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Abstract 

Genomic signatures of host-associated differentiation in 

phytophagous insects 

        Nichole Lynn Bennett, M.A  

The University of Texas at Austin, 2015

Supervisor:  Camille Parmesan 

Although there have been many studies investigating host-associated genomic 

differentiation in phytophagous insects feeding on different host plants, this 

review serves to compile the current state of knowledge of the conditions for 

host-associated genomic differentiation and the patterns and processes of 

genome-wide divergence. While there are a multitude of theories and 

expectations for when host-associated genomic differentiation will occur and how, 

more empirical work is needed on how this operates in natural herbivorous insect 

systems. In the future, this knowledge of how host-associated genomic 

differentiation operates may be used to better control better agricultural pests, to 

manage invasive species, and to develop conservation strategies. 
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Genomic signatures of host-associated differentiation in 

phytophagous insects 

Introduction 

Biologists have long striven to understand the general principles behind the 

processes that generate and maintain biodiversity, especially the genetic basis of 

diversification. Understanding the genetic architecture of adaptive traits remains 

a large area of study within this field: Do adaptive changes involve many small 

mutations or leaps of major effect (or both)? Is the evolution of similar traits in 

different lineages due to the same mutations? Are particular mutations 

(regulatory or protein-coding) more likely to underly adaptive evolution? One 

way to approach these long-standing questions is to investigate spatially-varying 

geographic landscapes, which generate heterogeneous patterns of natural 

selection on locally adapted traits. Population-level divergence in these locally-

adapted traits can happen even in the face of moderate gene flow (Slatkin 1985, 

Yeaman and Otto 2011).  

Darwin (1859) first proposed that natural selection can lead to speciation 

through the interaction between organisms and their environment, and there is 

now renewed interest in how this happens. While speciation with geographic 

barriers is well understood, speciation without isolation (also called adaptive 

divergence or sympatric speciation), is thought to be rare due to the constraints 

of gene flow and recombination (Mayr 1963, Lenormand 2002, Kawecki and 
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Ebert 2004). For sympatric speciation to occur, strong selection for specialization 

must overcome gene flow. An understanding of the genomic landscape of 

divergence and the mechanisms underlying the process of speciation requires 

more empirical data on populations with well-described ecological and 

evolutionary histories.  

Much work has been done on the ecological interactions and natural selection 

shaping plant-feeding insect systems, so they provide an excellent system to 

investigate how environmental variables (such as spatial or temporal 

heterogeneity) contribute to selection and biodiversity (Mullen and Shaw 2014). 

Herbivorous insects display a wealth of biodiversity and have helped develop a 

coevolutionary theory of insect-plant interactions (Ehrlich and Raven 1964, 

Thompson 1994, Janz 2011). Their host plants differ in ecological and 

physiological traits related to insect performance, so host shifts in plant feeding 

likely help generate some of this insect diversity; fitness tradeoffs and divergent 

selection accompanying these shifts may cause host-associated genomic 

differentiation (and possibly reproductive isolation and ecological speciation) 

(Brown et al. 1995, Berlocher and Feder 2002, Craig and Itami 2011). For 

example, expansion onto new host plants appears to be a key component of 

diversification among nymphalid butterflies (Janz et al. 2006, Slove and Janz 

2010) and among the Drosophila melanogaster cluster (Etges et al. 2010). 

Polyphagy in herbivorous insects may lend itself to speciation if different 

populations specialize on their respective host plants (Janz et al. 2006, Janz and 
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Nylin 2008, Janz 2011). Dres and Mallet (2002) describe “host races” of 

herbivorous insects as insects that use different hosts, are sympatric, are 

genetically differentiated, and experience considerable gene flow (1% or higher). 

Genetic divergence likely requires spatially variable natural selection that 

generates differential adaptations to different host plants to overcome the effects 

of gene flow (Imo et al. 2013). To understand this requires knowledge of the 

different evolutionary parameters operating on populations as well as an 

understanding of the underlying genomic architecture of the species. 

Some researchers think of herbivorous insects as inhabiting an ecological 

“speciation continuum” from species with a generalist ecology that use a number 

of host plant species to very specialized insect species, with host races as an 

intermediate step (Machado et al. 2005, Kohnen et al. 2011, Forister et al. 2015). 

An examination of the global distribution of diet breadth in insect herbivores 

revealed a global predominance of specialist herbivores with a few generalist 

species (Forister et al. 2015).  Many presumed generalist insect species may 

actually be complexes of dietary specialists, even cryptic species (Bickford et al. 

2007, Shashan et al. 2014, Tosevski et al. 2014, Toveski et al. 2015), and many 

generalist insect species are actually collections of genetically and locally-adapted 

populations based on host plant use (Mopper and Strauss 1998, Abrahamson et 

al. 2001, Stireman et al. 2008, Loxdale et al. 2011). Therefore, host plant 

association may prove to be a “speciation phenotype” providing an axis of 

divergence in many herbivorous insect systems (Shaw and Mullen 2011). 
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I review here host-associated genomic differentiation as it pertains to 

phytophagous insects. Geographical modes of speciation and methods for testing 

for adaptive genetic divergence are reviewed elsewhere in more detail (Coyne and 

Orr 2004, Hohenlohe et al. 2010, Nielsen et al. 2012, Gunther and Coop 2013, 

Nielsen 2014, Vitti et al. 2014, Wang and Bradburd 2014).  Therefore, this review 

focuses on the theoretical conditions for ecological divergence among populations 

as well as empirical patterns of population divergence for herbivorous insects. I 

will review the state of the field as well as gaps in our knowledge and point out 

directions for future research and applications.  

In addition to questions specific to host plant adaptation, studies of host-

associated differentiation in phytophagous insects provide an excellent platform 

to ask broader questions about the genomic signature of divergence. What are the 

ecological and evolutionary conditions necessary to detect a genomic signature of 

host-associated differentiation? When this signature is detected, what are the 

genome-wide patterns? For example, do we see small genomic “islands” of 

differentiation concentrated around loci involved in host plant adaptation, or do 

we see more diffuse patterns? How does this change spatially and temporally? 

What role does landscape and geography play? Are there interactions between 

these factors? What do these genomic patterns have in common with the genomic 

architecture of other ecological adaptations (e.g. mimicry)? Current next-

generation sequencing technologies allow a higher resolution and more genomic 

view of the patterns and processes underlying observed population divergence.  
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Furthermore, research on host-associated genomic differentiation in 

phytophagous insects can help predict the consequences of changes in gene flow 

from landscape changes. Habitat disturbance and loss leads to smaller and less-

connected populations and studies of the genetic mechanisms of divergence have 

applications in host-shifts ecology, agriculture, pest control, invasive species 

research, and conservation. 

 

Conditions for host-associated differentiation 

 Despite rather restrictive conditions (Thibert-Plante and Hendry 2010), 

host-associated genomic differentiation appears to be prevalent in phytophagous 

insects (Stireman et al. 2005) . In addition to having close ecological and 

physiological ties to their host plants, many plant-feeding insects mate on their 

host plants, which can tie host plant use with assortative mating. We must be 

cautious in synthesizing these studies because the published literature may be 

biased, with studies that do not detect ecological speciation or host-associated 

differentiation never being published or possible ascertainment bias in choosing 

taxa and populations (Hendry 2008). We must also be careful to determine that 

the examples studied are not exceptional examples. For example, most studies so 

far use closely-related populations on pairs of host plants. 

Host-associated genomic differentiation appears to be extremely variable 

among plant-feeding insects. In some cases it is not detected while in other cases, 

it is strong enough to warrant reclassification of host races into separate species 
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(Dorchin et al. 2009). Divergence associated with host plant use is predicted to 

occur when gene flow between populations using the same resource is high 

enough to overcome the effects of drift but where you also have the circumstance 

that gene flow between populations using different resources is low enough that 

drift becomes important (Thibert-Plante and Hendry 2010). Despite these 

seemingly narrow range of conditions, resource associated differentiation has 

been frequently reported in phytophagous insects. For example, an unbiased 

study examined a set of insects attacking Goldenrod (Solidago) without prior 

knowledge of host-associated differentiation (HAD) and found HAD in about half 

of the species, suggesting that host-associated differentiation in plant-feeding 

insects may be common (Stireman et al. 2005). Whether or not these 

differentiated loci are involved in host plant adaptation or even tightly linked to 

such loci is not clear yet.  

 Theory provides us with expectations for the strength of host-associated 

differentiation, and an understanding of the different evolutionary forces 

governing divergence helps predict whether or not we will find a signature of 

host-associated differentiation. The evolutionary and ecological parameters likely 

to influence the formation of host-associated genomic differentiation as well as 

the available empirical studies on phytophagous insects are listed in Table 1. 

Populations in different environments (in this case, different host plant use) 

experience contrasting selection regimes. Theory predicts, and empirical studies 

show, that natural selection reduces the effective recombination rate around 
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divergently-selected loci, and the genomic signature of host plant adaptation 

(differentiated loci) will be centered in the genomic regions involved in these 

adaptations (Barton 2000, Via and West 2008, Feder and Nosil 2010). These 

regions of the genome, both the selected loci and the neutral portion of the 

genome that hitchhikes along with it are often termed “genomic islands of 

speciation”.  

In speciation-with-gene-flow models, there is debate about the extent to 

which physical linkage of new mutations to already-diverged genes aids in the 

build-up of genomic islands of differentiation. Is direct selection on single 

mutations or multifarious selection more effective, and does linkage matter? 

Flaxman and colleagues (2013) used computer simulations to investigate the 

relative importance of direct selection, “genome hitchhiking” (i.e. a mutation 

arising that is unlinked to selected loci but is within a genome that already 

contains diverged genes), and “divergence hitchhiking” (mutation arising such 

that it is already linked to a diverged locus) in building up genomic divergence. 

They found that hitchhiking alone (“genome hitchhiking”) definitely assisted in 

the establishment of the new mutations and in generating genomic divergence, 

but they also found that physical linkage (“divergence hitchhiking”) was much 

more powerful. This suggests that selection on multiple unlinked loci may drive 

the transition from populations to races to species via hitchhiking and reduction 

of effective gene flow at the level of the genome (Flaxman et al. 2013).  

Additionally, sex chromosomes have a lower effective population size and may 
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contribute to the early stages of divergence (Thomson et al. 1990). Adaptation 

can also come from existing variation (not just from mutations arising); for 

example Mexican Rhagoletis demonstrate evolution in diapause timing from 

existing variation (Feder et al. 2003a).  We must also take into account any 

genetic constraints that may inhibit divergence and/or genomic signatures of 

divergence, such as lack of genetic variation in the selected trait or genetic 

correlation between traits (Schluter 2000, Excoffier and Ray 2008).  

Gene flow is another important parameter of host-associated genomic 

differentiation. Higher rates of gene flow between populations reduce the 

likelihood of host-associated genomic differentiation. However, population 

divergence can result even in the face of moderate homogenizing gene flow (Egan 

et al. 2012a). Demography and effective population size also play a role; greater 

effective population size within populations can strengthen the effects of 

selection relative to drift, increasing the likelihood of host-associated genomic 

divergence.  

Lower recombination rate increases the likelihood that large sections of 

the genome will become linked to loci under selection (Kirkpatrick and Barton 

2006). Feder and Nosil used modeling to compare the maintenance of genetic 

differentiation between allopatric populations on secondary contact with inverted 

regions with recombination, inverted regions without recombination, and 

collinear regions with free recombination (2009). Even low amounts of 

recombination led to eventual loss of divergence in these regions. There was a 
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transient period where divergence was higher in those regions, suggesting that 

inversions are likely to play a role in ecological speciation when recombination is 

low (near breakpoints), when multiple loci within them are being divergently 

selected, and when strong selection can play a larger role than reduced 

recombination (Feder and Nosil 2009). Nonrecombining genomic arrangements 

(such as inversions) are expected to reduce hybrid offspring survival and to be 

correlated with host use. QTL studies of hybridizing taxa show genes involved in 

reproductive isolation and adaptive divergence reside in inversions (Feder et al. 

2003a, Feder et al. 2003b, Powell et al. 2013). Karyotyping combined with 

genetic mapping is needed to demonstrate reversed gene order for inversions to 

strengthen the prediction that genomic regions of divergence will often be found 

in regions of low recombination. Reduced recombination may not always 

promote divergence; although it is usually thought to promote speciation, 

reduced recombination can also lower the chance of favorable gene combinations 

coming together (Feder et al. 2011a). Barriers to gene flow may also be caused by 

endogenous incompatibilities, or coupled endogenous factors and ecological 

(exogenous) factors (Slatkin 1975, Barton and Hewitt 1985, Bierne et al. 2011).  

Geographic and landscape factors may enhance or constrain genetic 

differentiation, although there may be a number of confounding factors 

(Thompson 2005). Different geographic modes and amounts of gene flow can 

either constrain or encourage divergence. For example, founder effects may lead 

to more isolated populations in which demographic processes dominate. With 
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lower immigration and lower effective population size, drift dominates and 

elevated inbreeding can uncover cryptic variation that would be selected against 

in larger populations (Darwell et al. 2014).. Scale may also prove important in the 

interaction between geography and genetic differentiation. 

 The specific traits involved in local adaptation (in this case, adaptation to 

host use) may affect the amount of host-associated genomic differentiation. 

Performance on hosts and behavioral traits (Futuyma and Moreno 1988) are 

thought to play a major role in host plant divergence as a “speciation phenotype” 

(Shaw and Mullen 2011). Performance on host often varies with other life history 

traits. For example, in the Drosophila melanogaster cluster, host use varies with 

cuticular hydrocarbon variation, which plays a role in sexual selection (Etges et al. 

2010). In pea aphids, performance on host, reproductive style (parthenogenic vs. 

sexual), color morph, and Buchnera (an obligate symbiont) differ between host 

races and may even interact with host association (Via 1991, Via 1999, Via et al. 

2000, Simon et al. 2009, Caillaud and Losey 2010). Although a system primarily 

known for color pattern and male preference divergence, closely related species 

of Heliconius butterflies also differ in host plant use and microhabitat association 

(Smiley 1978). Timema walking stick’s color pattern varies with host preference 

(Nosil 2009) and Neochlamisus leaf beetles vary in both host fidelity and 

performance among populations (Funk 1998). Rhagoletis fruit flies vary in host 

use, which is associated with phenology (Forbes et al. 2005).  
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The list of known “magic traits” that directly tie mating to ecological 

adaptation is growing (Servedio et al. 2011). For herbivorous insects that mate on 

their host plants, host preference may be tied to mating preference, rendering it a 

“magic trait,” which may generate other host adaptive traits to be tied with 

mating. Loci under divergent selection may include those that affect immigrant 

inviability and/or extrinsic postmating isolation; for example QTL studies of pea 

aphids found loci with opposite effects on fecundity on two hosts used by 

different races (Hawthorne and Via 2001, Via and Hawthorne 2002). McBride 

and Singer (2010) showed that clutch size, oviposition preference, and geotaxis 

contribute to postmating isolation among butterflies feeding on different host 

plants. Herbivorous insects that form galls, have parthenogenic reproductive 

modes, and/or rapid generation times may also be more prone to genomic 

differentiation associated with host plant use (Stireman et al. 2005, Dickey and 

Medina 2010, Evans et al. 2013). Gall-forming insects, by necessity, have close 

interactions with their host plant, and parthenogenic insects or ones with rapid 

generation times are more likely to diverge rapidly with lower genetic diversity 

with founder effects and drift (Evans et al. 2013). Furthermore, stronger 

phenotypic divergence implies stronger underlying genomic divergence, so we 

might expect the degree of host plant adaptation to be correlated with the 

strength of host-associated differentiation. The hypothesis of “isolation by 

adaptation” predicts that adaptive ecological divergence (population divergence 

in host plant use) positively correlates with genetic differentiation in pairwise 
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population comparisons. “Isolation by adaptation” has been found in insects 

using different host plants (Funk et al. 2011), but it is not always found. In a 

study that compared congeneric butterflies with different levels of phenotypic 

host plant adaptation (weak vs. strong), paradoxically the one with the weaker 

host plant adaptation showed host-associated genomic differentiation, whereas 

than the one with stronger host plant adaptation did not (Mikheyev et al. 2013). 

Evans and colleagues (2013) suggest that host-associated genomic differentiation 

occurs more readily at higher levels of plant genetic differentiation. Although 

there has been much interest in the types and strength of adaptive traits that may 

lead to divergence (and possibly speciation), connecting these phenotype to 

underlying genotypic patterns remains to be done. 
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Table 1: Conditions for host-associated genomic differentiation in 
phytophagous insects 
 
Topic Theory Empirical Work in Phytophagous Insects 

Natural 
Selection 

“Genomic Islands of 
Speciation”: natural 
selection reduces effective 
recombination rate around 
divergently-selected loci, so 
the genomic signature of 
host plant adaptation 
should involve selected 
regions and neutral regions 
that hitchhike with them 
(Barton 2000) 
 
Which is more effective in 
generating host-associated 
genomic divergence: direct 
selection on a single 
mutation or multifarious 
selection? Does linkage 
matter? 
 
 
 
Does host associated 
genomic divergence arise 
from existing genetic 
variation or new 
mutations? 
 
Does lack of genetic 
variation or genetic 
correlation between traits 
constrain divergence? 
(Schluter 2000, Excoffier 
and Ray 2008) 
 

Evidence for genomic islands of speciation in natural 
populations of phytophagous insects (Via and West 
2008, Feder and Nostil 2010). 
 
 
 
 
 
 
 
 
 
Computer simulations demonstrate hitchhiking alone 
(“genomic hitchhiking”) assisted the establishment of 
new mutations but physical linkage (“divergence 
hitchhiking”) was more powerful (Flaxman et al. 
2013). 
 
Sex chromosomes (which have a lower effective 
population size) contribute to the early stages of 
divergence (Thomson et al. 1990). 
 
Mexican Rhagoletis evolved changes in diapause 
timing from existing genetic variation (Feder et al. 
2003a). 
 
 
 
No empirical work in phytophagous insects  
 
 

	
	
	
	
	
	
	
	
	
Table 1 Continued 
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Topic Theory Empirical Work in Phytophagous Insects 

Gene Flow Higher rates of gene flow 
reduce the likelihood of 
host-associated genomic 
divergence.  
 
Host-associated genomic 
divergence predicted when 
gene flow between 
populations using the same 
host plant is high enough to 
overcome the effects of 
genetic drift and gene flow 
between populations using 
different host plants is low 
enough that drift becomes 
important (Thibert-Plante 
and Hendry 2010). 
 
Endogenous 
incompatibilities may also 
serve as a barrier to gene 
flow (Slatkin 1975, Barton 
and Hewitt 1985). 
 

Population divergence can happen even in the face of 
homogenizing gene flow (Egan et al. 2012a). 
 
 
 
Host-associated genomic divergence frequently 
reported in phytophagous insects (Stireman et al. 
2005, Stireman 2012). It remains to be seen if the 
divergent loci are involved or linked to host plant 
adaptation. 
 
 
 
 
 
 
 
 
Coupled endogenous factors and ecological factors 
(Bierne et al. 2011).  

Recombin
ation Rate 

Lower recombination rate 
increases the likelihood of 
larger regions of the 
genome becoming linked 
under selection 
(Kirkpatrick and Barton 
2006).  
 
Nonrecombining genomic 
arrangements (e.g. 
inversions) are likely 
correlated with host plant 
use. (Reduce hybrid 
offspring survival, maintain 
gene combinations). 
However reduced 
recombination could also 
lower the chance of 
favorable gene 
combinations coming 
together (Feder et al. 
2011a). 
 

Computer simulations demonstrate that even low 
amounts of recombination lead to eventual loss of 
genomic divergence (Feder and Nosil 2009). 
 
 
 
 
 
Direct empirical evidence sparse. 
 
QTL of hybridizing species show genes involved in 
reproductive isolation and adaptive divergence reside 
in inversions (Feder et al. 2007a, Feder et al. 2003b, 
Powell et al. 2013) 
 
Need studies that combine karyotyping with genetic 
mapping to demonstrate regions of divergence are 
found in inversions.  

	
Table 1 Continued 
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Topic Theory Empirical Work in Phytophagous Insects 

Geography 
and 
Landscape 

Founder effects lead to 
more isolated populations 
where demographic 
processes prevail. 

How does primary vs. 
secondary contact of 
diverging species affect 
host-associated genomic 
divergence? 

Importance of scale in the 
interactions between 
geography and genetic 
differentiation.  

Few studies have looked into this, but lower 
immigration and lower effective population size cause 
genetic drift to dominate. Elevated inbreeding can 
then uncover cryptic variations that would normally 
be selected against in a larger-sized population 
(Darwell 2014).  

No empirical work in phytophagous insects. 

No empirical work in phytophagous insects. 

Table 1 continued
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Patterns and processes of genome-wide divergence 

The methods used in searching for signatures of genome-wide divergence 

have been covered in detail elsewhere (Hohenlohe et al. 2010, Nielsen et al. 2012, 

Gunther and Coop 2013, Nielsen 2014, Vitti et al. 2014, Wang and Bradburd 

2014), so I will outline them only briefly here. Many studies look for an 

association between host adaptation and narrow regions of genomic 

differentiation (“outlier loci”) by conducting a comparative genome scan. If 

adaptation to alternative host plants involves strong divergent selection on 

limited regions of the genome, then we expect different-host comparisons to 

produce more outliers than same-host comparisons (Scheffer and Hawthorn 

2007, Egan et al. 2008, Nosil et al. 2008). QTL and genetic mapping studies can 

help pinpoint the genomic location of these regions of divergence. Current 

sequencing technologies are trending toward base pair resolution and whole 

genome resequencing, so we can expect to see much higher resolution in future 

studies. We should be wary of studies that reach conclusions only from “outlier 

loci” in genome scans. Demographic effects (among other things) can sometimes 

leave the same signatures as selection on the genome, so it is important that these 

scans be integrated with genetic and physical maps for independent confirmation 

of genomic locations of interest.   

Screening genomes for adaptive loci is still much debated (Cruickshank 

and Hahn 2014). The detection of adaptive loci can be difficult and the 

interpretations of these data are not always clear.  Many non-phytophagous-
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insect studies suggest that many genes of small effect underlie traits of fitness 

relevance, which makes detection of these adaptive loci quite difficult (Santure et 

al. 2013, Robinson et al. 2013). Loci underlying adaptation may not show clear 

signals of recent selection (Agren et al. 2013). While some studies show genomes 

with pervasive selection with many loci linked to adaptive genetic variation 

(Soria-Carrasco et al. 2014) others show homogenous genomes with only a few 

areas of adaptive significance (Poelstra et al. 2014).   

Under the influence of the diverse evolutionary forces mentioned in the 

previous section on “Conditions for host-associated genomic differentiation", the 

genome becomes a patchwork of regions that vary in the degree to which they 

have been affected by specific ecological adaptation (Emelianov et al. 2004, Nosil 

et al. 2009, Via 2009, Nosil and Feder 2012, Roesti et al. 2012). Natural selection 

should reduce effective recombination around divergently-selected loci, and the 

genomic signature of host plant adaptation should be centered on the genomic 

regions involved in adaptations (Barton 2000, Via and West 2008, Feder and 

Nosil 2010). A key question is the size, number, distribution, and proportion of 

the genome showing this host-associated genomic differentiation.  

 Are these genomic islands located only at adaptive loci or spread 

throughout the genome? Theoretically, populations experiencing contrasting 

selection should differentiate at loci involved in adaptation, and population-level 

differentiation should be restricted to these genomic locations (Egan et al. 2012b).  

There is some evidence that genomic islands are small: genetic divergence has 
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been seen to rapidly decay away from genomic islands (Dopman et al. 2005). 

Alternatively, these correlates of host plant adaptation may spread more widely 

throughout the genome (Shafter and Wolf 2013). The genomic signature of these 

genomic islands and its relationship to environmental variables likely provides 

clues to the history of host plant adaptation and the process of ecological 

speciation.  

Speciation-with-gene-flow models predict that genomic islands arise as a 

result of selection at loci involved in reproductive isolation, while gene flow 

breaks apart lineages in the surrounding regions. This scenario was supported by 

a two-pronged study sequencing wild populations of two stick insect forms and 

then manipulating their environment experimentally to recreate the selective 

pressures faced by insects living on different host plants. The wild populations 

sequences revealed numerous, small genomic islands of divergence. In the field 

experiment, they collected the two forms of stick insect, then transplanted some 

of each onto the other’s host plant and the rest onto their natural home as a 

control group and collected the offspring a year later.  By sequencing the 

transplants and their offspring, they compared how natural selection had 

reshaped the genome in real time. The greatest shifts in gene frequencies 

occurred in the “genomic islands” (Soria-Carrasco et al. 2014). 

Disentangling the effects of pleiotropy from tight linkage in the growth of 

“genomic islands of speciation” remains a central question. Pleiotropy is a likely 

mechanism when herbivorous insects mate on or in their preferred habitat (host 
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plant) (Rice and Salt 1990). Correlations between host preference and 

performance in phytophagous insects also suggest pleiotropy (Gripenberg et al. 

2010), but more conclusive tests (QTL, near isogenic lines, etc.) are needed to 

disentangle pleiotropy from tight linkage. By the ecological model of growth of 

genomic islands, the most important predictor for establishing a new mutation is 

the strength of selection acting directly on the new mutation; as long as selection 

is stronger than migration, the mutation can establish (Feder et al. 2011a). Genes 

affecting local adaptation are expected to form clusters in the genome rather than 

be randomly distributed across it. QTL studies that show different adaptive traits 

mapping to similar positions seem to back up the ecological model (although 

pleiotropy could still be involved) (Hawthorne and Via 2001). On the other hand, 

the structural model of growth of genomic islands states that new mutations arise 

in regions of reduced recombination and are likely to diverge between 

populations if they arise in environments and genetic backgrounds in which they 

are favored (Feder et al. 2011). Another key question in this field is whether or 

not the evolution of similar traits in different lineages is due to the same 

mutations (parallel evolution). Although more work needs to be done in this area, 

similar regions of divergence have been found in repeated divergence events in 

pea aphids (Nouhaud et al. 2014).  

 Recently, alternatives have been proposed to the islands of genomic 

divergence analogy for explaining host-associated genomic differentiation (Noor 

and Bennett 2009, Cruickshank and Hahn 2014). Significant outlier regions often 
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fall in regions of low recombination and may be the result of nonadaptive 

processes such as a heterogeneous recombination landscape, mate choice, selfish 

alleles, demography, linked purifying selection, or even sequence artifacts 

(Cruickshank and Hahn 2014). For instance, selection may have occurred in the 

same regions in both lineages independently as a result of features inherent to 

the underlying genomic architecture (Noor and Bennett 2009, Cruickshank and 

Hahn 2014). Alternatively, regions of low differentiation around these “islands” 

may result from shared variation predating the population split and/or 

introgression following previous episodes of secondary contact (Cruickshank and 

Hahn 2014). In many of these cases, a genome assembly combined with 

recombination information can help avoid false positives and false negatives. 

The debate about whether “genomic islands of speciation” are a useful 

metaphor for divergence events, or even if they are representative of the process 

underlying divergence with adaptation also begs the question of whether the 

amount of gene flow or the underlying genomic architecture of complex traits is 

more important in determining the patterns of genomic divergence. There is also 

evidence for simple genetic control (one or few loci with large effect) (Dres and 

Mallet 2002), which may account for the ease with which herbivorous insects 

undergo speciation with gene flow. However, there is evidence for polygenic 

control (many loci of small effect) for adaptation to and behavioral preference for 

different host species (Ellison et al. 2011). Whether these changes are more likely 

to be in regulatory versus coding regions is not known. It also remains to be seen 
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whether interactions between genes play a role in the context of the overall 

genomic architecture of host adaptation.  

Host associated divergence can also tell us about the “speciation 

continuum” and how regions of genomic divergence change through time. How 

does the timing, rate, course, etc. affect the outcome of ecological divergence? 

Obviously, time scale makes empirical work on this question difficult. There are 

some experimental studies, but most are observational studies from a single time 

point. There are also more phenotypic comparisons than genomic comparisons. 

What empirical work there is indicates that the (presumed) intermediate stages 

of ecological divergence are accompanied by moderate reproductive isolation and 

weak neutral genetic differentiation (Dres and Mallet 2002, Dopman et al. 2005).  

The transistion from partially to completely reproductively isolated host races is 

exemplified in recently evolved apple and hawthorn-feeding Rhagoletis flies  and 

their sister taxon that feeds on dogwood (Powell 2013). Pea aphids feed on a 

variety of plants in the legume family (Fabacae) and include a complex of 

populations, host races, and incipient species—representing different stages in 

the “speciation continuum (Peccoud et al. 2009). While collecting information on 

different time points of the ecological speciation process is difficult, we can rely 

on theoretical modeling, experiments with short-lived organisms, and replicated 

studies at different stages of divergence (“reconstructions”). There is also a need 

for transplant manipulation and controlled selection experiments and population 

surveys to isolate the factors constraining and driving divergence.  
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How does adaptation to host plant affect the signature of genomic 

divergence? Shifts in host plant use can severely limit gene flow among 

populations using different host plant species (Via 1999, Via et al. 2009, Funk 

2010), and ecological speciation can happen via host plant adaptation in insects 

(Schluter 2009). However, there may be genetic constraints on ecological 

speciation. Host shifts and adaptation to different hosts may be constrained by 

lack of suitable genetic variation. For example, leaf beetles had limited to no 

genetic variation to allow eating congener host plants (Futuyma et al. 1995). Even 

when host-associated genomic divergence may be expected from concurrent 

phenotypic divergence, the signature may be subtler than one would expect 

(Peccoud et al. 2009) or even in the opposite direction than predicted (Mikheyev 

et al.2013). In a study comparing congeneric butterflies, one with among-

population variation in host plant adaptation and the other will less among-

population variation in host plant adaptation; paradoxically Mikheyev and 

colleagues found host-associated genomic differentiation in the butterflies with 

less among-population variation in host plant adaptation (2013). Finding a 

signature of host-associated genomic differentiation may be less predictable than 

simply looking at strength of phenotypic divergence, as there may be interaction 

with other, complex processes. A ripe question for studies of host associated 

genomic divergence in phytophagous insects is whether or not adaptations to 

different host plants involve gene expression changes. Some empirical studies 
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indicate that they do (Xie et al. 2014), but more work needs to be done to 

establish this conclusively and, if so, quantify and qualify these changes. 

 The level of genetic differentiation in the plant may also influence whether 

or not a signature of host-associated divergence is found. Some herbivorous 

insects show host-related differentiation among plant individuals (Mopper et al. 

2000) or among plant populations within a species (Cogni and Futuyma 2009), 

while others may show no relationship to plant population variation but exhibit 

host-associated genomic differentiation at the plant species scale (Sword et al. 

2005). While some studies reveal no relationship between insect and host plant 

at any level (Kohnen et al. 2011), others find population structure at multiple 

levels of plant genetic differentiation (Rank 1992).  

 

Applications 

 Landscape changes, such as habitat fragmentation, usually lead to smaller 

and less-connected populations with reduced connectivity and gene flow. Studies 

of the signatures and conditions for host associated genomic differentiation in 

phytophagous insects provide us with a knowledge of the genetic mechanisms 

underlying divergence, and will help us predict the effects of landscape changes 

on adaptability, fitness, and resilience. In addition to providing knowledge of the 

genetic underpinnings of ecological speciation, these studies will inform host-

shifts ecology, agriculture, pest control, invasive species research, and 
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conservation. Potential applications of studies of host-association in 

phytophagous insects as well as future directions can be found in Table 2. 

 Host plant association of herbivorous insects impacts agriculture; 

knowledge of the genetics and genomics underlying host plant adaptation allows 

development of  crop resistance to insect pests or nearby planting of more 

attractive "trap" crops to divert pests from target crops (Broekgaarden et al. 2011, 

Shelton et al. 2006, Badenes-Perez 2011, Barbosa et al. 2009, Cook et al. 2007). 

An understanding of how insects gather their host choice information as well as 

the genetic architecture underlying this can be used to help catch or repel 

agricultural insect pests (Szendreiand Rodriguez-Saona 2010, Gregg et al. 2010, 

Yu et al. 2012). 

 Anthropogenic impacts on the environment, such as species invasions, 

climate change, and habitat degradation/destruction may affect insect plant host 

choice, through shifts in distribution and timing (Parmesan 2006, Parmesan et al. 

2015) or shifts in host use and choice (Leimu et al. 2012). For example invasive 

insects host plant choice may affect many ecosystem processes (Kenis et al. 2009) 

and invasive plants may, in turn, affect herbivorous insects and higher trophic 

levels (Harvey and Fortuna 2012). An understanding of the genomic architecture 

underlying host plant adaptation and choice may aid biological control measures 

because it may help assess the risk that host choice may evolve within 

populations of introduced agents of biological control (Brooks et al. 2012, Imms 

1941, McFadyen 1998, Van Deische et al. 2010). Maintaining genetic diversity has 
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often been an afterthought in conservation and biodiversity policy (Laikre 2010, 

Laikre et al. 2010, Sutherland et al. 2010, Carroll et al. 2014), likely because many 

of the genomics studies (such as those discussed in this review) are in a purely 

academic phase (Shafer et al. 2015). There still remains a gap between basic 

genomic research approaches and providing applicable solutions for conservation 

managers (Shafer et al. 2015). However, these genomics studies have the 

potential to help conservation biology in many ways. They can help with issues of 

general conservation concern, like resolving taxonomic uncertainties by revealing 

cryptic species and helping to preserve local adaptation (Frankham 1995). 

Anthropogenic changes to the natural world may cause natural selection by 

shifting environmental conditions or causing invasions of habitats, which may 

result in rapid divergence; an understanding of the conditions, patterns, and 

process of host-associated genomic differentiation will allow for prediction and 

management of this. Studies of host-associated genomic differentiation in 

phytophagous insects will help understand how the evolutionary forces of drift, 

gene flow, and selection shape genotypes and phenotypes. Knowledge of these 

evolutionary measures will apply to understanding population structure, 

demographic measures (such as inbreeding), and genetic connectivity for 

conservation purposes. These studies may also apply to looking at how low 

population size affects genetic variability and population viability by looking at 

the interaction between founder effects and host plant adaptation, although few 

studies explicitly explore this currently (Darwell et al. 2014, Marques et al. 2014). 
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These studies may also help find adaptive loci to identify markers of conservation 

concern or those involved in inbreeding (Allendorf et al. 2010, Funk et al. 2012, 

Miller and Coltman 2014) or identify genes involved with increased relative 

fitness that might be encouraged with human assistance to help improve 

resilience to changing environments.  
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Table 2: Applications of studies of host-associated genomic 
divergence in phytophagous insects 
 
Topic Application Future Directions 
Agriculture Knowledge of the genetics and genomics 

underlying host plant adaptation can 
help develop crops resistant to insect 
pests (Broekgaarden et al. 2011, Shelton 
et al. 2006, Badenes-Perez 2011, Barbosa 
et al. 2009, Cook et al. 2007). 
 
Information about host choice helps us 
better capture or repel insect crop pests 
(Szendreiand Rodriguez-Saona 2010, 
Gregg et al. 2010, Yu et al. 2012). 
 

Still need to connect host 
adaptation phenotype to 
underlying genotype.  
 

Invasive Species The underlying genetics and genomics of 
invasive insect host plant choice and 
resource use helps to develop biological 
controls (Brooks et al. 2012, Imms 1941, 
McFadyen 1998, Van Deische et al. 
2010). 

Still need more knowledge of 
whether or not regions involved 
in divergence are associated with 
host plant adaptation. Also need 
work on invasive species in 
particular, not just convenient 
species pairs. 
 

Conservation Human-induced environmental changes 
will likely cause more fragmented 
landscapes, setting the stage for rapid 
divergence and potential speciation; 
knowledge of host-associated genomic 
divergence in plant-feeding insects will 
help in both prediction and management 
of threatened populations. 
 
 
Knowledge of the population structure, 
demographic measures, and genetic 
connectivity can be applied to designing 
conservation networks.  
 
 
 
 
 
 
 
 
Adaptive loci as markers of conservation 
concern; markers involved with 
inbreeding (Allendorf et al. 2010, Funk 
et al. 2012, Miller and Coltman 2014). 
 

Most studies of host-associated 
genomic differentiation in 
phytophagous insects are in a 
purely academic phase; the gap 
between basic genomic research 
and providing applicable 
solutions for conservation 
managers is still quite wide 
(Shafer et al. 2015). 
 
Few studies of the interaction 
between founder effects and host 
plant adaptation (Marques et al. 
2014, Darwell et al. 2015). 
 
Genomic information about the 
speciation process can help 
resolve taxonomic uncertainties 
and reveal cryptic species, 
helping to preserve local 
adaptation (Frankham 1995). 

No studies found that applied 
knowledge of HAD to 
conservation of insect 
populations/species 
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Future Directions 

Although there is currently a lot of theory about the conditions for host-

associated genomic differentiation and the genomic patterns and processes 

involved, more empirical work is needed to understand how this works in natural 

herbivorous insect systems. Although theory provides many testable predictions 

for the strength of host-associated differentiation in different ecological and 

evolutionary contexts, we still need comprehensive surveys over a wide range of 

environmental and geographic conditions to connect patterns and process with 

respect to host associated genomic differentiation in plant-feeding insects (and 

beyond). Most studies to date have compared closely-related populations on pairs 

of host plants, so it would be useful to add more multi-taxa studies to make this 

field more generalizable. Additionally, the majority of these studies are typically 

only at one level of plant differentiation (i.e. species), but it may be useful to look 

at different levels of plant genetic differentiation (Mopper et al. 2000, Stireman 

et al. 2005, Dickey and Medina 2010). There are also many unexplored avenues 

in these reviewed studies; epigenetics, intragenomic conflict, and genetic 

expression are sparsely covered and are ripe for exploration. Most studies are 

also observational, for practical reasons, but experimental studies would 

strengthen our predictions of the strength of host-associated genomic divergence 

(e.g. Soria-Carrasco et al. 2014). It is difficult to synthesize these studies because 

they use such a variety of methods and analyses; we need precise and standard 

descriptors of genomic divergence and genomic architecture to compare between 
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study systems and to enable generalizations. It is also important that we find 

ways to communicate the uncertainty inherent to many of these next-generation 

genomic approaches if we want to view the larger picture. 

 Advances in genomics technologies are trending toward base pair 

resolution and whole genome resequencing, which should greatly increase the 

resolution of the genomic signature of host associated genomic differentiation. 

When these genome scans are further integrated with genetic and physical maps, 

we can confirm the genomic location of these differentiated regions, allowing us 

to investigate the genomic architecture of complex traits, such as host plant 

adaptation. We also need standardized and systematic quantitative descriptions 

of both genomic architecture and genomic divergence for replication and 

comparative analyses. Much of the work has been observational studies of “model” 

ecological systems. More experimental work is needed to conclusively tie patterns 

of genomic differentiation to ecological selection (and not other confounding 

factors, such as demographic effects). And more work is needed on lesser-studied 

wild systems more representative of natural populations.  We also need to think 

outside of the “hard sweeps” box and test for other signatures of selection that 

may not be as straightforward to test but are still shaping evolutionary response 

to environmental variables (e.g. soft sweeps, polygenic adaptation).  
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Conclusions  

 Research on host-associated genomic differentiation in phytophagous 

insects can help uncover the genomic underpinnings of host plant adaptation and 

how this evolves (Futuyma and Peterson 1985, Via 1990), providing a bridge 

between landscape ecology and population genetics. These studies have the 

potential to explain the mechanisms behind the global distribution of 

herbivorous insects (Forister et al. 2015) and the process of host range 

expansions (Janz and Nylin 2008, Jahner et al. 2011). The patterns and processes 

of host-associated genomic differentiation in herbivorous insects may generalize 

to other traits or systems. For example, it may apply to larger studies of habitat 

association (e.g. stickleback), as host plant adaptation appears not to be a simple 

trait and is likely correlated with many other traits. “Matching habitat choice,” or 

matching phenotype to environment (directed gene flow) may drive local 

adaptation-divergence at small spatial scales at the loci involved in host plant 

adaptation (Ravigne et al. 2004, Edelaar et al. 2008, Edelaar and Bolnick 2012, 

Bolnick et al. 2009, Bolnick and Otto 2013, Richardson et al. 2014, Singer 2015), 

and it is known that plant feeding-insects show biased dispersal (Thomas & 

Singer 1987, Hanski & Singer 2001, Bolnick and Otto 2013). While the theory 

behind the conditions or and patterns and processes involved in host-associated 

genomic differentiation, more empirical work is needed to understand how these 

operate in natural systems. A better understanding of the genomic underpinnings 

of host-associated differentiation may be applied beyond just aiding our 



	 31	

understanding of ecological speciation; these studies may be used to inform best 

management practices for host-shifts, agriculture, pest control, invasive species 

research, and conservation.  
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