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Multiple aspects of cellulose biosynthesis in cyanobacteria were investigated:  

product identification and characterization; function, sequence and phylogenetic analyses 

of the cellulose synthases; suitability of cyanobacteria for transgenic cellulose synthase 

expression; and improved tools for the detection and identification of product.  Cellulose 

was positively identified in members of three sections of cyanobacteria.  Sequence and 

phylogenetic analyses established a cyanobacterial origin of vascular plant cellulose 

synthases.   An insertional knockout of a plant-like cellulose synthase caused a loss of 

heterocyst envelope birefringence, altered the homogeneous polysaccharide layer of the 

heterocyst, and impaired nitrogen fixation in Nostoc punctiforme.   Mutants of 

Synechococcus leopoliensis strain UTCC 100 expressing genes from the cellulose 

synthase operon of Acetobacter xylinum secreted extracellular material, which bound 

Tinopal and CBHI-gold, but could not be positively identified as cellulose.  Finally, 

specific β 1,4-glucan probes for use in fluorescence and electron microscopy were 

successfully created by fusing the cellulose binding module of Trametes hirsuta to Green 

Fluorescent Protein (GFP) and Ferritin (FtnA), respectively. 
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Chapter 1: Background 

1.1 INTRODUCTION 

At the time I began my project, it was my belief that the biosynthesis of cellulose 

was the province of algae, plants, and a few select heterotrophic bacteria.  My initial goal 

was the functional expression of the Acetobacter xylinum cellulose biosynthesis 

machinery in a cyanobacterium.  During the course of my research, I discovered several 

publications depicting micrographs of, what appeared to be, cellulose microfibrils 

synthesized by cyanobacteria (Tuffery, 1969; Singh, 1954; Metzner, 1955; Frey-

Wyssling and Stecher, 1954). However, there was no chemical or physical data to 

corroborate the identification of the fibrillar material as cellulose.  While I did not 

abandon the project for heterologous expression of cellulose synthase genes in a 

cyanobacterium, my work was now additionally motivated by the questions:  (a) Do 

cyanobacteria make cellulose?; (b) If so, how can I detect and identify it?; (c) What are 

its characteristics?; (d) Is the sequence encoding the catalytic subunit similar to that of 

known sequences from bacteria and plants (Richmond, 2000; Delmer, 1999)?; and (e) 

What function does cellulose serve in these organisms?  Therefore, the goals of my 

research were expanded to include not only the development of a system for the 

expression of foreign cellulose synthases, but also the establishment of techniques to 

study native cellulose biosynthesis in the cyanobacteria.  This introductory chapter will 

give a brief overview of some aspects of cellulose, cellulose biosynthesis, and the 

cyanobacteria which have been relevant for my project. 
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1.2 CELLULOSE   

Structure 

With the caveats of recent reports of naturally occurring noncrystalline cellulose 

(Peng et al., 2001; Peng et al., 2002) and the discovery of nematic ordered cellulose 

(Kondo et al., 2001), cellulose can generally be defined as a crystalline homopolymer 

composed of linear, unbranched β-1,4 glucan chains (Roelofsen, 1959).  The glucose 

molecules within each chain are rotated 180 degrees relative to adjacent residues such 

that the repeat unit is cellobiose rather than glucose (Brown, 1996).  The glucan chain 

possesses both reducing and nonreducing ends, and is therefore polar (Hieta et al., 1984).  

Four crystalline allomorphs (designated cellulose I-IV) have been characterized (Franz 

and Blaschek, 1990).  The most common allomorph, cellulose I (native cellulose), is 

composed of glucan chains in a parallel orientation (Gardner and Blackwell, 1974). 

Cellulose I can be converted to cellulose II by treatment with strong alkali, and is 

therefore, considered to be metastable (Brown, 1999).  Morphologically, the cellulose I 

allomorph takes the form of submicroscopic rods called microfibrils (Brown, 1996).  The 

majority of these microfibrils are composed of a combination of two suballomorphs: 

cellulose Iα and cellulose Iβ (Atalla and Van der Hart, 1984).  However, instances of pure 

cellulose Iβ in tunicates (Kimura and Itoh, 1996) and nearly pure cellulose Iα in 

Glaucocystis (Imai et al., 1999) have been reported.  Due to the extensive intersheet 

hydrogen bonding allowed by the antiparallel orientation of its glucan chains, cellulose II 

is the most thermodynamically favored allomorph.  When compared with cellulose I, 

cellulose II is more chemically reactive, has a lower molecular weight, and possesses a 

greater affinity for dyes (Brown, 1996; Brown, 1999).  Cellulose II is only known to be 

synthesized naturally by the marine alga Halicystis (Roelosfsen, 1959), the gram positive 



 3

bacterium Sarcina ventriculi (Roberts, 1991), and by mutants and agitated cultures of 

Acetobacter xylinum (Saxena et al., 1994).   

Detection and Identification 

Many techniques have been utilized for the identification and characterization of 

cellulose.  Sophisticated spectroscopic techniques have been employed to characterize 

fine crystalline structures and to differentiate patterns of plant cell wall polysaccharide 

deposition in situ.  Rather than present a comprehensive review of these methodologies 

(which would be beyond the scope of this section), I will concentrate on a few standard 

and widely used techniques currently employed to identify cellulose.   

X-ray diffraction and electron diffraction are powerful techniques that have the 

advantage of unequivocal identification of crystalline cellulose by its characteristic 

diffraction pattern.  Cellulose I displays an interference pattern corresponding to lattice 

spacings of 6.1, 5.4, 3.9, and 2.6 Å.  For cellulose II, the diffraction pattern is indicative 

of lattice spacings of 7.4, 4.4, 4.0, and 2.6 Å.  One advantage of these techniques is that 

they can be performed with relatively small amounts of the sample to be analyzed.  

Additionally, a high degree of sample purity is not required for positive identification 

(Roelosfsen, 1959).  

Methylation analysis is a useful chemical method for the identification of the 

linkage sites of polysaccharides.  In this technique, methylation of all free hydroxyl 

groups in the pyranose rings is followed by acid hydrolysis.  The methyl groups remain 

attached during acid hydrolysis, yielding methyl sugars which can be analyzed via thin 

layer or gas chromatography.  For instance, the interior glucose residues of cellulose 

yield 2,3,6-tri-O-methyl-glucose.  In addition to identifying β 1,4 glucan bonds, this 

method can also be used to estimate the molecular weight (degree of polymerization) of 

cellulose (Fry, 1988).    
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Since cellulose exhibits an inherent positive birefringence, it is a common practice 

to use polarization microscopy for the identification of cellulose (Frey-Wyssling, 1976).  

This is particularly useful in plant cell walls, where no other birefringent polysaccharides 

exist.  However, birefringence cannot be taken as absolute proof of cellulose in all cell 

walls since it is also observed in chitin, mannan, and other polysaccharides (Preston, 

1974b).  Also, the absence of birefringence is not necessarily indicative of the absence of 

cellulose.  If the orientation of microfibrils is random within the observation plane or if 

multiple layers of microfibrils of equal thickness are oriented 90◦ relative to one another, 

the sample will appear isotropic (Roelosfsen, 1959).    

A number of dyes and labels have been useful for the visualization of cellulose.  

Two of the most common dyes are Calcofluor White (Tinopal LPW) and Congo Red 

(Frey-Wyssling, 1976; Harrington and Raper, 1968).  Although neither dye has an 

exclusive affinity for cellulose, they are useful when used in concert with other 

identification techniques.  Cellobiohydrolases from fungi and bacteria (complete enzymes 

or purified recombinant cellulose binding modules) have proven to be highly specific, 

convenient, and versatile tools for cellulose identification (Taylor et al., 1996; Levy and 

Shoseyov, 2002).   These enzyme labels can be conjugated to colloidal gold for 

visualization using electron microscopy (Chanzy et al., 1984) or tagged with fluorophors 

for fluorescence microscopy (Linder et al., 2002; Hilden et al., 2003). 

Biosynthesis  

The biosynthesis of cellulose I requires the nearly instantaneous occurrence of 

three distinct events: assembly, polymerization, and crystallization (Brett, 2000).  With 

the exception of scale forming haptophycean algae like Pleurochrysis scherfellii, which 

synthesize cellulose in the Golgi apparatus (Brown et al., 1969), these processes occur at 

plasma membrane bound multienzyme complexes (Preston, 1974a; Roelofsen, 1958).  



 5

Linear terminal complexes (TCs) responsible for cellulose biosynthesis were first 

identified in the chlorophyte alga Oocystis apiculata (Brown and Montezinos, 1976).  

Subsequently, terminal complexes consisting of six subunits, with six-fold rotational 

symmetry (termed rosettes) were identified in Zea mays (Mueller and Brown, 1980).  The 

enzyme responsible for polymerization of the constituent glucan chains within the 

cellulose microfibril, cellulose synthase, has been localized to terminal complexes in 

Vigna angularis (Kimura, 1999) and Acetobacter xylinum (Kimura, 2001).  

There is significant variation in the size and shape of TCs.  Linear TCs composed 

of single rows of particles have been demonstrated in A. xylinum (Brown et al., 1976), 

some Rhodophyceae (Tsekos, 1999), Phaeophyceae (Schüßler et al., 2003), 

Eustigmatophyceae (Okuda et al., 2004), and Dictyostelium discoideum (Grimson et al., 

1996).  The linear TCs of most chlorophyte algae are composed of three rows of particles 

with a consistent 30 – 36 nm width but varying length (Tsekos, 1999).  Rosette TCs, to 

date found only in the Streptophyta, exist in arrays as in the Zygnematophyceae (Herth, 

1983; Giddings et al., 1980) and as discrete units as observed in vascular plants.  These 

varied TC architectures affect the size, shape and crystallinity of the cellulose microfibril 

produced.  Linear TCs are capable of synthesizing ribbon-like, microfibril aggregates of 

variable width as is seen in Acetobacter xylinum, Erythrocladia, and Vaucheria or the 

large rectangular 20 nm crystals observed in Valonia (Brown, 1996; Tsekos, 1999).  

Rosette TCs are also known to produce ribbon-like microfibrils when part of a hexagonal 

array like those of Micrasterias spp. (Giddings et al.,  1980), while the individual rosettes 

of vascular plants produce a consistent 3.5 x 3.5 nm square microfibril composed of 36 

glucan chains (Tsekos, 1999).     
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Cellulose Synthase 

Cellulose synthase is a family 2 glycosyltransferase.  Members of this family are 

processive β-glycosyltransferases, which catalyze the formation of β-linkages by 

inversion, utilizing α-linked UDP-sugar substrates (Campbell et al., 1997).  The cellulose 

synthase catalytic subunit catalyzes the elongation of glucan chains via a single 

polymerization step at the non-reducing end, utilizing UDP-glucose as a substrate 

(Saxena et al., 1995; Koyama et al., 1997).  Cellulose synthase and other family 2 

glycosyltransferases (e.g. chitin and hyaluronan synthases) are integral membrane 

proteins possessing multiple transmembrane domains.  Overall, these proteins show poor 

sequence conservation.  However, all of these proteins possess cytosolic catalytic cores 

composed of two domains. Domain A contains a conserved D, D, D motif and domain B 

contains a conserved QXXRW motif (Saxena et al., 1995; Saxena and Brown, 2000).  

Whether these domains constitute dual catalytic sites allowing chain elongation by the 

addition of cellobiose, or whether they represent two parts of a single catalytic domain 

for the addition of a single UDP-glucose to the growing chain is a matter of debate.   

Although available sequence data demonstrate that members of this family are 

ubiquitous in all domains of life (Richmond and Somerville 2001), the presence of 

cellulose synthases appears to be limited to eukaryotes and bacteria.  Although the 

catalytic core domains are well conserved, there is substantial sequence variation within 

known cellulose synthases (Richmond, 2000).  Plant cellulose synthases have a number 

of regions including the hypervariable region (HVR), the plant specific and conserved 

region (CR-P), and the zinc finger domain that are absent in proteobacterial and ascidian 

cellulose synthases (Delmer, 1999).  The cellulose synthase of D. discoideum does have a 

CR-P region, albeit poorly conserved (Blanton et al., 2000).   
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Bacterial Cellulose 

Cellulose biosynthesis has been shown to occur in many proteobacterial species 

including Acetobacter xylinum, Agrobacterium tumefaciens, Rhizobium leguminosarum, 

Salmonella spp., Escherichia coli, Pseudomonas fluorescens, Klebsiella pneumoniae, 

Aerobacter sp., Citrobacter spp., Enterobacter sakazakii, and Azotobacter vinlandii 

(Mühlethaler, 1949; Brown et al., 1976; Deinema and Zevenhuizen, 1971; Ross et al., 

1991; Spiers et al., 2002; Zogaj et al., 2001; Zogaj et al., 2003; Napoli et al., 1975).  In 

all cases the polysaccharide is produced as an extracellular matrix rather than an intrinsic 

cell wall component.  In some instances, cellulose is the sole or primary constituent of 

matrices involved with cell aggregation in flocs or pellicles (Deinema and Zevenhuizen 

1971; Ross et al., 1991).  However, in some enteric bacteria, cellulose, in combination 

with curly fimbriae, creates the extracellular matrix associated with the rdar multicellular 

morphotype (Zogaj et al., 2001; Zogaj et al., 2003).  There is significant variation in 

cellulose morphology associated with these types of biofilms.  The cellulose produced by 

A. xylinum consists of ribbons composed of up to 100 highly crystalline, 6 nm 

microfibrils (Brown, 1996).  Conversely, the cellulose associated with the composite 

matrices produced by E. coli and Salmonella spp. appears to be noncrystalline, possibly 

due to a lack of organized TCs or interference of crystallization by fimbriae (unpublished 

data, this lab). Interestingly, the synthesis of acetylated cellulose has been reported in P. 

fluorescens (Spiers, 2003).   

The utility of a cellulosic biofilm is unclear.  In the cases of R. leguminosarum 

and A. tumefaciens, there is some evidence that cellulose aids in the attachment process 

for symbiotic and infectious interactions (Napoli et al., 1975; Matthysse, 1983).  In liquid 

cultures, the pellicles of A. xylinum and P. fluorescens buoy cellulose producing cells to 

air liquid interface conferring a selective advantage (Ross et al., 1991; Spiers, 2002; 
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Spiers, 2003).  However, since these organisms do not grow planktonically in nature, it is 

unlikely this phenomenon has any impact on cells in their native environment.  The 

composite matrix created by members of the Enterobacteriaceae is highly inert and 

hydrophobic.  The production of this biofilm allows the bacteria to behave as a 

multicellular organism, and likely aids in survival on abiotic surfaces (Römling, 2002). 

Molecular Biology of Bacterial Cellulose Biosynthesis 

Characterized operons encoding the structural genes for cellulose biosynthesis 

exist in three archetypes observed in the Acetobacteraceae, the γ proteobacteria and β 

proteobacteria, and the Rhizobiaceae as represented by Acetobacter xylinum (acsABCD), 

Escherichia coli (bcsABZC), and Agrobacterium tumefaciens (celABC, celDE), 

respectively (Saxena et al., 1994; Zogaj et al., 2001; Matthysse et al., 1995a).  In each 

case, the A gene designates the cellulose synthase catalytic subunit and the B gene codes 

for a putative cyclic diguanylate monophosphate (c-di-GMP) binding protein.  In some 

strains of A. xylinum, the acsA and acsB genes are transcribed as an uninterrupted open 

reading frame and are presumably separated post translationally (Saxena et al., 1994).  A 

family 8 endoglucanase necessary for normal cellulose biosynthesis is coded for by bcsZ 

and celC (Zogaj et al., 2001; Matthysse et al., 1995a).  In A. xylinum, this enzyme, 

CMCax, lies upstream of the cellulose synthase operon (Standal et al., 1994).   AcsC (an 

ortholog of bcsC) and acsD (no counterpart in other cellulose synthase operons is known) 

are required for proper cellulose biosynthesis in vivo but not in vitro (Saxena et al., 

1994).  Some evidence suggests that A. tumefaciens synethesizes cellulose using lipid 

linked intermediates. Though the gene products of the celDE operon have no proven 

function, they may play a role in this process (Matthysse et al., 1995a).  

C-di-GMP acts as a reversible allosteric activator of cellulose synthesis in A. 

xylinum and A. tumefaciens (Amikam and Benziman, 1989; Ausmees et al., 2001; Ross et 
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al., 1987).  Cellular levels of c-di-GMP are controlled by the opposing activities of 

diguanylate cyclase (DGC) and c-di-GMP phosphodiesterase (PDEA1).   By synthesizing 

c-di-GMP, DGC acts as a positive regulator of cellulose synthesis.  PDEA1 negatively 

regulates cellulose synthesis by cleaving c-di-GMP forming a linear dinucleotide (Ross et 

al., 1991).  Both enzymes have an N-terminus composed of either a haem-based oxygen 

sensor or flavin-bound redox sensor, followed by GGDEF and EAL domains (Ausmees 

et al., 2001).  The GGDEF and EAL motifs are found exclusively in bacteria where they 

are ubiquitous.  There is substantial evidence that the GGDEF domain is responsible for 

the production of c-di-GMP.   Proteins with the GGDEF motif from such diverse 

bacterial branches as the Thermotogae, Deinococcus-Thermus, Cyanobacteria, 

Spriochaetes, and α and γ classes of Proteobacteria have been shown to possess dedicated 

DGC activity (Ryjenkov et al., 2005).  Additionally, GGDEF proteins are known to act as 

positive regulators not only of cellulose synthesis, but also of the synthesis adhesive 

fimbriae.  Purified EAL domains from E. coli have been shown to be sufficient for c-di-

GMP phosophodiesterase activity.  It has also been observed that biofilm formation and 

multicellar morphotypes are suppressed when EAL domain proteins are overexpressed 

(Römling et al., 2005). 

1.3 THE CYANOBACTERIA 

Introduction 

Cyanobacteria can be defined as prokaryotes possessing the ability to perform 

photosynthesis utilizing photosynthetic machinery similar to that observed in algae and 

vascular plants (Packer and Glazer, 1988; Whitton and Potts, 2000).  The invention of 

oxygen-evolving photosynthesis allowed cyanobacteria to become the dominant life form 

for nearly two billion years (Schopf and Walter, 1982).  As a consequence of their 
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success, the earth’s atmosphere was converted from a reducing environment to an 

oxidizing environment (Schopf, 2000).   The creation of an aerobic biosphere is arguably 

the most significant event in the development of organisms since the inception of life on 

this planet and was, without doubt, necessary for the evolution of the modern eukaryotic 

cell (Dismukes et al., 2001). Additionally, it is well documented that cyanobacterial 

ancestors acted as vectors conferring their photosynthetic ability to eukaryotic organisms 

through endosymbiosis (McFadden, 2001; Delwiche et al., 1995).  Cyanobacteria remain 

important primary producers and are nearly ubiquitous in the photosphere. 

Evolutionary History and Ecology 

Molecular data in the form of protein clocks place the branching of cyanobacteria, 

gram positive bacteria, and proteobacteria at approximately 2000 Mya (Feng et al., 

1997).  However, a much earlier origin for cyanobacteria is supported by both the fossil 

record and by geochemical evidence.  The presence of continuous banded iron 

formations, composed of oxidized iron, from > 3500 Mya to ~2000 Mya; analyses 

demonstrating carbon isotopic signatures distinctive of oxygenic photosynthesis in 

kerogenous organic matter; and identification of large amounts of 2α-methylhopanes, 

characteristically found in the lipids of cyanobacteria, in Archaen shale date the origin of 

cyanobacteria prior to 2700 Mya (Klein and Buekes, 1992; Schopf, 1994a; Summons et 

al., 1999).  This evidence is consistent with the fossil record.   Microfossils 

approximately 3.5 billion years old, possessing a cellular organization and size indicative 

of oscillatorian cyanobacteria, have been identified (Schopf, 1993).  Additionally, fossil 

data place the emergence of heterocyst-bearing cyanobacteria at 1500 – 2000 Mya 

(Schopf, 2000).  The morphology of these fossils is strikingly similar to that of modern 

cyanobacteria.  Based on the apparent stasis of morphology, it has been proposed that 

cyanobacteria are examples of hyperbradytely (having an extremely slow evolutionary 
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tempo) (Schopf, 1994b).  The early emergence of Oscillatoria-like forms and later 

emergence of the heterocystous cyanobacteria is consistent with molecular data showing 

the Oscillatoriaceae as among the earliest cyanobacterial branches, and the heterocyst-

bearing species evolving much later (Giovannoni, 1988).  The dominance of 

cyanobacteria at this time is demonstrated by vast and abundant stromatolites which 

dominated the Achaean landscape. These ancient microbial structures are quite similar in 

architecture to modern stromatolites constructed by cyanobacteria (Schopf and Walter, 

1988).   

As a group, the cyanobacteria are among the most successful and diverse of the 

bacteria.  Their long history and success is due to a combination of general characteristics 

that allows them to predominate in a vast array of habitats (Castenholz and Waterbury, 

1989).  The ability of cyanobacteria to simultaneously tolerate extreme ultraviolet 

radiation and shade, combined with the ability to withstand acute desiccation, make them 

ideal primary producers in lithic and endolithic communities (Wynn-Williams, 2000). 

They play an important role in the carbon and nitrogen systems in cold and hot deserts, 

often representing the dominant biota (Vincent, 2000; Wynn-Williams, 2000).   The 

ability of many cyanobacteria to fix nitrogen, form gas vacuoles, and efficiently utilize  a 

low photon flux density contribute to their success in fresh, saline, and hypersaline waters 

where they dominate both biomass and production (Castenholz and Waterbury, 1989).  

The average optimal temperature for many planktonic cyanobacteria is several degrees 

higher than that of eukaryotic algae, which likely contributes to their domination of 

tropical waters. Higher average temperature notwithstanding, cyanobacteria also 

represent the predominant biota in sub-arctic planktonic communities (Vincent, 2000). 

Many cyanobacteria are tolerant of free sulphide and low oxygen levels.  Furthermore, 

some are able to utilize hydrogen from H2S as an electron donor for anoxygenic 
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photosynthesis.  Although some diatoms are exceptionally tolerant of free sulphides, 

there are no known eukaryotic algae capable of utilizing H2S in this manner (Oren, 2000). 

Plastids, Endosymbiosis, and Lateral Gene Transfer 

An endosymbiotic origin for plastids was suggested as early as 1905 

(Mereschkowsky, 1905).  This was in fact the favored hypothesis for the origin of 

plastids until sometime after World War I, at which time an alternative hypothesis of de 

novo genesis of the plastid came into acceptance.  The autogenous origin of plastids 

remained the favored theory until the 1970’s (Martin and Kowalik, 1999) when the 

endosymbiotic theory for the origin of eukaryotic organelles regained prominence 

(Margulis, 1971; Margulis, 1975).  Initial hints at this relationship were gleaned through 

observations of plastid division and structural similarities shared by plastids and 

cyanobacteria (Mereschkowsky, 1905).  The plastids of the Glaucophyceae are, in fact, 

still referred to as cyanelles because of strong morpholical similarity to unicellular 

cyanobacteria and retention of a diaminopimelic acid containing peptidoglycan cell wall 

(Löffelhardt and Bohnert, 1994; Berenguer et al., 1987).   

The discovery of plastid DNA and the subsequent measurement of its relatedness 

to bacterial counterparts were central to the acceptance of the endosymbiotic theory 

(Stocking and Gifford, 1959; Pigott and Carr, 1972).  With one notable exception, (the 

rbcL sequence from red algae is most closely related to α proteobacterial sequences 

[Delwiche et al., 1995]), an endosymbiotic origin of plastids is supported by sequence 

analyses which overwhelming and unequivocally demonstrate the monophyly of 

cyanobacteria and plastids (Nelissen et al., 1995; Bonen et al., 1976; Delwiche et al., 

1995; Giovannoni et al., 1988; Cavalier-Smith, 2000).  Based on the monophyly of all 

plastids, it is generally, although not universally (Stiller et al., 2003) accepted that all 

plastids stem from a single endosymbiotic event that gave rise to the Rhodophyceae, 
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Glaucophyceae, and Chlorophyceae (Archibald, 2002; McFadden, 2001; Palmer, 2003).  

The subsequent enslavement of members of Rhodophyceae and Chlorophyceae as 

plastids gave rise to the secondary, tertiary and even quaternary algal radiations 

(Bhattacharya et al., 2003; Stoebe and Maier, 2002).   It is interesting to note the 

existence of more recent acquisitions of photosynthetic organelles.  Recently, evidence 

has been presented that the photosynthetic organelle of the filose amoeba, Paulinella 

chromatophora, was obtained by a more recent endosymbiotic event involving a different 

cyanobacterium than that in the algal lineages (Marin et al., 2005).  Additionally, an 

apparent lateral transfer of genes encoding light-harvesting complex polypeptides from 

Vaucheria litorea to the genome of the of the sea slug Elysia chlorotica conveys upon the 

sea slug the ability to utilize the plastids from the alga (Mujer, 1996).  It has been 

suggested that this may represent early, dynamic stages of endosymbiosis (Rumpho et al., 

2000; Hanten and Pierce, 2001). 

The transfer of plastid genes to the nucleus is documented by both the derived 

nature of plastid genomes and identification of cyanobacterial genes in the host cell 

nucleus (Martin, 2003).  The product specificity corollary to the endosymbiotic theory 

postulated that genes transferred from the plastid to the host genome encoded plastid-

specific enzymes that were targeted via transit peptides back to the plastid where they 

would be re-imported (Weeden, 1981).  However, subsequent studies have shown a 

number of genes encoding cytosolic proteins within plant and algal genomes are of 

cyanobacterial and proteobacterial origin (Hoffmeister and Martin, 2003; Figge et al., 

1999; Rogers and Keeling, 2004; Martin et al., 1998; Nowitzki et al., 1998; Martin and 

Schnarrenberger, 1997).  Amazingly, it has been estimated that approximately 18% of the 

protein-coding genes of Arabidopsis thaliana were acquired from the cyanobacterial 

plastid ancestor (Martin, et al., 2002).  Similar results are seen in the chlorarachniophyte 
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Bigelowiella natans, where some 21% of the host genome is derived from lateral gene 

transfer (Archibald, 2003).  The rate of transfer and stable expression of chloroplast 

genes to the nucleus has been observed in flagrante in Nicotiana tobacum.  The results of 

this experiment revealed 16 stable integrations from the 250,000 progeny tested – or one 

in 16,000 (Huang et al., 2003).  If one considers evolutionary time scales, this is a 

staggeringly high rate of stable transfer. 

Taxonomy 

Cyanobacteria, first described as blue green algae, were initially grouped with 

eukaryotic algae and classified using the botanical approach (Willmotte, 1994). This 

method primarily utilized morphological features of specimens, generally obtained from 

field samples, for separation into divisions, classes, orders, and lower divisions with 

nomenclature defined under the Botanical Code.  Thus, each new species required a 

reference herbarium specimen and a Latin description (Castenholz and Waterbury, 

1989a).  Though there is no dispute that cyanobacteria are prokaryotic, there are 

arguments for continuing to use the botanical system for classification of cyanobacteria.  

As photosynthetic primary producers, ecologically, cyanobacteria occupy a niche similar 

to that of eukaryotic algae.  Additionally, when considering features such as 

photosynthetic machinery, morphological complexity, and size range, cyanobacteria bear 

a greater resemblance to microalgae than to other bacteria (Agnognostidis and Komárek, 

1985).  Although this is obviously an artificial taxonomy based on convenience, the same 

can be said of all organisms classified as algae since eukaryotic organisms falling under 

this heading also represent a taxonomically artificial group (Castenholz and Waterbury, 

1989).   

A bacteriological approach, in which the reference for each species is a pure 

culture and classification is based on physiological and genotypic data obtained from 
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axenic cultures was proposed by Stanier (Stanier et al., 1978).  However, since the 

majority of cyanobacteria are obligate photoautotrophs, physiological data has proved to 

be of limited use.  The current system, established by Rippka and modified in Bergey’s 

Manual for Systematic Microbiology (Waterbury and Rippka, 1989; Waterbury, 1989; 

Castenholz, 1989a; Castenholz, 1989b; Castenholz, 1989c), is a compromise of botanical 

and bacteriological systems characters and still relies largely on morphology.  This 

system consists of five subsections briefly defined as follows:  Subsection I (Order 

Chroococcales) – Unicellular coccoid to rod shaped cells, division by binary fission or 

budding in one, two, or three successive planes (Waterbury and Rippka, 1989).  

Subsection II (Order Pleurocapsales) – Unicellular or nonfilamentous aggregates, 

reproduction by baeocytes produced by multiple fission and release through rupture of a 

fibrous outer wall layer (Waterbury, 1989).  Subsection III (Order Oscillatoriales) – 

Filamentous, division by binary fission producing only vegetative cells (Castenholz, 

1989a).  Subsection IV (Order Nostocales) – Filamentous, division by binary fission in 

one plane having the ability to produce heterocysts, some genera exhibit false branching 

(Castenholz, 1989b).  Subsection V (Order Stigonematales) – Exhibit true branching and 

multiserate trichomes due to longitudinal, oblique, and transverse cell division; form 

heterocysts, some genera also produce akinetes and Hormogonia (Castenholz, 1989c).  It 

is important to note that this system is primarily phenetic rather than phyletic.  This is 

easily observable by the polyphyly of these groupings in 16s rDNA trees (Ishida et al., 

2001).  Additionally, subsection IV is a paraphyletic group; this group can be made 

monophyletic by the addition of subsection V (Henson et al., 2004; Gugger and Hoffman, 

2004). 
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Cell Specialization 

Akinetes 

Akinetes (from the Greek akinetos, motionless) found in many species of sections 

IV (Nostocales) and V (Stigonematales) are distinct from spores, cysts, exospores, and 

endospores found in other microorganisms (Herdman, 1987).  Depending on the species, 

akinetes either develop adjacent to heterocysts or at the farthest points from them (Adams 

and Duggan, 1999).    Akinetes are easily distinguished from vegetative cells as they tend 

to be larger, with a thickened peptidoglycan wall and a multilayered fibrillar extracellular 

envelope.  Additionally, they are extremely granular in appearance due to an increase in 

cyanophycin granules, lipids, carotenoid pigments, and glycogen (Castenholz and 

Waterbury, 1989; Nichols and Adams, 1982).  Akinetes show reduced rates of 

photosynthesis; rates of respiration tend to be decreased as well, although instances of 

increase have been reported.   Akinetes are unable to germinate in medium in which their 

differentiation has occurred.  However, upon exposure to suitable growth conditions, 

akinetes can germinate to form vegetative cells (Adams and Duggan, 1999).  Akinetes are 

typically produced from vegetative cells under conditions of nutrient deficiency or light 

limitations (Nichols and Adams, 1982).  Unlike endospores, akinetes are not resistant to 

heat, but are resistant to cold, desiccation, and long term storage in anaerobic sediments 

and are thus considered to play a role in perennation (Meeks et al., 2002; Adams and 

Duggan, 1999).  

Hormogonia 

 Hormogonia are specialized cells formed by some heterocystous and non-

heterocystous filamentous cyanobacteria.  They can be generally defined as motile or 

immotile trichomes distinguished from the parental cells by motility, gas vacuole, size, 
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shape, or lack of heterocysts when grown without combined nitrogen (Herdman and 

Rippka, 1988; Castenholz and Waterbury, 1989; Meeks et al., 2002).  The presence of 

gliding motility or gas vacuoles, as well as positive phototaxis, allow hormogonia serve 

as an effective dispersal mechanism (Meeks and Elhai, 2002).  Hormogonia formation 

can be induced by the transfer of an inoculum of stationary culture to fresh media 

(Herdman and Rippka, 1988).  The differentiation of vegetative cells to hormogonia takes 

place by multiple cell divisions without a significant net increase in cell proteins. 

Additionally, the presence of multiple copies of the genome in most cyanobacteria 

facilitates cell division taking place without additional DNA replication (de Marsac, 

1994; Meeks and Elhai, 2002).    

 A number of species of Nostoc are known to form symbiotic associations with 

bryophytes, water ferns, cycads, and angiosperms (Dodds and Gudder, 1995).  In these 

associations, the hosts benefit from the nitrogen fixing ability of the symbiont (Wong and 

Meeks, 2002).  All of these symbiotically competent strains produce hormogonia which 

serve as vectors for infection and the formation of the symbiotic association (Meeks and 

Elhai, 2002).  To facilitate this process, plants are known to produce extracellular 

compounds, called hormogonium-inducing factors, that influence induction, serve as 

chemoattractants, and regulate exit and reentry into hormogonium differentiation (Wong 

and Meeks, 2002; Cohen and Meeks, 1997; Cohen and Yamasaki, 2000). 

Heterocysts 

 Heterocysts are terminally differentiated, nitrogen-fixing cells produced at 

semiregular intervals in trichomes of the Nostocales and Stigonematales in response to 

low levels of combined nitrogen (Wolk, 1994; Castenholz and Waterbury, 1989; Yoon 

and Golden, 2003).  These specialized cells have the formidable task, not only of fixing 

nitrogen in an aerobic environment, but fixing nitrogen while the cyanobacterium is 
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simultaneously utilizing oxygenic photosynthesis (Wolk, 1996).  Nitrogenase, the 

enzyme responsible for the conversion of nitrogen gas to ammonia, is rapidly and 

permanently destroyed by oxygen (Adams, 2000).  In order to protect nitrogenase, it is 

necessary for heterocysts to undergo ultrastructural and biochemical changes to create a 

microaerophilic cytoplasmic environment.  The cellular envelope is augmented the by the 

addition of fibrillar polysaccharide, homogenous polysaccharide, and laminated 

glycolipid layers (Adams and Carr, 1981; Wolk, 1994).  Mutational analyses have 

confirmed the role of the polysaccharide and glycolipid layers in limiting intracellular 

oxygen (Black et al., 1995; Ramírez et al., 2005).  Photosystem I is retained and 

continues to produce ATP.  However, in order to reduce intracellular oxygen, 

photosystem II is eliminated (Wolk, 1994).   This situation defines a mutalistic 

relationship between vegetative cells and heterocysts.  Although the method for this 

exchange is not fully understood, differentiation also involves the formation of synaptic 

pore channels, or microplasmadesmata, between the heterocyst and adjacent cell or cells 

(Castenholz and Waterbury, 1989).  It is possible that these channels act as conduits for 

metabolic exchange, facilitating the export of fixed nitrogen to vegetative cells and the 

import of carbohydrates into the heterocysts (Wolk, 1994).  

Envelope Structure and Composition 

 The cyanobacterial envelope, viewed from the inside out, consists of an inner 

cytoplasmic membrane, a rigid peptidoglycan cell wall, an asymmetrical outer membrane 

consisting of lipid and lipopolysaccharide layers (LPS), and varying external layers 

which may include protein S-layers and/or one or more polysaccharide layers (Weckesser 

and Jürgens, 1988; Drews and Weckesser, 1982; Hoiczyk and Baumeister, 1995; Jürgens 

and Weckesser, 1985).  Although the overall cell wall structure is that of gram negative 

bacteria, cyanobacterial cell walls possess some notably different characteristics from 
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their gram negative counterparts.  The peptidoglycan layer tends to be thicker than those 

found in gram negative bacteria, with measurements generally ranging from 1 to 10 nm. 

However, thicknesses of 700 nm have been reported in Oscillatoria princeps (Castenholz 

and Waterbury, 1989; Hoiczyk and Baumeister, 1995). The cyanobacterial peptidoglycan 

layer has extensive crosslinking and covalently bound polysaccharides in a manner 

reminiscent of gram positive cell walls (Jürgens, 1983; Jürgens and Weckesser, 1986).   

Additionally, outer membranes of cyanobacteria often lack 3-deoxy-D-manno-

octulosonic acid (KDO) in their LPS, contain carotenoids, and have β-hydroxypalmitic 

acid associated with their lipid A moiety (Jürgens and Weckesser, 1985).  Many 

cyanobacteria of subsections I and III possess one or more crystalline or paracrystalline 

protein layers, known as S-layers, on the exterior of their outer membrane (Hoiczyk and 

Baumeister, 1995).  The lattice organization of these structures is varied but is generally 

oblique, square, or hexagonal.   S-layers have been shown to play roles in gliding motility 

in the Oscillatoriaceae and biomineralization of calcite and gypsum by Synechococcus 

sp., and may serve additional functions such as scaffolding for hydrolytic enzymes, 

porins, protective coats, ion traps, or molecular sieves (Šmarda J et al., 2002).   The 

polysaccharide layers of cyanobacteria are analogous to the bacterial glycocalyx found in 

other bacterial groups.  However, cyanobacterial polysaccharide layers tend to be more 

structurally and chemically complex than those found in other bacterial groups 

(Castenholz and Waterbury, 1989).  The extracellular polysaccharides (EPS) of 

cyanobacteria display amazing diversity and can take the form of released, partially 

soluble polysaccharides (RPS) like mucilagenous slime (Kawaguchi and Decho, 2000; 

Nicolaus et al., 1999; Drews and Weckesser, 1982); highly fibrillar, often crystalline 

sheaths which are intimately associated with the cell surface (Singh, 1954; Frey-Wyssling 

and Stecher, 1954; Tuffery, 1969; Lamont, 1969; Hoiczyk, 1998); as well as the 
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transiently attached slime tubes present in the motile trichomes of the Oscillaroriaceae 

(Castenholz, 1982; Drews and Weckesser, 1982).  The composition of cyanobacterial 

EPS can be complex, containing carbohydrates, glycoproteins, proteins, and lipids.  As 

such, it is not surprising that they are involved in a wide range of functions; they serve as 

sinks for reducing power, aid in tolerance to freezing and desiccation, give protection 

from ultraviolet light, facilitate adhesion to substrates, and possibly provide the thrust for 

gliding motility (Hill et al., 1994; Phillipis and Vincenzini, 1998; Ehling-Schulz et al., 

1997; Kodani et al., 1999; Nicolaus et al., 1999; Otero and Vincenzini, 2004; Helm et al., 

2000; Tamuru et al., 2005). 

Cyanobacterial Cellulose  

The cyanobacterial biosynthesis of cellulose is not a new idea.  Based on 

convincing electron micrographs, cellulose has been proposed to be a constituent of the 

extracellular slime of Nostoc, as well as the fibrillar component of sheaths in Oscillatoria 

and Scytonema (Frey-Wyssling and Stecher, 1954; Tuffery, 1969; Lamont, 1969; Singh, 

1954; Metzner, 1955).   With the exception of birefringence measurements indicating 

cellulose in Nostoc slimes (Frey-Wyssling and Stecher, 1954), there was no corroborating 

data to support the identification of the microfibers as cellulosic.  Before 1970, it was 

taken for granted that the inner laminar layer of heterocysts was composed of cellulose 

(Desikachary, 1959; Roelofsen, 1959).  Additionally, some believed the adjacent 

homogenous layers were also composed of cellulose (Desikachary, 1959).  However a 

series of very convincing experiments demonstrated that the inner laminated layer was in 

fact composed of glycolipids (Dunn and Wolk, 1970; Winklebach and Wolk, 1972; 

Lambein and Wolk, 1973).  Furthermore, at least one heterocyst specific polysaccharide 

associated with the homogenous layer was identified as a highly branched heteropolymer 

(Cardemil and Wolk, 1976; Cardemil and Wolk, 1979).  Concurrently, Granhall claimed 
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to achieve a significant reduction in nitrogenase activity in heterocysts treated with 

cellulase and concluded that the laminar layer was, in fact, composed of cellulose 

(Granhall, 1976).  However, Wolk’s initial work was confirmed numerous times using 

both chemical and molecular biology techniques (Winklebach and Wolk, 1972; Lambein 

and Wolk, 1973; Ramírez et al., 2005; Black et al., 1995; Fiedler et al., 1998; Campbell 

et al., 1997).   In the time since, claims of a role for cellulose in nitrogen fixation of 

heterocysts have been roundly dismissed and biosynthesis of cellulose by the 

cyanobacteria in general all but forgotten.   

It is at this point that I began my research.  Proof of cellulose biosynthesis in the 

cyanobacteria utilizing specific enzyme labeling and x-ray diffraction, as well as the 

apparent relatedness of a subset of cyanobacterial cellulose synthases to the cellulose 

synthases of vascular plants was documented in my first publication (see Appendix I).  

These initial results provided the motivation for the body of research contained in this 

dissertation.  The results of cellulose screening and sequence comparisons were 

instrumental in the choice of Synechococcus leopoliensis UTCC 100 for heterologous 

expression of the cellulose synthase from Acetobacter xylinum and Nostoc punctiforme 

ATCC 29133 as a candidate for functional analysis of cellulose synthase by gene 

knockout.  Furthermore, since cyanobacterial cellulose was masked in situ by matrix 

polysaccharides and possessed a small crystallite size, detection by conventional methods 

was laborious and time consuming.  It was therefore of obvious importance to create new 

tools for the specific identification of cellulose within a matrix.  Utilizing recombinant 

techniques, tools for the visualization of cellulose using both fluorescence and electron 

microscopy were developed. It is my hope that not only will the results of this work 

create interest in cyanobacterial cellulose production, but also provide useful information 

and inspire the discovery of currently unknown cellulose-producing organisms.  
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Chapter 2:  Transfer and Expression of the Structural Genes for 
Cellulose Biosynthesis from Acetobacter xylinum strain NQ5 in 

Synechococcus leopoliensis strain UTCC 100. 

2.1 INTRODUCTION 

Cellulose biosynthesis has a significant impact on the environment and human 

economy. The photosynthetic conversion of CO2 to biomass is primarily accomplished 

through the creation of the cellulosic cell walls of plants and algae (Lynd et al., 2002). 

With approximately 1011 tons of cellulose created and destroyed annually (Hess et al., 

1928), this process ameliorates the adverse effects of increased production of greenhouse 

gasses by acting as a sink for CO2 (Brown, 2004). Although cellulose is synthesized by 

bacteria, protists, and many algae; the vast majority of commercial cellulose is harvested 

from plants.  Timber and cotton are the primary sources of raw cellulose for a number of 

diverse applications including textiles, paper, construction materials, and cardboard, as 

well as cellulose derived products such as rayon, cellophane, coatings, laminates, and 

optical films.  Wood pulp from timber is the most important source of cellulose for paper 

and cardboard.  However, extensive processing is necessary to separate cellulose from 

other cell wall constituents (Klemm et al. 2005; Brown, 2004).  Both the chemicals 

utilized to extract cellulose from associated lignin and hemicelluloses from wood pulp 

and the waste products generated by this process pose serious environmental risks and 

disposal problems (Bajpai, 2004).  Additionally, the cultivation of other cellulose 

sources, such as cotton, entails the extensive use of large tracts of arable land, fertilizers 

and pesticides (both of which require petroleum for their manufacture), and dwindling 

fresh water supplies for irrigation.  
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Microbial cellulose stands as a promising possible alternative to traditional plant 

sources.  The α proteobacterium Acetobacter xylinum (synonym Gluconacetobacter 

xylinum [Yamada et al., 1997]) is the most prolific of the cellulose producing microbes.  

The NQ5 strain (Brown and Lin, 1990) is capable of converting 50% of glucose supplied 

in the medium into an extracellular cellulosic pellicle (R. Malcolm Brown, Jr., personal 

communication).  Although it possesses the same molecular formula as cellulose derived 

from plant sources, microbial cellulose has a number of distinctive properties that make it 

attractive for diverse applications.  The cellulose synthesized by A. xylinum is “spun” into 

the growth medium as highly crystalline ribbons with exceptional purity, free from the 

contaminating polysaccharides and lignin found in most plant cell walls (Brown et al., 

1976).  The resulting membrane or pellicle is composed of cellulose with a high degree of 

polymerization (2000-8000) and crystallinity (60-90%) (Klemm et al., 2005).  

Contaminating cells are easily removed, and relatively little processing is required to 

prepare membranes for use.  In its never-dried state, the membrane displays exceptional 

strength and is highly absorbent, holding hundreds of times its weight in water (White 

and Brown, 1989).  A. xylinum cellulose is therefore, well suited as a reinforcing agent 

for paper and diverse specialty products (Shah and Brown, 2005; Czaja et al., 2006; 

Tabuchi et al., 2005; Helenius et al., 2006). 

Despite it superior quality, the use of microbial cellulose as a primary constituent 

for large scale use in common applications such as the production of construction 

materials, paper, or cardboard has not been economically feasible.  The root cause for the 

expense of microbial cellulose production is the heterotrophic nature of A. xylinum.  

Bacterial cultures must be supplied with glucose, glycerol, or other carbon sources 

produced by the cultivation of plants.  Increased distance from the primary energy source 

is inherently less efficient and inevitably leads to increased cost of production when 
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compared with phototrophic sources.  Therefore, while the unique properties of A. 

xylinum cellulose make it indispensable for a number of value added products, it is not 

well suited for the more general applications that constitute the vast majority of cellulose 

utilization (Brown, 2004; White and Brown, 1989). 

The ideal cellulose producing organism would be able to synthesize cellulose of 

the quality and in the quantities observed in A. xylinum, have a photoautotrophic lifestyle, 

and possess the ability to grow with a minimum use of natural resources in environments 

unsuitable for agriculture.  Cyanobacteria are capable of utilizing low photon flux 

densities for carbon fixation, withstanding hypersaline environments, tolerating 

desiccation, and surviving high levels of uv irradiation (Vincent, 2000; Wynn-Williams, 

2000).  Additionally, many species are diazotrophic (Castenholz and Waterbury, 1989). 

This combination of exceptional adaptive characteristics has made mass cultivation of 

cyanobacteria attractive for production of nutritional biomass, fatty acids, bioactive 

compounds, and polysaccharides (Cogne et al., 2005; Moreno et al., 2003; Kim et al., 

2005).  Although no species of cyanobacteria are known to synthesize cellulose in large 

quantities, the development of a number of systems for engineering of cyanobacterial 

chromosomes may offer a means to a new global crop of cellulose produced by 

cyanobacteria. 

Toward this end, genes comprising the cellulose synthase operon of A. xylinum 

NQ5 have been integrated into the chromosome of the unicellular cyanobacterium, 

Synechococcus leopoliensis UTCC 100 (synonym Synechococcus elongatus PCC 7942).  

Although this cyanobacterium does not possess all of the qualities desired for the ideal 

cellulose producer (this cyanobacterium is a freshwater variety and is not diazotrophic), it 

is an attractive subject for use as proof of concept.  S. elongatus has served as a model 

organism for molecular studies of photosynthesis and circadian rhythms, and has 
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previously been successfully utilized for transgenic expression (Rixin and Golden, 1993; 

Nair et al., 2000; Deng and Coleman, 1999; Asada et al., 2000).  S. elongatus has a rapid 

growth rate, readily recombines DNA into its chromosome by transformation or 

conjugation, can act as a host for replicating plasmids, and its physiology, genetics, and 

biochemistry are well characterized (Golden et al., 1987; Thiel, 1995; Deng and 

Coleman, 1999). Additionally, a project to sequence the genome of this organism is 

underway (http://genome.jgi-psf.org/finished_microbes/synel/synel.home.html). These 

characteristics facilitate the transfer and expression of exogenous genes and manipulation 

of native regulatory components. 

2.2 RESULTS 

Synechococcus leopoliensis::Plac-acsABΔC 

Exconjugate colonies determined to be free from E. coli contamination were used 

for screening of genomic integration and expression analysis.  Integration of the A. 

xylinum NQ5 acsABΔC sequence into the neutral site (genomic region discovered in S. 

elongatus PCC 7942 which can be interrupted without a change in cell phenotype) of the 

genome of S. leopoliensis is clearly shown by a positive PCR screen (Figure 2.1).  The 

acsABΔC fragment is under the transcriptional control of lac promoter from E. coli which 

results in low level constitutive expression of AcsAB.  The results of a Western blot with 

the anti-93 kD protein (AcsB) antibody (Figure 2.2) demonstrates the presence of a faint 

93 kD band in both the AY201 lanes and S.leopoliensis::Plac-acsABΔC lanes with no 

band of this size present in the UTCC100 wild type lane was observed.  However, there 

are multiple bands present in both wild type and mutant lanes.  The S.leopoliensis::Plac-

acsABΔC lanes show two prominent bands of 45 and 42 kD. The 45 kD band is also 

present in the wild type.  Since searches against the genomic database of S. elongatus 

PCC 7942 (http://genome.jgi-psf.org/finished_microbes/synel/synel.home.html) yield no 

http://genome.jgi-psf.org/finished_microbes/synel/synel.home.html
http://genome.jgi-psf.org/finished_microbes/synel/synel.home.html
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sequences with significant similarity to AcsB, this likely represents nonspecific binding 

of the antibody.  However, the 42 kD band is present only in the mutant lanes and may 

indicate products of protein degradation or processing.  These data provide firm evidence 

that the AcsAB proteins of A. xylinum are successfully translated in the S. leopoliensis 

host cell. 

Tinopal labeling of wild-type S. leopoliensis did not indicate the presence of 

extracellular polysaccharides.  There was limited labeling of whole cells.  This often 

occurs when dead cells become permeable to the fluorophore and is generally not 

indicative of the presence of polysaccharides (Figure 2.3).  S.leopoliensis::Plac-acsABΔC 

however, demonstrated labeling consistent with the secretion of an extracellular 

polysaccharide.  The secretion of the product appears to take place laterally at sites on the 

long axis, as well as at polar regions of the cells. The viability of these cells was easily 

monitored by the autofluorescence of chlorophyll, thus eliminating the possibility of 

fluorophore infiltration due to the permeability of dead cells.  This phenomenon is 

observed in only a small population of cells, indicating that production of the positively 

labeled material is not synchronous in the culture.  The mutant cells are often highly 

elongated as compared to the wild-type, a characteristic sometimes observed in S. 

leopoliensis as a response to stress (hence its alternative moniker S. elongatus).  It is 

possible that since AcsA is an integral membrane protein, even low level constitutive 

expression causes a stress response in these cells.  

TEM examination of CBHI-gold labeled cells revealed the presence of 

noncrystalline material with modest labeling in wild-type cells.  S.leopoliensis::Plac-

acsABΔC displayed material that was positively labeled and demonstrated a large amount 

of unorganized material with a chain-like substructure reminiscent of glucan chain 

aggregates.  Regions exist within this material with fibrillar morphology resembling 
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crystalline cellulose (Figure 2.4).  The presence of even trace amounts of cellulose I 

would necessitate proximal orientation and at least rudimentary organization of the sites 

of secretion.  It is also possible that some of the aggregation could be antiparallel in 

which case this material, if sufficiently crystalline, could be cellulose II. 

Synechococcus leopoliensis::PrbcL-acsABCD 

The integration of the acsABCD operon into the neutral site of S. leopoliensis was 

verified in the same manner as with S. leopoliensis::Plac-acsABΔC (Figure 2.5).  

Examination of Tinopal labeled wild-type S. leopoliensis collected from agar plates 

showed a small amount of fluorescent material.  However, fluorescence did not appear to 

emanate from secreted material. Rather, the labeling of whole cells displayed here is 

indicative of dead cells.  Labeling of S. leopoliensis::PrbcL-acsABCD grown on plates 

demonstrated extracellular material similar to that observed in S. leopoliensis:: Plac-

acsABΔC.  Figure 2.3 shows several cells aligned and attached to a positively labeled 

product.  Fluorescence in mutant samples does not seem to emanate from cell 

permeability to Tinopal, but rather from an extracellular layer apparently acting to cause 

cell aggregation.  The apparent encasement of cells in an extracellular matrix was 

confirmed with TEM examination, where cells often appeared to be connected by an 

extracellular matrix (Figure 2.6).  The matrix material consisted primarily of a fine 

network resembling glucan chains and small fibrils consistent with chain aggregation or 

low level crystallinity (Figures 2.7 and 2.8) similar to the material observed in S. 

leopoliensis:: Plac-acsABΔC.  Labeling was light, although consistent in areas with 

fibrillar material.  Wild-type cells were comparatively much less aggregated, but also 

showed the presence of extracellular material.  This material appeared homogeneous, was 

not fibrillar, and lacked any discernable substructure; however, there was light labeling 

with CBHI-gold.  When labeling of the wild-type material and background labeling are 
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taken into account, the CBHI-gold labeling of the S. leopoliensis::PrbcL-acsABCD was 

equivocal.   

 

2.3 DISCUSSION 

The sequence of the cellulose synthase operon of A. xylinum NQ5 was first 

elucidated twelve years ago (Saxena et al., 1994).  Given this long time frame, there is 

surprisingly little knowledge of the molecular mechanisms of microbial cellulose 

biosynthesis.  A positive allosteric activator of cellulose biosynthesis, cyclic diguanylic 

acid (c-di-GMP) has been identified, as have the enzymes responsible for regulating its 

concentration – diguanylate cyclase and its cognate phosphodiesterase (Ross et al., 1986; 

Ross et al., 1987; Tal et al., 1998; Weinhouse et al., 1997).  Although AcsB is widely 

believed to regulate cellulose synthesis by binding c-di-GMP, of the four proteins 

encoded by this operon, only AcsA (the catalytic subunit) has an experimentally proven 

function (Lin and Brown, 1989; Weinhouse et al., 1997; Tal et al., 1998; Römling et al., 

2005).  While AcsC, AcsD, and an endoglucanase seem to be necessary for normal 

synthesis of cellulose I microfibrils, their precise function in this process remains a 

mystery (Saxena, 1994).  This, in brief, represents the sum total of current knowledge of 

the enzymes involved in regulation, product catalysis, and crystallization of cellulose in 

A. xylinum. 

The characterization of cellulose biosynthesis in other bacteria gives some insight 

into the minimum requirements for cellulose production.  AcsA and acsB are conserved in 

all known proteobacterial operons encoding proteins for cellulose biosynthesis (Römling, 

2002).  Although these enzymes are necessary for cellulose synthesis in the 

Enterobacteriaceae, they are not sufficient to this end.  It is known that the cellulose 

synthase operon is constitutively transcribed in E. coli, yet cellulose is only produced 
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under specific conditions (Zogaj et al., 2001).  Control of this process is tightly controlled 

by regulatory proteins that contain the conserved GGDEF and EAL motifs associated 

with diguanylate cyclases and phosphodiesterases (Tal et al. 1998; Nikolskaya et al., 

1993). 

The cellulose produced by E. coli and Salmonella spp. appears as a noncrystalline 

aggregation of glucan chains in close association with hydrophobic fimbriae constituting 

the extracellular matrix of the rdar multicellular morphotype (unpublished observations, 

this lab).  Therefore, in addition to regulatory and catalytic proteins, other yet 

unidentified components necessary for the production of a crystalline cellulose product 

must exist.  It is likely that the highly regular alignment of pores that make up the 

terminal complex of the cells of A. xylinum is critical for crystallization (Saxena et al., 

1994; Zaar, 1979).  It is important to note that unlike the products observed in E. coli and 

Salmonella spp. which encase the cells in a cocoon-like structure (unpublished 

observations, this laboratory), contact of an A. xylinum cell to its product is generally 

limited to the unilateral secretion sites oriented parallel to the long axis (Brown et al., 

1976).  The fact that E. coli and Salmonella spp. cells are embedded in their extracellular 

matrix connotes a randomly dispersed rather than a discrete, orderly, and aligned 

orientation of secretion sites on the cell surface.  It is important to note that even in acsD 

mutants of A. xylinum which produce crystalline cellulose II in addition to cellulose I, a 

linearly arranged row of cellulose synthesizing pores is still observed (Saxena et al., 

1994).  It is possible that close association of glucan chains upon secretion is necessary 

for the regular formation of any crystallite. 

Based on these observations, it becomes obvious that any successful attempt to 

augment cellulose biosynthesis in A. xylinum or to achieve synthesis of a cellulose I 

product in a transgenic system must take into account the intricacies of crystallization as 
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well as the catalysis of the β 1, 4 glucan polymer.  Although the ultimate goal of this 

project is large scale crystalline cellulose production from a cyanobacterium, an obvious 

first step is the functional expression of genes known to be necessary for catalysis.  Based 

on our observations of the cellulose products secreted by E. coli and Salmonella spp., it 

would be naïve to assume that successful expression of a cellulose synthase operon 

would, of necessity, result in a crystalline product.   

The creation of mutant strains of S. leopoliensis by integration of Plac-acsABΔC 

and PrbcL-acsABCD into the NSII site of the genome represents the first attempts to 

functionally express the cellulose synthesizing machinery from A. xylinum NQ5 in a 

heterologous system.  Examination of these mutants demonstrates distinct phenotypic 

differences from the wild-type.  Both the S. leopoliensis::Plac-acsABΔC and S. 

leopoliensis::PrbcL-acsABCD strains showed Tinopal labeling consistent with the 

production of an extracellular polysaccharide.  The presence of similar material was not 

observed in wild-type cells.  Chain aggregates, representing the majority of the 

extracellular material observed in both strains, were revealed in TEM examinations 

(Figures 2.4, 2.6, and 2.7).  The dimensions and morphology of these were quite similar 

to the glucan chain aggregates produced by E. coli and Salmonella spp.   Additionally, 

small amounts of fibrillar material resembling crystalline cellulose were interspersed 

within randomly oriented chain aggregates.  Unfortunately, the signal to noise ration was 

too low in the CBHI-gold labeling to make any positive determination of cellulose. 

Ideally, electron diffraction would be required to prove unequivocally the production of 

crystalline cellulose in these transgenic strains. 

The positive identification of small amounts of non-crystalline cellulose is not a 

trivial matter.  Methylation analysis can be useful toward this purpose and has in fact 

been used for the identification of non-crystalline material produced in herbicide treated 



 45

plants and in some proteobacteria (Peng et al., 2002; Zogaj et al., 2002).  However, in 

order to utilize methylation, a procedure must be in place for the isolation of the 

polysaccharide to be examined from contaminants.  This can be a difficult proposition, 

particularly in the presence of a significant quantity of other polysaccharides.  Most 

classical methods for identification of cellulose are based largely on the physical and 

chemical properties of crystalline forms normally seen in plant and algal cell wall.  The 

discovery of noncrystalline cellulosic polymers is a relatively recent development (Kondo 

et al., 2001; Peng et al., 2001), and new methods for identification of varied forms of 

cellulose have not yet been developed. 

The presence of genes encoding cellulose synthesizing machinery coincident to an 

increase in extracellular material make it tempting to assume the material is very likely a 

β 1,4 glucan.  However, caution must be exercised when dealing with interpretations of 

product in a transgenic system.  The absence of clear labeling and morphology leaves 

open the possibility that the observed phenotypic differences between transgenic and 

wild-type cells could be the result of stress from the constitutive expression of integral 

membrane proteins.  A further potential complication in documenting functional 

expression of A. xylinum genes in S. leopoliensis is the recent description of a putative 

native cellulose synthase in S. elongatus PCC 7942 (NCBI accession YP_401168). 

Although earlier examinations of S. leopoliensis revealed no cellulose biosynthesis, it is 

possible that under the proper conditions, some cellulose is produced by the wild-type 

strain.   

Armed with this knowledge, it seems that the standard for success should be a 

distinct increase in extracellular polysaccharide produced by mutants relative to the wild-

type cells.  The current data meet this standard and therefore, support a claim of 

functional expression of genes from the cellulose synthase operon of A. xylinum NQ5 in 
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S. leopoliensis UTCC 100.  However, unequivocal determination of the presence of 

cellulose may only be possible if the amount of product is significantly increased, if the 

synthesis of crystalline product can be induced, or if more effective detection methods are 

developed. 

2.4 MATERIALS AND METHODS 

Culture Conditions 

Cultures of Synechococcus leopoliensis UTCC 100 were maintained in 50 ml or 

500 ml liquid cultures in BGll medium on a rotary shaker (Allen, 1968).  Solid media was 

prepared as BG11 with 1% or 1.5% agar (Difco) with the addition of 1 mM Sodium 

Thiosulfate (Golden, 1988).  Cultures were grown with 12 hour light/dark cycles at 28°C.   

When necessary, chloramphenicol was used for selection at a concentration of  7.5 ug/ml.  

E. coli strains were grown in Luria-Bertani medium at 37°C on a rotary shaker or on 2% 

agar plates. For selection of resistance markers, antibiotics were used at the following 

concentrations:  ampicillin (50 ug/ml), chloramphenicol (25 ug/ml), and tetracycline 

(12.5 ug/ml). A. xylinum (AY201) and A. xylinum ATCC 53582 were grown in SH 

medium as previously described (Shram and Hestrin, 1954).  A summary of the strains 

and plasmids used in this study is shown in Table 2.1. 
 

DNA manipulations 
 

Genomic DNA was isolated from S. leopoliensis essentially as described by Susan 

Golden (Golden et al., 1987), with the exception that DNA was ethanol precipitated 

rather than purified using glass fines.  Plasmids were isolated using Qiagen miniprep kits.  

Restriction enzymes and T4 DNA ligase were purchased from Promega and used 

following the manufacturer’s instructions.  Agarose gels were prepared and examined as 
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previously described (Mantiatis et al., 1982).  When more delicate handling of DNA was 

required, visualization of bands was accomplished via agarose gels supplemented with 40 

ul of 2mg/ml crystal violet (CV) per 50 ml agarose.  When using CV gels, DNA samples 

were run in loading buffer composed of 30% glycerol, 20mM EDTA, and 100ug/ml CV.  

This procedure allowed direct viewing of DNA eliminating the exposure of DNA to 

damaging uv light in order to visualize the bands.  Unless otherwise noted, the 

transformation of chemically competent cells was performed as described previously 

(Chung and Miller, 1993). 

Cloning the rbcL promoter region in of S. leopoliensis   

Primers were designed to amplify a region 360 bp upstream of the rbcL coding 

region encompassing the strong rbcL promoter (PrbcL).  Primer sequences were based on 

previous work (Deng and Coleman, 1999).  PrbcL-for-XbaI (forward primer) contained a 

5’ XbaI restriction site and PrbcL-rev-NdeI (reverse primer) contained a 5’ NdeI 

restriction site. Primer sequences were as follows:    Forward primer – ACCATCTAGA-

GGCTGAAAGTTTCGGACT, Reverse primer – TTCCCATATGTCGTCTCTCCCTA-

GAGATATG.  Restriction sites are shown in bold.  The PCR product was digested and 

ligated into corresponding restriction sites of plasmid pET17b (Novagen) to create 

plasmid pET17b[PrbcL]. 

Cloning the acsABCD operon 

The cellulose synthase operon of A. xylinum (NQ5) was amplified using overlap 

extension PCR consisting of three steps (Shevchuk, 2004).  The first step consisted of 

two reactions:  Reaction L amplified nucleotides 1-6090 of the acsABCD operon using 

primers acsABLF1 and acsABLR1, Reaction R amplified nucleotides 4594-10,094 using 

primers acsCDRF1 and acsCDRR1.  50 ul reaction conditions: 10ul 10x Pfx Reaction 
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Buffer, 1.5 ul 10mM mixed dNTP (BD Biosciences), 1.0 ul 50mM MgSO4, 0.3 ul of each 

primer (50uM), 0.25 ul of NQ-5 DNA, and 0.5 ul Platinum Pfx (Invitrogen).  Reaction L 

contained 15 ul Enhancer solution and 21.15 ul H20.  Reaction R contained 17.5 ul 

Enhancer solution and 18.65 ul H20.  Cycling conditions:  Initial denaturation 95◦C 5 min, 

subsequent cycles 95◦C for 15 s, annealing 60◦C for 30 s, extension 68◦C  for 6 min, with 

a final extension at 68◦C for 20 min followed by a 4◦C hold.  Primer sequences were as 

follows:  acsABLF1 — TGACCAAGACAGACACGAATTCCTCTCAGGCT , 

acsABLF1 - GTAACCATGACAGCGTCTGGCGATATGATT, acsCDRF2 --  TTCCTT 

-TCACCACCTATGCCGATCTGTC, and acsCDRR2 – TCCGCCAAGCTTCAC-

CAAAAACCTTTATAATTTCA . The products of L and R reactions were run on CV 

gels and purified using the QIAquick gel extraction kit (Qiagen). DNA was concentrated 

using microcon YM100 centrifugal filters (Millipore). Step 2 (Fusion A) conditions for 

50ul reactions were as follows: 18.25 ul H20, 10ul 10x Pfx Reaction Buffer, 1.0 ul 50mM 

MgSO4, 1.25 ul of Reaction L (~700 ng), 2.5 ul of Reaction R (~650 ng), 15ul of 

Enhancer solution, and 0.5 ul Platinum Pfx (Invitrogen).  Cycling Conditions:  Initial 

denaturation 94◦C 5 min, subsequent cycles 94◦C for 15 s, annealing 55◦C for 30 s, 

extension 68◦C  for 5.5 min, with final extension at 68◦C for 20 min followed by a 4◦C 

hold.  Step 3 (Fusion B) conditions for 50ul reactions were as follows: 11.4 ul H20 10ul 

10x Pfx Reaction Buffer, 1.0 ul 50mM MgSO4, 10 ul of Fusion A reaction, 0.3 ul 50 mM 

acsA-VspI-For#4 (forward primer), 0.3 ul 50 mM acsD-BamHI-Rev#4 (reverse primer), 

15 ul of Enhancer solution, and 0.5 ul Platinum Pfx (Invitrogen).  Cycling Conditions:  

Initial denaturation 94◦C 5 min, subsequent cycles 94◦C for 15 s, annealing 55◦C for 30 s, 

extension 68◦C  for 5.5 min, with final extension at 68◦C for 20 min followed by a 4◦C 

hold.  Primer sequences were as follows:  Forward primer – 

GCGGATTAATGCCAGAGGTTCGGT- CGTCAACGCAGTCA and Reverse primer – 
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CGTGGATCCGCCGGACGCCATCG- CATCATCCAGCAT.  Primers were designed 

with a VspI site on the 5’ end of the forward primer and a BamHI site on the 5’ end of the 

reverse primer.  Restriction sites are shown in bold.  The PCR product was digested and 

ligated into the corresponding restriction sites on pET17b[PrbcL] to create pACOI, placing 

the acsABCD operon under the control of the rbcL promoter.  The ligation product was 

transformed into XL10 Gold KanR Competent E. coli Cells (Stratagene) using the 

manufacturer’s instructions.  pET17b[PrbcL] and pAM1573 were digested with XhoI and 

XbaI and the ~ 10 kb PrbcL-acsABCD fragment and the cargo plasmid were ligated to 

create pACOII.   

  Construction of Cargo Plasmid pSAB2 

A 5.2 kb BamHI-HindIII fragment from pIS311-9 containing acsABΔC was 

ligated into the BamHI-HindIII sites of pUC19 to create pSAB1.  A 7.9 kb PvuII 

fragment from pSAB1 containing the lac operon promoter/operator with a lacZa –

acsABΔC fusion was ligated into the unique SmaI site of pAM1573 to create pSAB2.  

See Table 2.1 for plasmid descriptions. 

Conjugation 

Conjugations transferring cargo plasmid pSAB2 were performed via biparental 

matings of S. leopoliensis with the E. coli strain, S17.   Conjugations with pACOII were 

conducted using S17-1 carrying the helper plasmid pDS4101.  Controls were performed 

using S17-1without cargo plasmids. 1.5 ml of a S. leopoliensis culture with an OD750 of 

0.4 – 0.6 was centrifuged at 8,000 rpm in a microfuge for 3 minutes. The pellet was 

resuspended in 200 ul BGll.  Serial dilutions of the suspension were prepared to  10-1 -  

10-5 in BG11 for experimentals and controls.  1 ml aliquots from overnight cultures of 

S17-1 (OD650 of 0.9-1.0) were harvested at 5,000 rpm in a microfuge for 2 min.  The 
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pellets were washed twice with 1 ml of LB followed by gentle resuspension in H2O.  100 

ul of S17-1 carrying cargo plasmid was added to each experimental dilution.  100 ul of 

S17-1 without cargo plasmid was added to each control dilution.  200 ul of each dilution 

was spread out on BGll plates containing 5% LB.  Plates were allowed to grow overnight 

without selection.  The plates were underlaid with chloramphenicol as previously 

described (Golden, 1987).  Putative exconjugate colonies were restreaked on BGll with 

chloramphenicol selection in order to obtain S. leopoliensis colonies free from E. coli.  

Cultures were then examined for E. coli contamination by growth on LB plates at 37°C. 

Screening for acsAB  

Colonies of S. leopoliensis were prepared for PCR screens for the presence acsAB 

as previously described (http://microbiology.ucdavis.edu/meekslab/xpro6.htm).  Samples 

were prepared in 100 ul volumes in 200 ul PCR tubes.  A 1084 bp fragment spanning the 

acsAB genes was amplified using the primers Forward – TGGCGTGGTGTCTATGAA- 

CTGTCTTT and Reverse – CGGATATACTGCTCGTTCAGCGTCAT.  PCR was 

performed using Herculase Hotstart DNA polymerase (Stratagene): 1x  Herculase 

reaction buffer (Stratagene) , 200 uM each  dNTP , 0.25 uM of each primer , 2.5 U 50 ul-1 

Herculase Hotstart polymerase (Stratagene), and 4% DMSO.  Templates were added to 5 

ul reactions as follows:  1 ul of prepared colony solution, and 0.25 ul of NQ5 genomic or 

plasmid DNA (~ 10 ng).  Reaction conditions were set up according to the 

manufacturer’s instructions for high GC targets. 

 Membrane Preparations 

1 L of S. leopoliensis liquid culture (OD750 of 0.4 – 0.6) was harvested at 3470 x g 

and resuspended in 5 ml 20 mM K2PO4, pH 7.8 with 3% PMSF.  Crude membranes were 

prepared as previously described (Norling, 1998).  200 ml cultures of A. xylinum 

http://microbiology.ucdavis.edu/meekslab/xpro6.htm
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(AY201) containing 0.25% Celluclast were grown for 2 days at 28°C.  Cells were 

collected by centrifugation at 3470 x g for 10 min at 4°C, resuspended in 2 ml TME, and 

frozen at -80°C.  Frozen cells were resuspended to 20 ml in TE and passed four times 

through a prechilled French pressure cell at 1200 psi.  20 ul of 3% PMSF was 

immediately added to the lysate.  Lysate was centrifuged at 3,310 x g for 10 minutes to 

remove cell debris.  The supernatant was centrifuged at 103,000 x g for 30 minutes at 

4°C.  Pelleted crude membranes were resuspended in 200 ul TME and frozen at -80°C. 

Protein concentrations of membrane fractions were determined using the BioRad DC kit 

following the manufacturer’s instructions.                       

Western Analysis 

Polyacrylamide gel electrophoresis was conducted as previously described 

(Laemmli, 1970).   For Western blots, protein samples were transferred from the gels to 

nitrocellulose (Invitrogen) overnight at a constant current of 150 mA using a Bio-Rad 

Semi-Dry Transfer Cell.  Western blots were performed using enhanced 

chemiluminescence (ECL) detection (Amersham, manufacturer’s protocol). Anti –93 

serum (Chen and Brown, 1996) was used a 1:30,000 dilution.  The goat- anti-rabbit was 

used at 1:10,000 dilution. 

Microscopy 

Wildtype and mutant cells were collected in aliquots from liquid culture or as 

aqueous suspensions from plates.  For fluorescence microscopy, cells were labeled with 

100 uM Tinopal LPW and viewed at 365 nm excitation wavelength.  For TEM 

preparations, CBHI-gold labeling was performed essentially as described previously 

(Okuda et al., 1993) with the following  exceptions:  (1) 10 nm gold was used for the 

CBHI-gold complex , (2) rather than floating grids, 6 ul drops of enzyme complex were 
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added to Formvar grids, and (3) enzyme complex and product were incubated for 1 min 

at room temperature.  Grids were negative stained with 2% uranyl acetate. 
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Table 2.1. Bacterial Stains and Plasmids 

Strain or plasmid                     Relevant characteristics                                                     Source or Reference                                    
E. coli     
 

S17-1                              recA pro hsdR RP4-2-Tc::Mu-Km::Tn7; mobilizer strain             Simon et al., 1983       
 

DH5αMCR                    F2 mcrA D(mrr-hsdRMS-mcrBC) f80dlacZDM15 D(lacZYA-                    Bethesda Research                                                        
                                       argF)U169 deoR  recA1 endA1 supE44 l2 thi-1 gyrA96 relA1                    Laboratories                                                                  
                                                        

XL10 Gold  KanR         Tetr ∆(mcrA)183 ∆(mcrCB-hsdSMR-mrr)173 endA1                                  Stratagene, La Jolla   
                                                        supE44  thi-1 recA1 gyrA96  relA1 lac Hte                                                  CA 
                                                       [F´ proAB lacIqZ∆M15 Tn10 (Tetr) Tn5 (Kanr) Amy].      
 
S. leopoliensis UTCC 100               Synonym S. elongatus PCC 7942                                                            University of  
                                                                                                                                                                               Toronto   culture                                                            
                                                                                                                                                                               Collection 
 
               ::Ptac-acsABΔC         Transgenic strain with the acsABΔC from A. xylinum                                  This Study  
                                                        NQ5 inserted in neutral site II.  acsABΔC is fused to  
                                                         the lac promoter. 
              :: PrbcL-acsABCD       Transgenic strain with the acsABCD from A. xylinum                                 This Study 
                                                         NQ-5 inserted in neutral site II.  acsABCD is fused to  
                                                         the native rbcL promoter                                                        
 
 A. xylinum  AY201                         Derivative of  Gluconacetobacter. xylinum                                                 Laboratory stock 
                                                         ATCC 23769                                                           
        
A. xylinum  NQ5                     Also known as Gluconacetobacter xylinus                                                    Laboratory stock  
                                                        ATCC 53582     
         
pUC19                       Ampr;  cloning vector                                                                    Norrander et al, 1983                                                    

 
pIS311-9                      Tetr; HinDIII-BamHI acsABΔC  fragment                                                    Inder Saxena, 

                                       from A. xylinum NQ5 cloned in pRK311                                                      This Laboratory 
                                                                                       
pAM1573                                       Ampr , Camr;  NSII cargo vector, mobilizable by                                          Susan Golden Texas 
                                                        conjugation, for homologous recombination                                A & M University 
                                                        into the chromosome of S.  elongatus  PCC 7942                           
                                                           
pSAB1                      Ampr; HindIII-BamHI fragment from pIS311-9                                           This study 
                                                        cloned in pUC19                 
 
 pSAB2                                           Ampr, Camr; PvuII fragment from pSAB1                                                   This study 
                                                       cloned in  pAM1573     
 
pET17b                                           Ampr; T7-based cloning vector                                                                      Novagen    
 
pET17b[PrbcL]                     Ampr, pET17b with the strong rbcL promoter replacing                               This study 
                                                        the from S. leopoleinsis UTCC 100 lac promoter.   
                                                        
pACOI                                            Ampr, pET17b[PrbcL] with acsABCD ligated at the NdeI                            This study 
                                                        and BamHI sites, fusing PrbcL to the operon. 
                                                         
 
pACOII                                          Ampr , Camr; XhoI-XbaI acsABCD fragment from                                       This study 
                                                        pACOI cloned in pAM1573      
 
pDS4101                      Ampr; ColK derived helper plasmid  for                                                         Finnegan and  

                                        mobilization                                                                                                    Sherratt, 1982                         



          

   1         2        3        4         5        6         7         8         9        10        

Figure 2.1.  Colony PCR screen for S. leopoliensis::Plac-acsABΔC.   

Lane 1 DNA Ladder, Lane 2 wild-type colony, Lanes 3-6 Plac-acsABΔC transgenic 
colonies, Lane 9 NQ5 DNA, and Lane 10 pSAB2 plasmid DNA. 
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Figure 2.2.  Western blot with total proteins using anti-AcsB antibody.   

Lane 1- A. xylinum, Lane 2- wild-type S. leopoliensis, Lanes 3 and 4-S. 
leopoliensis::Plac-acsABΔC mutants. Bands of significant molecular weights are labeled. 

 

 55



 
A 

B 

C 

 
 

Figure 2.3.  Epifluorescence micrographs of S. leopoliensis wild-type, 
S.leopoliensis::Plac-acsABΔC, and S. leopoliensis::PrbcL-acsABCD strains 
labeled with Tinopal. 
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(A): Tinopal labeling of wild-type strain displaying fluorescence consistent with 
fluorophore penetration of dead cells. 
 
(B):  S.leopoliensis::Plac-acsABΔC transgenic strain depicting labeling of extracellular 
material with Tinopal.  Cell viability is evidenced by the autofluorescence of chlorophyll.  
Note the elongated cells. 
 
(C): S. leopoliensis::PrbcL-acsABCD transgenic strain depicting labeling of extracellular 
material with Tinopal.  Cell viability is evidenced by the autofluorescence of chlorophyll.   
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Figure 2.4.  TEM images of S. leopoliensis negative stained and labeled with CBHI-gold.  

(A): Wild-type cell displaying amorphous extracellular material. 
 
(B): Wild-type cell showing modest gold labeling at the periphery of the extracellular 
material shown in (A). 
 
(C):  S.leopoliensis::Plac-acsABΔC with CBHI-gold labeled extracellular material. 
 
(D):  Higher magnification view of the labeling nearest the cell in (C) showing labeling 
of fibrillar material resembling crystalline cellulose.
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              1             2             3             4             5             6 

Figure 2.5.  Colony Screen for S. leopoliensis::PrbcL-acsABCD. 

Lanes 1-4 transgenic colonies, Lane 5 wild-type colony, and Lane 6 DNA ladder. 
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Figure 2.6.  TEM micrographs depicting the extracellular matrices enclosing the cells of 
S. leopoliensis::PrbcL-acsABCD.   

(A):  A low magnification micrograph demonstrating the poles of two cells connected by 
matrix material is shown here. 

 60

(B):  The poles of two cells connected by matrix material are shown here at a higher 
magnification.  Note the labeling of matrix material with CBHI-gold. 
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Figure 2.7.  Extracellular material produced by S. leopoliensis::PrbcL-acsABCD labeled 

(A) and (B):   CBHI-gold labeling of fine aggregated material is shown in these 

Fibrillar material resembling crystalline cellulose is shown here labeled 

  

  

with CBHI-gold.   

micrographs. 
(C) and (D):   
with CBHI-gold. 

C D
 

A B
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Figure 2.8.  Comparison of extracellular material observed with negative staining and 
CBHI-gold labeling in wild-type and S. leopoliensis::PrbcL-acsABCD 
transgenic strains. 

(A):  Extracellular material secreted by wild-type cells is seen in this low magnification 
electron micrograph. 
(B):  A higher resolution image shows the amorphous nature of the wild-type 
extracellular material.  Note the homogeneity, as well as lack of substructure and CBHI-
gold labeling. 
(C) and (D):  Low magnification images depicting extracellular material of S. 
leopoliensis::PrbcL-acsABCD (corresponds to the fine aggregated material seen in Figure 
2.7). 
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Chapter 3: Construction of CBM Fusion Proteins – New Tools for 
Analysis and Manipulation of Cellulose 

3.1 INTRODUCTION 

The abundance of fixed carbon in the form of cellulose makes catabolism of this 

biopolymer an essential step in carbon recycling (Simpson et al., 2000).  Many bacteria 

and fungi produce multiple cellulolytic enzymes, termed cellulases, which are responsible 

for the degradation of cellulose (Toda et al., 2005).  The refractory nature of crystalline 

cellulose, however, has necessitated the evolution of a modular structure for cellulases. 

Catalytic regions are responsible for cleaving β 1,4 bonds and carbohydrate binding 

modules (CBMs) play an essential role in recognition and specificity (Carrard and 

Linder, 1999). The latter, formerly known as cellulose binding domains (Tomme et. al., 

1995), differ in their substrate affinity.  Some preferentially bind a crystalline substrate, 

while others recognize noncrystalline material.  Family 2 and 3 CBMs are found in 

bacteria and are composed of 90-172 amino acids.  Family 1 CBMs are found exclusively 

in fungi and are much smaller than their bacterial counterparts, containing only 32-36 

residues.  

The modular nature and specificity of CBMs has made them useful for diverse 

biotechnological applications.  CBMs have been used for the creation of fusion proteins 

and peptides employed effectively as affinity tags (Levy and Shoseyov, 2002; Kavoosi et 

al., 2004; Terpe, 2003), promoters of cell growth and adhesion for tissue engineering 

(Hsu et al., 2004; Jervis et al., 2005), polysaccharide engineering in vivo and in vitro 

(Levy et al., 2002; Shpigel et al., 1998; Levy et al., 2004), and tools for detection and 

identification of cellulose (Eklund, 2004; Taylor et al., 1996). 
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In an effort to create new, inexpensive, and easily accessible tools for the specific 

identification of β 1,4 linked glucans, the 33 amino acid CBM and 44 amino acid linker 

region from Trametes hirsuta (Matsui et al., 1993) has been utilized to create two novel 

fusion proteins.   The CBM was fused with the green fluorescent protein variant GFPmut 

(Cormack et al., 1996; Matthysse et al., 1996) and the iron binding protein ferritin (FtnA) 

from Salmonella typhimurium (Zogaj et al., 2001) for use in cellulose labeling in 

epifluorescence microscopy and TEM, respectively.  These novel recombinant proteins 

demonstrate high substrate specificity, are economical, robust, and require little effort for 

their effective use. 

3.2 RESULTS 

Expression of the Fusion Proteins 

The predicted molecular weights of the CBMGFP and CBMFtnA fusion proteins 

are 37,814.68 kD and 28,337.76 kD, respectively.  The positions of induced protein 

bands in Figures 3.1 and 3.2 are reasonably consistent with these estimates.  The 

CBMGFP, however, does appear to have a slightly reduced molecular weight.  It is 

known that the C-terminus of GFP is somewhat susceptible to attack by proteases 

(González and Ward, 2000) and therefore, the slightly lower molecular weight may be 

due to partial degradation.  As evidenced by the successful affinity purification 

demonstrated in Figure 3.1 B, the N-terminal His-tag is still intact.  Therefore, no 

degradation occurs at the N-terminus of the CBMGFP product, which lies downstream of 

the His-Tag, and the CBM region should be entirely intact.  If degradation does occur at 

the C-terminus of GFP, there is no apparent effect on fluorescence. 
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Comparative Polysaccharide Labeling with CBMGFP 

As demonstrated by Figure 3.3, the fusion protein has a strong affinity for both 

cellulose and chitin.  Based on relative intensities, labeling is heaviest for chitin, followed 

by prepared cellulose from Acetobacter xylinum NQ5, and relatively weak in the labeling 

of α-cellulose which is a highly purified cellulose obtained by treatment with strong 

alkali and bleaching.  These results are consistent with evaluations of CBM’s from other 

organisms.  The relatively weak labeling of α-cellulose may be due to the presence of 

cellulose II due to treatment with alkali or a paucity of available binding sites on the 

highly crystalline surface (Lehtiö et al., 2003).  The CBMGFP protein shows very mild 

affinity for the β 1,3-1,4 mixed linked glucan and no noticeable reaction with curdlan (β 

1,3 glucan) as demonstrated in Figure 3.4.   The inability of the CBM to recognize the β 

1,3 linkage of curdan is expected and is consistent with properties of other fungal CBMs.  

The mild attraction of the CBM for the mixed link glucan is interesting and demonstrates 

a possible recognition of consecutive β 1,4 linkages within the glucan polymer.  Fungal 

endoglucanases are known to hydrolyze β 1,4 linkages within mixed link glucans (Kanda 

et al., 1989). 

CBMGFP in situ Labeling of A. xylinum NQ5 Cellulose 

The CBMGFP fusion protein was observed to possess high affinity for cellulosic 

product (Figures 3.5 and 3.6) and a robust longevity of both binding ability and 

fluorescent capability as demonstrated in Figure 3.5.  The protein remained bound to 

product and retained fluorescence after 5 days in an actively growing culture.  It was 

noted that the pellicle formed in culture was of an odd morphology and seemed to 

fragment easily which is uncharacteristic of NQ5 pellicles.  Examination of negative 

stained specimens on the TEM (see Figure 3.6) revealed the presence of material similar 

to dye altered cellulose produced with Tinopal treatment as well as native band material 
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observed with agitation of cultures of A. xylinum AY201 (Cousins and Brown, 1997a; 

Cousins and Brown, 1997b; Kuga et al., 1993).  This is of particular interest because the 

production of these types of products has not previously been observed in NQ5.  The 

presence of banded material was confirmed in SEM examinations as seen in Figure 3.7. 

CBMFtnA Labeling of SIGMACELL® 50 

The micrographs shown in Figure 3.8 demonstrate two major successes:  The first 

is functionality of the FtnA moiety demonstrated by the presence of iron sequestered 

from ferric ammonium citrate, the second is the retained ability of the CBM to recognize 

and bind to cellulose while part of a large ferritin complex – FtnA must exist as a 24mer 

to be functional (Andrews et al., 2003).  Binding to product was heavy and there was 

very little background indicating that this is a potentially useful analytical tool for 

identification of cellulose at high resolutions using TEM and potentially SEM techniques. 

3.3 DISCUSSION 

CBMGFP 

The fusion of the novel CBM from T. hirsuta with GFP resulted in a specific and 

robust tool for the identification of β 1,4 linked glucans which offers distinct advantages 

over existing methods for microscopic identification of these polysaccharides.  Consistent 

with observations of other CBMs, the fusion protein demonstrated strong affinity for 

crystalline cellulose and chitin (Carrard and Linder, 1999; Taylor et al., 1996). In light of 

the complete lack of recognition of β 1,3 glucan (curdlan), the mild affinity displayed for 

the β 1,4-1,3 mixed link glucans strongly implies recognition of short, noncrystalline β 

1,4 glucose chains within the polymeric structure.    This is consistent with the previously 

observed hydrolysis of β 1,4 glucan bonds within mixed link glucans (Clarke and Stone, 

1966). 



 72

The specificity of CBMs for cellulose is far superior to that of conventional 

methods such as Tinopal and Congo Red (Taylor et al., 1996). Previous studies have 

utilized this increase in specificity for the creation of cellulose labels via conjugation of 

fluorophores to recombinant CBMs (Taylor et al., 1996; Eklund et al., 2004).  In addition 

to greater fidelity, CBM conjugates function over a wide pH range and can be used with 

modern laser microscopic techniques such as confocal and multi-photon excitation 

microscopy (Taylor et al., 1996).  The CBMGFP fusion protein introduced in this study 

shares these advantages.  However, whereas the conjugation of fluorophors to 

recombinant proteins requires extensive protein purification which places significant 

restraints on attainable quantities of product and requires the investment of additional 

time and resources toward conjugation of the fluorophore to the purified protein 

fragment, gram quantities of CBMGFP can easily be produced harvested in one day with 

minimal cost and time investment.  Additionally, although the fusion protein can be 

readily purified by nickel column affinity chromatography, the substrate affinity and 

specificity of the crude soluble protein fraction renders additional purification steps 

optional. 

Although previous studies have demonstrated production of splayed cellulose 

ribbons when Acetobacter xylinum ATCC 23769 was grown in the presence of the 

recombinant CBM from Clostridium cellulovorans (Shpigel et al., 1998), our research 

represents the first observations  of the effect a fungal CBM has on the synthesis and 

crystallization of cellulose in A. xylinum.  It is interesting to note that observations of A. 

xylinum NQ5 grown in the presence of CBMGFP did not reveal the presence of splayed 

ribbons.  Rather, two types of material were observed: an apparent noncrystalline product 

similar to that observed when A. xylinum synthesizes cellulose in the presence of Tinopal, 

and a product strongly resembling the cellulose II banded material observed when liquid 
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cultures of A. xylinum AY201 are agitated.  These cellulose morphologies indicate 

interruption at the level of crystallite formation rather than at the level of ribbon 

aggregation.  This implies that, compared with the bacterial CBM, the CBM of T. hirsuta 

has a greater affinity for the noncrystalline nascent glucan chains secreted from the A. 

xylinum terminal complex.  Thus, the CBMGFP fusion may have significant use in the 

identification of low crystallinity and amorphous cellulose in cell walls and 

multicomponent biofilms. Additionally, the CBM of T. hirsuta may be a useful for the 

creation of tools for the production of novel cellulose materials in A. xylinum.  

CBMFtnA 

Labeling of cellulose for the TEM has been accomplished using the CBHI 

enzyme from Trichoderma reesii conjugated to colloidal gold and antibody labeling of 

CBMs (Chanzy et al., 1984; Eklund et al., 2004) .  Although these techniques show 

exceptional specificity, there are problems inherent in each.  CBHI retains its catalytic 

ability and consequently, digests the very substrate it labels.   It is therefore, necessary to 

carefully balance optimal labeling time with the rate of enzyme catalysis.  This problem 

has been eliminated by the use of recombinant CBMs for which antibodies have been 

produced or the fusion of CBMs to antigenic polypeptides for which commercial 

antibodies are available (Gilkes et al., 1993; Eklund et al., 2004).  However, antibody 

labeling carries the inherent disadvantages of costly reagents, long labeling times, and 

decreased resolution.  The successful expression of a functional CBMFtnA fusion protein 

eliminates these problems.  The protein can be expressed via normal induction of a BL21 

pLysS E. coli culture.  The crude soluble fraction can be utilized effectively after an 

overnight incubation with ferric ammonium citrate.  In addition to cellulose 

identification, this fusion protein has a number of potential uses including production of 
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conductive cellulose, the creation of magnetically oriented cellulose pellicles, and 

purification of cellulose via magnetic beads. 

3.4 MATERIALS AND METHODS 

Strains and Culture Conditions 

A. xylinum NQ5 was grown in SH medium as previously described (Shram and 

Hestrin, 1954) or in 0.1 M MES, pH 6.4 supplemented with 2% glucose.  Escherichia 

coli strains TOP10 (Invitrogen) and BL21 pLysS (Novagen) were grown in LB liquid or 

plates according to the manufacture’s instructions.  Salmonella. typhimurium was grown 

on LB plates at 37◦C.  When appropriate, media was supplemented with ampicillan at 50 

ug/ml, chloramphenicol at 10 ug/ml, or kanamycin at a concentration of 50 ug/ml.   

DNA Isolation 

S. typhimurium cells were harvested from plates and suspended in 120 mM NaCl-

50mM EDTA, pH 8.0.  After centrifugation at high speed in a microcentrifuge, the cells 

were resuspended in 100 ul of 50 mM Tris, pH 8.0 with 100 mM EDTA.  The cell 

suspension was then supplemented with 200 ul of freshly prepared CTAB buffer (3% 

cetyltrimethyl ammonium bromide; 1% SDS; 100 mM Tris, pH8.0; 20 - 100 mM EDTA; 

1.4 M NaCl; and 2ul of Proteinase K [20 mg/ml or alternatively, 1% v/v beta 

mercaptoethanol]) preheated to 55◦ C.  The resulting suspension was incubated in a 55° C 

water bath for 30 – 40 min. One ml of   Phenol: Chloroform: Isoamyl alcohol (25:24:1) 

was added and the suspension was mixed by rotating the tube until a homogeneous 

emulsion was formed.   The emulsion was separated by centrifugation for 15 minutes.  

The top aqueous layer was transferred to a new tube and the extraction repeated. The 

aqueous layer was washed with 500 ul Chloroform: Isoamyl alcohol (24:1), mixed, and 

centrifuged for 5 minutes. The aqueous layer was collected and the wash step repeated.  
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1/10 volume of 3.0 M Na Acetate, pH 5.2 was added followed by 0.6 volume of ice cold 

Isopropanol.  The mixture was stored on ice for 5 minutes then centrifuged for 15 

minutes. The Isopropanol was carefully removed by pipetting.  The remaining pellet was 

washed with 70% ethanol for 10 minutes.  After removing the EtOH, the pellet was 

allowed to air dry and suspended in sterile glass distilled water.  

Overlap Extension PCR 

CBMGFP 

The CBMGFP fusion protein was constructed using overlap extension PCR 

(Shevchuk et al., 2004).  The first step consisted of two reactions:  reaction CBM 

amplified the CBM from Trametes hirsuta – using plasmid pCR-NGS+ (a generous gift 

from Kouichi Nozaki, Shinshu University) as a template – with primers CBMR1 and 

M13Rev2; reaction GFP amplified the GFPmut sequence from plasmid pBCgfp 

(American Type Culture Collection) with primers GFP-CBM Fusion F1 and pUC 

Forward.  100 ul reaction conditions: 20ul 10x Pfx Reaction Buffer, 3 ul 10mM mixed 

dNTP (BD Biosciences), 2.0 ul 50mM MgSO4, 0.6 ul of each primer (50uM), 1 ul 

Platinum Pfx (Invitrogen).  Reaction CBM contained 1 ul (~1.6 ng) of template, 41.8 ul 

H20, and 30 ul Enhancer solution.  Reaction GFP contained 4 ul (~6 ng) of template and 

68.8 ul H20.  Cycling conditions:  CBM – Initial denaturation 94◦C 5 min, subsequent 

cycles 94◦C for 15 s, annealing 55◦C for 30 s, extension 68◦C for 15 s , with final 

extension at 68◦C for 5 min followed by a 4◦C hold.  GFP – Initial  denaturation 94◦C 5 

min, subsequent cycles 94◦C for 15 s, annealing 50◦C for 30 s, extension 68◦C  for 1 min , 

with final extension at 68◦C for 7 min followed by a 4◦C hold.   Primer sequences were as 

follows:  CBMR1 - GCCG-GGGATGACGTTGTTCCCGAACTC, M13Rev2 – 

CAGGAAACAGCTATGA-CCA, GFP-CBM Fusion F1 – GTTCGGGAACAACGTCA-
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TCCCCGGCATGAGTAAAGGAGAAGAACTT, and pUC Forward – GTAAAACGA-

CGGCCAGT.  The products of CBM and GFP reactions were isolated from CV gels (see 

Chapter 2 Materials and Methods) and purified using the QIAquick gel extraction kit 

(Qiagen). DNA was concentrated using microcon YM100 centrifugal filters (Millipore). 

Step 2 (Fusion A) was conducted without primers.  Conditions for 50ul reactions were as 

follows: 35 ul H20, 10ul 10x Pfx Reaction Buffer, 1.5 ul 10mM mixed dNTP (BD 

Biosciences), 1.0 ul 50mM MgSO4, 1 ul of Reaction CBM, 1 ul of Reaction GFP, and 0.5 

ul Platinum Pfx (Invitrogen).  Cycling Conditions:  Initial denaturation 94◦C 5 min, 

subsequently 12 cycles of 94◦C for 15 s, annealing 45◦C for 30 s, extension 68◦C for 1.25 

min, with final extension at 68◦C for 10 min followed by a 4◦C hold.  Step 3 (Fusion B) 

conditions for 100 ul reactions were as follows: 22.8 ul H20 20ul 10x Pfx Reaction 

Buffer, 3 ul 10mM mixed dNTP (BD Biosciences), 2.0 ul 50mM MgSO4, 20 ul of Fusion 

A reaction, 0.6 ul 50 mM CBM VspI-Nestedf1 (forward primer), 0.6 ul 50 mM GFP 

BamHI-NestedR1 (reverse primer), 30 ul of Enhancer solution, and 1 ul Platinum Pfx 

(Invitrogen).  Cycling Conditions:  Initial denaturation 94◦C 5 min, subsequently 35 

cycles of 94◦C for 15 s, annealing 55◦C for 30 s, extension 68◦C for 1.25 min, with final 

extension at 68◦C for 7 min followed by a 4◦C hold.  Primer sequences were as follows:  

Forward primer - CGGCTATTAATGTCTGGGGCCAGTGCGGTG and Reverse primer 

- GCCGGGATCCAATTCTTATTTGTATAGTTCATCCATG.  Primers were designed 

to contain a VspI site on the 5’ end of the forward primer and a BamHI site on the 5’ end 

of the reverse primer.  Restriction sites are shown in bold type.  The PCR product was 

digested and ligated into the corresponding restriction sites on the expression vector 

pET15b( Novagen) to create pET15b-GFPCBM. The ligation product was transformed 

into TOP10 chemically competent cells (Invitrogen) using the manufacturer’s 

instructions.  Plasmids were isolated from TOP10 cells and used to  transform BL21 
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pLysS cells (Novagen).  The transformation, fusion protein expression, and collection of 

the soluble membrane fractions were performed as per the manufacturer’s instructions.  

Soluble fraction were collected in 1.0 M Tris, pH 7.5; 0.1 M MES, pH 6.4; or 50 mM 

MES, pH 5.5. 

CMBFtnA 

Reaction and cycling conditions for amplification of the CBM from Trametes 

hirsuta were performed as above.  Reaction FtnA amplified a 1.3 kb coding region for 

ferritin using genomic DNA from Salmonella typhimurium (MAE 52).  Conditions for 

the 100 ul reaction were as follows: 20ul 10x Pfx Reaction Buffer, 3 ul 10mM mixed 

dNTP (BD Biosciences), 2 ul 50mM MgSO4, 1 ul (~360 ng) of template, 0.6 ul 50 mM 

ferrcbmfuseF1, 0.6 ul 50 mM ferrcbmfuseR1, 20 ul Enhancer solution, and 1 ul Platinum 

Pfx (Invitrogen).  Cycling conditions:  Initial denaturation 94◦C 5 min, subsequent cycles 

94◦C for 15 s, annealing 60◦C for 30 s, extension 68◦C for 15 s, with final extension at 

68◦C for 5 min followed by a 4◦C hold.  GFP – Initial  denaturation 94◦C 5 min, 

subsequent cycles 94◦C for 15 s, annealing 50◦C for 30 s, extension 68◦C  for 1.5 min , 

with final extension at 68◦C for 7 min followed by a 4◦C hold.   Primer sequences for 

FtnA were as follows:  ferrcbmfuseF1- GTTCGGGAACAACGTCAT- 

CCCCGGCATGCTGAAAACAGAAATGATC and ferrcbmfuseR1 – CTCCGGAAA- 

TGTAGGCGGCAGTGAGCGCATACATTAAGA.  The products of the CBM and FtnA 

reactions were isolated from CV gels and purified using the QIAquick gel extraction kit 

(Qiagen). DNA was concentrated using microcon YM100 centrifugal filters (Millipore). 

Step 2 (Fusion A) was conducted without primers.  Conditions for 50ul reactions were as 

follows: 35.15 ul H20, 10ul 10x Pfx Reaction Buffer, 1.5 ul 10mM mixed dNTP (BD 

Biosciences), 1.0 ul 50mM MgSO4, 0.85 ul (~180 ng) of Reaction FtnA, 1 ul of Reaction 

CBM (~30 ng), and 0.5 ul Platinum Pfx (Invitrogen).  Cycling Conditions:  Initial 
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denaturation 94◦C 5 min, subsequently 12 cycles of 94◦C for 15 s, annealing 45◦C for 30 

s, extension 68◦C for 2 min, with final extension at 68◦C for 10 min followed by a 4◦C 

hold.  Step 3 (Fusion B) conditions for 50 ul reactions were as follows: 23.9 ul H20, 10ul 

10x Pfx Reaction Buffer, 1.5 ul 10mM mixed dNTP (BD Biosciences), 1.0 ul 50mM 

MgSO4, 10 ul of Fusion A reaction, 0.3 ul 50 mM CBDHindIII NestedF (forward 

primer), 0.3 ul 50 mM ferrBamHI NestedR (reverse primer), 5 ul of Enhancer solution, 

and 0.5 ul Platinum Pfx (Invitrogen).  Cycling Conditions:  Initial denaturation 94◦C 5 

min, subsequently 35 cycles of 94◦C for 15 s, annealing 55◦C for 30 s, extension 68◦C  for 

1.25 min, with final extension at 68◦C for 7 min followed by a 4◦C hold.  Primer 

sequences were as follows:  Forward primer – CGG- 

CTAAGCTTGGTCTGGGGCCAGTGCGGTG and Reverse primer – GGCCGGATC- 

CCGCATGAGAGTAAAATCTGCCG.  Primers were designed to contain a HindIII site 

on the 5’ end of the forward primer and a BamHI site on the 5’ end of the reverse primer.  

Restriction sites are shown in bold type.  The PCR product was digested and ligated into 

the corresponding restriction sites on the expression vector pET17b (Novagen) to create 

pET17b-FtnACBM. The ligation product was transformed into TOP10 chemically 

competent cells (Invitrogen) using the manufacturer’s instructions.  The construct was 

transformed into BL21 pLysS cells (Novagen) and the fusion protein expressed as per the 

manufacturer’s instructions.  The ligation product was transformed into TOP10 

chemically competent cells (Invitrogen) using the manufacturer’s instructions.  Plasmids 

were isolated from TOP10 cells and used to transform BL21 pLysS cells (Novagen).  The 

transformation, fusion protein expression, and collection of the soluble membrane 

fractions were performed as per the manufacturer’s instructions.  Crude soluble fractions 

were collected in 0.1 M MES, pH 6.4. 
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Specimen Preparation For Microscopy 

A. xylinum NQ5 in situ Labeling with CBMGFP 

Actively growing A. xylinum NQ5 was inoculated into 10 ml liquid SH medium 

supplemented with 100 ul of CBMGFP crude soluble protein.  After 5 days of growth, 

specimens were harvested from the pellicle at the air/liquid interface and the bottom of 

the tube. For short term growth, pellicle fragments were deposited into 0.1 M MES, pH 

6.4 supplemented with 2% glucose and incubated for one to two hours.  For 

epifluorescence, specimens were deposited on a slide with coverslip and either examined 

directly or rinsed by wicking buffer or glass distilled water under the coverslip to remove 

excess CBMGFP.  Alternatively, specimens were placed on Formvar grids and negative 

stained with uranyl acetate (UA) for viewing on the TEM.  Additionally, 500 ul specimen 

aliquots were dialyzed against 2 L of double distilled water (DDW) for 3 days with daily 

changes of water.  Specimens were mounted on specimen holders and critical point dried 

for examination on the SEM. 

Comparative Polysaccharide Labeling with CBMGFP 

A. xylinum NQ5 pellicles were harvested and treated with 0.1 M NaOH overnight.  

Pellicles were then rinsed and dialyzed against DDW for 3 days with daily changes of 

water.  Treated pellicles, β 1,3-1,4 mixed link glucan (Biosupplies Australia), curdlan 

(laboratory stock), chitin (Sigma-Aldrich), and α-cellulose (Sigma-Aldrich) were 

suspended in a 1:10 dilution of the crude soluble fraction of CBMGFP in 0.1 M MES, pH 

6.4 and allowed to label for 5 min at RT.  Samples were spun at maximum speed in a 

microcentrifuge for 5 min.  The supernatant was discarded, the pellet resuspended in an 

equal volume of 0.1 M MES, pH 6.4, and allowed to stand for 5 min at RT.  This wash 
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step was repeated three times.  After the final wash, pellets were resuspended in buffer 

and examined with brightfield and epifluorescence microscopy. 

CBMFtnA Labeling of Microcrystalline Cellulose 

The CBMFtnA fusion protein was loaded with iron by incubation of the crude 

soluble protein fraction (in 0.1 M MES, pH 6.4) in 10 mM ferric ammonium citrate 

overnight at 4◦C.  A volume of approximately 100 ul of SIGMACELL® 50 (Sigma-

Aldrich) was suspended in 1 ml of a 1:20 dilution of the iron-loaded soluble fraction.  

The suspension was pelleted in a microcentrifuge at maximum speed for 5 min.  The 

supernatant was discarded and the pellet was resuspended in an equal volume of 0.1 M 

MES, pH 6.4 followed by centrifugation as above.  This was step was repeated twice.  

After the final wash, the pellet was resuspended in buffer.  A 6 ul aliquot of the 

suspension was deposited on a Formvar grid and negative stained with UA for 

examination on the TEM. 
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Figure 3.1.  SDS PAGE gels of CBMGFP proteins expressed in BL21 pLysS cells. 

(A): Crude soluble protein fractions are shown: Lane 1 – Molecular  weight markers (the 
band corresponding to 35 kD is labeled), Lane 2 – uninduced,  Lane 3 – 3 hours post-
induction.  Note the dramatic increase in expression of an approximately 35 kD protein. 
 
(B):  Comparison of crude soluble fractions with affinity purified proteins from overnight 
inductions:  Lane 1 – Molecular weight markers (the band corresponding to 35 kD is 
labeled), Lanes 2 and 3 proteins purified via nickel column (5 and 10 ul aliquots, 
respectively), Lanes 4 and 5 crude soluble fractions (10 and 5 ul aliquots, respectively). 

 

 81



25 kD 25 kD 

Figure 3.2.  SDS PAGE comparing the crude soluble protein fractions of CBMFtnA.  

Depicted are proteins from uninduced cells (Lane 2) and from cells after overnight 
induction (Lane 3).  Molecular weight markers are shown in Lane 1.  The protein band 
corresponding to 25 kD is labeled.  Note the marked increase of an approximately 25 kD 
post-induction product. 
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Figure 3.3.  Labeling of cellulose and chitin with CBMGFP. 

(A) and (B):  Epifluorescence, exposure time ¼ s and brightfield images of an A. xylinum  
cellulose pellicle fragment. 
(C) and (D):  Epifluorescence, exposure time 1 s and brightfield images of α-cellulose. 
(E) and (F):  Epifluorescence, exposure time 1/8 s and brightfield images of chitin. 
 
Scale bars represent 10 um.
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Figure 3.4.  CBMGFP labeling of β 1,3 1,4 mixed link glucan and curdlan. 

(A) and (B):  Epifluorescence, exposure time 1 s and brightfield images of β 1,3-1,4 
mixed linked glucan. 
(C) and (D):  Epifluorescence, exposure time 1 s and brightfield images of curdlan (β 1,3 
glucan). 
 
Scale bars represent 10 um.
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Figure 3.5.  Epifluorescence (A) and brightfield (B) images of five day in situ labeling of  
A. xylinum cellulose.   

Labeling appears specific to the product as evidenced by the presence of cells (labeled 
with black arrows) in brightfield and absence in epifluorescence.  Scale bars represent 10 
um.  
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Figure 3.6.  CBMGFP two hour in situ labeling of A. xylinum NQ5 pellicle. 

(A):  Combined phase contrast/epifluorescence.  Note the presence of a cell indicated by 
the white arrow.  Scale bar represents 4 um. 
 
(B):  Epifluorescence image of cellulose ribbons showing product specificity.  Note the 
absence of the cell seen in (A).  Scale bar represents 4 um. 
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Figure 3.7.  Electron micrographs demonstrating banded material produced by A. 
xylinum (NQ-5) when grown in the presence of the GFPCBM fusion 
protein. 

(A) and (B): Depiction of large amounts of non-crystalline material secreted from sites of 
cellulose biosynthesis.  The morphology of this product is reminiscent of the banded 
material observed when A. xylinum AY201 is grown in the presence of Tinopal and 
demonstrates an interruption of the cellulose crystallization process by the CBMGFP 
fusion protein.  Micrographs were taken at magnifications of 54,000x and 223,200x, 
respectively. 
 
(C): This figure demonstrates the formation of what appears to be cellulose II as indicated 
by the white arrow.  This allomorph is not normally observed in the NQ5 strain and is 
likely the result of disruption of the normal cellulose crystallization process.  TEM image 
recorded at 594,000x magnification. 
 
(D):  The presence of broad sheet material characteristic of cellulose II, indicated by the 
white arrow, is also observed in this SEM micrograph (56,570x magnification). 
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Figure 3.8.  Electron micrographs demonstrating iron-loaded CBMFtnA fusion protein 
bound to SIGMACELL® 50 cellulose.  

Note significant clustering of iron on the substrate and lack of background labeling. (A) 
223,200x magnification, (B) 594,000x magnification. 
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Chapter 4: Knockout of a Plant-like Cellulose Synthase Affects 
Nitrogen Fixation in Nostoc punctiforme strain ATCC 29133 

4.1 INTRODUCTION 

Cellulose and Cellulose Synthases 

The presence of cellulose in the natural world is widespread and of significant 

biological importance. Among organisms where the product has been characterized, 

cellulose varies considerably in its form and function.  For many algae and all vascular 

plants, cellulose is the primary structural component of the cell wall (Brett, 2000; Saxena 

and Brown, 2005; Tsekos, 1999).  In most prokaryotes, however, cellulose is secreted 

alone or in conjunction with fimbriae as an extracellular, communal biofilm, which does 

not contribute to the structural stability of the cells, but acts to confer multicellular 

characteristics and allows the bacterial colony to become more refractory to harsh 

environmental conditions such as dehydration (Deinema and Zevenhuizen 1971; Ross et 

al., 1991; Zogaj et al., 2001; Zogaj et al., 2003; Römling, 2002).  A notable exception to 

the prokaryotic use of cellulose for biofilm creation is the cyanobacterium Scytonema 

hoffmani UTEX 2349, which has been shown to incorporate cellulose into a tightly bound 

extracellular sheath (Nobles et al., 2001).  The function of cellulose in the sheath is 

unknown, but it is possible that its presence acts to enhance tolerance to desiccation.     

Sequences with conserved cellulose synthase domains exist in Embryophytes, 

Mesotanium caldariorum, Phytopthora spp., Urochordata, Fungi, Acanthamoeba 

castellanii., Dictyostelium discoideum, Proteobacteria, Fibrobacteres, Firmicutes, and 

Cyanobacteria (Roberts et al., 2002; Blanton et al., 2000; Anderson et al., 2005; 

Nakashima et al., 2004; Nobles et al., 2001; Nobles and Brown, 2004).  Although the 

presence of a highly conserved catalytic region denotes a common origin, substantial 
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divergence is generally observed in inter-kingdom comparisons (Richmond 2000; 

Blanton et al., 2000; Nakashima et al., 2004).  Alignments of amino acid sequences of 

vascular plant cellulose synthases (CesA) and proteobacterial sequences (BcsA) with 

BLAST and Clustalx demonstrate relatively low similarity (expectation values > 10-9) 

and the presence of an insertion region (known as the plant conserved and specific, or 

CR-P region) in plant sequences that is absent in bacterial sequences (Nobles et al., 

Richmond, 2000).  However, the cyanobacterial cellulose synthase 1 (CcsA1) group – 

found in all heterocystous cyanobacteria sequenced to date – possesses significantly 

greater similarity to plant cellulose synthases than any other sequences (expectation 

values in excess of 10-17 less than non-plant eukaryotic sequences and other bacterial 

sequences), contains a CR-P region, and forms a sister clade with CesA sequences 

(Nobles et al., 2001; Nobles and Brown, 2004; Roberts et al., 2002; Roberts and Roberts, 

2004; Blanton et al., 2000; Nakashima et al., 2004).  Based on this evidence a lateral 

transfer of cellulose synthase from cyanobacteria to the ancestor of vascular plants has 

been proposed (Nobles et al., 2001; Nobles and Brown, 2004).  

Heterocysts 

Definition and Function 

Heterocysts are terminally differentiated cells produced by members of the 

Nostocales and Stigonematales for the specialized function of aerobic fixation of 

dinitrogen (Castenholz and Waterbury, 1989; Wolk et al., 1994; Nierzwicki-Bauer et al., 

1984; Adams, 2000).  The differentiation of vegetative cells into heterocysts is induced 

by the decreased availability of combined nitrogen and activated by the transcriptional 

regulator NtcA (Herrero et al., 2004).  In the absence of combined nitrogen, heterocysts 

appear at semi-regular intervals (constituting ~10% of cells) along the cyanobacterial 
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filament (Adams, 2000; Yoon and Golden, 1998; Wolk et al., 1994).  Using light 

microscopy, mature heterocysts can be easily distinguished from vegetative cells by an 

increase in size and the presence of a thickened extracellular envelope with highly 

refractive polar regions (Wolk, 1982; Castenholz and Waterbury, 1989).  The envelope 

consists of an inner laminated glycolipid layer, a central homogeneous polysaccharide 

layer, and an outer fibrillar polysaccharide layer which together form an oxygen barrier 

necessary for the creation of the microaerobic environment necessary for the activity of 

the O2-labile nitrogenase enzyme (Lambein and Wolk, 1973; Wolk et al., 1994; Wolk, 

1989; Wolk, 1996). 

Nitrogen Fixation Mutants Associated with the Envelope 

A number of heterocyst mutants possess nitrogenase activity under anaerobic 

conditions but are unable to fix N2 in the presence of O2 (Ernst et al., 1992; Wolk et al., 

1988; Maldener et al., 2003; Fan et al., 2005; Campbell et al., 1997; Fiedler et al., 1998; 

Ramirez et al., 2005; Huang et al., 2005; Zhu et al., 1998; Zhou and Wolk, 2003).     

These mutants, which are incapable of sustained growth with air as the sole source of N2 

are designated Fox- Fix+ (Ernst et al., 1992). The majority of these mutants exhibit 

aberrant envelope development (Hen- mutants).  Hen- mutants are divided into two 

mutant classes:  those in which the laminated glycolipid layer is absent or exhibits 

abnormal deposition (Hgl- mutants) and those lacking or possessing an altered 

polysaccharide layer (Hep- mutants).  Hep- phenotypes may completely lack a heterocyst 

envelope layer, possess a thinner, less refractile envelope, or demonstrate a loosely 

attached envelope (Ernst et al., 1992; Huang et al., 2005; Maldener et al., 2003; Wolk et 

al., 1988; Zhou and Wolk, 2003). 
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Polysaccharides 

The composition of heterocyst polysaccharides has been a matter of some debate.  

There are several instances in the literature where cellulose is cited as a constituent of the 

inner laminated layer and/or the middle (homogeneous polysaccharide) layer (Granhall, 

1976; Desikachary, 1959; Roelofsen, 1959). However, it has been convincingly 

demonstrated that the inner layer is composed of laminated glycolipids (Lambein and 

Wolk, 1973).  Additionally, chemical analyses by Dunn and Wolk (1970) were unable to 

demonstrate the presence of cellulose in the heterocyst envelope of Anabaena cylindrica.  

Bishop et al. (1954) proposed that the heterocysts of A. cylindrica contained a complex 

heteropolysaccharide composed of glucose, xylose, glucuronic acid, galactose, 

rhamanose, and arabinose in a molar ratio of 5: 4: 4: 1: 1: 1.  In contrast, a series of 

experiments conducted by Cardemil and Wolk (1976, 1979, 1981) predicted a highly 

branched envelope polysaccharide with a backbone composed of β 1,3 glucose and β 1,3 

mannose in A. cylindrica, A. variabilis, and Cylindrospermum licheniforme. 

Cellulose in Nostoc punctiforme 

Nostoc punctiforme is one of several species of the Nostocales known to possess a 

ccsA1 gene and for which cellulose biosynthesis has been identified (Nobles et al., 2001). 

In addition, N. punctiforme is thus far unique among prokaryotes in that it possesses a 

second, distinct cellulose synthase which is similar to bcsA sequences and which is also 

found in some Chrooccocales (Nobles and Brown, 2004).  In order to determine the 

function of CcsA1, an insertional knockout mutant has been created.  Initial mutant 

analyses indicate a possible role for cellulose in desiccation tolerance of heterocysts and a 

new class of nitrogen fixation mutant. 
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4.2 RESULTS 

CcsA1 Coding Regions 

Searches against the NCBI and JGI Microbial Genome databases allowed for the 

discovery of putative operons for ccsA1 in Nostoc sp. PCC 7120, Anabaena variabilis 

ATCC 29413, and N. punctiforme ATCC 29133.  As illustrated in Figure 4.1, the ccsA1 

genes of A. varialbilis  and Nostoc sp. are preceded by three upstream coding regions of 

unknown function and followed by one gene predicted to be an anti-sigma factor 

antagonist.  The high similarity of these sequences indicates that they are likely 

orthologous.  The putative operon of N. punctiforme, on the other hand, has only the 

ccsA1 and the coding region immediately upstream in common with the other two 

heterocyst-forming cyanobacteria.  The gene downstream of the N. punctiforme ccsA1 

bears no similarity to anti-sigma factor antagonists, but rather appears to encode a 

homologue of LmbE.  LmbE homologues are prevalent in bacterial databases; however, 

no function has been ascribed to these proteins. 

Creation of ccsA1 Mutants 

Attempts to obtain transformants with the linear knockout construct and double 

crossover exconjugates with pRL481 (Table 4.2) were unsuccessful.  Transformation by 

electroporation with the linear construct yielded no viable transformants.  Although 

viable exconjugates were recovered from conjugations utilizing pRL481, only those that 

had undergone single crossover events were recovered.  These merodiploids carried both 

a wild-type ccsA1 and the PpsbA-nptII cassette.  Therefore they retained normal function 

of CcsA1 and additionally, were resistant to neomycin.  These characteristics proved 

useful for ensuring that the phenotypes observed in ccsA1 knockouts were not due to 

growth in neomycin. 
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Electroporation with pCCSI, which was constructed for single crossover 

recombination (See Figure 4.2), yielded no viable transformants on BGll0 plates.  

However, viable transformants were recovered under selection in liquid BGll0.  PCR 

screens for chromosomal recombination of mutants were conducted with primers 

amplifying the entire CcsA1 coding region.  Figure 4.3 clearly demonstrates the presence 

of the 2004 bp unaltered ccsA1 in the wild-type and ccsA1::pRL481 mutant while the 

ccsA1::pCCSI mutant shows a band corresponding to the interrupted gene shown in 

Figure 4.2. Transformants subsequently plated on BGll0 plates yellowed and died within 

10 days. Cells plated on BGll0 with nitrogen supplementation or grown in liquid, with or 

without nitrogen supplementation, were viable.  Figure 4.4 demonstrates the growth 

patterns of the wild-type and mutant strains under different selection schemes.  Wild-type 

colonies grew only on plates lacking neomycin, ccsA1::pCCSI colonies grew only on 

plates supplemented with NH4Cl, and the ccsA1::pRL481 merodiploid grew under all 

selection schemes.  Additionally, the pCCSI mutants demonstrated a slight, but 

noticeable decrease in aggregation when grown in liquid BGll0 (Figure 4.5). 

Microscopy 

Cultures of wild-type and mutant strains from liquid culture were examined by 

light and electron microscopy one to three days post heterocyst induction. Examination 

with epifluorescence showed the presence of an extracellular released polysaccharide 

(RPS) with strong affinity for the CBMGFP fusion label in the wild-type and the 

ccsA1::pCCSI mutant.  Based on the specificity of the CBM, the released polysaccharides 

are likely cellulose or chitin.  When examined using polarization microscopy, heterocysts 

of the wild-type and the ccsA1::pRL481 merodiploid mutant (Figures 4.7 and 4.8) 

exhibited birefringent cell envelopes but the heterocysts of ccsA1::pCCSI knockout 

mutant displayed no such birefringence (Figure 4.7).  TEM examinations of the wild-type 
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and ccsA1::pCCSI mutant grown as above, revealed no discernable ultrastructural 

differences in heterocysts or vegetative cells (Figure 4.9).  Subsequently, heterocysts 

were induced on plates in wild-type and ccsA1::pCCSI mutant cultures.  Cells were 

scraped from plates and fixed immediately without resuspension in liquid medium.  The 

major structural characteristics of heterocyst envelopes – the laminated glycolipid layer, 

the homogeneous polysaccharide layer, and the fibrous layer – were present in both 

strains.  The ccsA1::pCCSI mutant strain demonstrated no difference from those grown in 

liquid culture.   The wild-type homogeneous layer presented a more rugose structure with 

patterns of densely stained areas and small bands of fibrillar material interspersed 

throughout giving it a spongiform appearance (Figure 4.10).  The successful application 

of the Fast Fourier Transform (FFT) function of Image Pro Plus both confirmed and 

enhanced the periodic fibrillar structure within the polysaccharide layer (Figure 4.10 C).  

The average fibril width was 1.06 nm +/- 0.03 nm. 

A Putative Regulatory Region for ccsA1 

Given the inability of the ccsA1::pCCSI mutant to grow on plates in the absence 

of combined nitrogen and the differences observed in heterocyst envelopes when 

compared with the wild-type, it seemed worthwhile to examine the region upstream of 

ccsA1 for conserved regulatory elements influenced by nitrogen concentrations.  Using 

NtcA regulatory regions from previously published sequences and the glnA promoter of 

N. punctiforme, a putative regulatory region containing the NtcA consensus sequence 

(GTN10AC, TAN3T [Herrero, 2004]) was identified (Figure 4.11). 

Examination of Stationary Phase Cultures 

Liquid cultures of wild-type and ccsA1::pCCSI mutant cells were harvested 38 

days post-heterocyst induction.  Unlike the phenotypes observed in short term induction, 
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examination by polarization microscopy revealed birefringence in both cell types (Figure 

4.12).  In order to determine if the appearance of birefringence in the knockout mutant 

resulted from deposition of material distinct from that observed in the wild-type strain or 

from the presence of a population of revertant mutants allowed by the degradation of 

neomycin in the medium over the extended culture time, cells from both wild-type and 

mutant cultures were screened by PCR using the same primers and reaction conditions 

used for initial mutant identification.  The results, shown in Figure 4.13, showed a 

complete lack of the interrupted ccsA1 in the ccsA1::pCCSI culture, indicating not only 

the presence of reversion mutations, but a complete turnover of the culture to a gene of 

wild-type length and phenotype restoration as indicated by the gain of birefringence.  

Complementation 

Exconjugates resistant to neomycin and chloramphenicol were isolated.  Screens 

for the presence of the wild-type ccsA1 in the complementation mutants demonstrated 

successful mobilization and retention of the RSF1010-based plasmid carrying the 

cellulose synthase fused to Ptac (Figure 4.14).  Although the strain could be maintained in 

liquid culture, it demonstrated poor growth.  Furthermore, cultures were unable to grow 

on agar plates even if supplemented with nitrogen. 

4.3 DISCUSSION 

It is intriguing that not only are the plant-like cellulose synthase (CcsA1) 

sequences found in all heterocyst forming cyanobacteria sequenced to date, but that they 

are found almost exclusively within these organisms; the only exception is a partial 

sequence with similarity to CcsA1 in Synechococcus PCC 7002.  The CcsA1 sequence is 

the sole cellulose synthase found in the A. varialbilis ATCC 29413 and Nostoc PCC 7120 

genome databases.  N. punctiforme, however, possesses a second, distinct cellulose 
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synthase sequence belonging to the cyanobacterial cellulose synthase 2 group (CcsA2). 

These sequences are similar to proteobacterial cellulose synthase sequences and are also 

found in Thermosynechococcus elongatus,  Synechococcus elongatus PCC 7942, and 

Synechococcus sp. WH8102 (Nobles and Brown, 2004). Acetobacter xylinum AY201 

possesses two homologous cellulose synthases (Saxena and Brown, 1995).   However, N. 

punctiforme is presently the only prokaryote that is known to possess two distinct classes 

of cellulose synthases.  When one considers the multiple cell differentiation potential of 

N. punctiforme (the vegetative cells of N. punctiforme can differentiate into hormogonia, 

akinetes, and heterocysts [Meeks et al., 2001; Meeks et al., 2002; Cohen et al., 1994]), 

the differential expression of these two cellulose synthases for specific and distinct 

functions seems reasonable.  This offers a possible explanation for the positive labeling 

of released polysaccharides (slime) with CBMGFP observed in both the wild-type and 

mutant strains. 

Knockout Phenotypes 

The decision to create knockout mutants of ccsA1 rather than ccsA2 was based on 

interest in the similarity of CcsA1 to plant cellulose synthases (Nobles et al., 2001; 

Nobles and Brown, 2004), the identification of cellulose in Anabaena UTEX 2576 

(synonym Nostoc PCC 7120), which has a CcsA1 as its sole cellulose synthase (Nobles 

et al., 2001), and the apparent connection of this cellulose synthase to the Nostocales in 

general.  The discovery that ccsA1::pCCSI mutants are deficient in nitrogen fixation 

implies a relationship with the heterocyst.  This is consistent with the presence of this 

class of cellulose synthase in all examined heterocyst-forming cyanobacteria.  A 

relationship to heterocysts is further supported by the presence of the consensus sequence 

for NtcA regulation. NtcA is a transcriptional regulator belonging to the CAP (cyclic 

AMP [cAMP] receptor protein) family. NtcA-regulated promoters are required for the 
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expression of a large number of genes responsible for heterocyst differentiation, 

development, and function (Adams, 2000; Herrero et al., 2004; Merrick and Edwards, 

1995).  Therefore, the heterocyst seemed the most logical place to begin examination for 

an ultrastructural basis for the observed phenotype. 

Nitrogen fixation mutants in the Nostocales have been extensively studied.  A 

number of Fox- Fix+ Hep- mutants have been identified which lack or possess altered 

polysaccharide layers.  The ultrastructural differences between envelope polysaccharide 

mutants varies from quite dramatic – as is the case with total loss of homogeneous 

polysaccharide layer – to the more subtle reduction in adhesion of the homogeneous layer 

to the cell (Ernst et al., 1992; Huang et al., 2005; Maldener et al., 2003; Wolk et al, 1988; 

Zhou and Wolk, 2003).  The heterocyst polysaccharide layers of A. cylindrica, A. 

variabilis, and C. licheniforme have been proposed to contain a highly branched, 

complex polysaccharide. Based on methylation analysis, this polysaccharide was 

believed to have a backbone composed of β- 1,3 linked glucose and mannose in a ratio of 

approximately 3:1 with branches of varying composition.  Linear β 1,4 glucose, which 

constituted 12.9 +/- 0.6 percent of total envelope polysaccharides in A. cylindrica, was 

interpreted to be a constituent of the chain subunits.  However, this interpretation was 

based on the assumption that a single envelope polysaccharide was produced (Cardemil 

and Wolk, 1976; Cardemil and Wolk, 1979; Cardemil and Wolk, 1981). 

Examination of the pCCSI mutant strain cultured in liquid medium demonstrated 

a lack of the birefringent material present in the central and outer envelope layers of wild-

type and merodiploid cells.  An extensive search of the literature revealed no instances of 

studies of heterocysts with polarization microscopy.  Thus, we believe this is the first 

description of the birefringent nature of heterocysts. The fact that birefringence does not 

appear to emanate from the interior of the envelope is significant because the laminated 



 101

glycolipid layer can be eliminated as the source of birefringence.  Furthermore, it is 

unlikely that the highly branched, irregular, and homogeneously dispersed polysaccharide 

described in previous studies could act as a birefringent molecule or create a birefringent 

assembly.  Rather, the occurrence of birefringence necessitates an ordered structure.  

Although, in this case, its presence does not allow for a qualitative determination of 

molecular composition, birefringence is a known property of cellulose. 

The presence of an ordered fibrillar component in the envelopes of wild-type cells 

harvested from plates is consistent with the presence of birefringence.  The average fibril 

width of 1.06 nm +/- 0.03 nm likely precludes a crystalline product.  However, this width 

is consistent with predicted dimensions of 0.9 – 1.0 nm for the wide axis and 0.4 – 0.5 nm 

for the narrow axis of a single glucan chain (Kondo et al., 2001).  Thus, the fibrils could 

represent either a view of the wide axes of organized single glucan chains (naturally 

occurring nematic ordered cellulose) or ordered aggregates of two glucan chains viewed 

from the narrow axes. The presence of ordered, yet noncrystalline, cellulose could be 

facilitated by the presence of the branched heterocyst polysaccharide acting as a barrier to 

glucan chain interaction.  This would be analogous to the observed decrease in 

crystallinity observed in the cellulose synthesized by Acetobacter xylinum when grown in 

the presence of carboxymethyl cellulose (Hirai et al., 1998). 

Since polarization microscopy was conducted with liquid-grown cultures, it is 

reasonable to question the lack of ultrastructural variation between the wild-type and 

mutant strains at the TEM level.  Assuming that the fibrillar component comprises a 

small percentage of the heterocyst polysaccharide layer, its presence could easily be 

masked by the branched or “homogeneous” polysaccharide component in a manner 

analogous to a primary plant cell wall in which cellulose microfibrils are masked by 

pectins.   The appearance of fibrillar structures in wild-type heterocysts grown on plates 
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may be due to a decrease in the volume occupied by the branched polysaccharide due to a 

removal of water, increased synthesis of the fibrillar component, or some combination of 

these possibilities.  The observations that ccsA1::pCCSI mutant cells grow without 

combined nitrogen in liquid culture and with combined nitrogen on plate, but are 

incapable of growth on plates without the addition of combined nitrogen, indicates a 

likely role of CcsA1 in the synthesis of a heterocyst component which is necessary for 

heterocyst nitrogen fixation or viability when grown on surfaces.  The observed 

phenotypic characteristics define the ccsA1::pCCSI mutant as Hep-.  However, it cannot 

be classified as Fox- since it is capable of sustained growth with air as its only source of 

N2 if cultured planktonically.  Therefore, based on the inability of these mutants to grow 

on plates without combined nitrogen, we propose a new classification of Hpl- (for 

heterocyst plate growth). 

Reversion Mutants 

The appearance of reversion mutants in long term culture provides additional 

clues to the function of the CcsA1.  The concurrent reversion of ccsA1::pCCSI  to  ccsA1 

with the appearance of birefringence in the cell envelope provides strong evidence that 

CcsA1 is responsible for the presence of the birefringent material in the heterocyst 

envelopes.  Furthermore, the fact that no trace of the mutant gene was detected strongly 

implies that the wild-type gene confers some selective advantage.  Otherwise, one would 

expect to find a mixed population.  Obviously, in liquid cultures of the age of the 

extended cultures (38 days), stress can result from nutrient deprivation.  Additionally, 

however, the volume of the culture is reduced by evaporation with a concomitant increase 

in solute concentration creating a hypertonic environment and thus osmotic stress which 

affects cells in a manner similar to that seen with desiccation (Potts, 1994).  Therefore, 

the apparent selective advantage of the revertant mutants in stationary liquid culture and 
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the inability of the mutants to fix nitrogen on agar plates are connected by the ability of 

heterocysts to tolerate dehydration.   

Conclusions 

The glycolipid layer of heterocysts is considered to be the primary barrier to O2 

and is necessary for nitrogen fixation to occur under aerobic conditions.  The primary 

role of the polysaccharide layer is generally considered to be structural support for the 

maintenance of the glycolipid layer (Wolk, 1994).  Since dehydration of lipids results in 

increased permeability (Potts, 1994), it is possible that cellulose synthesized by CcsA1 is 

responsible for retaining H2O in the polysaccharide layer thus allowing the glycolipid 

layer to remain in a hydrated state during matric or osmotic stress so that it can continue 

to function as an effective impediment to O2 penetration. 

The fact that the ccsA1::pCCSI mutant strain is affected in its ability to fix 

nitrogen is consistent with previous observations by Granhall (1976) that treatment of 

heterocysts with cellulase resulted in a significant decrease in nitrogenase activity as 

measured by acetylene reduction.  It is interesting to note that Granhall also observed a 

loss of the laminated inner (glycolipid layer) after treatment with cellulase.  It is possible 

that cellulase treatment caused disruption of the glycolipid layer.  The presence of 

cellulose in the heterocyst envelope contradicts Cardemil and Wolk’s proposal (1976, 

1979, 1981) that the heterocyst polysaccharide layer consists of a single, highly branched 

polysaccharide. However, a cellulosic component of the heterocyst polysaccharide layer 

is not necessarily at odds with the data presented within these studies which demonstrated 

that approximately 13% of the linkages in the envelope polysaccharides of A. cylindrica 

were β-1,4 glucose.  The present study suggests the possibility that the placement of these 

glucose bonds as constituents of side chains was a misinterpretation of the data and that 

in fact, the polysaccharide layer consisted of at least two polysaccharide species – a  
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branched heteropolymer and a β-1,4 glucose homopolymer (cellulose) comprising a 

matrix.   

It is important to note the possibility that the phenotypes observed are due to polar 

effects of the pCCSI insertion on the gene downstream of ccsA1.  However, given that no 

homologues of this sequence exist in other heterocystous cyanobacteria, it seems unlikely 

that it encodes a protein necessary for nitrogen fixation.  The attempt to complement the 

mutation resulted in a strain that demonstrated poor growth under all growth conditions.  

The likely cause for the inability of the complement strain to grow normally is the 

promoter used for the expression of CcsA1.  The ccsA1 gene was fused to the artificial 

Ptac, a strong constitutive promoter in Nostoc sp. PCC 7120 (Elhai, 1993).  It is possible 

that CcsA1 (an integral membrane protein) is toxic when overexpressed in all cells.  For 

proper complementation it will likely be necessary to utilize the CcsA1 native promoter 

or another regulated promoter. 

The data presented here does not provide conclusive evidence of cellulose in the 

heterocysts of N. punctiforme.  However, taken together, the combined observations of 

birefringence in the heterocyst envelope, the presence of organized fibrillar arrays in the 

heterocyst envelope polysaccharide layer, the ability to fix nitrogen on plates in wild-type 

cells, and the subsequent loss of these characteristics in cellulose synthase insertional 

knockout mutants lend substantial support to cellulose biosynthesis in heterocysts.   

 4.4. MATERIALS AND METHODS 

Strains and Culture Conditions 

A summary of strains used in this study and their relevant characteristics is shown 

in Table 4.1.  N. punctiforme strains were grown at 28◦C with light on a 12 hour cycle or 

continuous, in BGll0 medium buffered with 5 mM MOPS, pH7.8.  Cultures were grown 
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in 50 ml flasks on a shaker or alternatively, on solid media containing 1% agar (Difco) 

and 1 mM sodium Thiosulfate.  Growth was monitored by chlorophyll a concentration as 

previously described.  For experiments requiring heterocyst induction, cells were grown 

in liquid medium supplemented with 2.5 mM ammonium chloride to a chlorophyll a 

concentration of 3.5-6 ug/ml, washed three times for inoculation of liquid cultures or five 

times for inoculation on plates with equal volumes of medium lacking combined 

nitrogen, and grown as described above.  Neomycin (25 ug/ml) and/or chloramphenicol 

(25ug/ml) were used for selection of N. punctiforme transformants and exconjugates.  

Strains of E. coli were grown in liquid LB medium or plates with 2 % agar (Difco) at 

37◦C.  When appropriate, medium was supplemented with selective agents as follows:  

ampicillin (50ug/ml), kanamycin (50ug/ml), and chloramphenicol (10 ug/ml).  

Transformations by electroporation and conjugations between E. coli and N. punctiforme 

were carried out as previously described 

(http://microbiology.ucdavis.edu/meekslab/xpro4.htm, 

http://microbiology.ucdavis.edu/meekslab/xpro3.htm) with the exception that 

conjugations were performed as biparental matings using S17-1 with helper plasmid 

pDS4101.  

DNA manipulations 

Genomic DNA was isolated from N. punctiforme as previously described (Cai and 

Wolk, 1990).  Plasmids were isolated using Qiagen miniprep kits.  Restriction enzymes 

and T4 DNA ligase were purchased from Promega and used following the manufacturer’s 

instructions.  Agarose gels were prepared and examined as previously described 

(Mantiatis et al., 1982).  Preparation and transformations of chemically competent S17-1 

were performed as described previously (Chung and Miller, 1993).  Transformations of 

http://microbiology.ucdavis.edu/meekslab/xpro4.htm
http://microbiology.ucdavis.edu/meekslab/xpro3.htm
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other strains were performed according to the manufacturer’s instructions.  Summaries of 

plasmids and primers used in this study are shown in Tables 4.2 and 4.3. 

 

Construction of Vectors for Knockout of ccsA1 by Gene Replacement 

Linear Construct 

Primary Reaction 

The products used in subsequent reactions were created by three independent 

PCRs amplifying the following sequences:  1 kb upstream of ccsA1 (L), 1 kb downstream 

of ccsA1 (R), and the PpsbA-nptII cassette (nptII).  Conditions for 50 ul reactions were as 

follows:  19.9 ul H2O, 10 ul 10x Reaction Buffer, 1 ul 50mM MgSO4, 1.5 ul, 10mM 

mixed dNTP (BD Biosciences), 5 ul of Enhancer solution, 0.3 ul of each  primer (50 uM) 

and 0.5 ul Platinum Pfx Polymerase (Invitrogen). 1.5 ul (~190 ng) of N. punctiforme 

genomic DNA was used as the template for L and R reactions.  0.2 ul of pUCnptII served 

as template for the nptII reaction.   Primers used were as follows:  L reaction – LF-4 del 

and LR-M13-3, R reaction – RF-M13-3 and RF-4 del, and nptII reaction – M13 

forward22 and M13 reverse 2.  Thermocycler settings for the L and nptII reactions were 

as follows:  Initial  denaturation 95◦C 5 min, subsequent cycles (35 cycles) 95◦C for 15 s, 

annealing 55◦C for 30 s, extension 68◦C  for 1 min , with final extension at 68◦C for 10 

min followed by a 4◦C hold.  Cycle settings for the R reaction were as follows:  Initial  

denaturation 95◦C for 5 min, subsequent cycles (40 cycles) 95◦C for 15 s, annealing 52◦C 

for 30 s, extension 68◦C  for 1 min, with final extension at 68◦C for 10 min followed by a 

4◦C hold.  Product was isolated by agarose gel electrophoresis, purified using the 

QiaQuick gel purification kit (Qiagen), and eluted in double distilled H2O. 
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Secondary Reaction 

Two partial overlap extension reactions – Forward and Reverse – were set up to 

produce sequences used in the final reaction.  The conditions for a 100 ul Forward 

reaction were as follows:  38.8 ul H2O, 20 ul 10x reaction buffer, 2 ul 50mM MgSO4, 3 ul 

10mM mixed dNTP (BD Biosciences), 30 ul of Enhancer solution, 0.6 ul of LF-4 del (50 

uM) and 0.6 ul M13 reverse 2 (50 uM), 2 ul of L reaction, 2 ul nptII reaction, and 1.0 ul 

Platinum Pfx Polymerase (Invitrogen).  The conditions for a 100 ul Reverse reaction were 

as follows:  58.8 ul H2O, 20 ul 10x reaction buffer, 2 ul 50mM MgSO4, 3 ul 10mM mixed 

dNTP (BD Biosciences), 10 ul of Enhancer solution, 0.6 ul of LF-4 del (50 uM) and 0.6 

ul M13 reverse 2 (50 uM), 2 ul of R reaction, 2 ul nptII reaction, and 1.0 ul Platinum Pfx 

Polymerase (Invitrogen).  Cycle settings for Forward and Reverse reactions were as 

follows:  Initial  denaturation 95◦C for 5 min, subsequent cycles (35 cycles) 95◦C for 15 s, 

annealing 55◦C for 30 s, extension 68◦C  for 2.5 min, with final extension at 68◦C for 10 

min followed by a 4◦C hold.  Product was isolated by agarose gel electrophoresis, 

purified using the QiaQuick gel purification kit (Qiagen), and eluted in double distilled 

H2O. 

Overlap Extension 

The creation of the linear construct was completed by incorporation of the above 

Forward and Reverse reaction products as templates for the final PCR.  100 ul reactions 

were set up as follows:  48.8 ul H2O, 20 ul 10x reaction buffer, 2 ul 50mM MgSO4, 3 ul 

10mM mixed dNTP (BD Biosciences), 20 ul of Enhancer solution, 0.6 ul of LF-5 Nested 

BglII (50 uM) and 0.6 ul RR-6 Nested XhoI 2 (50 uM), 2 ul of Forward reaction, 2 ul 

Reverse reaction, and 1.0 ul Platinum Pfx Polymerase (Invitrogen).  Cycle settings were 

as follows:  Initial  denaturation 95◦C for 5 min, subsequent cycles (35 cycles) 95◦C for 

15 s, annealing 57◦C for 30 s, extension 68◦C  for 3.5 min, with final extension at 68◦C for 
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10 min followed by a 4◦C hold.  The product was isolated by agarose gel electrophoresis, 

purified using the QiaQuick gel purification kit (Qiagen), eluted in double distilled H2O, 

and concentrated using microcon 100YM centrifugal filters (Millipore).  Aliquots were 

combined to include 20 ug of the linear construct and then used for transformation by 

electroporation. 

Plasmid Construct 

In order to construct a mobilizable vector for gene replacement, pRL278 was 

digested with NruI and XhoI and the final overlap extension product was digested with 

XhoI.  The two fragments were ligated to create pRL481 which was used to transform 

S17-1/pDS4101 for subsequent biparental mating with N. punctiforme. 

Construction of a Single Crossover Suicide Vector for Knockout of ccsA1 by Gene 
Interruption 

A 1.5 kb fragment comprising the conserved catalytic region of ccsA1 was 

amplified by PCR.  The reaction conditions were as follows:  59.8 ul H2O, 20 ul 10x 

reaction buffer, 2 ul 50mM MgSO4, 3 ul 10mM mixed dNTP (BD Biosciences), 10 ul of 

Enhancer solution, 0.6 ul of Nos-Ana-CcsA1 Forward-SacI (50 uM) and 0.6 ul of Nos-

Ana-CcsA1 Reverse-SmaI (50 uM), 3 ul N. punctiforme genomic DNA (~190 ng/ul), and 

1.0 ul Platinum Pfx Polymerase (Invitrogen).  Cycling conditions were as follows:  Initial  

denaturation 94◦C for 5 min, subsequent cycles (35 cycles) 94◦C for 15 s, annealing 55◦C 

for 30 s, extension 68◦C  for 1.5 min, with final extension at 68◦C for 10 min followed by 

a 4◦C hold.  The product was isolated by agarose gel electrophoresis, purified using the 

QiaQuick gel purification kit (Qiagen), and eluted in double distilled H2O.  After 

digestion with SacI and SmaI, the 1.5 kb fragment was ligated at the corresponding sites 

of pUCnptII and used for transformation of XL10 Gold ultracompetent cells (Stratagene).  
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The plasmid, designated pCCSI was isolated and used for transformation via 

electroporation. 

Colony Screening 

N. punctiforme colonies were prepared for PCR screening by previously described 

methods (http://microbiology.ucdavis.edu/meekslab/xpro6.htm).  Screenings were 

conducted for both the 1.5 kb catalytic region and the complete sequence of ccsA1.  100 

ul master mixes for PCR screens of the 1.5 kb catalytic region were set up as follows:  

69.9 ul H2O, 10 ul 10x reaction buffer, 6 ul of 50 mM MgCl2, 2 ul 10mM mixed dNTP 

(BD Biosciences), 0.8 ul of Nos-Ana-CesA1F (50 uM) and 0.25 ul Nos-Ana-CesA1R (50 

uM), and 0.5 ul Amplitaq Gold DNA polymerase (Applied Biosciences).  22.5 ml 

aliquots dispensed into four tubes and 2.5 ul of colony DNA solution added to each.  

Cycling conditions were as follows:  Cycle settings were as follows:  Initial denaturation 

95◦C 5 min, subsequent cycles (35 cycles) 94◦C for 30 s, annealing 47◦C for 1 min, 

extension 72◦C  for 1 min, and final extension at 72◦C for 7 min followed by a 4◦C hold. 

For colony screenings of the complete ccsA1 gene, a master mix was set up as follows:  

37.5 ul H2O, 5 ul 10x reaction buffer, 1 ul 10mM mixed dNTP (BD Biosciences), 0.25 ul 

of Nostoc CcsA1F complete (50 uM) and 0.6 ul Nostoc CcsA1R complete (50 uM), and 

0.5 ul Herculase DNA polymerase (Stratagene). 9 ul aliquots were added to each of 5 

tubes with 1 ul of colony DNA solution to make a total of five 10 ul reactions.  Cycle 

settings were as follows:  Initial denaturation 95◦C for 2 min, settings for the first 

segment - (10 cycles) 95◦C for 30 s, annealing 49◦C for 30 s, extension 72◦C  for 9 min, 

settings for the second segment (25 cycles) - 95◦C for 30 s, annealing 49◦C for 30 s, 

extension 72◦C  for 9 min with an increase of 10 s /cycle and final extension at 72◦C for 

10 min followed by a 4◦C hold.   

http://microbiology.ucdavis.edu/meekslab/xpro6.htm
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Microscopy 

Light Microscopy 

Heterocysts were induced as described above.  Cultures grown in liquid medium 

were examined 1-3 days post-induction.  Aliquots were utilized directly for polarization 

microscopy or labeled with the CBMGFP fusion protein for fluorescence microscopy.  

Prior to labeling with CBMGFP, cells were collected by centrifugation and resuspended 

in Goat Serum Blocking solution.  After blocking for 1 hour, CBMGFP in 1 M Tris, pH 

7.5 was added at a 1:100 dilution.  After labeling for 15 minutes, cells were collected by 

centrifugation and resuspended in 10 mM Tris, pH 7.5.  This wash step was repeated 

three times.  Cells were resuspended in buffer and examined. 

TEM 

Heterocyst induction was performed as described above.  Specimens were 

prepared for electron microscopy essentially as described previously (Black et al., 1991).  

Liquid cultures were prepared for TEM examination by pelleting the cells in a clinical 

centrifuge at 1744 x g and resuspending the cells in primary fixative.  Alternatively, cells 

were harvested from plates with a spatula and suspended in primary fixative.  1 ml 

aliquots of cells in fixative were dispensed into 1.5 ml eppendorf tubes. The primary 

fixative was a modified half strength Karnovsky formulation – 1% formaldehyde, 2.5% 

glutaraldehyde, 50 mM cacodylate buffer (pH 7.4), and 3 mM CaCl2.  Primary fixation 

was done for 2 h at room temperature.  The cells were pelleted in a microcentrifuge at 

14,000 rpm and washed three times (10 minutes each) in 50 mM cacodylate buffer (pH 

7.4).  Cells were postfixed in 2% KMnO4 overnight at 4◦ in the dark.  After warming to 

room temperature, cells were washed five times (10 minutes each) in double distilled 

H2O.  Samples were the dehydrated through a graded ethanol series – two changes of 
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70% ethanol (15 minutes) and three changes of 100% ethanol (20 minutes) followed by 

two changes in acetone (20 minutes).  Cells were then infiltrated with a 1:1 mixture of 

acetone-Embed 812 (Polysciences) overnight at room temperature with gentle shaking.  

Cells were pelleted in a microcentrifuge at 14,000 rpm for 10 minutes, resuspended in 

neat Embed 812, and incubated at room temperature with gentle shaking for 6 hours.   

Cells were pelleted in a microcentrifuge at 14,000 rpm for 15 minutes and resuspended in 

200 ul of neat Embed 812 to obtain a dense suspension. The suspensions were dispensed 

into BEEM capsules (Ted Pella) at volumes adequate to fill the conical tips.  The 

remaining BEEM capsule volume was filled by gently layering Embed 812 over the cell 

suspension.    Embedded specimens were incubated for 48 hours at 55◦C.  Thin sections 

were collected on 300 mesh copper grids and stained with lead citrate and uranyl acetate. 

Complementation 

The ccsA1 sequence was amplified in its entirety by PCR.  50 ul reactions were 

set up as follows:  39.5 ul H2O, 20 ul 10x reaction buffer, 1 ul 10mM mixed dNTP (BD 

Biosciences), 0.25 ul of Nos-CcsA1-NdeI-F (50 uM) and 0.25 ul Nos-CcsA1-BamHI-R 

(50 uM), 1.5 ul N. punctiforme genomic DNA (~ 190ng/ul), and 0.5 ul Herculase DNA 

polymerase (Stratagene). 9.6 ul aliquots were added to each of 5 tubes with 0.4 DMS0 to 

make a total of five 10 ul reactions.  Cycle settings were as follows:  Initial  denaturation 

98◦C for 3 min, settings for the first segment - (10 cycles) 98◦C for 40 s, annealing 51◦C 

for 30 s, extension 72◦C  for 2.0 min, settings for the second segment (25 cycles) - 98◦C 

for 40 s, annealing 51◦C for 30 s, extension 72◦C  for 2.0 min with an increase of 10 s 

/cycle and final extension at 72◦C for 10 min followed by a 4◦C hold.  The product was 

isolated by agarose gel electrophoresis, purified using the QiaQuick gel purification kit 

(Qiagen), and eluted in double distilled H2O.  After digestion with NdeI and BamHI, the 

fragment was purified using the QiaQuick PCR purification kit (Qiagen) and 
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concentrated using microcon YM100 centrifugal filters.  The ccsA1 cassette was then 

ligated into the NdeI/BamHI sites of pCS311b, fusing the putative cellulose synthase 

gene to Ptac. 
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Table 4.1. Bacterial Stains 

Strain                                       Relevant characteristics                                                     Source or Reference                                     
E. coli     
 
S17-1                                      recA pro hsdR RP4-2-Tc::Mu-Km::Tn7           Simon et al., 1983       
 
DH5αMCR                             F2 mcrA D(mrr-hsdRMS-mcrBC) f80dlacZDM15 D(lacZYA-argF)        Bethesda Research                                                
                                          U169 deoR  recA1 endA1 supE44 l2 thi-1 gyrA96 relA1                           Laboratories                                                                
                                                           
TOP10                                         F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1              Invitrogen  
                                                           araD139 Δ(araleu) 7697 galU galK rpsL (StrR) endA1 nupG                Carlsbad, CA 
                                                  
HB101                                   - supE44 lacY1 ara-14 galK2 xyl-5 mtl-1 leuB6 delta(mcrC-mrr)             Boyers and Roulland- 
                                                          recA13 rpsL20 thi-1 delta(gpt-proA)62 hsdSB20 lambda-                         Dussoix, 1969 
 
XL10 Gold                                   Tetr Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1           Stratagene, La Jolla 
                                                           recA1 gyrA96 relA1 lac Hte [F´ proAB lacIqZΔM15 Tn10 (Tetr)-            CA 
                                                           Amy Camr]. 
 
                                                                                                                                                 
N. punctiforme 
 
ATCC 29133                           Transformable sub-strain of ATCC 29133                        Gift from John Meeks, 
(Transformable)                                                                                                                  UC Davis 
 
ccsA1::pCCSI                          SCO knockout mutant of  ATCC 29133-                          This study 
                                                 plasmid pCCSI integrated into ccsA1 
 
ccsA1::pRL481                        merodiploid ccsA1 mutant                                                 This study 
 
ccsA1::pCCSI /pCTP-             ccsA1::pCCSI mutant carrying the                                    This study 
CcsA1                                      replicating plasmid pCTP-CcsA1 
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Table 4.2. Plasmids  

Plasmid                                    Relevant characteristics                                                    Source or Reference                                     
 

    pUC19                       Ampr; cloning vector                                                      Norrander et al.,   
                                                                                                                                        1983   
 

pDS4101       Ampr;ColK derived helper plasmid                                   Finnegan and  
                                                                                                                              Sherratt, 1982 

                                                                                       
pRL278                                    Kanr/Neor; pMB1 derivative, with SacB selection           Black et al., 1993 
                                                 mobilizable by conjugation                                          
                                       
pSCR9                                   Ampr, Kanr; carries the npt II cassette fused to the           Gift from John Meeks, 
                                                 psbA promoter from Amaranthus hybridus                      UC Davis 
 
 pJAK14                                  Kanr; RSF1010 based expression vector, contains            American Type  
                                                 LaqIq and Ptac  upstream from a MCS                          Culture Collection 
 
pET17b                                    Ampr; T7-based cloning vector                                         Novagen,    
 
pAM1573                                Ampr , Cam r;  NSII cargo vector, mobilizable by             Susan Golden 
                                                 conjugation, for homologous recombination            Texas A & M 
                                                 into the chromosome of S.  elongatus  PCC 7942             University                
 
pCS311b                     Ampr;pET17b with Ptac  and the  rrnB terminator              This study 
                                                 flanking  the MCS 
 
pCTP1                                      XbaI/PstI fragment from pAM1573 containing                This study 
                                                  the CAT marker and rrnB terminator cloned  
                                                  in pJAK14 
 
pCTP2                                      Cam r; pCTP1 with the LacIq removed by digestion         This study 
                                                  with SmaI and HpaI followed by ligation   
 
pUCnptII                                  Ampr, Kanr/ Neor; BamHI/HindIII PpsbA-npt  fragment    This study 
                                                 cloned in pUC19 .   
 
pCCSI                                       Ampr, Kanr/ Neor SacI/SmaI 1.5 kb pcr product of          This study 
                                                  the ccsA1catalytic region cloned in pUC19nptII .    
 
pRL481                                    Kanr/ Neor; pRL278 with PpsbA-npt  flanked by                 This study 
                                                 upstream and  downstream regions of ccsA1 ligated  

                                                   into the NruI/XhoI sites. 
 
pETCcsA1                                Ampr pCS311b with the complete ccsA1 sequence          This study 
                                                  cloned between Ptac and the rrnB terminator  
 
pCTP-CcsA1                            Cam r;  BglII/XhoI fragment from pETCcsA1                  This study 
                                                  containing Ptac-ccsA1- rrnB terminator cloned at               
                                                  the BamHI/XhoI sites of pCTP2. 
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Table 4.3. Primers  

M13 forward2: GTAAAACGACGGCCAGTGAATT 

M13 reverse2:  CAGGAAACAGCTATGACCA 

LF-4 Del:  GAGTCTTGGGTAGCTTTAGGAGATGATGG 

LR-M13-3:  CGAATTCACTGGCCGTCGTTTTACTTGTCGTGAGCGTTCAGTCG 

RR-4-Del:  TTACCTGGTGTTTGGGAAGTTGC 

RF-M13-3:  AATCATGGTCATAGCTGTTTCCTGTGATAAATTCAATGTAA 

LF-5-nested-BglII: *TAAAAGATCTAGAAAACAAGTACAGTCAAGAG 

RR-6-nested-XhoI: *TAAACTCGAGAATCTGGAGGGATGATAGT 

Nos-Ana-CcsA1Forward-SacI:  AGGGAGCTCTTGTGGCGACCTTTAGTGC 

Nos-Ana-CcsA1Reverse-SmaI:  TAACCCGGGGATCGCATATTGTTCAGAACG 

Nos-CcsA1-NdeI-F:  GCCCTGCATATGAGTTCAGTTTCTATTAGTG 

Nos-CcsA1-BamHI-R:  ATTTGGATCCTATGTCCCTCTTATGTTTATTTT 

Nostoc CcsA1F complete:  TAAGATGAGTTCAGTTTCTATTAGTG 

Nostoc CcsA1R complete:  CTCCCTATGTCCCTCTTATGT 

Nos-Ana-CcsA1 Forward:  GCTTGTGGCGACCTTTAGT 

Nos-Ana-CcsA1 Reverse:  GATCGCATATTGTTCAGAACG 

 
 
Primer sequences are shown in bold print.  Sequences in italics represent regions 
complementary to the nptII insert, underlined residues indicate sites recognized by 
restriction enzymes, and 5’ phosphorylation sites are indicated by asterisks. 

 



 

 

 

 

alr3754 
Unknown Function 

alr3755 alr3756 alr3757  alr3758 
Unknown Function Unknown Function ccsA1

Nostoc PCC 7120 

  Anti-sigma factor 
    antagonist 

    Ava1571 
Unknown Function 

  Ava1570 Ava1569   Ava1568  Ava1567  
Unknown Function Unknown Function ccsA1          Anti-sigma factor 

           antagonist 

Anabaena variabilis ATCC 29413

NpF1468 NpF1469 NpF1470 
Unknown Function ccsA1 Uncharacterized  

LmbE-like protein 

Nostoc punctiforme ATCC 29133

 

Figure 4.1.  Putative ccsA1 operons from heterocyst-forming cyanobacteria.   

Identical patterns denote orthologous sequences.  Gene designations shown within boxes 
are those given by the NCBI database for Nostoc PCC 1720 and the JGI Microbial 
Genome database for A. variabilis ATCC 29413 and N. punctiforme ATCC 29133. 
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ccsA1 nt 1-1713 

    nptII cassette (1486 bp)

pUC19 (2699 bp)                    ccsA1 nt 238-2004 

 

 

Figure 4.2.  Illustration of the interrupted ccsA1 gene in the ccsA1::pCCSI mutant.   

The wild-type translated region is 2004 bp while the length of the interrupted gene is 
7664 bp.  
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                                   1                2                 3                 4 

Figure 4.3.  Agarose gel demonstrating the pcr products for the complete ccsA1 coding 
regions of wild-type and mutant N. punctiforme.   

Lane 1 – DNA ladder, Lane 2 – Wild-type (2 kb product), Lane 3 – ccsA1::pRL481 
mutant (2 kb product), and Lane 4 – ccsA1::pCCSI mutant (7.6 kb product). 
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Figure 4.4.  Growth of N. punctiforme strains on agar plates of varying composition.   

Wild-type, ccsA1::pCCSI, and ccsA1::pRL481 strains are shown clockwise from the top 
of each photo.   
 
(A) BGll0 supplemented with NH4Cl.  
(B) BGll0 without supplementation. 
(C) BGll0 supplemented with NH4Cl and neomycin. 
(D) BGll0 supplemented with neomycin. 
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Figure 4.5.  A size comparison of colonial aggregates.  

ccsA1::pCCSI  knockout mutant (A) and ccsA1::pRL481  merodiploid mutant (B) of N. 
punctiforme grown to log phase growth in BGll0 liquid cultures supplemented with 25 
ug/ml neomycin.  Note the decreased size of the aggregates in the ccsA1::pCCSI mutant 
culture. 
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Figure 4.6.  CBMGFP labeling of wild-type and ccsA1::pCCSI mutant strains. 

(A) and (C):  Brightfield micrographs of wild-type (A) and mutant (C) cells.  
Note the presence of extracellular released polysaccharides.  Scale bar = 10 um.  
(B) and (D):  Epifluorescence microscopy of wild-type (B) and mutant (D) cells.  Note 
the released polysaccharide material in both strains strongly labeled with CBMGFP. 
Scale bar = 10 um. 
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Figure 4.7.  Brightfield and polarization microscopy images comparing birefringence of 
wild-type and ccsA1::pCCSI mutant of N. punctiforme.   

(A) and (B):  Micrographs of the wild-type strain with polarizer out and inserted, 
respectively.  Note that the heterocyst birefringence of the heterocyst envelope. 
(C) and (D):  Micrographs of the ccsA1::pCCSI strain with polarizer out and inserted, 
respectively.  Note that the heterocyst envelope is not birefringent. 
 
Heterocysts are labeled H and indicated by arrows.  The scale bars represent 4 um. 
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Figure 4.8.  Brightfield and polarization microscopy images demonstrating birefringence 
of the ccsA1::pRL481merodiploid mutant of N. punctiforme.   

(A):  Brightfield image with polarizer out. 
 
(B):  Polarizer inserted.  Note birefringence of the heterocyst envelope. 
 
Heterocysts are labeled H and indicated by arrows.  The scale bars represent 4 um. 
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Figure 4.9.  Electron micrographs demonstrating heterocyst and vegetative cell 
ultrastructure in sectioned cells harvested from liquid BGll0 post heterocyst 
induction. 

(A) and (B):  Low and high magnification micrographs of wild-type N. punctiforme,  
respectively, showing heterocyst (H) and vegetative (V) cells as well as the heterocyst 
specific laminated glycolipid (GL) and homogeneous polysaccharide (HL) layers. TM 
indicates thylakoid membranes. 
(C) and (D):   Low and high magnification micrographs of the ccsA1::pCCSI mutant,  
respectively, showing the appearance of normal heterocyst (H) and vegetative (V) cells as 
well as the presence of laminated glycolipid (GL) and homogeneous polysaccharide (HL) 
layers which also appear normal.  TM indicates thylakoid membranes. 
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Figure 4.10.  Comparison of the homogenous polysaccharide layers of wild-type and 
knockout mutant strains grown on agar plates without nitrogen 
supplementation. 

(A):  Wild-type homogeneous polysaccharide layer (HL).  Note the rugose appearance of  
of this layer which contains a fibrillar component.  Direction of the glycolipid layer (GL) 
indicated by arrow. 
(B) and (C): A cropped section of the area bounded by the square inset in (A) 
demonstrating the visible fibrillar ribbon labeled f in image (B) is juxtaposed with an 
inverse Fast Fourier Transform (FFT) in image (C).  The area used for the FFT is 
identified by the square region in (B) the forward FFT is shown as an inset on the bottom 
right.  Scale bar represents 10 nm. 
(D):  ccsA1::pCCSI mutant homogeneous polysaccharide layer (HL).  Note the lack of 
fibers and relatively featureless nature of this layer as compared with (A). 
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ccsA1 -  GTAATGAATTCAACTAGGGAATACTGATTCTGAAGGAATGCAGATAAAGT
glnA  -   GTAACATAAGCTACAAAATCCGCTAATGTCTACTATT                     TAAAGT

  
 

TAN3T     GTN10AC 

 

Figure 4.11. The NtcA regulation site from the glnA promoter of N. punctiforme aligned 
with a region containing conserved sequences for NtcA regulation from the 
putative promoter of ccsA1.   

Consensus sequences are shown below conserved regions. 
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Figure 4.12.  Polarization microscopy of heterocysts from 38 day stationary cultures of   
wild-type and ccsA1::pCCSI mutant N. punctiforme. 

(A) and (B): A wild-type heterocyst (H) shown in brightfield and polarization microscopy  
respectively.  Note that only the heterocyst displays birefringence. 
(C) and (D): A ccsA1::pCCSI mutant heterocyst (H) is shown in brightfield and 
polarization microscopy, respectively.  Note that unlike results from short term heterocyst 
induction, the heterocysts of the knockout mutant display birefringence nearly identical to 
that of observed in wild-type cells. 
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                                        1          2          3 

Figure 4.13.  PCR ccsA1 screen of 38 day cultures of wild-type (Lane 2) and 
ccsA1::pCCSI mutant (Lane 3) strains.   

Note the disappearance of the 7664 bp band corresponding to the interrupted  ccsA1 
coding region (see Figure 4.3) and appearance of a band identical in size to that observed 
in the wild-type reaction. 
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Figure 4.14.  PCR ccsA1 screen comparing wild-type (Lane 2), ccsA1::pRL481 
merodiploid (Lane 3), ccsA1::pCCSI knockout (Lane 4), and 
ccsA1::pCCSI/pCTP-CcsA1 complementation (Lanes 4 and 5) strains.   

Note the presence of bands corresponding to both wild-type and interrupted ccsA1 coding 
regions. 
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Chapter 5: Summation 

5.1 CYANOBACTERIAL CELLULOSE SYNTHASE 1 (CCSA1) 

Given the growing number of proteobacteria demonstrating cellulose biosynthesis 

and the even greater number of cellulose synthases being identified in all bacteria, the 

widespread occurrence of cellulose within the cyanobacterial lineage is not surprising.  

Based on the knowledge that cellulose is produced by proteobacteria, Firmicutes, and 

cyanobacteria (Mühlethaler, 1949; Brown et al., 1976; Deinema and Zevenhuizen, 1971; 

Ross et al., 1991; Spiers et al., 2002; Zogaj et al., 2001; Zogaj et al., 2003; Napoli et al., 

1975; Roberts, 1991; Nobles et al., 2001), it is reasonable to assume that the last common 

ancestor of these radiations possessed a cellulose synthase enzyme indicating a truly 

ancient origin.  To date, cellulose has not been identified in Archaea.  Although members 

of this superkingdom possess family 2 glycosyltransferases, none of these sequences have 

significant similarity to known cellulose synthases (Nobles and Brown, 2004).  

Therefore, it seems likely that cellulose synthase was a bacterial invention.  Assuming 

this is true, one would be hard pressed to make the case that eukaryotic cellulose 

synthases arose vertically.   In agreement with this observation, existing evidence points 

to a horizontal acquisition of cellulose synthase for tunicates and vascular plants 

(Nakashima et al., 2004; Nobles et al., 2001; Nobles and Brown, 2004).  No cellulose 

synthase donor has been identified for tunicates (Matthysse et al., 2004; Nakashima et 

al., 2004).  However, a subset of cyanobacterial cellulose synthase sequences (CcsA1), 

found primarily in the Nostocales, consistently form a sister clade with cellulose 

synthases of vascular plants (Nobles et al. 2001; Nobles and Brown, 2004).  Limited 

taxon sampling notwithstanding, the phylogenetic data combined with high sequence 

similarity and the presence of a common insertion (CR-P region) makes a very strong 
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case for a transfer of cellulose synthase from cyanobacteria to an ancestor of vascular 

plants.   

When, how, and from which cyanobacterium or cyanobacteria this transfer 

occurred are open questions.  However, the prevalence of cellulose biosynthesis among 

plastid-bearing organisms may provide an important clue.  It is well established that 

plastids have a cyanobacterial origin and that stable transfer of genes from the plastids to 

the nuclear genomes occurs at a high frequency (Nelissen et al., 1995; Bonen, 1976; 

Delwiche et al., 1995; Giovannoni et al., 1988; Cavalier-Smith, 2000; Martin, et al., 

2002; Huang et al., 2003).    Therefore, it seems feasible that cellulose synthase has been 

transmitted to diverse photosynthetic organisms through synologous transfer from 

plastids.  Since CcsA1 sequences seem to occur primarily in heterocyst-forming 

cyanobacteria, tracing the origin of this class of cellulose synthase may lead to a more 

accurate identification of the cyanobacterial ancestor of plastids.  This possibility is 

supported by the placement of a partial CcsA1 sequence from the unicellular 

cyanobacterium Synechococcus sp. strain PCC 7002 at the base of a cyanobacterial/plant 

clade.  Additionally, preliminary results (data not shown) place cellulose synthases from 

the Oomycete, Phytophthora ramorum, within the cyanobacterial/plant clade.  Although 

these results support the notion of plastid transfers of cellulose synthase, additional 

cellulose synthase sequences from representatives of all plastid-bearing organisms will be 

required for confirmation. 

5.2 NOSTOC PUNCTIFORME 

The N. punctiforme CcsA1 knockout mutant is impaired in its ability to fix 

nitrogen.  Unlike the majority of conditional nitrogen fixation mutants which are 

classified as Fox-, this mutant (designated Hpl-) can be maintained with air as its only 

nitrogen source, if grown planktonically.  Rather, the Hpl- is incapable of growing on 
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agar plates with without a combined nitrogen source.  To my knowledge, this phenotype 

is unique.  The impairment of nitrogen fixation combined with loss of birefringence and 

alteration of the polysaccharide layer morphology of heterocysts indicate that the product 

of CcsA1 has some role in the maintenance of heterocyst function on solid substrates.  

Since the evolution of the heterocyst coincided with the presence of significant amounts 

of O2 in the atmosphere (Schopf, 2000; Kasting, 1993), cellulose biosynthesis by 

heterocysts may have been instrumental for terrestrial colonization of nitrogen poor 

environments by heterocyst-forming cyanobacteria.   

5.3 BIOTECHNOLOGICAL APPLICATIONS 

A Cyanobacterial Global Cellulose Crop 

What is the future for a global crop of cyanobacterial cellulose?  Although beyond 

the scope of this dissertation, the next steps should be to utilize the known aspects of 

regulation of cellulose biosynthesis in other bacteria.  In searches against the 

Synechococcus elongatus PCC 7942 database, seven sequences containing the conserved 

GGDEF domain associated with diguanylate cyclases have been identified 

(http://genome.jgi-psf.org/finished_microbes/synel/synel.home.html).  Since over-

expression of a number of these proteins has had the effect of conferring constitutive 

cellulose synthesis in some proteobacteria, the effect of overexpression of each of these 

putative diguanylate cyclases native to the Synechococcus genome should be studied in 

the mutants created in this study as well as the wild-type cells.  Additionally, the efficacy 

of diguanylate cyclases known to stimulate cellulose biosynthesis from other bacterial 

species e.g.  Acetobacter xylinum, Salmonella spp. and E. coli should be tested.  It is 

unlikely that this second round of experiments will result in crystalline cellulose, but it 

may lead to an increase in production, facilitating identification.  Before we can seriously 

http://genome.jgi-psf.org/finished_microbes/synel/synel.home.html
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consider mimicking the cellulose produced by A. xylinum in a cyanobacterium, or any 

other organism, a great deal more needs to be known about the mechanisms in place for 

the native system.  It is crucial to understand the function of all the genes in the operon, 

but perhaps the issue of the most critical importance is gaining an understanding how the 

secretory machinery of A. xylinum is organized. In summary, it seems likely that the 

progress towards a cyanobacterial cellulose crop will coincide with our increased 

understanding of the incredible production machinery found in Acetobacter.   

CBM Fusion Proteins 

Recent discoveries of new morphologies of cellulose coupled with the ubiquitous 

disbursement of putative cellulose synthases in prokaryotic databases underscore the need 

for re-examination of traditional definitions of cellulose and the development of novel 

methods for isolation, detection, characterization, and utilization of new cellulosic 

products and synthesis mechanisms.  An abundant array of CBMs, with variable 

properties, has great potential to usher in a new era for the study of cellulose in all of its 

diverse forms and functions.  The fusion proteins created for this study represent tools for 

the study and identification of cellulose that are elegant in their simplicity.  However, the 

ease and effectiveness with which CBMs can be functionally fused with ligands offers a 

range of possibilities limited only by the imagination. 

5.4 CONCLUDING REMARKS 

The long-standing debate on the existence of cyanobacterial cellulose has been 

settled by the unambiguous demonstration of cellulose by x-ray diffraction in subsections 

I, III, and IV of these organisms. The presence of cellulose and the identification of 

cellulose synthases suggest many avenues of research fueled by questions of origin, 

function, and potential applications.  The research contained within this document 
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represents my efforts to answer some of these questions and to lay the groundwork for 

future research into the biosynthesis of the most abundant biopolymer by ancient 

organisms. 
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Appendix 1: Nobles DR, Romanovicz DK, Brown Jr RM.  (2001). 
Cellulose in Cyanobacteria.  Origin of Vascular Plant Cellulose 

Synthase?  Plant Physiol 127: 529-542. 

A1.1 INTRODUCTION 

Cellulose is the most abundant biopolymer on earth with some 1011 tons produced 

annually (Hess et al., 1928). To date, clear examples of this process have been found in 

prokaryotes (Acetobacter xylinus; Agrobacterium tumefaciens; Rhizobium spp. (Ross et 

al., 1991); Escherichia coli; Klebsiella; Salmonella; (Zogaj et al., 2001); Sarcina 

(Roberts, 1991)) and eukaryotes including animals (tunicates); algae; fungi; vascular 

plants such as mosses and ferns; gymnosperms and angiosperms (Brown, 1985); and the 

cellular slime mold, Dictyostelium discoideum (Blanton et al., 2000). Thus far, evidence 

is lacking for cellulose biosynthesis among the Euryarchaeota, although we have found 

putative cellulose synthases in the genome databases of Thermoplasma 

(http://www.ncbi.nlm.nih.gov/cgi-in/Entrez/framik?db=Genome&gi=168) and 

Ferroplasma (http://www.ncbi.nlm.nih.gov/cgi-in/Entrez/framik?db=Genome&gi=168). 

The most ancient extant group of living organisms is the cyanobacteria, having 

been in existence for more than 2.8 billion years (Knoll, 1992; 1999). Fossil records of 

cyanobacteria-like forms date as far back as 3.5 billion years (Schopf and Walter, 1982). 

Cyanobacteria produce a wide array of extracellular polysaccharides (EPS), which can 

take the form of released polysaccharides (RPS) (Kawaguchi, 2000; Nicolaus et al., 

1999), a tightly bound sheath which is often highly fibrillar and sometimes crystalline 

(Frey-Wyssling, 1954; Singh, 1954; Tuffery, 1969; Hoiczyk, 1998), mucilaginous slime 

loosely associated with cells (often partially water soluble) (Drews and Weckesser, 

1982), or a transiently attached slime tube, present in motile filaments (Castenholz,1982; 

http://www.ncbi.nlm.nih.gov/cgi-bin/Entrez/framik?db=Genome&gi=168
http://www.ncbi.nlm.nih.gov/cgi-bin/Entrez/framik?db=Genome&gi=168
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Drews and Weckesser, 1982; Hoiczyk, 1998). Cyanobacterial EPS are involved in a wide 

range of functions including desiccation tolerance, protection from ultraviolet light, 

adhesion to substrates, as well as motility (Phillipis and Vincenzini,1998; Ehling-Schulz 

et al.,1997;, Kodani et al.,1999; Nicolaus et al., 1999). Although several reports in the 

literature have suggested the presence of cellulose in cyanobacterial EPS (Frey-Wyssling 

and Stecher, 1954; Singh, 1954; Tuffery, 1969; Winder 1990), none has conclusively 

demonstrated cellulose biosynthesis among this group of organisms. Therefore, we 

sought to examine representatives from diverse genera of the cyanobacteria for the 

presence of cellulose, employing stringent methods for positive identification. Using 

CBHI-gold labeling and x-ray diffraction, we demonstrate the presence of cellulose in six 

strains of five genera.  Three additional strains appear to have cellulose as evidenced by 

CBHI-gold labeling.  Three of the five sections of cyanobacteria are represented among 

cellulose producing strains. 

Recent genome sequencing projects allowed us to mine databases of 

cyanobacteria and other prokaryotes for protein sequences with similarity to cellulose 

synthases.  In all, 17 prokaryotic (five of which were cyanobacterial) and eight eukaryotic 

cellulose synthase homologues were aligned and compared.  The results show a close 

relationship between vascular plant and cyanobacterial cellulose synthases.  This supports 

the hypothesis that plants acquired cellulose synthase from cyanobacteria through non-

evolutionary means. 

A1.2 RESULTS 

Electron Microscopy  

Microfibrils of varied morphology were observed in the EPS isolates of eight 

cyanobacteria and in the slime tube isolates of O. princeps (Table A1.I).   These 
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microfibrils were strongly labeled with CBHI-gold, indicating that they are composed of 

β-1,4-glucans (Okuda et al., 1993; Tomme et al., 1995) (Figure A1.1).  The narrow and 

wide axes of the microfibrils were measured from representative samples of all 

cyanobacterial cellulose microfibrils. The mean microfibril thickness is rather constant: 

1.7nm (+-0.4nm) based on 65 measurements, ranging from 1.1nm to 2.8 nm. The mean 

microfibril width was more variable, with a mean 10.3nm (+-4.1nm) based on 10 

measurements, ranging from 5nm to more than 17nm. 

Cellulose microfibrils exist as only a fraction of the EPS investments of 

cyanobacteria as demonstrated by thin sections of Scytonema hofmanni UTEX 2349 

(Figure A1.2) and untreated slime tubes from Oscillatoria princeps (Figure A1.3A).  In 

the case of S. hofmanni, a single layer of CBHI-gold labeled material is seen near the 

outer boundary of the thick sheath.  The labeled region is approximately 300 nm wide, 

slightly less than one third of the thickness of the sheath.  Microfibrils, which seem to be 

enveloped in an extracellular matrix, are somewhat difficult to resolve in the untreated 

slime tubes of O. princeps.  The chemical composition of the matrix is unknown since the 

extracellular polysaccharide (EPS) investments of a variety of cyanobacteria can be 

complex, containing proteins, glycoproteins, and lipids in addition to a variety of 

polysaccharides (Kawaguchi and Decho, 2000).  Digestion of the slime tubes with TFA 

removes the majority of matrix material, and microfibrils are easily visualized (Fig. 3B). 

X-Ray Diffraction 

X-ray analysis of acetic nitric treated EPS fractions revealed patterns typical for 

cellulose I in Oscillatoria sp. UTEX 2435 (data not shown), Nostoc sp. UTEX 2209 (data 

not shown), Gloeocapsa sp. UTEX L795, S. hofmanni UTEX 2349, Anabaena sp. UTEX 

2576, and Phormidium autumnale UTEX 1580.  Figure A1.4 represents the diffraction 

patterns of four genera. Line broadening in these diffractograms suggests a low 
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crystallinity, which is consistent with the small microfibril size observed. Electron 

diffraction patterns were also obtained (data not shown), but were very diffuse, 

supporting the size measurements and the x-ray line broadening. The presence of 

contaminating crystalline materials is evidenced by the existence of peaks not related to 

cellulose. Note that these peaks do not produce uniform overlaps with all four genera.  

The acid insoluble EPS fraction from Synechocystis sp. ATCC 27184 yielded an 

x-ray diffraction pattern with d-spacings of 4.6 and 4.0 Å, indicating a crystalline 

product.  These reflections, however, do not correspond with reflections of cellulose I or 

II.  It is interesting to note that the contaminating peak preceding the 002 reflection in the 

S. hofmanni  x-ray diffraction pattern also represents a d-spacing of 4.6 Å and therefore 

may indicate the presence of a similar crystalline product.   

Phylogenetic Analysis 

Having established the presence of cellulose among the cyanobacteria, we 

searched genome databases for ORFs with sequence similarity to cellulose synthases. 

Searches identified sequences containing conserved DDD35QXXRW motif found in 

cellulose synthases and other processive glycosyltransferases (Saxena et al., 1995). 

BLAST (Altschul et al., 1990) searches of databases 

(http://www.kazusa.or.jp/cyano/cyano.html); (http://www.ncbi.nlm.nih.gov/cgi-

in/Entrez/framik?db=Genome&gi=168)) revealed cellulose-synthase-like (CSL) 

sequences  in Synechocystis sp. PCC 6803 , Anabaena sp. PCC 7120, and N. punctiforme.  

Searches of the Anabaena sp. PCC 7120, N. punctiforme, and Synechococcus sp. 

WH8102 databases revealed the presence of ORFs with significant sequence similarity to 

known prokaryotic and eukaryotic cellulose synthases. 

We were interested in determining the relationship of the putative cellulose 

synthases from cyanobacteria to known cellulose synthases.  BLAST searches with the 

http://www.kazusa.or.jp/cyano/cyano.html)
http://www.ncbi.nlm.nih.gov/cgi-bin/Entrez/framik?db=Genome&gi=168
http://www.ncbi.nlm.nih.gov/cgi-bin/Entrez/framik?db=Genome&gi=168
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amino acid sequences from known cellulose synthases of prokaryotes and D. discoideum 

against the A. thaliana genome database demonstrated that the CesA of D. discoideum 

had the lowest expectation value when compared with CesAs of A. thaliana.  Subsequent 

pairwise alignments showed that the putative cyanobacterial cellulose synthases 

represented by Anabaena sp. PCC 7120 (contig 326) and N. punctiforme ATCC 29133 

(contig 499) had expectation values significantly lower (2 x 10-20 and 2 x 10-18 times, 

respectively) than that of the cellulose synthase of D. discoideum when compared with 

IRX3 of A. thaliana.  Although BLAST searches are sometimes used to infer 

phylogenetic relationships, pairwise alignments are inherently limited in this capacity.  

Thus, we chose to perform multiple alignments for the construction of phylograms.  

Toward this end, we sought to identify as many prokaryotic cellulose synthase sequences 

as possible from the above databases in order to minimize the possibility of systematic 

errors such as long branch attraction when constructing  phylogenetic trees (Xiong, et al., 

2000). Criteria for inclusion of ORFs were simply the presence of the conserved motif 

and an arbitrary expectation value < 10 –9 when compared with any known cellulose 

synthase.  The search yielded sequences from both gram negative and gram positive 

Eubacteria as well as members of Euryarchaeota.   Multiple alignments using all 

prokaryotic amino acid sequences (17 sequences total) as well as sequences from 

Arabidopsis thaliana, Gossypium hirsutum, Zea mays, Populus alba x Populus tremulus, 

and Dictyostelium discoideum were constructed with ClustalX (Thompson et al., 1994).  

The presence of an insertion region corresponding to the plant specific and conserved 

region (CR-P) (Delmer, 1999) between regions U1 and U2 was observed in eukaryotic 

sequences as previously described by Blanton et al. (2000).  The amino acids of this 

insertion block were highly conserved among plants but showed very little sequence 

similarity to the insert of D. discoideum. Two putative cellulose synthases from 
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Anabaena sp. PCC 7120 and N. punctiforme showed the presence of the insertion region 

found in D. discoideum and vascular plants but lacking in other prokaryotes (Delmer, 

1999; Blanton et al., 2000).  Additionally, the cyanobacterial insertions showed greater 

similarity to those of plants than D. discoideum (Figure A1.5).   The sequences of 

cyanobacteria and D. discoideum lacked a second insertion region between U2 and U3 

present only in plants (Delmer, 1999; Blanton et al. 2000).   

Trees generated using both neighbor joining (NJ) and maximum parsimony (MP) 

showed similar overall results (Figure A1.6). As expected, the vascular plant sequences 

formed a monophyletic group.  As described previously (Holland et al., 2000), CesA 

orthologs were seen to be more similar than paralogs.  NJ and MP methods demonstrated 

a close phylogenetic relationship between the amino acid sequences of cyanobacteria and 

plants supported by high bootstrap values (Figure A1.6).  The branch connecting the 

cyanobacteria to plants is very deep, thus raising the possibility that the placement of the 

cyanobacterial branch was a long branch attraction (LBA) artifact.  To test the validity of 

the cyanobacterial/plant grouping, a quartet puzzling (QP) maximum likelihood tree was 

constructed from the multiple alignment.  The maximum likelihood phylogeny re-

enforced cyanobacteria/plant relationship demonstrated with NJ and MP methods (Figure 

A1.7).  Of 954 trees generated, only 1.3% failed to show this relationship.  Additionally, 

alternative topologies were generated by manually grouping the cyanobacterial clade with 

other groups in the tree.   The topologies were analyzed using the test (5% significance) 

of Kishino and Hasegawa (1989) and compared to the original topology.  All other 

topologies showed log likelihood values smaller (even when standard errors were taken 

into account) and were rated by TreePuzzle as significantly worse trees than the 

maximum likelihood topology (Figures A1.7 and A1.8). 
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The trees generated place cyanobacterial sequences in three distinct branches 

(Figures A1.6 and A1.7).  Synechocystis sp. PCC 6803 (D90912), N. punctiforme ATCC 

29133 (contig 583), Anabaena sp. PCC 7120 (contig 294), and  B. subtilus (CAB12237) 

display a close grouping in all trees.  Based on their small size and low similarity to 

known cellulose synthase sequences, these sequences most likely represent CSL’s rather 

than cellulose synthases.  Two cyanobacterial sequences (N. punctiforme ATCC 29133 

(contig 640) and Synechococcus sp. WH8102 (contig 251)) present in a second main 

branch of the tree group distantly with cellulose synthases of other gram negative 

bacteria.  Anabaena sp.  PCC 7120 (contig 326) and N. punctiforme (contig 499) share a 

sister branch with vascular plants, indicating a distinct phylogenetic relationship between 

the cellulose synthase homologues of cyanobacteria and CesAs of vascular plants. 

A1.3 DISCUSSION 

Cellulose Structure 

Although several previous reports suggested the presence of cellulose among the 

cyanobacteria, it was actually a surprise to find that the product is so widespread among 

this group of organisms. Thus far, we have found three of the five sections of 

cyanobacteria to have genera exhibiting cellulose biosynthesis. It is intriguing to note 

cellulose production but it is also necessary to understand where it is assembled. We have 

found cellulose in slime tubes, sheaths, and extracellular slime, the three major classes of 

extracellular polysaccharides in the cyanobacteria. The presence of cellulose in the sheath 

of S. hofmanni represents the first report of prokaryotic secretion of cellulose as an 

attached, capsular-type EPS.  This is also the first report of cellulose in slime tubes of 

motile cyanobacterial trichomes.  
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What is known about the molecular machinery involved in cyanobacterial gliding 

motility? Gliding motility takes place with the concomitant secretion of polysaccharides. 

Circumstantial evidence implicates junctional pore complexes (JPCs) as points of 

polysaccharide secretion associated with gliding motility (Hoiczyk and Baumeister, 

1998). Recently, outer membrane pores necessary for the secretion of a Type 1 capsular 

polysaccharide in E. coli were described (Drummelsmith and Whitfield, 2000).  These 

pores are exposed on the outer surface and, based on TEM examinations, have structural 

similarity with cyanophycean JPCs. Cellulose present in the slime tubes of actively 

motile cyanobacterial filaments suggests a possible tie to gliding motility. The maximum 

rate of gliding in cyanobacteria is more than 100X the rate of cellulose ribbon synthesis 

in A. xylinum, suggesting that the cyanobacterial movement is based on a more complex 

set of materials and processes than A. xylinum.  In A. xylinum, the rate of movement is 

approximately 2-3 um per min, whereas cyanobacterial filaments have demonstrated the 

ability to glide at up to 10 um per sec (Castenholtz, 1982). We can only speculate on the 

role of cellulose assembly in cyanobacterial gliding motility at present. Perhaps the slime 

tube is a frictional bearing for anchoring of other motility elements responsible for the 

gliding; however, relatively little is known about this process. 

Interestingly, the microfibrils of cyanobacteria have smaller dimensions than  

those of other organisms, including A. xylinum (Brown et al. 1976), certain algae such as 

Valonia (Itoh and Brown, 1984) and Boergesenia (Itoh et al., 1984), and vascular plants 

(Brown, 1985). The microfibrils of the Rhodophycean alga, Erythrocladia, also have 

small dimensions of 1-1.5 x 10-33 nm (Okuda et al., 1994). Distinct linear terminal 

complexes (TCs) assemble these thin yet wide microfibrils. Evidence implicating the 

JPCs as sites of polysaccharide secretion in the cyanobacteria is circumstantial; however, 

it is interesting to note that the JPCs are located in ring around the filament, thus in a 
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favorable position to secrete polysaccharides in general. It appears that the cellulose from 

cyanobacteria is only a small percentage of the total extracellular polysaccharide, as 

compared with A. xylinum and cell walls of vascular plants (Brown, 1985). It has been 

demonstrated that when A. xylinum synthesizes cellulose in the presence of 

carboxymethyl cellulose and other polysaccharides, the crystallinity of the cellulose is 

reduced (Hirai et al., 1998).  Perhaps, in a similar fashion, the copious production of 

extracellular materials other than cellulose by cyanobacteria prevents lateral aggregation 

of microfibrils into larger units, thus accounting for the small observed crystallite size.   

Phylogenetic Analysis 

With the exciting progress in genome database mapping, researchers have an 

extremely valuable tool for determining phylogenetic relationships. Using these 

advances, we were able to gain insight into possible relationships of cellulose synthase 

among the cyanobacteria and other organisms. Pairwise alignments against the A. 

thaliana genome database demonstrate that cyanobacterial cellulose synthase 

homologues have significantly lower expectation values than any other cellulose 

synthases not originating from plants. Further evidence for a close relationship of 

cyanobacterial and plant cellulose synthases was gained by performing a multiple 

alignment of the 17 prokaryotic sequences with cellulose synthases of  D. discoideum and 

vascular plants.  Unlike other prokaryotic sequences, two cyanobacterial sequences share 

a CR-P region with D. discoideum and vascular plants.  Additionally plant CR-P regions 

show greater sequence similarity to the corresponding cyanobacterial regions than to the 

insert of D. discoideum. 

 NJ, MP, and QP trees based on the above multiple alignment showed that 

putative cyanobacterial cellulose synthases branch closely with plant cellulose synthases.  

Even though the bootstrap and confidence scores are high, the branch connecting the 
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cyanobacterial sequences of vascular plant sequences is quite deep, leaving open the 

possibility of an LBA artifact.  However, maximum likelihood evaluation shows tree 

topologies separating the cyanobacterial and plant clades are not viable.  An alternative 

explanation for the long branch lengths may lie in the ancient origin of chloroplast 

endosymbiosis which, according to the fossil record, must have occurred more than 2.1 

billion years ago (Han, 1992).  Such a vast time for divergent evolution could easily 

account for the formation of deep branches. 

There is substantial evidence that chloroplasts of vascular plants have a 

cyanobacterial origin and that genes can be transferred from the chloroplast to the nuclear 

genome (Weeden, 1981; Martin and Schnarrenberger, 1997; Martin and Herrman, 1998; 

Martin et al., 1998; Krepinsky et al., 2001; Rujan and Martin, 2001).  Chloroplasts, 

originating from the endosymbiotic capture of cyanobacteria, may have shed their 

cellulose synthases and donated them to the nuclear genome. It is known that a subgroup 

of cellulose synthases in A. thaliana exists that bares minor sequence similarity to 

prokaryotic cellulose synthases (Taylor et al., 1999).  Our findings offer a possible 

explanation for this similarity.  The relationship between cyanobacterial cellulose 

synthase homologues and vascular plant cellulose synthases shown in our phylogram 

closely resembles the relationship of 16srRNAs from cyanobacteria and chloroplasts 

(Olsen et al., 1994).  This evidence suggests that vascular plant cellulose synthases 

originated in the cyanobacteria.  If invalid trees and convergent evolution are eliminated 

as possibilities, the relationship of cyanobacterial sequences to vascular plant sequences 

seems inexplicable except in terms of synology. Unfortunately, the current lack of CesA 

sequences from the algae and from more primitive cyanobacteria leaves a significant gap 

in the tree and makes it impossible to determine, with any certainty, the precise nature of 

the relationship between cyanophycean and plant cellulose synthases.  Recently, 



 152

however, the McCesA3 gene from Mesotaenium caldariorum UTEX 41 was sequenced 

by Roberts et al. (2000).   Multiple alignments and phylograms (data not shown) 

demonstrate not only the expected close relationship of the algal sequence to vascular 

plants CesAs, but also a branch point closer to the cyanobacterial/vascular plant 

divergence point.   

No sequences with similarity to cellulose synthase exist in genomes of 

chloroplasts or cyanelles sequenced to date.  Given the lack of any such homologues in 

the cyanelle genome of the primitive alga Cyanophora paradoxa, it is reasonable to 

assume that if the cellulose synthases of plants were obtained via  cyanobacterial 

endosymbioses, translocation of the gene to the nucleus must have occurred relatively 

early in the evolution of algae.  The divergence of cyanobacterial and plant sequences 

from the branch point reinforces the idea of an early transfer of cellulose synthase from 

cyanobacteria to a eukaryotic cell. 

Proteins associated with vascular plant cellulose synthases have been elusive, and 

cyanobacteria could offer a simplified model system for identification of these proteins.  

Homologues to the known cellulose synthase associated proteins found in A. xylinum and 

A. tumefaciens are lacking in all cyanobacteria analyzed in this study.  In fact, many of 

the ORFs in the vicinity of the putative cyanobacterial cellulose synthases have no 

sequence similarity to any proteins of known function.  It is therefore, likely that 

cyanobacteria possess a heretofore-undescribed regulatory system for cellulose 

biosynthesis in prokaryotes.   Curatti et al. recently isolated a prokaryotic sucrose 

synthase gene from Anabaena sp. PCC 7119 (Curatti et al., 2000).  This gene, which is 

very similar to the sucrose synthase of vascular plants, also has substantial sequence 

similarity with ORFs found in databases of the cellulose producing N. punctiforme ATCC 

29133 and Anabaena sp.  PCC 7120.  Since it is thought that SusY from vascular plants 
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is tied to cellulose synthesis (Amor et al., 1995), it would not be surprising to find that 

the cyanobacterial homologue to SusY is associated with cellulose synthesis in the 

cyanobacteria.  If this is the case, perhaps other cellulose synthase associated proteins are 

shared between vascular plants and the cyanobacteria.  

Two putative cellulose synthase proteins and one likely CSL protein exist in  N. 

punctiforme ATCC 29133, a nitrogen fixing, facultatively heterotrophic, symbiotically 

competent cyanobacterium capable of differentiation into heterocysts, akinetes, and 

motile hormogonia,  (Cohen et al., 1994). These different genes may be conditionally 

expressed in specific differentiated cell types serving different functions in each.  For 

example, cellulose could serve as a means of attachment to the host plant in the formation 

of symbiotic relationships in a manner similar to A. tumefaciens’ attachment to its host 

plant (Matthysse, 1983).   Additionally, cellulose could have roles in gliding motility of 

hormogonia, desiccation tolerance, nitrogen fixing efficiency of heterocysts, enhancing 

viability of akinetes, or protection from UV light. 

In conclusion, the proof of cellulose biosynthesis in the strains of Anabaena  

UTEX 2576 and Nostoc punctiforme ATCC 29133 correlates directly with the discovery 

of the putative cellulose synthase homologues from these same organisms. This adds 

validity to the identity of these sequences as cellulose synthases. Given that the 

cyanobacteria were probably among the earliest forms of life on earth, contributing to the 

oxygen of the planet's atmosphere over eons, it is interesting to speculate why these 

organisms, of all potential photosynthetic life forms, gained prominence in the primitive 

earth environment. In the reducing atmosphere, severe ultraviolet radiation could have 

posed a serious hazard; however, a cellulose sheath, slime tube, or extracellular matrix 

could have shielded the cell from UV radiation. If the cellulose contributed to motility, 

this ability could have been important to allow these early cells to move into shade and 
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avoid the intense radiation.  It is ironic that the earliest producers of cellulose may be the 

last major group of organisms to have cellulose discovered among them! 

A1.4 MATERIALS AND METHODS 

Strains and Growth Conditions 

All cultures were grown photoautotrophically with a 12 hour light / dark cycle 

under fluorescent light.  Cultures of Oscillatoria sp UTEX L2345, Oscillatoria princeps 

CE-95-OP Cl1 CC 5122, Phormidium autumnale UTEX 1580, Synechocystis sp. ATCC 

27184 (synonym PCC 6803),  Crinalium epipsammum ATCC 49662, and Synechococcus 

sp. UTCC 100 ( synonym PCC 7942) were maintained in BG11 medium. Anabaena sp. 

UTEX 2576 (synonym PCC 7120), Nostoc muscorum UTEX 2209, Nostoc punctiforme 

ATCC 29133, Nostoc muscorum UTEX 1037, Scytonema hofmanni UTEX 2349, 

Fischerella ambigua UTEX 1908, and  Gloeocapsa sp. UTEX L795 were maintained in 

BG110 medium.   Cultures were routinely maintained on agar plates prepared as 

previously described (Golden et al., 1987).  When possible, contaminated cultures were 

purified by method of Rippka (Rippka, 1988).  With the exceptions of Scytonema 

hofmanni, Fischerella ambigua, Nostoc muscorum UTEX 1037, and Oscillatoria 

princeps, all cultures were axenic and were periodically monitored for contamination by 

microscopic examination and by growth, in the dark, on BG11 or BG110 plates 

supplemented with 0.5% glucose and .05% Vitamin-Free Casamino Acids (Difco 

Laboratories). Batch cultures were grown either as 500ml cultures in 2-liter flasks on an 

orbital shaker or as 2.5-liter cultures in growth chambers with agitation by magnetic 

stirrers and aeration.  All cultures were maintained at 28ºC with the exception of 

Oscillatoria princeps, which was maintained at 35ºC. Cultures were harvested by 

centrifugation and used directly for experiments, washed and resuspended in 0.1 M 
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K2HPO3 buffer, pH 7.0 (PB) and frozen at -80ºC, or washed in deionized H2O and 

lyophilized. 

Isolation of Extracellular Polysaccharides (EPS) 

EPS were isolated through a variation of the method previously described 

(Barclay and Lewin, 1985). Lyophilized cells resuspended in 30 ml of PB and frozen 

cells thawed at 37ºC were broken by 3-5 passages through a pre-chilled French Press at 

20,000 psi.  A microscope was used to monitor cell breakage. The lysate was spun at 

9,180 x g for 40 minutes. The supernatant was decanted and the pellet resuspended in 30 

ml of PB and the suspension was incubated with an excess of lysozyme (1:5 ratio dry 

protein weight to wet weight of pellet) at 37ºC with gentle shaking for 24-48 hours.  The 

insoluble fraction was collected by centrifugation at 14,300 x g and the pellet washed 

with PB. The pellet was resuspended in 30ml of 10mM Tris, pH 7.5, 5mM EDTA, 0.4% 

SDS, and 66.67 μM Proteinase K and incubated overnight at 37ºC.  The insoluble 

fraction was collected as above and the pellet washed twice with PB.  The pellet was 

extracted twice each with 30 ml of chloroform/methanol 1:1 and acetone, washed twice 

in PB and incubated with 165 units α-amylase (Sigma A-6380) and 360 units 

amyloglucosidase (Sigma A-3042B) in 30 ml PB, at 28ºC, with gentle shaking, for 24-48 

hours.  The insoluble fraction was collected as above, washed twice with deionized water, 

and lyophilized.  Alternatively, sheaths were isolated essentially as described previously 

(Hoiczyk, 1998).   In this case cells were broken by passage through a French Press at 

20,000 psi rather than by sonication. 

Collection of Slime Tubes 

Slime tube material was pipetted from the media of actively motile liquid cultures 

of  O. princeps 24-72 hours post inoculation. CBHI-Gold Labeling  Slime tube material 

harvested from liquid cultures of O. princeps and EPS isolates from all other cultures 
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were either observed without further treatment or digested with 1N TFA for 1 hour at 100 
o C and/or acetic nitric reagent (Updegraff, 1969) for 30 minutes at 100 o C.  Slime tube 

material collected from motile filaments on Formvar coated grids was labeled without 

further treatment.  CBHI-gold labeling was performed essentially as described previously 

(Okuda et al., 1993) with the following  exceptions:  (1) 10 nm gold was used for the 

CBHI-gold complex , (2) rather than floating grids, 8 ul drops of enzyme complex were 

added to Formvar grids with the EPS isolates, and (3) enzyme complex and product were 

incubated for 3 min at RT.  Grids were negatively stained with 2% uranyl acetate. 

Specimen Fixation 

Cells were initially fixed in 0.1M K2HPO3 buffer, pH 7.0 with 2% glutaraldehyde 

for 4 hours at RT.  Fixed cells were given three 15 minute washes and post fixed with 2% 

osmium tetroxide in 0.1M buffer, in the dark, for 4 hours at 4ºC.  Cells were washed three 

times (10 minutes each) with deionized water and stained with 1% aqueous uranyl acetate 

for 1 hour, in the dark, at 4ºC.  Cells were washed with deionized water for 10 minutes at 

4ºC and taken through a graded ethanol series:  30%, 50%, 70%, and 90% for 15 minutes 

each at RT.  This was followed by two 15 minute dehydrations each with 100% ethanol 

and 100% acetone.  Cells were infiltrated with 33% and 66% EMbed 812 (Electron 

Microscopy Sciences) in absolute acetone for 12 hours each at RT and polymerized for 

24 hours at 60ºC. 

CBHI-Gold Staining of Sectioned Material 

 Ultrathin sections of fixed specimens were placed on carbon coated Formvar 

grids.  Grids were incubated with Epoxy Resin Remover (Polysciences, Inc.) for 10 

minutes and washed with glass distilled water.  Grid were labeled and negatively stained 

in the same manner as EPS and slime tube material. 
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X-Ray Diffraction 

X-ray diffraction analysis was performed with Ni filtered CuKα  (1.542 Å) at 

35kV and 25mA  on a Phillips PW 729 x-ray generator and a Debye/Sherer camera 

system.  Acetic nitric digested, lyophilized EPS isolates were packed into 0.3 or 0.7 mm 

capillary tubes and diffraction patterns collected under the above conditions for 1 hour.  

Reflections were measured manually with measurements corrected for film shrinkage.  

Digital images of film negatives were generated using the IBAS image processing 

system.  The images were converted to digital diffractograms using NIH Image,  Image J, 

and Microsoft Excel. 

Phylogenetic Analysis 

Sequences with similarity to cellulose synthases were identified by with BLAST  

(Altschul et al., 1990) searches against the following databases:   1. JGI - 

http://genome.jgi-psf.org/mic_home.html 2. NCBI - 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Genome  3. Kazuza - 

http://www.kazusa.or.jp/cyano/cyano.html. 

Putative cellulose synthase amino acid sequences were then compared with 

sequences at  NCBI Arabidopsis Genome database (http://www.ncbi.nlm.nih.gov:80/cgi-

in/Entrez/map_search?chr=arabid.inf) with BLAST (Altschul et al., 1990).  The contig 

listings and amino acid accession numbers of the sequence legend in the phylogenetic 

trees are as follows: E. coli (AAC76558.1), B. cepacia (contig 411), A. xylinum 

(2019362A), R. leguminosarum (AAD28574.1), R. sphaeroides (contig 168), A. aeolicus 

(D70422), Anabaena 1 (contig 326), Anabaena 2 (contig 294), Synechocystis (D90912), 

N. punctiforme 1 (contig 499), N. punctiforme 2 (contig 640), N. punctiforme 3 (contig 

583), Ath1 (BAB09693.1), Zma (AAF89961.1), Ghi1 (T10797), Pt/Pa (AAC78476.1), 

Ath2 (AAC29067.1), Ath3 (T51579), Ghi2 (AAD39534.2), D. discoideum  

http://genome.jgi-psf.org/mic_home.html
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Genome
http://www.kazusa.or.jp/cyano/cyano.html
http://www.ncbi.nlm.nih.gov/cgi-bin/Entrez/map_search?chr=arabid.inf
http://www.ncbi.nlm.nih.gov/cgi-bin/Entrez/map_search?chr=arabid.inf
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(AAF00200.1),B. subtilus (D69769), T. acidophilum (CAC11626.1), A. tumefaciens 

(I39714), and   F. acidarmanus (contig 137).                       

 Multiple alignments for the creation of unrooted phylogenetic trees were 

constructed with ClustalX (default settings) (Thompson, et al. 1994).  Sequences in 

which the U1, U2, U3, or U4 conserved regions were misaligned were aligned manually.  

All trees were constructed with original, gapped alignments.  For NJ trees, 5000 bootstrap 

trials were performed and trees were constructed by the method of Saitou and Nei (1987).  

MP trees were created with PAUP 4.08 beta version (Sinaur Associates, Sunderland, MP)  

using a heuristic search algorithm with 100 replicates.  Bootstrap analysis was performed 

with maximum parsimony as optimization criterion with resampling (100 replicates).  

Quartet Puzzle (QP) maximum likelihood topologies were constructed with TreePuzzle 

(http://www.tree-puzzle.de) using the VT model of substitution (Muller and Vingron, 

2000) and assuming uniform rates of heterogeneity with 1000 puzzling steps.  Tree 

evaluations were made with the test of Kishino and Hasegawa (1989).  Trees were drawn 

and edited with Treeview (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).  

http://www.tree-puzzle.de/
http://taxonomy.zoology.gla.ac.uk/rod/treeview.html


Table A1.1. Summation of cyanobacteria investigated and results of experiments. 

Organism Motility Acid Insolubility Microfibrils (TEM) Location CBHI-gold X-Ray Diffraction Cellulose

Section I
Synechocystis sp. ATCC 27184     YES             YES                NO        NA          NO 0.46 and 0.40 nm           NO
Synechococcus sp. UTCC 100      NO             YES                NO        NA          NO        NOT TESTED           NO
Gloeocapsa sp. UTEX L795      NO             YES               YES    SHEATH         YES 0.60, 0.54, and 0.39 nm          YES

Section III
Oscillatoria princeps     YES             YES               YES SLIME TUBE         YES        NOT TESTED     TENTATIVE
Oscillatoria sp. UTEX L2435     YES             YES               YES SLIME TUBE         YES 0.59, 0.53, and 0.39 nm          YES
Phormidium autumnale     YES             YES               YES SLIME TUBE/SHEATH?        YES 0.59, 0.53, and 0.39 nm          YES
Crinalium epipsammum      NO             YES               YES           ?         YES       INCONCLUSIVE     TENTATIVE

Section IV
Anabaena sp.      NO             YES               YES      SHEATH?         YES 0.60, 0.53,and 0.39 nm          YES
Nostoc punctiforme     YES             YES               YES     SHEATH/SLIME?         YES       INCONCLUSIVE     TENTATIVE
Nostoc muscorum UTEX 2209      NO             YES               YES      SHEATH?         YES 0.60, 0.53,and 0.39 nm          YES
Nostoc muscorum UTEX 1037     YES             YES               YES      SHEATH?         YES         NOT TESTED     TENTATIVE
Scytonema hofmanni     YES             YES               YES      SHEATH         YES 0.60, 0.53, and 0.40 nm          YES

 
TEM = Transmission Electron Microscope, NA = Not Applicable.
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FigureA1.1. Various cellulose microfibrils isolated from cyanobacteria (all negative 
stained with 1% aqueous uranyl acetate and labeled with CBHI-gold, the 
gold complex is 10 nm in diameter).  

(A): Oriented bundles of microfibrils from Gloeocapsa sp UTEX L795., many of which 
are stained with the CBHI-gold complex which specifically binds to the surface of 
crystalline cellulose (Okuda et al., 1993; Tomme et al., 1995).  
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(B): Cellulose microfibrils from Nostoc muscorum UTEX 2209. These microfibrils 
frequently aggregate into twisted ribbon-like structures reminiscent of the cellulose 
ribbons of A. xylinum.  
 
(C):  Cellulose microfibrils from Crinalium  epipsammum ATCC 49662. These 
microfibrils appear to be very thin in both dimensions in comparison with the other 
cyanobacteria tested.  
 
(D): Microfibrils from P. autumnale, which appear more discontinuous and irregular. 
This could be caused by amorphous regions or regions of low crystallinity rendering the 
microfibrils more altered from acid treatments.  
 
(E): Microfibrils from N. punctiforme ATCC 29133. These microfibrils are shorter and 
many have tapered ends, suggesting the possibility of cellulose II.   
 
(F): Large bundles of elongated microfibrils from Anabaena UTEX 2576.  
 
 A-E, Bar = 20nm; F, Bar = 30nm  



 

Figure A1.2. Negative stained thin section of S. hofmanni UTEX 2349 with Epon 
removed and labeled with CBHI-gold.   

Note the layering of the sheath and the position of the cellulose region near the outer 
boundary of the sheath. Sheath thickness is designated by the white line. (Bar = 60nm) 
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Figure A1.3.  Negative stained slime tube material collected from O. princeps. 

(A): Untreated slime tube material collected from liquid culture.  The microfibrils are 
somewhat masked in the EPS matrix. (Bar = 20nm). 
 
 (B): TFA digested slime tube material collected from liquid media.  Microfibrils are 
more apparent here as is a decrease in matrix material. (Bar = 40nm). 
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Figure A1.4. X-ray analysis of cellulose from four different cyanobacterial strains.  

A=Gloeocapsa; B=Scytonema ; C=Phormidium ; D=Anabaena. All genera exhibit a 
typical cellulose I pattern specified by the overlapping peaks. Peak 1 is the 101 d-
spacing; peak 2 is the –101 d-spacing; and peak 3 is the 002 d-spacing spacing. For the 
002 spacings, all genera with the exception of S. hofmanni (4.0 Ǻ) have reflections of 3.9 
Ǻ. For the –101 spacings, all genera with the exception of Gloeocapsa (5.4 Ǻ) have 5.3 Ǻ 
reflections. For the 101 spacings all genera with the exception of P. autumnale (5.9 Ǻ) 
have 6.0 Ǻ reflections. The presence of contaminating crystalline materials is evidenced 
by the existence of peaks not related to cellulose. Note that these peaks do not always 
produce uniform overlaps with all four genera.  
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Figure A1.5. Multiple alignment of amino acid sequences from 17 prokaryotic cellulose 
synthase homologues with CesA sequences from A. thaliana, G. hirsutum, 
Z. mays, P. tremulus x alba, and D. discoideum.  The alignment 
demonstrates the presence of a CR-P region between the U1 and U2 
domains present only in eukaryotic and cyanobacterial sequences. 
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Figure A1.6. Comparison of NJ and MP trees.   

The tree shown is a NJ tree subjected to 5000 bootstrap trials. Bootstrap values are shown 
as percentages with  MP bootstrap values shown in parenthesis.  Differences in the MP 
tree are denoted by bold lines (multifurcations), dashed arrow (variable position), and * 
indicates rooting at the base of the tree. Note the distribution of cyanobacterial sequences 
 166
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in the tree:  2 Sequences from Anabaena sp. PCC 7120 and N. punctiforme branch with 
vascular plants; 2 sequences from N. punctiforme and Synechococcus branch distantly 
with Thermotogales and Proteobacteria; and 3 sequences from Synechocystis, N. 
punctiforme, and Anabaena, which are most likely CSL proteins, group with Bacillus 
subtilus. The high bootstrap values support the validity of the tree. 



 

Figure A1.7. The maximum likelihood phylogeny for the cellulose synthase sequences 
showing confidence values and the log likelihood.   

With the exception of D. discoideum (which groups with the Euryarchea in this tree), the 
relationships in this tree are nearly identical to those shown in Figure 6.   
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Figure A1.8. Four distinct phylogenies alternative to the maximum likelihood phylogeny 
for N. punctiforme 1 and Anabaena 1 sequences.  The log likelihood and the standard 
error are shown for each tree. N. punctiforme 1 and Anabaena 1 sequences are 
underlined. 
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Appendix 2:  Nobles Jr DR, Brown Jr RM. (2004).  The pivotal role of 
cyanobacteria in the evolution of cellulose synthases  and cellulose 

synthase-like proteins.  Cellulose 11: 437-448. 

A2.1. INTRODUCTION 

Cellulose is the most abundant biopolymer on earth with some 1011 tons produced 

annually (Hess et al., 1928).  The biosynthesis of cellulose has been demonstrated in a 

number of prokaryotes, including members of the α and γ Proteobacteria (Ross et al., 

1991; Zogaj et al., 2001), Firmicutes (Roberts, 1991), and subsections I, III, and IV of the 

cyanobacteria (Nobles et al., 2001).  Among eukaryotic organisms, cellulose biosynthesis 

has been observed in animals (tunicates), algae, vascular plants such as mosses and ferns, 

gymnosperms and angiosperms (Brown, 1985), the cellular slime mold Dictyostelium 

discoideum  (Blanton et al., 2000), and in the free-living amoeba Acanthamoeba spp. 

(Linder et al., 2002).   

Cellulose synthases and related enzymes chitin synthases, Class I and II 

hyaluronan synthases (HAS), Nod C proteins, and plant cellulose synthase-like (Csl) 

proteins are processive β-glycosyltransferases (PBGT’s), belonging to the family 2 

glycosyltransferases.  These enzymes are integral membrane proteins with multiple 

transmembrane domains, sharing the conserved D,D,D, QXXRW residues within a 

cytosolic catalytic region (Saxena 1995, et al.; Saxena and Brown, 2000).  The universal 

presence of this motif is consistent with origination from a common ancestral protein.  

Recent availability of complete and incomplete genome sequences has led to an increase 

in the number of known sequences that, based on the presence of the D,D,D,QXXRW 

motif, are predicted to encode PBGT’s.  In fact, available sequence data shows these 
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sequences to be ubiquitous in eukaryotes, archaea, and in bacteria (Richmond and 

Somerville, 2001).   

Although great effort has been applied toward understanding the phylogenetic 

relationships of cellulose synthases and related enzymes in vascular plants (Holland et 

al., 2000; Richmond, 2000; Richmond and Somerville, 2000), scant work has been done 

to elucidate the phylogeny of the greater cellulose synthase family (bacterial cellulose 

synthases [BcsA], the cellulose synthases of  tunicates [TcsA]  [i.e. Ciona intestinalis] 

and D. discoideum [DcsA]) or to position cellulose synthases in relation to other PBGT’s. 

The widespread distribution of cellulose synthases and other PBGT’s indicates an ancient 

origin and thus, demonstrates the importance of establishing their evolutionary history.  

Indeed, the lack of similarity between cellulose synthases among groups of eukaryotic 

organisms and relatively high similarity of these sequences with prokaryotic cellulose 

synthases calls into question the vertical evolution of these enzymes in eukaryotes 

(Blanton et al., 2000; Nobles et al., 2001; Dehal et al., 2003).   

In recent years, it has become apparent that lateral gene transfer (LGT), from both 

xenology and synology, has played a significant role in the evolution of both prokaryotic 

and eukaryotic organisms (Campbell, 2000; Figge et al., 1999; Gallois et al., 2001; Jain, 

2002; Lawrence, 2002; Logsdon and Faguy, 1999; Martin, 1999; Martin and 

Scharrenberger, 1997; Brocchieri, 2000; Stoebe and Maier, 2002).  Numerous eukaryotic 

nuclear genes have been demonstrated to have eubacterial origins.  In some cases this has 

had a profound effect on the nuclear gene content of eukaryotic organisms (Krepinsky et 

al., 2001; Henze et al., 2001; Andersson and Roger, 2002; Martin and Herrmann, 1998).  

Evidence of massive lateral gene transfer has been noted recently in the 

chlorarachniophyte Bigelowiella natans (Archibald et al., 2002) and in Arabidopsis 

thaliana (Martin et al., 2002).  Convincing evidence now exists for the lateral transfer of 
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sucrose synthases from cyanobacteria to vascular plants (Curatti et al., 2000; Salerno and 

Curatti, 2002).  Additionally, a probable synologous transfer of cellulose synthase from 

the cyanobacteria to the ancestors of vascular plants has been established (Nobles et al., 

2001).    

In this study, rooted trees were used to determine the branching order of cellulose 

synthases within the PBGT family.  The relationships of known and putative cellulose 

synthases, plant cellulose synthase-like (Csl) proteins, chitin synthases, HAS, Nod C 

proteins, and processive β-glycosyltransferases with no designated function were 

analyzed using Maximum Parsimony (MP).  Rooted trees support previous data 

demonstrating that cellulose synthases from members of the genus Nostoc (group IV 

cyanobacteria) branch as a sister group to plant cellulose synthases, implying lateral gene 

transfer of a cyanobacterial cellulose synthase to the nuclear genome of ancestors of 

vascular plants (Nobles et al., 2001).  Synologous transfer of cellulose synthase from 

cyanobacteria to plants is strengthened by the placement of a cyanobacterial sequence at 

the base of a clade comprising cellulose synthase sequences from Nostoc (four strains), 

D. discoideum, CesA proteins, and members of Csl protein groups B, D, E, F, and G.  

Additionally, plant Csl protein groups A and C were found to exist outside of a clade 

which includes all known cellulose synthases.  Finally, the placement of the cellulose 

synthase from Ciona intestinalis and a putative cellulose synthase from Aspergillis 

fumigatus indicates the likelihood of acquisition by lateral gene transfer. 

A2.2. RESULTS 

In order to analyze the relatively divergent sequences of processive β-

glycosyltransferases, sequences were edited to exclude transmembrane regions and 

included only the conserved catalytic domains.  For MP analyses, partially ordered step 

matrices were employed to give a specific cost to insertion/deletion events.  Furthermore, 
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rather than being considered missing data, gaps were considered a 21st amino acid state. 

These steps were taken in order to include valid indels from plant sequences, DcsA, and 

cyanobacterial sequences, which contain phylogenetically relevant information.  As a 

result, the number of parsimony informative characters was increased by 64 (10.2% in 

the complete PBGT tree, 10.6% in the cellulose synthase only tree) as compared to 

assuming gapped regions to be missing. Additionally, these assumptions allowed 

distinction of legitimate gaps that exist between conserved regions U1, U2, and U3 of the 

catalytic domains from gaps in incomplete sequence fragments.  The g1 values of the 

both the PBGT and cellulose synthase data sets demonstrated strong left skews (-

0.655236 and   -0.616607, respectively) indicating sufficient signal for phylogenetic 

analysis.  Furthermore, the most parsimonious trees generated for both data sets were far 

shorter than the trees selected from random generation of trees.  The PBGT MP tree had a 

10,197 steps (randomly generated trees: minimum-maximum = 18,027-19,862, mean = 

19,300.935490), while the cellulose synthase tree had 5,478 steps (randomly generated 

trees: minimum-maximum = 10,191-11,889, mean = 11,338.355800). 

The overall tree topology of the PBGT tree shows a multifurcation arising at the 

base of the tree (Figure 1).  This polytomy is likely an artifact due to a low phylogenetic 

signal at the early branching regions of the tree.  Clear families of enzymes are apparent 

in distinct clades, including chitin synthases, HAS/NodC, putative haemin storage 

proteins, and putative glycosyltransferases. Bootstrap support within functional groups is 

generally high and thus, likely gives a good representation of the true order of divergence 

locally.  The divergence of these proteins is followed by the branching of the C. 

reinhardii/CslA/CslC clade, which is placed as sister to the clade containing all cellulose 

synthases.  Within this subdivision, there are two distinct lineages:  one containing 

bacterial cellulose synthases (BCS), the second clade containing eukaryotic and 
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cyanobacterial cellulose synthases, as well as members of the plant Csl proteins groups 

B, D, E, F, and G. 

The BCS group is comprised of three sequence families (Cyanobacteria, 

Firmicutes, and Proteobacteria) with the putative cellulose synthase of S. meliloti 

diverging alone.  Both the proteobacterial and Firmicutes clades are paraphyletic in 

regard to phyla, with A. aeolicus branching within the proteobacterial clade and F. 

succinogenes branching within the Firmicutes.  The cyanobacterial clade is monophyletic 

at the phyla level.  The simultaneous divergence of all BCS groups is indicative of a soft 

polytomy due to low phylogenetic signal at the ancestral base. 

Within the eukaryotic/cyanobacterial clade, plant CesA’s, Csl’s, DcsA, and 

cyanobacterial cellulose synthases (CcsA1) share a unique common ancestor.  The 

sequence fragment from Synechococcus sp. PCC 7002 forms the ancestral base of the 

clade, with plant CesA’s and Csl’s comprising one branch and DcsA and CcsA1’s 

comprising the second.  The ancestral position of the Synechococcus sp. PCC 7002 

sequence is shown to have moderate bootstrap support.  As previously described, the 

cellulose sequence from M. caldariorum is positioned at the base of vascular plant CesAs 

(Roberts et al., 2002).  Also consistent with previous results, plant Csls B, D, E, F, and G 

are shown to comprise a clade with CesA proteins to the exclusion of other cellulose 

synthase sequences (Richmond, 2000).  Based on the length of the branches, these 

sequences are extremely divergent both in relation to their shared ancestral node and to 

each other.  The branching order indicates the Csl G group to be the earliest diverging, 

followed, in order of divergence, by Csl’s E, B, with Csls D/F and CesAs emerging last.  

With the exception of the Csl B grouping, this branching order has strong bootstrap 

support with values greater than or equal to 95%.  The node connecting the DcsA and 

CcsA1 clade as a sister group to plant sequences has moderate bootstrap support.  TcsA 



 180

and the putative cellulose synthase from A. fumigatus are shown as prior branching, 

independent sister sequences to the CcsA/DcsA/CesA. This placement, however, has 

relatively low bootstrap support. 

In order to confirm that the topology of the cellulose synthase clade was not 

influenced by the presence of partial sequences and highly divergent sequences from 

other PBGT, a second tree was generated. Partial sequences from C. reinhardii and 

Synechococcus sp. PCC 7002 were eliminated.  Additionally, all sequences falling 

outside the cellulose synthase grouping were eliminated, with the exception of sequences 

from Csl’s A and C (the nearest outgroup), which were used to root the tree.  The 

topology of the cellulose synthase tree (Figure 2) is identical to that of the PBGT tree 

with a substantial increase in bootstrap support for the nodes comprising the CcsA1/DscA 

clade and the placement of this clade as sister to the CesA lineage.  Bootstrap support for 

the placement of TcsA and the putative cellulose synthase of A. fumigatus at the base of 

the clade is also substantially increased to a level of moderate support. 

A2.3. DISCUSSION 

 By rooting the PBGT tree with a sequence from D. radiodurans, it was possible to 

establish branching orders of enzymes and to elucidate relationships of cellulose 

synthases and Csl proteins.  Previous trees have shown plant Csl’s A and C, together with 

DcsA and/or BcsA’s, comprising a sister clade to the CesA lineage.  In these trees, the 

CesA lineage is depicted as having a unique common ancestor to the exclusion of non-

plant cellulose synthases (Richmond and Somerville, 2000; Favery et al., 2001). In 

contrast, the data from this study shows that Csl’s A and C exist as an ancestral sister 

clade to all known cellulose synthases, arising from the root of the tree nearer the time of 

the divergence of chitin synthases and HAS.  Furthermore, the topology of both trees 
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shows a unique common ancestor for CcsA1, DcsA, CesA, and Csl proteins G, E, B, and 

D/F and demonstrates a clear order of divergence from the ancestral enzyme through 

Csl’s to CesA.  Significantly, the PBGT tree identifies a unique common ancestor of 

these lineages shared by a sequence from Synechococcus sp. PCC 7002, a marine, 

unicellular cyanobacterium.  It is important to note here, that the sequence fragment from 

Synechococcus sp. PCC 7002 contains a CR-P region.  Additionally, a relatively recent 

acquisition of cellulose synthase is shown for D. discoideum from a close ancestor of (or 

possibly from within) the Nostocales (group IV cyanobacteria).  The only eukaryotic 

cellulose synthase sequences that do not show clear cyanobacterial ancestry are from C. 

intestinales and A. fumigatus.  Their placement between the BCS group and the CesA 

lineage is inconsistent with current theories of species evolution (Baldauf et al., 2000) 

and thus, indicates the probability of LGT. The source of such a transfer is ambiguous, 

however.  Sequence similarities from pairwise alignments for both TcsA and the putative 

cellulose synthase of A. fumigatus are also ambiguous. The best blast hits for both 

sequences are with putative cellulose synthases from T. elongatus (cyanobacterium) and 

S. meliloti (α proteobacterium).  The pairwise alignments show no significant difference 

in expectation values when compared to the cyanobacterial or proteobacterial sequences. 

 The division of the BCS group into 3 simultaneous branching lineages makes 

elucidation of the earliest prokaryotic cellulose synthase impossible. However, some 

phylogenies have shown low GC gram positive bacteria (Firmicutes) branching prior to 

cyanobacteria and proteobacteria (Gupta and Griffiths, 2002).  Additionally, one member 

of the Firmicutes, Sarcina ventriculi, has been shown to produce cellulose II (Roberts, 

1991).  It has been postulated that biosynthesis of cellulose II (which exists at lower 
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energy state than the metastable cellulose I allomorph) could be accomplished with a 

lower level of organization of terminal complexes (TCs) than is necessary for the 

synthesis of cellulose I (Roberts et al., 1989).  A lower degree of complexity would be 

consistent with an ancestral state for cellulose synthesizing enzyme complexes. 

Therefore, Firmicutes are attractive candidates as the possible originators of prokaryotic 

cellulose synthases.  Groupings of taxa are generally consistent with regard to phyla.  

Two exceptions are sequences of F. succinogenes (branches within the Firmicutes) and 

the hyperthermophilic A. aeolicus (branches at the base of the α Proteobacteria).  It is 

possible that the positions of both of these sequences are due to LGT.  It is interesting to 

note, however, that it has been suggested that A. aeolicus is not an early branching 

lineage, but instead is closely related to the ε Proteobacteria (Cavalier-Smith, 2002).  Our 

results are consistent with this hypothesis. 

 As described previously, cyanobacteria are shown to have three classes of 

PBGT’s.  Two of these lineages (CcsA1 and CcsA2) form sister clades to known 

cellulose synthases of eukaryotes and prokaryotes, respectively.  It is interesting to note 

that N. punctiforme possesses proteins from all three groups of PBGT’s.   Because N. 

punctiforme is capable of differentiation into multiple cell types (Cohen et al., 1994), it is 

possible that these genes for these enzymes are expressed differentially within individual 

cell types, similar to expression of CesA proteins in vascular plants.  

 The placement of Csl’s A and C implies that these enzymes existed in the 

eukaryotic ancestors of plants prior to the acquisition of cellulose synthase.  This 

relationship is underscored by the presence of a sequence from C. reinhardii, a non-

cellulose producing Chlorophyte (Graham and Wilcox, 2000 p. 415), at the base of this 
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clade.  Furthermore, the placement of this group as distinct from cellulose synthases 

implies that these enzymes probably possess different catalytic activity from members of 

the cellulose synthase group.  This is consistent with extant data suggesting that members 

of the CslC group are xylan synthases (Somerville and Cutler, 1998).  From an 

evolutionary perspective, the real significance of the position of this group is that it arose 

from an ancestral protein distinct from that of the CesA lineage, and therefore, these 

groups are not paralagous. 

 The positioning of DcsA as emerging from a more recent ancestor of the 

Nostocales is not in conflict with phylogenies placing D. discoideum as diverging at 

nearly the same time as plants just before Metazoa and Fungi (Baldauf and Doolittle, 

1997).  The position of DcsA as a sister to the Nostocales grouping has strong bootstrap 

support and is consistent with similarities observed in pairwise alignments which show 

DcsA to be significantly more similar to CcsA1 sequences than any other sequences in 

the database (expectation values are > 10-17 less than the next most similar sequence).  

Additionally, the presence of a CR-P region (Delmer, 1999; Blanton et al., 2000), shared 

only by plant and cyanobacterial sequences, reinforces a close relationship of DcsA to 

this group. 

 It is well established that plastids originated from the endosymbiotic capture of an 

ancestral cyanobacterium (Delwiche et al., 1995; Palmer, 2003; Cavalier-Smith, 2000).  

Furthermore, there exists a great deal of evidence that many genes from plastids have 

been transferred to the nuclei of plants (Martin et al, 1998; Martin et al., 2002; Figge et 

al., 1999; Martin and Scharrenberger, 1997; Rujan and Martin, 2001).  A recent 

publication shows that approximately 4,500 protein-coding regions in the A. thaliana 
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genome (roughly 18% of the total) are the result of synologous transfer from the 

cyanobacterial ancestor of plastids (Martin et al., 2002).  The study also found that N. 

punctiforme showed greater sequence similarity to the A. thaliana genome than 

unicellular cyanobacteria, implying a close relationship of the Nostocales to the ancestral 

plastid.  This finding is consistent with the previous placement of CcsA1 sequences as a 

sister group to CesA proteins (Nobles et al., 2001) and with the observed topology of the 

trees generated in this study, which shows CcsA1 sequences from four strains of Nostoc 

as a sister group to the entire plant cellulose synthase family (PCS). 

 Establishment of a direct, stepwise, line of descent between a cyanobacterial 

precursor and CesA’s with Csl’s G, E, B, and D/F as intermediates has important 

implications for the evolution of cellulose synthase.  This is particularly true in the green 

algal lineage, but also in the other primary endosymbiotic lineages (Glaucophytes and 

Rhodophytes).  The terminal complexes of primitive ulvophyceaen algae such as Valonia 

and Boergesenia forbesii possess linear TC’s, which bear a greater morphologic 

resemblance to the TC structures seen in prokaryotes than to the rosette TC’s observed in 

the Streptophyta (Tsekos 1999).  Furthermore, Western Blots and immunostaining have 

demonstrated that CesA antibodies, which label CesA proteins (Kimura et al., 1999), fail 

to label proteins in B. forbesii (Laosinchai, 2002; Jin Nakashima, unpublished results this 

lab).  These differences in morphology and the immunochemistry suggest the presence of 

a very different enzyme complex and catalytic subunit than is found in vascular plants.   

The three earliest emerging Csl groups (G, E, and B), which range in size from 

722 to 759 amino acids (Richmond and Somerville, 2001), are more similar in size to 

cyanobacterial and other prokaryotic cellulose synthase sequences than to CesA proteins.  
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Based on the relatively early divergence of these Csl proteins from a shared immediate 

common ancestor of DcsA and CcsA1, it is possible that similar proteins once functioned 

as cellulose synthases in the Chlorophytes.  Given this scenario, one would then expect 

the gradual evolution from linear to Rosette TC’s to be paralleled by the evolution of 

ancestral CslG proteins to CesA proteins.  Although it is unlikely that enzymes from all 

Csl groups within the PCS clade function as cellulose synthases in modern plants, it is 

reasonable to assume that their common ancestry implies some conservation of function.  

Thus, it seems likely that most, if not all, of the members of this family function as β-

glucosyltransferases.  This hypothesis is given some credence by evidence that a CslD 

protein in N. alata functions as a cellulose synthase (Doblin et al., 2001). 

The synologous transfer of cellulose synthase from the cyanobacterial ancestor of 

plastids begs the question:  If cellulose synthase was acquired from the endosymbiotic 

event that gave rise to plastids, why do many of the Chlorophyta lack a cellulosic cell 

wall?   This is a valid question because cellulose biosynthesis is absent in the 

Prasinophyceae, and sporadically distributed in the Chlorophyceae, Trebouxiophyceae, 

and Ulvophyceae.  One explanation is secondary loss after acquisition.  However, the 

lack of cellulose biosynthesis among these groups could also be explained by the failure 

of the ancestral cyanobacterial cellulose synthase gene to incorporate into the genomes of 

some members of the Chlorophyta.  The earliest branching members of the Chlorophyta 

are the Prasinophyceae, followed, in order of divergence, by the Chlorophyceae, 

Trebouxiophyceae, and the Ulvophyceae (Bhattacharya and Medlin, 1998).  The earliest 

emerging lineage lacks cellulose entirely; the Chlorophyceae and Trebouxiophyceae 

contain relatively few taxa which are known to produce cellulose; while the 



 186

Ulvophyceaen clade is composed largely of algae with cellulosic cell walls. Based on 

distances observed in species trees (Bhattacharya and Medlin, 1998) and the distances 

separating the PCS clade from the ancestral cyanobacterial node, integration of cellulose 

synthase appears to have taken quite a long time. 

A different evolutionary path for Chlorophyte cellulose synthases may lie in the 

position of the Prasinophyte, Mesostigma viride within the green lineage.  Prasinophytes 

are unicellular, flagellated green algae covered with nonmineralized scales. All known 

Prasinophytes lack a cellulosic cell wall (Graham and Wilcox, 2000).  A number of tree 

reconstructions have placed this alga at the base of the Streptophytes (Bhattacharya and 

Medlin, 1998; Bhattacharya et al., 1998; Karol et al., 2001).  This finding suggests that 

all organisms with Rosette TC’s evolved directly from an ancestor that does not produce 

cellulose.  In order to remain consistent with the scenario of cellulose synthase evolution 

given above, one would have to assume secondary loss and regain of the ability to 

synthesize cellulose.    A less complicated and possibly more plausible explanation is 

independent functional incorporation of cellulose synthase in the Chlorophyte and the 

Streptophyte lineages - The independent development of linear and Rosette TC’s.  While 

the availability of sequences from vascular plants and the Zygnemophycean alga 

Mesotaenium caldariorum have allowed us to show a shared cyanobacterial ancestor 

between the cellulose synthases of Streptophyta and the CcsA1 clade, no sequences are 

available from any member of the Chlorophyta.  Although it is possible that cellulose 

synthases in both lineages of the Viridiplantae originated from CcsA1 proteins, at this 

time, there is no direct link between the CcsA1 group and the cellulose synthases of 

cellulose producing Chlorophytes.  An independent evolution of cellulose synthesizing 
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complexes in the Streptophyta and the Chlorophyta opens the possibility of the 

independent acquisition of the cellulose synthase catalytic subunit.  The cellulose 

synthases in the Chlorophyceae could have evolved from the lateral transfer of a protein 

from the cyanobacterial CcsA2 clade or from another BCS group.  Such an independent 

incorporation would be compatible with apparent differences in linear and rosette TC’s. 

 The origin of plastids from an ancestral cyanobacterium gives a clear vector for 

the inter-kingdom transfer of genetic material from cyanobacteria to plants.  The route is 

less clear in the case of the non-photosynthetic D. discoideum.  Cyanobacterial genes 

have been discovered in other non-photosynthetic eukaryotes believed to have 

secondarily lost plastids (Andersson, 2002).  However, there is no evidence that D. 

discoideum ever possessed plastids.  Therefore, the transfer of a cyanobacterial cellulose 

synthase to this organism must be explained in terms of a xenologous transfer, possibly 

occurring when close ancestors of modern Nostoc were ingested as food.  A gene 

replacement ratchet has been proposed that would explain the mechanism for such a 

transfer (Doolittle, 1998). 

 The position of sequences of C. intestinalis and A. fumigatus at the base of the 

eukaryotic/cyanobacterial grouping is suggestive of synologous transfer from the 

ancestral mitochondrion.  The similarity of these sequences to sequences from α 

Proteobacteria is consistent with this conclusion.  However, there are inconsistencies 

which raise serious doubts about the plausibility of such an assumption.  C. intestinalis 

and tunicates are chordates and are therefore, late evolving organisms.  An ancient 

transfer of cellulose synthase from mitochondria is not consistent with the lack of 

cellulose synthases in any other known Metazoan.  The presence of a gene that shows 



 188

similarity to cellulose synthases in A. fumigatus is extremely interesting and thus far 

unique amongst known fungal sequences.  While fungi are known to produce chitin, to 

this point none have been definitively shown to produce cellulose.  Again, an ancient 

transfer from the mitochondrion is inconsistent with the lack of similar genes in other 

Fungi.  The most plausible explanation for both cases is a relatively recent LGT.  A 

recent transfer would explain the relatively deep placements and short branches off of the 

base.  Unfortunately, the source of such a transfer is ambiguous since sequences from 

both C. intestinalis and A. fumigatus do not branch as close sister clade to any other 

cellulose synthase group.   Additionally, both have roughly equal similarities to 

sequences from distinct from two distinct groups of BCS’s (Proteobacteria [S. meliloti] 

and Cyanobacteria [T. elongatus]).    

 It is clear that cyanobacteria have played a significant role in the evolution of 

cellulose synthase among eukaryotic organisms.  The results of the present phylogenetic 

analyses clearly demonstrate that the origins of the CesA clade in vascular plants 

(including the Zygnemophycean alga M. caldariorum) and the cellulose synthase of D. 

discoideum reside within the cyanobacterial lineage.  Unfortunately, the lack of sequence 

data precludes the elucidation of the evolutionary paths of cellulose synthase in tunicates, 

Fungi, Chlorophyta, Rhodophytes, Glaucophytes, and Lobosa (e.g. Acanthamoeba spp.).  

The results presented here, however, suggest that cellulose synthase was invented only 

once (in the prokaryotic lineage) and was obtained by all kingdoms of Eukaryota by 

mean of LGT. 
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A2.4. MATERIALS AND METHODS 

PCR and Sequencing 

Two strains of Nostoc, previously shown to synthesize cellulose, Nostoc 

muscorum UTEX 2209 and Nostoc muscorum UTEX 1037 (Nobles et al., 2001), were 

chosen for sequencing of cellulose synthases.  Genomic DNA was isolated as previously 

described (Fiore et al., 2000).  The primer pair CcsA-Forward (GCTTGTGGCGACCT-

TTAGT) and CcsA-Reverse (GATCGCATATTGTTCAGAACG) was used to amplify 

regions of approximately 1.5 kb from both strains. Reactions were performed in 25 ul 

volumes as follows:  1.5 mM MgCl2, 0.2 mM dNTP, 0.5 uM each primer, 100 ng of 

genomic DNA, and 0.625 U of Amplitaq Gold DNA polymerase.  Reactions were 

incubated at 94˚C for 5 min followed by 30 cycles of 94˚C-30s, 55˚C-1 min, and 72˚C-

1min.  This was followed by a 7 min extension at 72˚C and a 4˚C soak.  Bands purified 

using the Qiagen gel purification kit were sequenced by the DNA core facility at the 

University of Texas at Austin.   

Published Sequences 

Processive PBGT were identified from online databases using BLAST (Altschul 

1990).  The sequences from the following taxa were obtained from the NCBI database 

(Sequences are grouped by category shown in bold print, accession numbers are shown in 

parenthesis):   BcsA -- Sinorhizobium meliloti (CAC48777), Aquifex aeolicus 

(NP_213971), Rhizobium leguminosarum (AAD28574), Agrobacterium tumefaciens str. 

C58 (Cereon) (AAK90083), Gluconacetobacter (Acetobacter) xylinus (BAA77585),  

Salmonella typhimurium (CAC44015), Escherichia coli K12 (AAC76558),  

Xanthomonas axonopodis (21244243), Clostridium acetobutylicum (NP_348113), 

Clostridium acetobutylicum (NP_348188), Thermosynechococcus elongatus BP-1 
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(NP_682585), Thermosynechococcus elongatus BP-1 (NP_680798), Synechococcus sp. 

PCC 7942 (CAD55610), Nostoc sp. PCC 7120 (NP_487797), DcsA -- Dictyostelium 

discoideum (AAF00200), CesA -- Mesotaenium caldariorum (AAM83096), Arabidopsis 

thaliana (T51579), Populus x canescens (AAC78476), Zea mays (AAF89961), 

Gossypium hirsutum (T10797), Nicotiana alata (AAK49454), Oryza sativa 

(AAK27814), CslD/F -- Oryza sativa (AAK91320), Nicotiana alata (AAK49455), 

Arabidopsis thaliana (AAG60543), Oryza sativa (BAA93027.1),  CslE -- Arabidopsis 

thaliana (NP_175981), Oryza sativa (AAL25129), CslB -- Arabidopsis thaliana 

(AAC25936.1), Arabidopsis thaliana (AAC25943.1), Arabidopsis thaliana (AAC25935), 

Arabidopsis thaliana (AAC25944), CslG -- Arabidopsis thaliana (CAB43901), 

Arabidopsis thaliana (CAB43899), Arabidopsis thaliana (CAB43900), Nostoc sp. PCC 

7120 (NP_487797), CslA – Oryza sativa (AAL25128), Oryza sativa  (AAL25127), CslC 

-- Oryza sativa  (AAL32452), Oryza sativa  (AAL38535), Cicer arietinum (CAB88664), 

Arabidopsis thaliana (AAD23884), Arabidopsis thaliana (CAB79877), Chitin/HAS 

group -- Synechocystis sp. PCC 6803 (NP_441574), Nostoc sp. PCC 7120 (NP_488973), 

Escherichia coli K12 (AAC74107), Ralstonia solanacearum (CAD17439), 

Staphylococcus aureus subsp. aureus N315 (BAB43764), Lactococcus lactis subsp. lactis 

(AAK04974), Bacillus halodurans (BAB05950), Bacillus subtilis (D69769), Pyrococcus 

abyssi (NP_127255), Phaeosphaeria nodorum (CAB41508), Aspergillus nidulans, 

(BAA04806), Paracoccidioides brasiliensis (CAA70433), Candida albicans (P23316), 

Saccharomyces cerevisiae (NP_009594), Aedes aegypti (AAF34699), Drosophila 

melanogaster (NP_524209), Caenorhabditis elegans (NP_492113), Sulfolobus 

solfataricus (NP_342746), Streptococcus pneumoniae (AAC43312), Sulfolobus tokodaii 

(BAB67119), Thermoplasma volcanium (NP_111473), Azorhizobium caulinodans 

(JQ0396), Sinorhizobium meliloti (AAB95329), Burkholderia sp. STM678 (CAC42489), 
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Streptococcus pyogenes (Q54865), Paramecium bursaria Chlorella virus 1 

(NP_048446), Mus musculus (Q61647), Homo sapiens (Q92819). 

Sequences were obtained from other genome databases as follows: 

The Joint Genome Institute:  Ciona intestinalis, Rhodobacter sphaeroides, Burkholderia 

fungorum, Nostoc punctiforme, Synechococcus sp. WH8102, Chlamydomonas reinhardii, 

Pentococcus pentoaceus, Azotobacter vinelandii.  

The Institute for Genomic Research: Pseudomonas putida, Pseudomonas syringae, 

Burkholderia mallei, Aspergillis fumigatus, Fibrobacter succinogenes, Lysteria 

monocytogenes. 

The Washington University Consortium:  Klebsiella pneumoniae. 

The Sanger Institute:  Burkholderia pseudomallei, Clostridium difficile, Yersinia pestis, 

Bordetella pertussis 

The Advanced Center for Genome Technology at The University of Oklahoma:  

Actinobacillus actinomycetemcomitans, Streptococcus mutans.  

Penn State University:  Synechococcus sp.  PCC 7002 

 

Sequence Alignment and Phylogenetic Analysis 

Initial multiple sequence alignments were prepared with ClustalX (Thompson et 

al., 1994) using the Gonnet protein weight matrix at default settings.  GeneDoc (Nicholas 

and Hugh, 1997) was used to remove ambiguously aligned regions and to manually reset 

misaligned regions. Two data sets were used. The first set consisted of sequences from 

several PBGT lineages and included 627 characters from 97 operational taxonomic units 

(OTU’s).  The second data set included only cellulose synthases (known and putative) 

and plant Csl’s.  This matrix included 602 characters from 57 OTU’s.  Maximum 

Parsimony (MP) analyses were performed using PAUP* V4.0b10 (Swofford, 2002).  MP 



 192

trees were inferred using a heuristic search with 100 random input orders.  All analyses 

were performed using the tree bisection-reconnection branch swapping algorithm (TBR).   

The PROTPARS step matrix for amino acids was used as a substitution model.  A second 

step matrix was included in order to define gap costs.  Insertions were assigned a cost of 

0.2 and deletions cost of 10 (equivalent to the gap insertion and extension penalties 

assigned in the alignment weight matrix). Data was formatted as interleaved and gaps 

were treated as a 21st amino acid sequence (Phillips et al, 2000).  All characters were 

unordered and unweighted. Sequences from Synechococcus sp. PCC 7002 and 

Chlamydomonas reinhardii lacked U2-U4 and regions U1-U2, respectively.  The missing 

data from these sequences was treated as such in MP analyses.  Trees containing all 

groups of β-glycosyltransferases were rooted with a putative PBGT sequence from D. 

radiodurans, which is believed to branch prior to other taxa in this study (Cavalier-Smith, 

2002).  The U1-U3 regions were conserved in the D. radiodurans sequence. In the U4 

region, however, only the tryptophan residue was conserved (possibly an ancestral state 

for PBGT sequences).  Trees limited to the cellulose synthase group were rooted with 

sequences from CslA and CslC based on inference from the larger tree. MP trees were 

evaluated with 1000 bootstrap trials with a heuristic search and simple addition.  

Additionally, the phylogenetic signal of both data sets were evaluated by comparing the 

skewness of length frequency distribution of 100,000 randomly generated trees with the 

most parsimonious ones.   
 

 



Figure A2.1.  50% majority rule consensus tree of diverse BGT’s.   
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The results of bootstrap analyses (1000 replications) of MP trees are shown to the left of 
nodes.  The root of the tree is connected to the branch from a putative BGT from D. 
radiodurans. Abbreviations: BCS - bacterial cellulose synthase, PCS – plant cellulose 
synthase. Accession numbers for sequences from groups in which more than one 
sequence appears from the same organism are shown below:  O.sativa A1-(AAL25127), 
O.sativa A2- (AAL25128), O.sativa C1- (AAL32452), O.sativa C2- (AAL38535), C. 
arietinum-(CAB88664), A. thaliana C1-(AAD23884), A. thaliana C2-(CAB79877), O. 
sativa F1-(AAK91320), N. alata D1-(AAK49455), A. thaliana D2-(AAG60543), 
O.sativa F2-(BAA93027.1), A. thaliana B4-(AAC25936), A. thaliana B2-(AAC25943), 
A. thaliana B3-(AAC25944), A. thaliana B1-(AAC25935), O. sativa E-(AAL25129), A. 
thaliana E-(NP_175981),  A. thaliana G1-(CAB43899), A. thaliana G2-(CAB43900), A. 
thaliana G3-(CAB43901), C. acetobutylicum 1 – (NP_348113.1), C. acetobutylicum 2 – 
(NP_348188.1), T. elongatus  1 – (NP_682585), T. elongatus 2- (NP_680798).  For 
sequence references of other positions see the Experimental section. 
 
 



 
 
 
 

Figure A2.2.  50% majority rule consensus tree of the cellulose synthase lineage.   
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The results of bootstrap analyses (1000 replications) of MP trees are shown to the left of 
nodes.  The root of the tree is connected to the branch emanating from the Csl A and C 
proteins as inferred from the BGT tree.  Abbreviations: BCS - bacterial cellulose 
synthase, PCS – plant cellulose synthase. Accession numbers for sequences from groups 
in which more than one sequence appears from the same organism are shown below:  
O.sativa A1-(AAL25127), O.sativa A2- (AAL25128), O.sativa C1- (AAL32452), 
O.sativa C2- (AAL38535), C. arietinum-(CAB88664), A. thaliana C1-(AAD23884), A. 
thaliana C2-(CAB79877), O. sativa F1-(AAK91320), N. alata D1-(AAK49455), A. 
thaliana D2-(AAG60543), O.sativa F2-(BAA93027.1), A. thaliana B4-(AAC25936), A. 
thaliana B2-(AAC25943), A. thaliana B3-(AAC25944), A. thaliana B1-(AAC25935), O. 
sativa E-(AAL25129), A. thaliana E-(NP_175981),  A. thaliana G1-(CAB43899), A. 
thaliana G2-(CAB43900), A. thaliana G3-(CAB43901), C. acetobutylicum 1 – 
(NP_348113.1), C. acetobutylicum 2 – (NP_348188.1), T. elongatus  1 – (NP_682585), 
T. elongatus 2- (NP_680798).  For sequence references of other positions see the 
Experimental section. 
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