an uninfected parietal muscle cell and the associated
relatively undifferentiated cytoplasm. In addition, the highly organized muscle
fibrils and other cytoplasmic structures may be seen.
Figure 15 is centered on cross sections of the irregularly honeycomb-like Z
bands of an uninfected parietal muscle cell. Aggregations of thin filaments are
clustered about the dense masses of Z-material, and the sarcoplasmic reticulum is
prominent. Portions of transverse tubules accompany a number of the channels of
sarcoplasmic reticulum. At the edge of this cell, two transverse tubules are seen
entering the cytoplasm as invaginations of the plasma membrane. Much of the

FIG. 5. Basal region of an infected salivary gland cell, showing deep infoldings (Bl) of the
basal plasma membrane, the basement membrane (BM) , mitochondria (M ), and microtubules
(MT), largely in cross-section. X 15,600.

FIG. 6. Basal cytcplasm of an infected salivary gland cell, sectioned tangential to the plane of
a great array of microtubules (MT) and perpendicular to the system of basal infolding (Bl ) of
the plasma membrane. Mitochondria (M) , ribosomes. and several microsp3ridia (MS) are pres
ent. X 11,700.
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figure i3 occupied by cross sections of thick and thin filaments in A band associa
tion. As in visceral muscle cells, the association of thick and thin myofilaments is
not strictly ordered and about nine thin filaments ring each thick filament. Mito
chondria have dense matrices and lighter intracristal spaces.
A longitudinal section of part of a parietal muscle cell is illustrated in Figure
16. The sarcomere (from one Z band to the next band) measures about seven
microns in length. The Z bands are seen as discontinuous dense masses of irregu
lar shape. Mitochondria with dense matrices and elements of the sarcoplasmic
reticulum are interspersed among the myofibrils.
Figure 17, at higher magnification, is centered on the Z band of a myofibril.
Note the regularity exhibited by the myofilaments, and note also the bridges be
tween thick and thin filaments. Small dense granules, probably ribosomes, lie
scattered among the filaments.
A number of changes may be noted in infected parietal muscle. Figure 18
depicts, at relatively low magnification, a quadrant of the enlarged nucleus of an
infected cell. A microsporidian is partly shown in the cytoplasm at the right.
Besides the granular chromatin, the nucleus contains several small invaginations
from the cytoplasm. In the cytoplasm there are a few small groups of myofila
ments, a number of spheroidal mitochondria and elements of the endoplasmic
(sarcoplasmic) reticulum. Figure 19, at the same low magnification, shows a por
tion of the peripheral cytoplasm of an infected cell with four or five microsporidia
lying toward the center of the cell. The cytoplasm about the protozoa no longer
resembles that of a muscle cell; at best, several mitochondria, a Golgi apparatus,
and a microtubule can be made out among the debris. Closer to the edge, myo
filaments lie in some disarray among swollen elements of the former sarco
plasmic reticulum and the mitochondria have light matrices and dark cristae, a
reversal of their appearance in the uninfected cell.
Part of the cell edge from the previous figure is shown at higher magnification
in Figure 20. The myofilaments still maintain some semblance of order, but not
to the degree seen in the uninfected cells. In this figure, thin myofilaments are
attached to dense masses on the plasma membrane. More detail is seen in the
mitochondria and microtubules, and a few apparently free ribosomes are present.
Figure 21 is of a similar region but does not include the plasma membrane. Most
of the same formed structures are present, including a scattering of small dense
granules, apparently the same as those interpreted as ribosomes in the uninfected

Fie. 8. Two cells of uninfected visceral muscle on intestinal caecum. Each muscle cell contains
myofibrils sectioned transversely in the A band (A) , a transverse tubule (TT ) . several mito
chondria (M) , and ribosomes. The caecal cell sits on a basement membrane (BM) and exhibits
deep basal infoldings (Bl) of its plasma m embrane up into its cytoplasm, which is laden with
ribosome-rich vesicles of endoplasmic reticulum (RER). X 16,000.
FIG. 9. A visceral muscle cell lying against basement membrane of caecal cell. The myofibril,
sectioned almost longitudinally, contains both thick and thin myofilaments with bridges between
them in the A band (A), and thin filaments only in the I band (I) , which run into the dense
material of the Z band (Z) . Mitochondria (M), sarcoplasmic reticulum (SR), ribosomes, and a
microtubule (arrow) are also present. X 40,200.

FIG. 10. Another uninfected visceral muscle cell lying against basement membrane of caecum.
Different sarcomere regions can be distinguished : A band (A), with thick filaments in cross
section associated with thin filaments; dense material of the Z bands (Z); and nearby groupings
of thin filaments alone in I bands (I) . Note also the transverse tubule (TI), sarcoplasmic reticu
lum (SR), and microtubules (arrows). X 64,800.

FIG. 11. Visceral muscle cell infected with microsporidia (MS), which are here m the schizont
stage and occupy much of the enlarged muscle cell cytoplasm. Mitochondria (M ) lie among the
microsporidia, and the myofibrils (MF) form a thin band in the peripheral cytoplasm against
the basement membrane (BM) of the caecal cell (CaC) . X 15,900.
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muscle, Figure 10. It is perhaps noteworthy that little Z band material was de
tectable in many micrographs of infected cells of parietal muscle. The dense
masses on the plasma membrane in Figures 19 and 20 are evidence that Z band
material was not completely absent. Figure 22 is a micrograph of the central cyto
plasmic region of a cell that contained numerous microsporidia but little of its
own cytoplasmic organelles. In the swirl of cytoplasm depicted, one may note
partly disarranged thick and thin filaments, small masses of Z band material,
profiles of sarcoplasmic reticulum and mitochondria, microtubules, and free
ribosomes.
Intestine: Even in the same region of the intestine of R. angelae one finds cells
of varying shapes and sizes. The large cells of the anterior part of the midgut have
the largest polytene chromosomes. These cells are the first cells to be infected by
microsporidia in R. ange 1ae. Most of the protozoans found in these cells belong to
the g~nus Octosporea.
The infected intestine cells increase in size and their nuclei and chromosomes
become enlarged. Their chromosomes exhibit a large number of puffs and, in
some cases, the entire chromosome or even the entire genome may be puffed. The
pattern of puffs in the polytene chromosomes of the intestinal cells is definitely
changed by the infection. We did not make a detailed study of the alteration of
puff pattern, however, as neighboring cells of the intestine, even in uninfected
tissues, normally appear to be in different stages of development. Even in the
uninfected situation the cells will not exhibit the same puffs at the same time.
With the electron microscope the cells studied from normal intestine appeared
to be differentiated for very active protein synthesis and secretion. To judge from
their morphology, intestinal cells infected Vlcith microsporidia had this function
largely aborted.
Figure 23 depicts part of the nucleus and some nearby cytoplasm of an unin
fected cell. Both condensed and fine-granular chromatin are evident in the
nucleus. The nuclear envelope contains many pores . In the cytoplasm there is an
extensive lamellar development of rough endoplasmic reticulum, with ribosomes
packed on the reticulum membrane in a fashion reminiscent of the mammalian
pancreas. Golgi complexe:; are also in evidence, as well as mitochondria with
dense matrices. Figure 24, at higher magnification, also shows the active ergasto
plasm, Golgi and mitochondria .
Figure 25 gives a low-power overview of much of the nucleus and some cyto
plasm of an infecte:l cell. The nucleus shows the expected pattern of con
densed chromosome bands and nucleoli, and numerous pores are set closely to-

Fm. 12. Infected visceral muscle cell at higher magnification, showing a schizont microsporid
ian (MS), a thin set of thick and thin myofilaments (MF) in cross-section, numerous micro
tubules (arrows) also in cross-section, and a portion of the basal cytoplasm of a caecal cell (CaC).
x 34,900.
FIGURE 13. Porticn of an infected visceral muscle cell. Between the microsporidian (MS) and
the plasma membrane, the muscle elements have been sectioned both transversely and obliquely
in A bands (A) , I bands (I). and Z bands (Z). Sarcoplasmic reticulum (SR) is evident, as are
cross-sections of microtubules, which appear as small hollow circles slightly la~ger than the dense
thick filaments. X 35300.
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gether on the nuclear envelope. Besides microsporidia in the cytoplasm, one may
note distended mitochondria and swollen endoplasmic reticulum bearing some
resemblance to that in the infected muscle cell of Figure 19.
Figure 26, at intermediate magnification, shows parts of the nuclear envelope
and adjoining regions of nucleoplasm and cytoplasm in an infected intestinal cell.
Parts of 4 microsporidia are seen in the cytoplasm. Ultrastructurally, the nucleus
appears little changed from normal, but in the cytoplasm there is noteworthy
change in the appearance of the rough endoplasmic reticulum. Instead of the
tightly packed, "onionskin" appearance of the endoplasmic reticulum in unin
fected cells in Figures 23 and 24, here the elements of the endoplasmic reticulum
appear as distended ovoid vesicles studded with ribosomes. There are numerous
free ribosomes in the cytoplasm as well, as seen in Figure 27, from a different ex
periment. In the region between two microsporidia in Figure 27, one sees swollen
mitochondria and a few microtubules lying among the distended vesicles of the
endoplasmic reticulum. Golgi apparatus as such is no longer recognizable with
certainty. It might be difficult to distinguish it from the vesicles derived from the
endoplasmic reticulum if its elements likewise become distended in infected cells.
Jurand, Sim6es, and Pavan ( 1967) also found the Golgi complexes to decrease
in number in another sort of secretory cell, the salivary gland cells of Sciara
ocellaris; the few they recognized in infected cells were of lamellar type sur
rounded by small dense granules. These authors remarked on the change in rough
endoplasmic reticulum in their infected gland cells: as in these secretory intesti
nal cells and the parietal muscle cells of Rhynchosciara larvae, the formerly
lamellar endoplasmic reticulum became distended into vesicles, with a seemingly
lower concentration of ribosomes on the membranes, and with other non-mem
brane-bound ribosomes free in the cytoplasm; overall, there appeared to be a
diminished concentration of ribosomes in the edematous damaged cytoplasm.
The Protozoan: We did not study the ultrastructure of the microsporidian of
1he genus Octosporea which is usually found in the intestine. We present some
data here on the microsporidian belonging to the genus T helohania.
In the fat body and salivary gland cells, it is normal to find cases in which all
the microsporidia of an infected cell are in the same stage of the life cycle. How
ever, different infected cells of the same tissue may have the protozoans at vary
ing stages of development. In the most heavily infected cells, spores, schizonts,
and sporonts may be found side by side. We did not find any special association of
the microsporidia with any particular cell parts or with particular host cyto
plasmic organelles.
Thelohania sp. follows the typical microsporidian life cycle of sporoplasm->
schizont-> sporont-> spore. Schizonts, sporonts, and spores may be distinguished

Fm. 14. Portion of an uninfected parietal muscle cell at low magnification. The nucleus (N)
is in the peripheral cytoplasm, while most of the cell is occupied by myofibrils (MF), among
which mitochondria (M) and sarcoplasmic reticulum (arrows) may be seen. X 3,870.
Fm. 15. Uninfected parietal muscle. Masses of dense Z band material (Z) are in the center
of the figure, among sections of mitochondria (M), sarcoplasmic reticulum (SR), and transverse
tubules (TI), of which two can be seen entering the cell at lower left beneath cross-sections of
the thin and thick myofilaments of an extensive A band (A). X 24,500.
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under the light microscope by their shape. The electron microscope allows a more
exact means of separation, however, as the ultrastructural morphology of the
schizont and sporont is different. The cytoplasm of the schizont contains more
free ribosomes than are found in the sporont stage. Probably because of the large
number of free ribosomes, the schizont appears very dense (Figures 11 and 12).
The sporont, on the other hand, has a thicker external membrane and more double
membranous structures in the cytoplasm than the schizont (Figures 19 and 22).
These are probably endoplasmic reticula with attached ribosomes. Such endo
plasmic reticula are often found in cells active in secretion or in the production of
proteins to be used for exogenous purposes. In both schizonts and sporonts the
nucleus was frequently visible-often with a clear nucleolus.
The external membrane of the sporont appears to react with the host cyto
plasm to produce blebs of an unknown electron dense material (see Figures 19
and 22). Some of the blebs appear to end in an apparent vesicle. We did not
find such electron dense material in association with schizonts (see Figures 11
and 12). A similar border was seen. however, around several very late sporonts
or possible immature spores.
In the normal spore one can see the developing sporoplasm, some endoplasmic
reticulum, the coiled polar filament, and other unidentified parts (Figure 28).
The external membrane is seen to have three layers.

FIG. 16. Portion of an uninfected pariet3l muscle cell. with myofibrils (MF) in longitudinal
section. Mitochondria (M) and sarcoplasmic reticulum (SR) lie between adjacent myofibrils. A
discontinuous band of Z material (Z) marks the end of the S3rcomere. X 11.100.
Fm. 17. Portion of an uninfected parietal muscle cell at greater magnification. Disco:itinuous
masses of dense Z band material (Z) straggle down the middle of the figure, and thin myofila
ments forming an irregular I band (I) are attached to them. Farther out, thick filaments are
bridged to the thin in the A bands (A ). A mitochondrion (M) lies next to vesicles of sarcoplasmic
reticulum (SR). X 36,600.
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DrscussION
Jurand et al. (1967) reported that microsporidian infection disrupts the cyto
plasm of infected salivary gland cells of Sciara ocellaris. Our results confirm this
finding in R. angelae and extend it to other tissues as well. In the comparison of
normal and microsporidian-infected cells, the general finding was that of sub
cellular disorganization, especially of the immediate vicinity of the protozoa. The
differentiated cytoplasm of uninfected cells was less evident in cells bearing the
microsporidia, despite the enlargement and hyperfunction of the nucleus. Form
erly differentiated cytoplasm diminishes in proportion to the extent of the infec
tion. The mitochondria are the only cytoplasmic organelles which are not greatly
affected by the infection. Although the effect of the microsporidia on the mito
chondria of infected cells in R. angelae seems to be less evident than in S. ocellaris,
the mitochondria do appear smaller and more numerous in the infected than in
the uninfected cells. There is no clear evidence of the existence of mitochondria
in the microsporidia.
The majority of the infected cells or syncytial tumors are infected very early
in larval development but a large proportion of these infected cells or syncytial
tumors continue development throughout the entire larval and adult stages. As
mentioned above, the larvae are usually infected in the first instar and, although
the infected cell cytoplasm is very disrupted, the cells survive for fifty to sixty
days-corresponding to almost the entire cycle of R. angelae development. Auto
radiography of cells at very advanced stages of the infection shows that the nuclei
of these cells are very active (Pavan, Wertz and Smith, unpublished).
One should notice that the nuclei of the infected cells of the salivary gland of R.
ungelae increase their DNA content following an approximately geometric series
of 2: 4: 8: 16 or 32 times the DNA content of the uninfected cells of the same tissue
(Roberts, Kimball and Pavan, 1967). It is of interest to note this recurring
doubling of DNA occurs despite the extreme alterations of the cytoplasm reported
here.
We have termed the nuclear inclusions seen in the infected salivary gland cell
nuclei "pseudoinclusions" following the practice of Bernhard and Granboulan
( 1963), who thus described cross-sections of cytoplasmic bodies bounded by nu
clear envelope within the nucleus of tumor cells, sometimes with, sometimes
apparently without a continuous connection to the ·c ytoplasm proper. Al
though such pseudoinclusions have often been noted in neoplastic cells (Flaks and
Flaks, 1970), they may be related only indirectly to neoplasia in that they may
represent an attempt to maintain a normal ratio of nuclear surface area to nu-

FIG. 18. Portion of an infected parietal muscle cell, showing part of the greatly enlarged
nucleus (N), the nuclear envelope (NE) with many pores, and half of a microsporidian (MS)
in the cytoplasm along with a few small bundles of myofilaments (arrows) and mitochondria.
FIG. 19. Part of the peripheral cytoplasm of an infected parietal muscle cell. Some myofibrils
(MF) are at the edge of the cell among distended elements of endoplasmic reticulum (ER).
There are several microsporidia (MS) in the sporont stage, and in the disorganized cytoplasm
surrounding them there are several mitochondria (M). X 8,600.
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clear volume (Leduc and Wilson, 1959) as the latter is increased by polyploidi
zation, for example.
Pseudoinclusions are especially striking characteristics of the polyploid megalo
hepatocytes formed in the livers of rats intoxicated with pyrrolizidine alkaloids
found in certain plants (Allen et al., 1970). As is the case with the infected cells
of larval Rhynchosciara, the megalohepatocytes retain and express their ability to
synthesize DNA without cell division (Afzelius and Schoental, 1967). These
megalohepatocytes are suspected of giving rise to hepatomas (Allen et al., 1970).
In infected muscle fibers there is extreme alteration of the cytoplasm and a de
crease in the concentration of myofilaments, but the majority of the myofilaments
that remain in infected cells have apparently normal ultrastructure. This sup
ports the hypothesis that the infected cells are biochemically and physiologically
"normal" if we consider that they are following an altered pattern of develop
ment. It appears that the destruction of some of the cytoplasmic organelles of the
host cell is not due to a direct action of the microsporidia, but, rather, to a greater
efficiency of the protozoa in a competition with the host cytoplasmic organelles for
vital substances. This can be seen in the case of the organization of the myofila
ments in the infected muscle cells. The fibers are regularly distributed in the cyto
plasm of uninfected cells or in the areas of infected cells removed from the vicinity
of the microsporidia, but, in general, are totally disorganized in the neighborhood
of the parasite. If the destruction of the myofilaments were caused by elimination
of a toxic material from the protozoan, one would expect that in advanced stages
of infection the destruction would be manifested throughout the cell and not
merely in the region proximal to the microsporidia.
We believe that the extreme alterations of the infected host cell cytoplasm re
ported here can perhaps be reconciled with the increase in nuclear activity and
increased longevity in infected cells by proposal of a mutualistic association be
tween the protozoa and R. angelae. The details of such an association are not
known.

FIG. 20. Enlargement of part of the preceding Fig. 19 to show both thick and thin myo
filaments (MF) in some disarray, the thin filaments terminating in dense bodies, possibly Z
material, just inside the plasma membrane. Mitochondria (M) and elements of sarcoplasmic
reticulum (SR) are present. X 37,700.
Fm. 21. Myofilaments in an infected parietal muscle cell. Both thick and thin myofilaments
(MF) are seen predominantly in longitudinal sections along with microtubules (arrows), mito
chondria (M), and ribosomes. which seem to lie both free and attached to elements of sarco
plasmic reticulum (SR). X 39,400.
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Frn. 26. Portion of an infected intestinal cell. The nucleus (N) lies above, and the cytoplasm
with several microsporidia (MS) lies below the porous nuclear envelope (NE) . The cytoplasm
contains swollen vesicles of endoplasmic reticulum (ER) ; ribosomes are on these vesicles as
well as lying apparently free in the cytoplasm. X 17,600.

·.
Fm. 28. Mature spore of
microsporidian, Thelohania sp. Note the sporoplasm (SP) ,
endoplasmic reticulum (ER), and polar filament (PF). X 39,600.

XIV. Taxonomy of the Drosophila bipectinata
Species Complex'
I. R. BOCK

2

Drosophila bipectinata was described in 1923 by Duda from a Museum speci
men originally collected in India (Duda 1923). Within the melanogaster species
group of the subgenus Sophophora, Hsu (1949) established a separate subgroup,
the ananassae subgroup, for D. bipectinata and D. ananassae Doleschall 1858.
Parshad and Paika ( 1964) described a third member of the ananassae subgroup,
D. malerkotliana, from India ( ="Drosnphila sp." from Borneo, Okada 1964).
Recent studies by Kaneshiro and Wheeler (1970), and by the author, have
indicated that the ananassae subgroup consists of two distinct species complexes:
the bipectinata complex (in males of which the aedeagus is bifid and bare) , and
the ananassae complex (in males of which the aedeagus is fused and strongly
hirsute) . The bipectinata complex contains D. bipectinata and D. malerkotliana,
and two further species which are described below as D. pseudoananassae sp. nov.
and D. parabipectinata sp. nov. Subspecies are described for D. malerkotliana and
for D. pseudoananassae. The specific or subspecific status of each form within the
bipectinata complex was confirmed by extensive studies of reproductive isolation;
results of these studies, and of the associated cytological investigation, will be pub
lished subsequently.
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Duda 1924. Arch. Naturgesch. 90A (3): 214.
Duda 1926. Suppl. Ent.14 : 98.
Kikkawa and Peng 1938. Jap. Jour. Zool. 7: 527.
Drosophila (Sophophora) bipectinata Sturtevant 1942. Univ. Texas Pub. 4213 :
29.
Hsu 1949. Univ. Texas Pub. 4920: 122.
Wheeler 1949. Univ. Texas Pub. 4920: 175.
Patterson and Stone 1952. Evolution in the Genus Drosophila: 16.
Okada 1953. Zool. Mag. 62 : 284.
Okada 1954. Kontyu 22 : 39.
Okada 1955. Sci. Result Jap. Exp. Nepal Himalaya 1 : 387.
Okada 1956. Systematic Study of Drosophilidae and Allied Families of Japan :
117.
t This study was supported partly by a University of Queensland research grant to the Genetics
Laboratory, University of Queensland, and in part by a U . S. Public Health Service Research
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Okada 1964. Nature and Life in Southeast Asia III: 449.
Okada 1965. Kontyu33: 347.
Okada 1966. Bull. Brit. Mus. Nat. Hist. Suppl. 6: 82, 95.
=Drosophila suntivanii Mather and Dobzhansky 1962. Pac. Ins. 4: 247, NEW
SYNONYM.

=sp. 6 Kaneshiro and Wheeler 1970: Dros. Inf. Serv. 45: 143.
General features, male and female: As described by Duda ( 1923), Kikkawa
and Peng (1938). Hsu (1949) (periphallic organs), Okada (1954) (phallic or
gans) , and Mather and Dobzhansky (1962) .
Distribution: D. bipectinata occurs in both Oriental and Australian biogeo
graphic zones. ranging from India and Nepal through Formosa, Borneo, the Phil
lippines and New Guinea, to Samoa in the Pacific Ocean. The species is not, how
ever, known from Australia.
Drosophila malerkotliana Parshad and Paika 1964

Drosophila (Sophophora) sp. Okada 1964. Nature and Life in Southeast Asia 3:
439.
Drosophila (Sophophora) malerkotliana Parshad and Paika 1964. Res. Bull.
Panjab Univ. 15: 235.
=sp. 10 and sp. 11 Kaneshiro and Wheeler 1970. Dros. Inf. Serv. 45: 143.
General features, male and female: As described by Okada ( 1964) and Parshad
and Paika ( 1964) .
Distribution: D. malerkotliana, described from Malerkotla, Chandigarh and
Pinjore, India. is restricted in range to the Oriental biogeographic zone from India
through Thailand and Malaya east to Borneo and the Philippines.
Subspecies: In males from India, Thailand and Malaya the distal portion of the
abdomen darkens vvith age to shiny black. In males from Borneo and the Philip
pines the abdomen remains pale brown throughout life. (No coloration differ
ences occur in females). On the basis of the difference in male abdominal colora
tion two subspecies of D. malerkotliana are recognized: the name D. malerkotliana
malerkotliana is proposed for the Indian, Thai, and Malayan populations in
which male abdomens are black; the name D. malerkotliana pallida is proposed
for the Borneo and Philippine populations in which male abdomens are pale
brown. Kaneshiro and Wheeler (1970) note a difference in karyotypes between
these two forms: the Y chromosome is J-shaped in D. m. pallida (sp. 10) and
V-shaped in D. m. malerkotliana (sp. 11).
Type locality of D. m. pallida: Sabah, Borneo. Holotype and allotype deposited
in the Queensland Museum, Brisbane, Australia. Twenty paratypes deposited in
the Genetics Foundation, University of Texas collection.
Drosophila ( Sophophora) pseudoananassae sp. nov.

=Drosophila ananassae Mather 1956. Aust. Jour. Zool. 3: 569.
=sp. 8 and sp. 9 Kaneshiro and Wheeler 1970. Dros. Inf. Serv. 45: 143.
General: Small, pale brown flies. Distal portion of male abdomen black in
specimens from Borneo and Malaya, permitting subspecific classification.
Type culture: Cairns, north Australia. Holotype and allotype of each sub
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FIG. 1-4. Drosophila pseudoananassae, n. sp. 1.- male phallic organs. 2.-male genital arch.
3.-female egg guide. 4.-sex-comb of male fore-tarsus. Specimens from Port Moresby.

species deposited in the Queensland Museum, Brisbane, Australia. Twenty para
types of each subspecies deposited in the Genetics Foundation, University of
Texas collection.
Body length.: Male 2.0 mm; female 2.3 mm.
Head, male and female: Arista with 4-6 branches above, 3 below, plus the
terminal fork. Front pale brown, broad. Orbital bristles in the ratio 3: 1: 3. Carina
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narrow, rounded. Ocelli pale orange. Eyes red. Greatest width of cheek 0.2 times
greatest diameter of eye.
Thorax, male and female: Acrostichal hairs in 8 rows in front of dorsocentral
bristles, 4 rows between dorsocentrals. Anterior scutellars convergent. Posterior
dorsocentrals longer than anterior dorsocentrals (ratio 2: 1). Sterno-index 0.7.
Preapical bristles on all tibiae; apicals on first and second tibiae. Sex-comb of
male (Fig. 4) in 3 transverse rows: two rows on distal portion of metatarsus con
sisting of approximately 2 teeth (proximal row) and 5 teeth (distal row), and
one row on distal margin of second tarsal segment of 'a pproximately 3 teeth.
Wings, male and female: Transparent. Costal index 1.5 ± 0.2; 4V index
2.5 ± 0.3; 5X index 1.7 ± 0.2; 4C index 2.3 ± 0.3. Third costal section with
heavy bristles on basal half or slightly less. Wing length male 1.5 mm; female 1.6
mm.
Periphallic organs (Fig. 2): Genital arch narrow dorsally, broad laterally, with
rounded process covering base of primary clasper. Toe rounded, bearing approxi
mately 12 bristles. Claspers in 2 sets. Primary clasper large, with a row of 4 blunt
lateral bristles, and a second row of approximately 8 medial bristles, longer,
pointed; posteromedial end of primary clasper with approximately 7 strong
pointed teeth, 1 elongated, curved towards decasternum. Secondary clasper nar
row, with 1 very strong, curved, pointed tooth and 2 minute teeth medially, 1
small tooth dorsally, and 2 small teeth laterally. Anal plate small. Decasternum
with median dorsal point and submedian ventral points.
Phallic organs (Fig. 1): Aedeagus brown, long, bifid, unbranched, distally
curved, not ornamented. Anterior parameres V-shaped, with minute apical hair
like sensilla. Posterior parameres long, almost reaching tip of aedeagus, un
branched, apically swollen. Novasternum with a pair of submedian spines, each
surrounded by a patch of minute hairs. Ventral fragma quadrate. Basal apodeme
of aedeagus as long as ventral fragma. Phallic formula (Okada 1956) ABCdef
GHIKLMN. Phallosomal index 0.4.
Egg guides (Fig. 3): Brown, with approximatly 13 teeth and one subterminal
hair. Basal isthmus ~ length of lobe.
Internal structures, male and female: Intestinal coiling index 3.0. Rectal
index 1.6. Malpighian tubules 2 anterior, free, common trunk 0.2 total length;
2 posterior, free, common trunk 0.2 total length; anterior and posterior subequal
in length.
Internal genitalia, male: Testes yellow, tightly coiled, with 3-4 large outer
and 1-2 small inner coils. Ejaculatory bulb globular.
Internal genitalia, female: Spermathecae well-developed, sclerotized, brown.
Ventral receptacle tightly coiled.
Egg filaments: 2 long filaments, flattened apically.
Pupae: Anterior spiracles short, divergent, each with approximately 12
branches. Ratio pupal stalk/pupal body length 0.06. Posterior spiracles divergent,
same length as anterior spiracles.
Distribution: D. pseudoananassae occurs in both Oriental and Australian bio
geographic zones, from Malaya, Borneo and the Philippines east to New Guinea,
northern Australia and the British Solomon Islands.

Bock: The Drosophila bipectinata complex

277

Subspecies: D. pseudoananassae is polytypic with respect to male abdominal
coloration (as is D. malerkotliana). Males from the north Australia-New Guinea
region, and from the Philippines, possess brown abdomens and are designated
D. pseudoananassae pseudoananassae. In males from Borneo and Malaya the
distal portion of the abdomen darkens with age to shiny black; these populations
are designated D . pseudoananassae nigra. (No coloration differences occur in
females). Kaneshiro and Wheeler (1970) note a difference in karyotypes between
the two forms : the Y chromosome is J-shaped in D. p. pseudoananassae, and rod
shaped in D. p. nigra; in addition the latter form possesses an extra small pair
of metacentric chromosomes. The polytene chromosome configuration of both
forms is, however, the same, consisting of 4 long autosomal arms (representing
the larger pairs of metacentrics in the metaphase karyotypes) and two shorter
X chromosome arms, arising from a large chromocentre.
Type locality of D. p. nigra: Sabah, Borneo. Holotype and allotype deposited
in the Queensland Museum, Brisbane, Australia. Twenty paratypes deposited
in the Genetics Foundation, University of Texas collection.
Drosophila ( Sophophora) parabipectinata sp. nov.

= sp. 7 Kaneshiro and Wheeler 1970. Dros. Inf. Serv. 45: 143.
General: Small flies. Distal portion of male abdomen darkens with age to
shiny black. Closely resembles D. bipectinata.
Type culture: Sabah, Borneo. Holotype and allotype deposited in the Queens
land Museum. Brisbane, Australia. Twenty paratypes deposited in the Genetics
Foundation, UPiversity of Texas collection.
Body length: Male 2.1 mm; female 2.3 mm.
Head, mal.e and female: Arista with 4-5 branches above, 3 below, plus the
terminal fork. Front brown. Orbital bristles in the ratio 3 : 1: 3. Carina narrow,
convex. Ocelli pale orange. Eyes red. Greatest width of cheek 0.2 times greatest
diameter of eye.
Thorax, male and female: Acrostichal hairs in 8 rows in front of dorsocentral
bristles, 4 rows between dorsocentrals. Anterior scutellars convergent. Posterior
dorsocentrals longer than anterior dorsocentrals (ratio 2: 1). Sterno-index 0.6.
Preapical bristles on all tibiae; apicals on first and second tibiae. Sex-comb of
male in 2 longitudinal rows on distal portion of metatarsus consisting of approxi
mately 5 teeth (proximal row) and 7 teeth (distal row) , and 1-2 teeth on distal
border of second tarsal segment (Fig. 8). An additional tooth is sometimes present
above the latter, as in Fig. 8.
Wings, male and female: Transparent. Costa} index 1.6 ± 0.2; 4V index
2.6 ± 0.3; 5X index 2.2 ± 0.2; 4C index 1.7 ± 0.2. Third costal section with
heavy bristles on basal 3/ 5. Wing length male 1.8 mm; female 2.2 mm.
Periphallic organs (Fig. 6) : Genital arch narrower dorsally than laterally,
with process covering base of primary clasper; bristle arising from depression in
apex of process. Toe rounded, bearing approximately 12 bristles. Claspers in 2
sets. Primary clasper large, with row of 4-5 short, stout, blunt, lateral bristles in
two sets of 2 (or one set of 2 and one set of 3), and second row of approximately
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Fm. 5-8. Drosophi.la parabipectinata, n. sp. 5.-male phallic organs. 6.-male genital ·arch.
7.-female egg guide. 8.-sex-comb of male fore-tarsus. Specimens from Sandakan, Borneo.

6 longer pointed bristles. Posteromedial end of primary clasper with approxi
mately 8 strong bristles, 1 elongated, curved towards decasternum. Secondary
clasper narrow, with 1 very large pointed tooth and 2 minute teeth medially,
and 3 bristles dorsolaterally. Anal plate small. Decasternum with median dorsal
point.
Phallic organs (Fig. 5): Aedeagus brown, long, bifid, unbranched, curved
distally, not ornamented. Anterior parameres V-shaped, with minute apical hair

Bock: The Drosophila bipectinata complex

279

like sensilla. Posterio:r parameres long, almost reaching tip of aedeagus, apically
with a few small serrations. Novasternum with a pair of submedian spines each
surrounded by a patch of minute hairs. Ventral fragma quadrate. Basal apodeme
of aedeagus as long as ventral fragma. Phallic formula ABCdefGHIKLMN.
Phallosomal index 0.5.
Egg guides (Fig. 7): Brown, with approximately 14 teeth, 1 large subterminal
hair, and 2 minutes subterminal hairs. Basal isthmus 2/5 length of lobe.
Internal structures, male and female: Intestinal coiling index 2.5 . Rectal index
1.7. Malpighian tubules 2 anterior, free, common trunk 0.1 total length ; 2 pos
terior, free, common trunk 0.1 total length; anterior and posterior subsequal
in length.
Internal genitalia, male: Testes yellow, tightly coiled, with 3 large outer and
4 small inner coils. Ejaculatory bulb globular.
Internal genitalia, female: Spermathecae well-developed, sclerotized, dark
brown. Ventral receptacle tightly coiled.
Egg filaments: 2 long filaments, broader apically.
Pupae: Anterior spiracles very short, divergent, each with approximately 12
branches. Ratio pupal stalk/pupal body length 0.06. Posterior spiracles divergent,
same length as anterior spiracles.
Distribution: D. parabipectinata is restricted to the Oriental biogeographic zone
(Borneo, Philippines, Cambodia, Thailand) .
Chromosomes: Metaphase karyotype as figured by Kaneshiro and Wheeler
(1970). The polytene configuration consists of 4 long autosomal arms represent
ing the larger pairs of metacentrics in the metaphase karyotype, and 2 shorter
X chromosome arms, embedded in a large chromocentre.

Key to Species
Morphologically the members of the bipectinata species complex are very sim
ilar. The following key is given as a working basis for separation of the species.
Since females of all species are indistinguishable from one another, cultures must
be established from wild-caught females before identification is possible. (Females
of members of the bipectinata complex are also indistinguishable from females
of several other species of Drosophila ) .
Claspers in 2 sets. Primary clasper large, teeth in 2 groups: a lateral group
(in 1 or 2 rows ) of short, stout, blunt, black teeth; and a medial group of longer,
pointed teeth, 1 of which is greatly elongated and curved towards the decas
ternum. Secondary clasper small, elongate, with 1 very large curved black
medial tooth, and 4-5 additional minute teeth. Basal portion of primary clasper
covered by a process arising from posterior margin of genital arch. Aedeagus
bifid and bare. Sex-comb in 3 or 4 rows .... ..... .......... bipectinata species complex.
1. (a) Metatarsal portion of sex-comb consisting of 2 (almost) longitudi
nal rows of stout black bristles ..... ........ ............................... ...............
2
(b) Metatarsal portion of sex-comb consisting of 1 or 2 short transverse
rows of stout black bristles ............... ............................... ........................ 3
2. (a) Abdomen of male pale brown .............. ....... ............................ .D. bipectinata
(b) Abdomen of male black posteriorly ............................... .D. parabipectinata
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3. (a) Abdomen of male pale brown------ ------------------------------------------·············-·· 4
(b) Abdomen of male black posteriorly- --·--·····- -··-- --· -·· --··-··············-·-··-·--·· 5
4. (a) Sex-comb consisting of 2 short transverse metatarsal rows, and 1
short row on the distal border of the second tarsal segment. ___________ _
_____ __ __ ______________ ___________ ______________ ___ ______ ___ D. pseudoananassae pseudoananassae
(b) Sex-comb consisting of 1 or 2 short transverse metatarsal rows, 1
short row on the distal border of the second tarsal segment and 1 or
2 additional teeth above the latter ___ __________ ___ ____ ___ _D. malerkotliana pallida
5. (a) Sex-comb as in 4(a) --- -- ---·--·--- ---- --- ____________________ _D. pseudoananassae nigra
(b) Sex-comb as in 4(b) ----------·------ ________ ____ ___ _D. malerkotliana malerkotliana
LITERATURE CITED

Duda, 0. 1923. Die orientalischen und australischen Drosophiliden-Arten (Dipteren) des
ungarischen National-Museums zu Budapest. Ann. Mus. Nat. Hung_ 20: 24--59.
Hsu, T. C 1949_ The external genital apparatus of male Drosophilidae in relation to sys
tematics. Univ. Texas Pub_ 4920: 80-142.
Kaneshiro, K., and M . R. Wheeler. 1970.
subgroup. Dros. Inf. Serv. 45: 143.
Kikkawa, H. , and J. Peng. 1938.
Jap. Journ . Zoo!. 7: 507-552.
Mather, W_ B., and Th_Dobzhansky.
Pac. Ins. 4: 245-249.

Preliminary report on the species of the ananassae

The Drosophila species of Japan and adjacent localities.
1962.

Two new species of Drosophila from New Guinea_

Okada, T. 1954. Comparative morphology of the Drosophilid flies_ I. Phallic organs of the
melanogaster group. Kontyu 22: 36-46.
Okada, T. 1956.
Gihodo.

Systematic Stuay of Drosophilidae and allied Families of Japan. Tokyo:

- - - -, 1964. Drosophilidae (Diptera) of Southeast Asia collected by the Thai-Japanese
Biological Expedition 1961-62. Nature & Life in Southeast Asia. III: 439-446_

Parshad, R., and I. J . Paika. 1964. Drosophilid survey of India. II. Taxonomy and cytology
of the subgenus Sophophora (Drosophila). Res. Bull. (N.S.) of the Panjab Univ. 15: 225- 252.

