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Bacterial cellulose produced by Gluconacetobacter xylinus possesses an abundance of desirable 

properties which allow for commercial applications in manufacturing, construction, medicine, as 

a biofuel feedstock and in electronics as an electrical insulator.  Large scale production methods 

are currently limited by expensive media and requirements for sterile conditions.  This thesis 

investigates the potential for using cellulose synthesized by cyanobacteria as an alternative.  

Cyanobacteria require fewer media components, fix atmospheric carbon dioxide, and some 

species fix atmospheric nitrogen, reducing the demand for fertilizer and lowering contamination 

potential.  In this study, a suite of genes involved with cellulose synthesis in G. xylinus were 

successfully transferred to into the unicellular cyanobacterium, Synechococcus elongatus. 

Cellulose synthesis was increased in multiple transgenic strains by 300-400% and cellulose 
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microfibrils were observed with enhanced crystallization upon addition of the acsCD transgene 

from G. xylinus. The evolutionary history of the proteins involved in cellulose synthesis was also 

investigated, with particular interest paid toward the catalytic subunit.  It was determined that 

all current organisms with the capability of cellulose assembly possess synthases from a single 

ancestral origin at least 2.5 billion years ago.  This work provides additional support to the 

theory that vascular plants acquired cellulose synthases from cyanobacteria. 
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CHAPTER 1 - INTRODUCTION 

The ubiquity of cellulose 

Cellulose is the most abundant macromolecule on the planet with 1011 tons produced annually 

[6]. This vast scale of production, along with cellulolytic activity from soil microbes and the guts 

of animals is one of the greatest material flows in the biosphere. Cellulose is a gigantic carbon 

sink [8], and may be an important molecule to reduce or reverse the escalating carbon flow into 

the atmosphere.  The majority of cellulose production utilized by humans comes from vascular 

plants, but cellulose is also produced by algae, bacteria, fungi and even animals [9]. As the 

principal component of paper and cotton, cellulose is an essential molecule in society today. The 

global paper industry manufactured $357 billion worth of product in 2008 [10], and cotton is a 

$25 billion industry in the United States alone [11].  Other industries that depend on cellulose 

include lumber, cosmetics, nutrition and general agriculture.  Cellulose comprises 35-50% of the 

dry weight in most plants [12]. Despite the obvious economic value of cellulose, the mechanisms 

involved with its biosynthesis, including polymerization and especially crystallization are 

surprisingly poorly understood [13].  

While trees and cotton are the most abundant terrestrial cellulose producers, other sources are 

currently being considered primarily for their potential as bioethanol feedstocks.  Crops such as 

corn stover, switchgrass, poplar and sorghum as well as waste products from traditional crops 

often contain large amounts of cellulose which can be broken down into glucose prior to 

fermentation [14]. Though these sources may be abundant, environmentally and energetically 

favorable techniques for breakdown and/or isolation of cellulose have been underwhelming.  In 

addition to use as a biofuel precursor, pure cellulose has myriad uses in the fields of medicine, 
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Figure 1-1. Gluconacetobacter xylinus cellulose. (A) Scanning electron micrograph of 

meshwork cellulose. (B) Transmission EM of bacterium with single cellulose ribbon [3]. 

construction, food and art [15].  Advancing development of a new, high yield and 

environmentally sustainable crop of pure cellulose is the primary objective of this research. 

Bacterial cellulose & Gluconacetobacter xylinus 

Bacterial cellulose differs from plant cellulose by its chemical purity (containing no hemicellulose 

or lignin), has a higher capacity to hold water, and a greater tensile strength [16].  It has many 

desirable properties which allow for commercial applications in manufacturing, construction, 

medicine, as a biofuel feedstock and electronics as an electrical insulator. Using methods from 

paper processing, bacterial cellulose preforms have been made that provide a renewable 

alternative to traditional composite materials with high rigidity, strength and durability [17].  

The gram-negative bacterium, Gluconacetobacter xylinus is the most prolific producer of 

bacterial cellulose known, polymerizing up to 108 glucose molecules cell-1 hr-1 [18].  It is a model 

system for cellulose synthesis, but the requirement of rich media for culture and relatively 

modest growth rate make it expensive to produce at scale and leave cultures prone to 

contamination. 
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Cyanobacteria 

Formerly referred to as blue-green algae, cyanobacteria are one of the most ancient, abundant 

and important phyla on Earth.  Cyanobacteria are responsible for the great oxygenation event 

that occurred approximately 2.3 billion years ago, giving rise to the oxygen in Earth’s 

atmosphere that makes complex life possible [19].  Because cyanobacteria can fix carbon 

dioxide from the atmosphere, engineering them to make useful products could combat rising 

carbon dioxide levels while providing an economic benefit.  Many species are also able to fix 

atmospheric nitrogen, affecting aquaculture in two significant ways. (1) Nitrogen fixing 

cyanobacteria do not require energetically expensive and environmentally damaging fertilizer 

and (2) the lack of biologically available nitrogen drastically limits the possibility of 

contamination in open air culture.  It can be argued that cyanobacteria are the most successful 

group of organisms on Earth.  They are the most genetically diverse, can be found in every 

ecosystem.  Cyanobacteria are integral to both the carbon and nitrogen flux cycles of the planet 

and are a primary food source in marine and freshwater environments [20-22]. Although 

incredibly diverse, just one genus of cyanobacteria, Prochlorococcus, accounts for more than 

half of the photosynthesis in the open ocean [23], accounting for about 25% of oxygen evolving 

photosynthesis on Earth [24]. 

Cellulose in cyanobacteria 

Cellulose was first discovered in cyanobacteria only fairly recently in 2001[25] and since then 

has not been a primary focus of research.  This cellulose however, usually is produced at very 

low levels (1.5% of total weight maximum), and often exists as part of a complex extracellular 

matrix [26] resulting in similar issues for purification and digestion as in higher plants.  Some 
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filamentous cyanobacteria produce an extracellular sheath consisting of proteins and 

exopolysaccharides including cellulose, similar in appearance to the cell wall of higher plants.  

This sheath functions to protect the cyanobacteria cells from UV light and other environmental 

agonists, for adherence to substrates and for motility [27, 28]. 

Evolutionary origin of cellulose 

In evolutionary time, we only possess a very small snapshot of history, and finding sequences for 

ancestors of current organisms can be exceedingly difficult.  This is especially true when 

considering the timescales of many ubiquitous proteins that dominate in certain kingdoms or in 

all of life.  Evidence suggests that early life phylogenies resembled a web much more than a tree 

as often illustrated [29]. Horizontal gene transfer seems to have been a more common 

occurrence as life began to take hold on Earth [30]. This makes determining evolutionary origins 

of ancient proteins that may have evolved prior to the dominance of vertical gene transfer 

incredibly difficult.  Land plants have a diverse family of cellulose synthase catalytic subunits 

(CesA) and cellulose synthase-like (CslA/B/C/D/E/F/G/H/J/G) subunits which are hypothesized to 

have originated from gene duplication in an ancient land plant, after the split from green 

algae[31].  Green algal csl genes most closely resemble the CslA and CslC families, which in turn 

are closely related to each other in higher plants [31]. Presumably the remainder of the Csl and 

Ces families could have evolved after the split from green algae via gene duplication.  This 

hypothesis is consistent with the two distinct types of terminal complexes (TC): the linear TC, 

found in bacteria, cyanobacteria and many algae, and the rosette TC found in vascular plants 

[13, 32].  This history leads to the question of where green algae originally acquired cellulose 

synthase, and for that we need to go further back into evolutionary history. 
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Cellulose synthase in vascular plants has been suggested to be of cyanobacterial origin [25].  

Cyanobacteria are indeed ancient organisms, dating back to at least 2.8 billion years ago[33].  

Some families of cellulose synthases in cyanobacteria, particularly the Nostocales, show a 

particular resemblance to that of higher plants, displaying phylogenies similar to the relationship 

of 16s RNA of chloroplasts and cyanobacteria [9].  It has been shown that some Arabidopsis 

cellulose synthases share sequence similarity with bacterial cellulose synthase [34].  Plant 

cellulose synthases possibly originated in a cyanobacteria-like plastid and were subsequently 

transferred to the nucleus [25, 35]. However, no known plastid sequences to date contain genes 

for cellulose synthesis, so if this is indeed the case, it must have happened long ago [36].  

Cellulose synthases have been predicted by sequence homology in Archaea [37] as well, and 

many Archaea are known to use cellulose as an energy source [38], like many fungi and bacteria.  

However, it is likely that these genes were acquired by horizontal gene transfer after the 

development of cellulose cell walls to exploit a new food source [39] by fermenting cellulose 

into methane in anaerobic environments. 

The evolutionary origin of additional components involved in bacterial cellulose synthesis has 

not been established prior to this research.  I will focus on the known components of the 

bacterial terminal complex (TC) and accessory proteins in Gluconacetobacter xylinus for 

reference, namely AcsC, AcsD, CcpA, CmcA, and β-glucosidase.  All these proteins have been 

established as either essential for cellulose synthesis (AcsC, CcpA, CmcA)or involved in efficiency 

of synthesis, as noted by dramatic decrease in cellulose production in mutant strains (AcsD, β-

glucosidase) [40].   
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Components of Gluconacetobacter xylinus cellulose synthase 

 

The cellulose synthase operon 

The cellulose synthase operon in Gluconacetobacter xylinus consists of 3 (or 4) genes contained 

in a little over 9.0kb of coding DNA [41].  AcsAB (BcsAB in other bacteria [16], which is 

sometimes two genes, but only one in the strain mentioned in this work, AY201) is highly 

conserved in organisms that produce cellulose.  G. xylinus also contains two additional subunits, 

AcsC (BcsC in other bacteria) and AcsD (BcsD in bacteria [16]). The catalytic domain is contained 

in AcsAB, which has the ability to bind and polymerize the substrate, UDP-glucose with a β-1,4 

linkage into the growing polymer chain.  It is characterized by a highly conserved DxD motif at 

the active site, thought to be involved in the binding of UDP-glucose [42, 43]. The proposed 

mechanism is surprisingly simplistic, requiring no additional factors beyond the enzyme, 

substrate and a weakly saline environment, in vitro to polymerize twisted cellulose fibers [44].  

Figure 1-2. Organization of cellulose related genes.  In G. xylinus, genes involved in 

cellulose synthesis are grouped in at least three sequential operons.  CmcA and bglA are 

both cellulases. The primary operon consisting of acsABCD contains the catalytic subunit 

and pore proteins of the TC.  CcpA is essential for in vivo cellulose synthesis but its function 

is unknown[5]. Additional genes at distant loci are also required for cellulose synthesis in 

vivo. 
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In the cell however, synthesis is more tightly controlled, requiring three additional proteins in 

the TC and an essential signaling molecule. 

 AcsC is essential for cellulose production in vivo, and contains multiple hydrophobic 

transmembrane domains and is thus thought to form all or part of the pore complex through 

the outer membrane, but its exact function remains unknown [40].  The crystal structure of 

AcsD was recently solved [45] and was shown to assemble into an octamer with four separate 

passageways for the extrusion of individual glucan chains.  The dominant hypothesis is that AcsD 

aids in aligning the glucan chains properly for crystallization into microfibrils or for proper 

orientation through the outer membrane pore [40, 46].  

 

Cellulose complementing protein A (ccpA) 

CcpA is the gene immediately upstream on the primary cellulose synthase operon, but is likely 

transcribed alone based on proximity to other genes.  Studies [5, 40]have indicated that it is 

essential for cellulose production in G. xylinus.  The predicted protein is transcribed from only 

189 base pairs of DNA, resulting in a 7 kDa protein consisting of 63 amino acids.  This may not be 

accurate however, as attempts to complement a ccpA knockout required including 

approximately 500 base pairs upstream of the predicted start codon in order to recover 80% of 

the wt cellulose production[5].  Less cellulose was recovered as this upstream DNA was 

excluded from the complemented construct.  Alternatively, some sources [47]annotate CcpA as 

a much larger protein, one consisting of 353 amino acids. This moves the start codon all the way 

to the end of the previous gene, cmcA, also required for cellulose synthesis.  These two genes 

may then constitute an operon.  No significant homology exists to any known protein or folding 

domains when run through basic searches (PHYRE, PROSITE, BLAST).  It may be that CcpA acts as 
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scaffolding for the cellulose synthase complex or gluconases, which are also required for 

efficient synthesis. 

  

CmcA (endo-beta-1,4-glucanase) 

CmcA is an endo-β-1,4-glucanase that is secreted extracellularly and is essential for cellulose 

production [48].  Also, by addition of small amounts of a similar enzyme isolated from 

Trichoderma viride cellulose production can be stimulated.  Cellulases paradoxically play an 

important role in cellulose synthesis in all organisms known to produce it, including plants which 

have a membrane anchored endogluconase, KOR, that aids in biosynthesis of cellulose [49].  The 

mechanism for how hydrolyzing cellulose aids in production of cellulose is unclear both in 

bacteria and plants.  Although it is a secreted protein, immunostaining has shown that CmcA 

localizes preferentially with the cell surface [48], presumably where it interacts with the 

emerging cellulose polymer. 

 

β-Glucosidase  

β-Glucosidase is not essential for cellulose production in G. xylinus, but absence results in a net 

reduction of cellulose.  The presence of this gene immediately following the primary cellulose 

synthase operon suggests an important role in efficient cellulose production. β-Glucosidase 

cleaves cellulose polymers greater than two glucose residues in length.  Similar to CmcA, it is 

counterintuitive that cellulase presence is important for production of cellulose. In fact, over 

expression of β-Glucosidase in G. xylinus actually has been shown to increase net cellulose 

production by 10-fold in certain strains [50]. 
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Additional factors necessary for cellulose synthesis in G. xylinus: 

UDP-glucose phosphorylase  (GalU) 

GalU synthesizes UDP-glucose from glucose-1-phosphate and is highly conserved in bacteria.  G. 

xylinus contains a homolog but it has not been conclusively shown to be the primary source of 

UDP-glucose for cellulose production.  UDP-glucose also is a precursor for the synthesis of 

sucrose in the cyanobacteria genus, Synechococcus, and sucrose production in response to high 

saline media has been increased by the incorporation of galU from E. coli [51]. 

 

Cyclic dimeric guanosine monophosphate (c-di-GMP) 

In many Firmicutes and Proteobacteria, c-di-GMP serves as an important secondary messenger 

for virulence, formation of biofilms, motility and other cellular processes [52]. G. xylinus requires 

c-di-GMP for activation of cellulose production.  Binding of c-di-GMP to the PilZ domain on the 

conserved C-terminal region of AcsA stimulates cellulose production both in vivo [53] and in 

vitro [54]. 
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CHAPTER 2 – RESEARCH OBJECTIVES 

Pure cellulose has many useful properties including as a superior wound dressing in medicine 

[55], as the insulating layer in flexible supercapacitors [56] and as a construction material with 

high tensile strength [15].  Cellulose made by G. xylinus is excellent for these purposes, but 

requires expensive media components and is highly prone to contamination so scale up is 

difficult.  Cyanobacteria are an ideal system to replicate the cellulose production machinery 

found in G. xylinus, which would require minimal nutrient supplementation and have the ability 

to fix both atmospheric carbon and nitrogen.   

Primary Aims: 

(1) Construct a transgenic line of Synechococcus elongatus capable of synthesizing 

extracellular cellulose by incorporation of cellulose genes from G. xylinus. 

(2) Investigate known cellulose producing cyanobacteria and assess their usability as a 

source for commercial cellulose. 

(3) Further understanding of the evolution of cellulose synthase and related proteins, 

specifically in cyanobacteria as they are believed to be the origin of plant cellulose 

synthases. 

 

(1) As mentioned above, bacterial cellulose has many uses, and securing a realistically affordable 

supply could aid many fields in construction, medicine and energy.  In order to produce 

cyanobacterial cellulose at large scales, three properties are essential.  The ability to fix carbon 

dioxide is shared by all cyanobacteria, and all photosynthetic organisms alike.  This reduces the 
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cost dramatically when compared with Gluconacetobacter xylinus cellulose, which requires a 

glucose carbon supplement.  In addition to reduced cost, fixation of atmospheric CO2 could help 

reverse the trend of elevating carbon levels in the atmosphere.  Along with carbon fixation, 

some cyanobacteria such as Trichodesmium, Cyanothece and Anabaena sp. are able to fix 

atmospheric nitrogen as well [57].  This reduces and may possibly eliminate the need to fertilize 

cyanobacterial pools, and reduces possible contamination because most contaminating 

organisms require biologically available nitrogen for growth.  The third required property is an 

ability to survive a wide temperature range.  The cyanobacterial phylum is represented in nearly 

every ecosystem on Earth.  They can be considered extremophiles, and are found from Antarctic 

deserts to hot springs [20]. Thus, satisfactory species of cyanobacteria could be engineered for 

growth and cellulose production in nearly every part of the world. 

(2) It is possible that existing species of cyanobacteria could be adapted to produce acceptable 

levels of bacterial cellulose.   Therefore, I have investigated known cellulose producers within 

the phylum, recommended by Dr. David Nobles, curator of the UTEX Culture Collection of Algae.  

Previous studies have indicated that most extracellular cyanobacterial cellulose exists in a 

complex matrix of polysaccharides and proteins.  This may lead to similar problems seen with 

land plant based cellulose as extraction and purification can be energetically and economically 

expensive.  Also it is important to understand how cellulose is utilized in cyanobacteria in order 

to understand how cellulose evolved and the relationship of cyanobacterial cellulose to that of 

vascular plants. 

(3)Cellulose comprises up to half the dry weight in land plants [12], yet the origin of the 

molecular machinery which produces it remains unknown.  It has been suggested that a 
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cyanobacterial-like organism donated a primitive version of cellulose synthase through 

horizontal gene transfer [25].  This transfer could have occurred in two possible ways.  It could 

have occurred through a plastid or pre-plastid organelle after being successfully engulfed by a 

proto-eukaryotic cell, after endosymbiosis of a cyanobacterium during formation of a 

photosynthetic eukaryotic cell.  Alternatively, the transfer could have happened independently 

of endocytosis any time prior to the spread of land plants.  Since cyanobacteria are some of the 

oldest known organisms to synthesize cellulose [36], understanding how cellulose synthase has 

evolved in cyanobacteria could lead to greater understanding of how cellulose became so 

ubiquitous on Earth. 

Synechococcus elongatus as a system for genetic engineering 

Synechococcus is a genus of cyanobacteria found in both marine and freshwater environments, 

and is considered one of the most important picoplankton in both tropical and temperate 

oceans [58].  Various species are highly genetically diverse, but morphologically very similar.   

Synechococcus elongatus, used in this study, is a freshwater species found in temperate regions 

around the world.  It is naturally competent, likely acquiring exogenous DNA though a ComEC-

like system [59]and incorporating it into the genome via RecA mediated homologous 

recombination.  This ability makes it ideal for genetic manipulation in the lab.  Several neutral 

sites have been identified in S. elongatus [51, 60].  These genomic regions have been identified 

as locations susceptible to genetic modification with no resulting phenotypic effect. 

Synechococcus elongatus does not fix atmospheric nitrogen under normal conditions, though 

mutations allow nitrogen fixation to occur [61].   
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CHAPTER 3 - METHODS 

Strains used in this study 

G. xylinus AY201 is a derivative of G. xylinus ATCC 23769 and developed as a cellulose over-

producing isolate in the lab of Dr. R. Malcolm Brown Jr. at the University of Texas  Wild type (wt) 

Synechococcus elongatus was acquired from the Pasteur Culture Collection (PCC 7942).  

Cyanothece sp. was purchased from the American Type Culture Collection (ATCC 51142).  Other 

species of cyanobacteria were recommended by Dr. David Nobles, curator of the UTEX Culture 

Collection and pioneer of research into cyanobacterial cellulose.   

Alias Organism Source 

  Scytonema hofmanni UTEX 2349 

  Nostoc muscorum UTEX 2209 

  Anabaena sp. UTEX 2576 

  Gloeocapsa sp. UTEX L795 

  Cyanothece sp. ATCC 51142 

TSY1 (wt) Synechococcus elongatus  PCC 7942 

TSY6 Synechococcus elongatus  This study 

TSY11 Synechococcus elongatus  This study 

TSY12 Synechococcus elongatus  This study 

TSY13 Synechococcus elongatus  This study 

TSY14 Synechococcus elongatus  This study 

AY201 Gluconacetobacter xylinus RM Brown Lab 

 

Cyanobacteria growth conditions 

Unless otherwise noted, all cyanobacteria strains were grown in static liquid culture or on agar 

plates made from BG-11 media as previously described [62] except 5mM NaHCO3 was added to 

increase carbon flux.  10ug/ml spectinomycin and 7.5ug/ml chloramphenicol were added to the 

Table 3-1. Organisms used in this study  
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media prior to inoculation for transgenic strains of Synechococcus as required (See Table 4-1 for 

specific strains).  Cyanobacteria were maintained at 22°C under constant 24-hour illumination at 

approximately 400 lux with cool white fluorescent lighting.  For Synechococcus strains, cell 

density was determined by measuring absorbance at 750nm (OD750).  All assays were performed 

with log phase growth cells with OD750 < 1.0. 

Preparation of CBHI-Au complex 

Cellobiohydrolase I (CBHI) isolated from Hypocrea jeocornia (Sigma-Aldrich, St. Louis, USA) was 

conjugated to 5nm gold particles (Sigma) essentially as previously described [63].  Briefly, 100ul 

of 0.2mg/ml CBHI in sodium acetate buffer was mixed by inversion with 0.5ml of gold particle 

suspension, 50ul 5% NaCl, and 50ul of 1% polyethelyne glycol (Mr 20,000), sequentially.  The 

resulting mixture was centrifuged at 15,000g for 50 minutes and the red mobile phase was 

extracted and diluted into 0.5ml of citrate-phosphate buffer with 0.1% PEG, pH=4.8.  The 

centrifugation and dilution process was repeated and the resulting complex was stored at 4˚C 

and was stable for at least one month. 

CBHI labeling of cellulose for TEM observation 

200ul of early log phase cultures of S. elongates was pelleted and washed twice with 1ml of 

water, then resuspended in 200ul of water and allowed to incubate for approximately 2 hours.  

Several colonies of G. xylinus were picked off an SH agar plate and suspended into 

Gluconacetobacter buffer (6mM citric acid, 35mM sodium phosphate) and allowed to incubate 

for approximately 2 hours, then 900ul of buffer was removed and replaced with 900ul water.  

10ul of bacterial suspension was transferred to a Formvar coated copper TEM grid and allowed 
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to incubate for 15 minutes.  Following incubation, the bacterial suspension was wicked off the 

grid with filter paper and 10ul of CBHI-Au complex was added and incubated for 10 minutes.  

CBHI-Au was removed in the same manner and followed by 2 washes with 10ul water and finally 

stained by brief incubation with 0.5% uranium acetate.  For observations of cyanobacteria after 

treatment with cellulase, after washing, the cyanobacteria were resuspended in 200ul of water 

with 1% Celluclast (Novozymes, Bagsværd, Denmark) and incubated with shaking for 3 hours. 

Preparation of cDNA for qPCR  

Gluconacetobacter xylinus strain AY201, grown in SH media [64] with 0.4% Celluclast and 

Synechococcus elongatus in BG-11 with antibiotics when appropriate, as previously mentioned, 

were grown to mid-log phase.  8ml (Synechococcus) or 6ml (Gluconacetobacter) was pelleted 

and total RNA was prepared with the Ribopure Bacteria RNA Kit (Life Technologies, Carlsbad, 

USA) according to manufacturer’s instructions, except RNA was eluted with 25ul of RNA elution 

solution.  RNA concentrations were determined by Nanodrop and either 10ul or 2ug (the 

maximum volume or mass allowable for reverse transcription) of total RNA was used for reverse 

transcription into cDNA with the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosytems, Waltham, USA).  Reverse transcription efficiency is assumed to be equivalent for all 

samples, and assumed to be 100% for calculations.  Cyanobacteria samples were diluted to 

1ng/ul for use in qPCR reactions.  Gluconacetobacter samples were diluted to 5ng/ul and serial 

5-fold dilutions were made for standard curve calibration. 
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Quantitative real-time PCR 

Quantitative, real-time PCR reactions were performed with Applied Biosystems ViiA-7 machines.  

For each gene tested, a standard curve was prepared with Gluconacetobacter xylinus strain 

AY201 cDNA. Starting with 5ng of cDNA, serial 5-fold dilutions down to 0.0016ng were used for 

the standard curve.  1ng of cDNA was used for each of the Synechococcus strains. Reactions 

were performed in a total volume of 20ul, consisting of 10ul PowerSYBR green mix (Applied 

Biosystems) and 0.5ul (10uM) of both forward and reverse primer. An initial 10’ denaturation at 

95C was followed by 40 cycles of 95°C 15sec, 60°C 60sec.  All reactions were performed in 

triplicate and the average value taken for calculations.  Critical threshold (Ct) values were 

determined automatically by the ViiA-7 RUO software (v. 1.2.4). Relative expression levels were 

calculated using AY201 cDNA as a standard and can be interpreted as a comparison of the total 

copy number of specific mRNA molecules.  Representative experiments are displayed for at least 

two independent mRNA isolations for each strain. Sequences of oligonucleotide probes can be 

found in appendix A.1.  

Glucose quantification 

Cyanobacteria were cultured under continuous illumination in BG-11 media until a healthy 

suspension was achieved (growth time varies greatly between species). 2-3ml of each culture 

was pelleted and wet weights recorded.  The pellet was resuspended into 250ul sodium acetate 

buffer, pH=5.0 with and without 0.5% Celluclast.  Cyanobacterial suspensions were then 

incubated for 24 hours with slight agitation in order for cellulose to be digested.  Cells were then 

pelleted by centrifugation (5 min, 12000 rpm) and 50ul of the supernatant was pipetted off for 

analysis.  Glucose concentration was measured using a hexokinase/glucose-6-phospate 
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dehydrogenase enzymatic assay (Sigma) according to the manufacturer’s instructions.  Glucose 

measurements were standardized to mass of the cell pellet and glucose due to cellulose was 

determined by taking the difference between the Celluclast digested samples and the 

undigested controls. 

Determination of Synechococcus growth rates 

Cultures of Synechococcus were initiated at a starting OD750 = 0.05.  Optical density 

measurements were taken approximately every 24 hours for 7 days and the average doubling 

time was calculated for the entire course of the experiment. 

Acquisition of cargo plasmids 

pSyn_1 (NS1) was acquired from Life Technologies (catalog #A14259).  pNS1 and pNS3 were 

kindly donated from the lab of Dr. Pamela Silver at Harvard Medical School (Boston, USA, 

http://hms.harvard.edu).  See plasmid maps in Figure 3-1. 

Cloning of transformation plasmids 

All G. xylinus DNA fragments were amplified via polymerase chain reactions (LongAmp 

polymerase, NEB, Ipswitch, USA) from stain AY201 genomic DNA with oligonucleotide primers 

with 5’ restriction sites.  Primer sequences, amplicon size, restriction sites, and cloning plasmid 

for each construct can be found in Table 3-1. Electrocompetent DH5α E. coli were used for 

cloning following traditional procedures of digestion with restriction enzymes, ligation and 

transformation.  Plasmid DNA was isolated from colonies selected on LB plates with the 

appropriate antibiotic (50ug/ml) and was confirmed via PCR and/or DNA sequencing. 
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Construct Primers  Size Restriction Plasmid 

NS1::acsCD 
ATATGGATCCTTGCTGCAGGCGAACGGC 
ATATCTCGAGACCTGCCTGAAAAACAG 

4.4kb BamHI, XhoI pSyn_1 

NS1::acsAB, ccpA, 
cmcA 

ATATACCCGGGATCGTTTATGGGTCACGA 
TATCTCGAGCGACGTTCCTTTATGTCG 

7.0kb XmaI, XhoI pNS1 

NS3::ccpA, cmcA 
ATATATCTAGACGACGTTCCTTTATGTCG 
TATGCGGCCGCAGGCCAAAGACGGAATA 

2.2kb XbaI, NotI pNS3 

NS3::acsAB 
ATATATCTAGACCGACGAGTTGTTTATGC 
AGTATCTAGATTATGGGTCACGACTTGCG 

4.7kb XbaI x2 pNS3 

 

 

Transformation and selection of transgenic Synechococcus 

100ul of Synechococcus grown to approximately OD750 = 0.5 were pelleted briefly by 

centrifugation.  The supernatant was removed and cells were resuspended in 100ul of fresh BG-

11 media.  100ng of plasmid DNA was added to the solution and incubated in the dark overnight 

at 34°C.  10ul and 90ul were then plated onto BG-11 agar plates with 10ug/ml chloramphenicol 

or spectinomycin.  Selected colonies were streaked onto a new plate and allowed to grow until 

easily observable (~3 days).  These cultures were typically axenic, but occasional contamination 

was observed by small, flagellated bacteria.  Then gDNA was prepared by picking a small volume 

(~10 colonies) into lysis buffer (0.25% SDS, 50mM NaOH) and heated at 95°C for 15 minutes.  

180ul of water was added and the suspension was centrifuged at 15,000g for 5 minutes.  50ul of 

supernatant was transferred to a new tube and 2ul was used in a downstream PCR to confirm 

the insertion. 

 

 

Table 3-2. Summary of cloning procedures.  Primers targeting G. xylinus cellulose synthase genes 

are shown with bold regions representing added restriction sites.  Size refers to the amplicon size of 

the transgene only. 
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Selection of organisms for evolutionary studies 

The organisms used in this study were chosen based on a variety of criteria.  Recommendations 

given during personal communication from Drs. R. Malcolm Brown Jr. and Dr. David Nobles were 

used for many of the cellulose producing bacteria and cyanobacteria.  BLAST searches through 

the NCBI Protein Database [65] were used extensively to select proteins with homology to AcsC 

and AcsD in Gluconacetobacter xylinus lab strain AY201.  Plant sequences of cellulose synthase 

were selected somewhat arbitrarily with an attempt to select well known species with economic 

and research value, native to different regions of Earth.   

Building phylogenetic trees 

Amino acid sequences for cellulose synthase were acquired from the protein database online 

from NCBI (Tables 5-1 through 5-6).  Only complete protein sequences were used.  The muscle 

algorithm [66] was used via a Geneious [67] plugin to align proteins according to their primary 

structure.  These alignments were then used to construct phylogenetic trees using the Jukes-

Cantor model [68]for calculating genetic distances and the Neighbor Joining method of tree 

building.  Bootstrap resampling was performed with 100 replicates to construct a consensus 

tree.  Support thresholds were set aggressively at 20% (Figure 5-1) or conservatively at 50% 

(Figures 5-2 through 5-6). 

Fluorescence microscopy with Tinopal LPWTM staining 

Cyanobacteria grown to log phase were pelleted by centrifugation (10,000 rpm, 5’) and 

resuspended into 20ug/ml Tinopal LPW (Ciba-Geigy, Greensboro, USA) and incubated at room 

temperature for 5 minutes.  They were then pelleted again and resuspended into distilled water 
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and prepared in a wet mount.  A Zeiss D-7082 microscope equipped with an epifluorescence 

attachment was used to excite the sample with ultraviolet light (365nm peak excitation).  

Emitted blue light (465nm peak) was captured with an attached camera at a variety of exposure 

times based on intensity of emitted light. 

Transmission electron microscopy 

A Phillips 420 TEM was used for all micrographs with an accelerating voltage of 100kV and a 

filament current of less than 5 microamps.  An attached Gatan 622 camera further magnified 

the image by 13x, and the analog signal was converted to a digital image. 

Measurement and analysis of cellulose microfibrils 

Electron micrographs of cellulose microfibrils captured at 1.25 million x magnification were 

measured with Image Pro Plus software calibrated using 0.335nm spacings of graphene sheets 

in a specimen of graphite.  75 microfibrils associated with wt Synechococcus and 69 microfibrils 

associated with Synechococcus TSY6 were measured.  The means and standard deviation of each 

was calculated and 4 outliers (greater than 3 standard deviations from the mean) were removed 

from the sample set of TSY6 prior to statistical analysis in order to be more conservative and to 

satisfy the assumption of normality for subsequent analysis.  A Welch’s independent t test was 

conducted using the statistics software R [69] to calculate a p-value for the difference in mean 

microfibril width between wt and TSY6.  
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Figure 3-1. Plasmid maps of 

pSyn_1 and pNS3.  All 

plasmids used in this 

experiment were 

constructed to be 

incorporated into 

Synechococcus by 

homologous recombination.  

They contain two flanking 

complementary ends with 

an antibiotic cassette and a 

multiple cloning site in 

between. 
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CHAPTER 4 - RESULTS 

 

Construction of cellulose producing transgenic Synechococcus elongatus strains 

Two known neutral sites (NS1, NS3) [51] were used to incorporate cellulose synthase genes into 

Synechococcus.  These sites are characterized by tolerance to mutation with no observed 

phenotypic changes.  Strains that contain the acsC and acsD genes at NS1 are under the control 

of a Ni2+ regulated cyanobacteria Synechocystis sp. native promoter that is constitutive under 

normal growth conditions and can be highly induced upon addition of 5mM Ni2+[70].  

Unfortunately, I found that this concentration of Ni2+ is somewhat toxic to Synechococcus, 

inhibiting growth substantially (data not shown).  However, the constitutive promoter activity 

was determined to be sufficient by expression analysis.  Another construct targeted to NS1 was 

constructed, containing the genes cmcA, ccpA, and acsAB. In this construct, cmcA and ccpA are 

presumably under control of the trp promoter[71] from E. coli contained on the plasmid, while 

acsAB contains the native G. xylinus promoter. NS1 constructs contain a marker conferring 

resistance to spectinomycin. 

Strains which contain genes at the neutral site III locus are under control of the lacUV5[72] 

promoter without incorporation of the repressor gene, lacI. Two plasmids were constructed for 

transformation into Synechococcus at NS3, one encoding acsAB and the other encoding cmcA 

and ccpA.  NS3 constructs contain a marker conferring resistance to chloramphenicol.   The 

genetic arrangement of all constructs is summarized in Table 4-1. 
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Alias Neutral site I Neutral site III 

TSY6 acsC, acsD -- 

TSY11 cmcA, ccpA, acsAB -- 

TSY12 acsC, acsD cmcA, ccpA 

TSY13 -- acsAB 

TSY14 acsC, acsD acsAB 

Marker spectinomycin chloramphenicol 

 

 

Confirmation of genetic modification by PCR 

Polymerase chain reactions were conducted using oligonucleotide primers from Table 3-2.  

Cellulose synthase genes along with an antibiotic marker were incorporated in the genome of 

Synechococcus elongatus by natural competence and homologous recombination.  All strains 

used in this study were confirmed to contain the same amplicon for the target genes as in G. 

xylinus, and were absent from wt Synechococcus (Figure 4-1). Recombination was confirmed to 

have occurred at the targeted neutral site by amplification of DNA spanning the site (data not 

shown).   

 

 

 

 

 

 

 

 

 

Table 4-1. Genetic arrangement of transgenic Synechococcus strains in this study. 
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Expression of transgenic cellulose synthase genes measured by quantitative real-time PCR 

As a percentage of total RNA, nearly all cellulose synthase genes were expressed at lower levels 

in the transgenic Synechococcus as compared with G. xylinus. The only exception was the cmcA, 

ccpA construct expressed at NS3 in TSY12.  AcsAB expression levels were observed as high as 

37% of the levels seen in G. xylinus.  AcsC and acsD levels were consistent in TSY6 and TSY12, 

both at approximately 17% of G. xylinus. The NS3+acsAB construct had relatively low expression, 

as evidenced in TSY13 and TSY14, suggesting a transcriptional issue with the genetic 

arrangement.  Surprisingly, TSY14 also showed low levels of acsC and acsD even though it was 

transformed with the same DNA as TSY6.   

CmcA expression levels could not be reliably determined, but likely correlate with ccpA levels 

because both genes are contained in a predicted polycistronic operon.  Because of the unknown 

expression of cmcA and the potential effects it could have on cellulose production, TSY6 was 

seen as a more promising avenue for further investigation. 

Figure 4-1. PCR products of cellulose synthase genes. Agarose gel electrophoresis showing the 

PCR products of (A) acsAB, (B) acsC and acsD, (C) cmcA and ccpA in transgenetic Synechoccous 

strains.  Wild type G. xylinus as a positive control, and S. elongatus as a negative control are also 

shown. 
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Figure 4-2. Relative expression of cellulose synthase genes.  Determined by quantitative real-time PCR, 

relative expression levels of acsAB (A), acsD (B) ,acsC (C) and ccpA (D) compared to G. xylinus.  Results 

are reflective of the copy number of mRNA encoding the specified protein as a percentage of total RNA. 

The primary strains selected for further investigation are TSY6, expressing acsCD at 17% of G. xylinus 

and TSY11, expressing acsAB at 37% of G. xylinus along with ccpA at 43% and an undetermined level of 

cmcA. Panel E displays the same information as panels A-D, aggregated by strain. 
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Determination of cellulose production by glucose quantitation 

Cellulose is a polymer of β(1→4) glucose.  Therefore, completely digesting cellulose and 

measuring the amount of glucose present can give an accurate representation of the level of 

cellulose production [26, 73].  A 1mg glucose standard was used in all trials and always 

registered within 20% of the expected value, giving credence to this assay’s accuracy.  For all 

cyanobacteria measurements, the glucose content represented is that only from cellulose and 

was determined by subtracting the glucose level of untreated cyanobacteria from the cellulase 

treated sample.  The untreated samples all had little to no glucose present in the media.  This 

was expected as free glucose should only be available upon lysis of cells.  At least 4 trials were 

conducted with each strain and the standard error is represented by error bars.  Glucose levels 

corresponding to enzymatic digestion of cellulose were elevated approximately 400% in TSY6, 

TSY11, TSY12 and TSY13.  TSY14 did not show any increase in enzymatic digestion of cellulose as 

compared to wild type.  Absence of increased production in TSY14 is consistent with the 

expression analysis that showed very little expression of all cellulose synthase genes.  

Surprisingly, TSY13 displays elevated glucose levels despite similarly low expression of acsAB. 

Of the cyanobacteria that produce cellulose natively, Scytonema hofmanni consistently 

registered the highest glucose levels at about 15 mg/g cells.  This means cellulose represents 

1.5% of the total mass of the cell on average.  Nostoc muscorum consists of approximately 1% 

cellulose by mass.  Gloeocapsa and Anabaena displayed levels similar to that of wt 

Synechococcus, while Cyanothece fell below the level of detection for any cellulose derived 

glucose. 
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Effect of cellulose synthesis on growth rate 

In order to determine if an increase in cellulose production has a negative impact on growth 

rate, cell concentrations were measured over a period of 7 days as determined by absorbance at 

750nm (OD750).   Growth rates of TSY6, TSY12 and TSY14 were apparently unaffected compared 

to wt, while TSY11 and TSY13 displayed attenuated growth.  The average doubling time over the 

course of the experiment in the attenuated strains increased by approximately 25% to 49 hours 

Figure 4-3. Glucose assay for determination of cellulose production.  Cellulose production was 

increased 300-400% in four of the transgenic Synechococcus strains as compared to wild type (A).  

TSY14 showed no increase in cellulose production, despite incorporation of the entire operon 

(acsAB, acsC, acsD) likely due to very low expression levels.  Expression of any part of the operon 

seems to enhance cellulose production as evidenced by the other transgenic strains.  (B) Native 

production of cellulose by cyanobacteria.  Scytonema hofmanni and Nostoc muscorum registered 

much higher levels of cellulose, as measured by liberated glucose, than the other species tested. 
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from just under 40 hours in wt.  Both of these strains contain the catalytic acsAB transgene from 

G. xylinus, while none of the strains lacking the acsAB transgene displayed this phenotype.  The 

slow growth phenotype was observed at all but one time point, between days 4 and 5, where a 

sudden surge allowed both the slow growing strains to close the gap with the regular growth 

strains.  After this time point, growth returned to the previously observed rate of approximately 

half the wt. 

 

 

 

 

 

 

Figure 4-4. Effect of transgenic cellulose synthase on growth rate.  Growth was attenuated in strains 

that displayed increased cellulose production due to incorporation of acsAB (TSY11, TSY13).  Strains 

that did not contain acsAB (TSY6, TSY12) or failed to display an increase in cellulose production 

(TSY14) as determined by the glucose assay were unaffected. 
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Imaging of cyanobacterial cellulose 

Native cellulose production 

The most prolific and obvious cellulose producer of the cyanobacteria investigated in this study 

is Scytonema hofmanni.  A filamentous cyanobacterium, it produces extracellular sheaths 

bearing a resemblance to plant cell walls containing cellulose as a constituent component.  

When treated with Tinopal LPWTM, which binds non-specifically with polysaccharides, the 

sheaths glow bright blue under UV excitation, evidence of strong affinity for Tinopal.  Notice 

how the sheaths form around the growing cells, but also extend beyond the living tissue.  

Because the excitation light also contains some blue light (and possibly because of the emission 

light of Tinopal) it is easy to see the chlorophyll fluorescing red.  This is particularly useful as it 

tells us that the cells are viable. 

After treatment with cellulase, followed by Tinopal staining, some of the sheaths fluoresce while 

others do not (Figure 4-6).  This suggests the composition of polysaccharides in the sheaths is 

not uniform between filaments as the cellulase was able to digest them differentially.  Some 

filaments that do not fluoresce after treatment may have been made of primarily cellulose, 

Figure 4-5. Scytonema hofmanni treated with Tinopal. Under 800x total magnification, polysaccharide 

sheaths can be seen surrounding viable cells and extending beyond them in (A) phase contrast, (B) UV 

fluorescence and (C) combination. 
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while the filaments that remain fluorescent after cellulase treatment may have a greater 

proportion of non-cellulose polysaccharides.  This technique also allows us to get a glimpse at 

the organization of cellulose synthases in the sheath.  In figure 4-6 (B), we can see the 

transverse wall of one cell may be beginning to synthesize new cellulose post-digestion 

approximately 30 minutes after treatment.  They seem to be arranged in a ring that presumably 

extends down the length of the filament, eventually forming a cylindrical sheath.  Additional 

fluorescence is observed to the left of the transverse wall, which may have been another origin 

of synthesis which has already begun to form a complete sheath. 

 In contrast to the well-organized sheaths in Scytonema, other cyanobacteria strains that 

produce cellulose do so in less obvious ways.  In Anabaena (Figure 4-7), exopolysaccharides are 

not observed by staining with Tinopal.  This observation is consistent with low levels of detected 

cellulose from the glucose assay.  Cellulose is not produced at a scale that is detectable with 

light microscopy in Anabaena. 

Figure 4-6. Scytonema hofmanni treated with cellulase and Tinopal.  Sheaths differentially 

stain with Tinopal after treatment with cellulase indicating a non-uniform distribution of 

polysaccharides between filaments.  Images at 800x total magnification. 



31 
 

Gloeocapsa sp. presents an altogether different phenotype.  The unicellular cyanobacteria can 

be observed as isolated cells, but quite often aggregates on a macroscopic scale, making 

pipetting difficult (Figure 4-8).  Some cyanobacteria have been observed to form biofilms, 

leading to cell aggregation.  Thermosynechococcus undergoes this process when subjected to 

relatively cool temperatures and will settle to the bottom of a static culture under low 

temperature, while dispersing in a uniform distribution under optimal conditions [74].  This 

behavior has been shown to be cellulose dependent and likely occurs in other cyanobacteria.  

Gloeocapsa and Cyanothece form aggregates that include exopolysaccharides as they can be 

observed with Tinopal staining.  This aggregation and presence of the extracellular mass is 

subjectively reduced, but not eliminated after treatment with cellulase in both organisms.  In 

Cyanothece, fibrous material was also seen (though this does not resemble G. xylinus cellulose) 

in the aggregates.  This material was not eliminated with cellulase treatment. 

 

 

 

Figure 4-7. Anabaena sp. treated with Tinopal. At 1025x total magnification the filamentous 

structure is clearly seen in (A) phase contrast.  No obvious fluorescence of bound Tinopal is 

observed under UV excitation (B) indicative of low levels of accessible polysaccharides 

including cellulose. 
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Figure 4-8. Gloeocapsa sp. with Tinopal staining.  Extracellular material is often seen 

around cell aggregates (A) which stains sporadically with Tinopal under UV light (B,C).  

The prevalence of these aggregates and Tinopal fluorescence is reduced, but not 

eliminated after treatment with cellulase.  All images displayed were taken without 

cellulase treatment.  Post-cellulase treatment, aggregates were unchanged, but they 

were subjectively smaller and less prevalent. Total magnification 800x. 

A B 

C 
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Wild type Synechococcus elongatus 

Although its genome contains three distinct copies of catalytic cellulose synthase, to my 

knowledge, direct observation of cellulose in Synechococcus elongatus has never been reported.  

Indeed, with light microscopy no cellulose-like products were observed. Tinopal staining 

positively identified only the occasional dead cell (observable by a lack of chlorophyll 

autofluorescence).  However, when negatively stained and tagged with CBHI-Au and observed 

with the TEM, cellulose microfibrils could be seen (Figure 4-9).  These were not associated with 

a high percentage of cells and conditions favorable for cellulose observation could not be 

reliably determined.  This material can be positively identified as cellulose with specific CBHI-Au 

labelling (Figure 4-10), which attaches to non-reducing ends of cellobiose, and null observations 

after treatment with cellulase (Figure 4-11). 

 

Figure 4-9. Wt Synechococcus 

elongatus with associated 

cellulose fibers. Transmission 

electron micrograph at 39,000x 

total magnification shows 

Synechococcus associated with 

microfibril-like cellulose 

surrounding much of the cell. 
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Figure 4-10. CBHI-Au labelling of Synechococcus cellulose.  5nm gold particles bound to 

Cellobiohydrolase I are seen attached to non-reducing ends of cellulose fibrils in multiple 

images.  The CBHI-Au tends to accumulate in areas where the cellulose has frayed, exposing 

many possible binding sites. 430,000x total magnification. 

Figure 4-11. Cellulase treated 

wt Synechococcus. After 

subjected to treatment with 

cellulase, no cellulose was 

observed with the TEM. Image 

at 39,000x magnification. 
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Cellulose in transgenic Synechococcus 

Exopolysaccharides can be observed both in phase contrast microscopy and with Tinopal 

staining in the transgenic TSY6 strain of Synechococcus (Figure 4-12).  This fluorescence 

phenotype was not seen in the wt, where the only objects that stain positively with Tinopal are 

dead cells, which can be observed because they do not emit the characteristic red fluorescence 

associated with chlorophyll.   Following treatment with cellulase, the fluorescence phenotype of 

TSY6 reverted to that of the wt. 

Under transmission electron microscopy, much finer details can be discerned that are not 

observable in the light microscope (Figure 4-13).  While the aggregation of cellulose to the point 

where it can be seen with the light microscope is relatively rare, when observed with the TEM, 

most of the cells have cellulose associated with them.  The quantity and organization varies 

greatly between cells and between preparations.  Often in TSY6, cellulose appears to originate 

from one pole of the cell (Figure 4-13), but cellulose was also observed to be associated with 

other areas, similar to the wt (Figure 4-16). 

Figure 4-12. Cellulose in transgenic Synechococcus.  Strain TSY6 at 2000x total magnification, 

cellulose is observed among a handful of cells in (A) phase contrast and (B) UV fluorescence 

with Tinopal staining. 
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Figure 4-13. TEM of cellulose in TSY6.  One example of polar associated cellulose 

microfibrils in transgenic Synechococcus.  In this case, many of the microfibrils come 

together to form a ribbon similar to G. xylinus. 97,500x magnification. 



37 
 

 

Cellulose is much more abundant in TSY6, associated with nearly every cell observed, but once 

again in abundance with each cell.  As few as one or two microfibrils were witnessed near a cell 

up to hundreds which sometimes combined to form large ribbons, similar to G. xylinus. In the 

instances where cellulose was associated with the polar regions, patterns of microfibrils 

resembled a woven mesh (Figure 4-14).  This organization is hypothesized to derive from a linear 

array of TCs assembled into a ring-like structure, producing a cylindrical sheath of cellulose, 

similar to the sheaths in Scytonema.  Upon drying on the TEM grid, these three dimensional 

sheaths could collapse into two dimensions, resulting in a woven appearance.  After treatment 

Figure 4-15. CBHI-Au labelling of cellulose in TSY6 transgenic Synechococcus. Clusters of 

CBHI conjugated to 5nm gold particles are observed associated with cellulose microfibrils.  

CBHI binds to non-reducing ends of the glucan chain. 

Figure 4-14. Woven mesh cellulose 

phenotype.  In some observations of 

TSY6, a woven mesh with strands 

oriented approximately perpendicular 

to each other is consistent with a 

collapsed cylindrical array of 

microfibrils. Image is a greater 

magnification (429,000x) of the region 

to the left of the cell in Figure 4-13. 
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with cellulase, very little cellulose was observed in TSY6, but occasional microfibrils were still 

present.  These were either not completely digested, or synthesized in the time it took to wash 

and prepare the sample.  This observation was consistent in multiple preparations. 

CBHI-Au labelling is similar to that seen in the wt, with binding occurring primarily where frays in 

microfibrils expose non-reducing ends of cellobiose for the enzyme to attach to.  This results in 

many CBHI-Au molecules attaching in close proximity to each other.  This is similar to what is 

observed in G. xylinus when labelled with CBH1-Au. 

 

 

 

 

 

 

 

 

Figure 4-16. Dividing TSY6 with associated cellulose.  Negatively stained cellulose can be observed 

on all sides of the cell. 97,500x magnification. Inlay shown in Figure 4-17. 

Figure 4-17. Imaging of TC in TSY6 

transgenic Synechococcus.  Increased 

magnification  (429,000X) of cell seen in 

Figure 4-16.  Microfibrils overlaying the 

cell appear to converge at a point 

denoted by the red arrow.  This is likely 

the site of export through the outer 

membrane and part of the TC. 
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Electron diffraction of transgenic cyanobacterial cellulose 

Regular electron diffraction patterns were present nearby Synechococcus TSY6 cells on 

unstained TEM grids (Figure 4-18).  These patterns disappeared when the field of view was 

moved sufficiently away from any cells.  The pattern shows at least one distinct diffraction ring, 

likely corresponding to the smallest, cellobiose unit described previously by Kolpak and 

Blackwell [75].  Clear patterns like those seen in cellulose II are not observed because the 

microfibrils have not crystallized into a singular mass.  

 

Dimensions of cellulose microfibrils 

Cellulose microfibrils were observed to have a greater variation in thickness in TSY6 as 

compared to the wt.  Microfibril thickness is based on the number of glucan chains that have 

crystallized together.  AcsC and AcsD are known to be important for crystallization in G. xylinus, 

so incorporation of these proteins into Synechococcus should lead to a higher degree of 

crystallinity than seen in the wt.  The average width of microfibrils in wt Synechococcus was 

Figure 4-18. Electron diffraction of TSY6 cellulose. (A) Diffraction pattern of cellulose 

observed in TSY6 compared with that of recrystallized G. xylinus cellulose II(B) and G. xylinus 

band-like cellulose (C) from previous studies [7]. 
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Table 4-2. Measurements of cellulose microfibrils. 

 

2.81nm with a standard deviation of 0.72nm.  TSY6 microfibrils are significantly wider on 

average at 3.69nm and a standard deviation of 1.43nm. (Table 4-2) 

 
wt TSY6 

Mean fibril width (nm) 2.81 3.69 

Standard deviation (nm) 0.722 1.43 

n 75 69 

 

Measurements of cellulose microfibrils in wt Synechococcus follow a normal distribution, while 

they skew toward larger fibrils in TSY6, with a few outliers attributed to ribbon-like cellulose 

(Figure 4-19).  For statistical analysis, the outliers were removed in order to be more 

conservative when comparing the mean fibril width.  Using a Welch’s t test, it was found that 

the mean fibril width is significantly different in TSY6 when compared to the wt with a p-value 

less than 0.001. 

 

 

 

 

 

 

 

 

 

Figure 4-19. Boxplot of 

microfibril width 

measurements. Wt follows a 

normal distribution around the 

mean of 2.81nm while TSY6 

has a greater range of 

microfibril widths.  Outliers 

which come from cellulose 

ribbons are plotted, but were 

removed prior to statistical 

analysis.  

** p < 0.001 
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CHAPTER 5 – EVOLUTION OF CELLULOSE GENES 

Organisms used in phylogenetic studies 

Organisms used for phylogenetic studies are summarized in Tables 5-1 through 5-6.  Accession 

numbers for the NCBI protein database are provided.  All trees are unrooted.  The root for the 

tree displaying the cellulose synthase catalytic subunit (Figure 5-1) is likely near the junction 

point of the proteobacteria and Group II cyanobacteria.  The numbers on the branch points 

represent resampling bootstrap values.  Towards the root of the primary tree, bootstrap values 

become small, meaning confidence in these separations is low.  However, each phylum 

separates from the others with bootstrap values equal to 100. 

 

Cellulose Synthase A(B) – Catalytic subunit 

Plants 

Common name Organism Accession number 

None (model plant) Arabidopsis thaliana AAC29067.1 

Chinese grass Boehmeria nivea AGC97433.2 

Eucalyptus Eucalyptus grandis ABY25278.1 

Cotton Gossypium hirsutum AAB37766.1 

Japanese Rice Oryza sativa AAO41140.1 

Moso Bamboo Phyllostachys edulis ACT16002.1 

 None (model bryophyte) Physcomitrella patens EDQ81939.1 

Monterrey Pine Pinus radiata AAQ63935 

Potato Solanum tuberosum NP_001275292.1 

 

 

  

Table 5-1. Plant cellulose synthases. 



42 
 

Cyanobacteria 

Organism Accession number CesA group 

Anabaena variabilis YP_322086.1 I 

Arthospira sp. WP_006621673.1 II 

Calothrix sp. YP_007064262.1 I 

Chroococcidiopsis thermalis YP_007091387.1 II 

Crinalium epipsammum YP_007142266.1 I 

Cyanothece sp. YP_002484083.1 II 

Dolichospermum circinale WP_028082292.1 II 

Gloeocapsa sp. YP_007129238.1 I 

Leptolyngbya boryana WP_017285519.1 II 

Microcystis aeruginosa WP_002791984.1 II 

Nodosilinea nodulosa WP_017297906.1 II 

Nostoc sp. NP_487797.1 I 

Rubidibacter lacunae WP_022606266.1 II 

Scytonema hofmanni WP_017740615.1 II 

Synechococcus sp. (PCC7502) YP_007104604.1 I 

Synechococcus elongatus (PCC7942) ABB58181.1 II 

 

 

 

Proteobacteria 

Organism Accession number 

Agrobacterium tumefaciens EHH05269.1 

Ceratitis capitata XP_004529027.1 

Escherichia Coli (K12) WP_001816449.1 

Gluconacetobacter xylinus unpublished sequence – AY201 

Nevskia ramosa WP_022978049.1 

Rhizobium tropici AGB74938.1 

Salmonella enterica WP_024146566.1 

Terriglobus roseus WP_014784335.1 

 

 

 

Table 5-2. Cyanobacteria cellulose synthases.  

Table 5-3. Proteobacteria cellulose synthases. 
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Tunicates and slime molds 

Organism Accession number 

Actostelium subglobosum BAK54004.1 

Ciona intestinalis BAD10864.1 

Ciona savignyl AAR89623.1 

Dictyostelium purpureum XP_003288656.1 

Mogula tectiformis BAJ65324.1 

Oikpleura dioica CAJ43275.1 

Polysphondylium pallidum EFA83461.1 

 

 

 

BcsC 

Organism Accession number 

Asaia bogorensis BAK39952.1 

Ceratitis capitata XP_004529032.1 

Escherichia coli (K12) CDJ73346.1 

Gluconacetobacter xylinus unpublished sequence - AY201 

Klebsiella pneumoniae CCI79260.1 

Pectobacterium atrosepticum YP_052459.2 

Pantoea sp. YP_004113999.1 

Roseomonas sp. WP_019461159.1 

Salmonella enterica YP_002245505.1 

Yersinia enterocolitica CAL14088.1 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5-4. Tunicates and slime molds cellulose synthases. 

Table 5-5. Cellulose synthase C subunits. These are primarily found in Proteobacteria, but a 

sequence closely related to bacteria was also found in the Mediterranean fruit fly, Ceratitis 

capitata. 
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Proteobacteria BcsD 

Organism Accession number 

Asaia bogorensis BAK39736.1 

Acidovorax radicis WP_010464690.1 

Azotobacter vinelandii  AGK17605.1 

Bordetella avium YP_787132.1 

Cupriavidus basilensis EHP41713.1 

Cupriavidus necator YP_004681576.1 

Dickeya dadantii YP_003880887.1 

Erwinia amylovora  CDK23634.1 

Erwinia piriflorinigrans  CCG89059.1 

Gluconacetobacter hansenii BAB85523.1 

Gluconacetobacter xylinus P19451.1 

Pantoea vagans YP_003932943.1 

Serratia sp. ESN62954.1 

Sodalis sp. AHF75292.1 

  
Table 5-6. Proteobacteria cellulose synthase D subunits.  All 11 genera known to contain 

BcsD are represented. 
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Figure 5-1. Evolution of catalytic cellulose synthase. Phylogenetic tree of all cellulose synthase catalytic 

subunits investigated in this study.  Six distinct groupings are seen composed of proteobacteria, plants, slime 

molds, tunicates and two groupings of cyanobacteria.  Proteobacteria show a higher similarity to Group II 

cyanobacteria cellulose synthase than any other group.  Group I cyanobacteria possibly share an ancestral 

cellulose synthase with both tunicates and land plants, suggesting that cellulose in all eukaryotes may have 

developed from this line.  Because of the long distances associated with each clade, it is difficult to determine 

when a clade diverged from the ancestral sequence, exhibited by the relatively low bootstrap values for some 

of the interior nodes. The root of the tree (last common ancestor of all organisms) is likely at or near the 

junction of Group II cyanobacteria and proteobacteria. 
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Figure 5-2. Cellulose synthase evolution in cyanobacteria. Cyanobacteria cellulose synthases fall into 

two distinct clades (I, II).  Many Synechococcus sp. are naturally competent [1] and horizontal gene 

transfer could be a reason why two different isolates may have ces genes from different groups.  

Synechococcus 1-3 are all from the same sequenced genome.  Three divergent ces genes may have 

arisen from gene duplication and subsequent mutations.  There does not seem to be an association 

between unicellular/filamentous or heterocyst forming cyanobacteria and cellulose synthase group as 

examples of each can be found in both groups.  Group II cyanobacteria cellulose synthase are more 

closely related to those of proteobacteria, while Group I shares more sequence identity with eukayotes. 

Group I 

Group II 



47 
 

 

 

 

 

 

Figure 5-3. Cellulose synthase evolution in eukaryotes. (A) Phylogenetic tree of select plants showing the 

evolution of plant cellulose synthase. The predicted root is denoted by the arrow. Interestingly, the 

bryophyte, Physcomitrella patens is not predicted to have a more ancient cellulose synthase than some of 

the other species. P. patens is well known for its affinity for homologous recombination and may have 

acquired CesA via horizontal gene transfer [4].  Common names are used for well-known species. (B) Ces 

from tunicates and slime molds show little resemblance to each other. Tunicates branch off from 

cyanobacteria Group I with a very long branch length suggesting they underwent isolated evolution of 

cellulose synthase. 

A B 
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Figure 5-4. Cellulose synthase evolution in proteobacteria.   Relative to other proteobacteria, 

Gluconacetobacter xylinus cellulose synthase is highly divergent.  This is perhaps because G. xylinus 

requires a number of additional proteins to achieve its substantial yield of bacterial cellulose.  Arrow 

denotes the predicted root.  Rhizobium and Agrobacterium, which have developed mutualistic and 

antagonistic relationships with plants, respectively have closely related cellulose synthases highly 

divergent from other bacteria. 
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Figure 5-5. Evolution of bacterial cellulose synthase C (BcsC).  BcsC is only found in proteobacteria, with a 

lone exception, and is distinguished in two distinct clades.  The clade containing G. xylinus is highly divergent 

and also contains C. capitata, the Mediterranean fruit fly, which likely acquired this gene through horizontal 

gene transfer.  BcsC could have been donated to C. capitata by a relative of the Pantoea genus, many of 

which colonize the same fruit where the fly lays its eggs.  Exceptionally high bootstrap values are observed, 

providing high confidence in the phylogeny. 
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Figure 5-6. Evolution of bacterial cellulose synthase D (BcsD).  BcsD is found exclusively in proteobacteria 

and is much less common than the other cellulose synthase proteins. The Gluconacetobacter genus is highly 

diverged from other species, likely contributing to its exceptional rate of cellulose synthesis and high degree 

of crystallinity. 
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Evolution of cellulose  

It is impossible to conclusively determine where cellulose originated based solely on protein 

sequences from current organisms.  However, with knowledge that cellulose is very ancient [25] 

and current theories in evolutionary biology pointing towards bacteria existing for at least 500 

million years before the split with cyanobacteria or emergence of archaea [76], it is reasonable 

to suggest cellulose originated in bacteria.  When setting proteobacteria as the outgroup, it is 

interesting to note that three distinct clades arise, proteobacteria, Group II cyanobacteria and 

the third containing Group I cyanobacteria, archaea and all the eukaryotes (Figure 5-7).  That 

Archaea form a monophylitc group with eukaryotes and Group I cyanobacteria, the proposed 

donor to plants [25], suggests they acquired cellulose synthase long after their emergence into a 

new domain of life and after the development of Eukarya between 720 million and 1.8 billion 

years ago [77].   

Some of the heterocyst forming cyanobacteria sort into Group I, including Anabaena and 

Nostoc. Group I is the younger of the two cyanobacteria clades.  Chroococcidiopsis and 

Scytonema, which have also been shown to form heterocysts [78],  sort into Group II.  Since 

heterocystous cyanobacteria are thought to form a monophyletic group [78], this suggests 

transfer of cellulose synthase between groups at some point in early evolution of the 

cyanobacteria. 

Bacterial cellulose synthase C and D 

The C and D subunits of cellulose synthase are highly specialized and only found in 

proteobacteria.  BcsC exists in two distinct clades, but all sequences share a conserved TPR motif 



52 
 

Figure 5-7.  Evolution of cellulose synthase in major taxa.  Rooted phylogenetic tree using 

proteobacteria as an outgroup. Representative protein sequences were selected from each taxon 

to estimate the evolution of cellulose synthase A(B) since LUCelA (Last Universal Cellulose 

Ancestor). 

approximately 400 amino acids from the C-terminus.  This motif is known to be involved in 

protein-protein interactions [79] and likely functions to associate with other proteins in the 

terminal complex.  Another highly conserved region is present in the N-terminus, sharing a 44% 

pairwise identity though 195 amino acids. This region is bound to be extremely important for 

the function of this currently elusive protein.  BcsD is a much smaller protein than the others 

ranging from 135 – 156 amino acids and is well conserved among the rare species where it 

exists.  A handful of conserved amino acids seem to be critical to form the 5 α-helices and 4 β- 

strands observed in the crystal structure [45]. 
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CHAPTER 6 - DISCUSSION 

Cellulose biosynthesis in cyanobacteria 

Cyanobacteria known to synthesize cellulose do not have the productivity of Gluconacetobacter 

xylinus.  However, it should be noted that G. xylinus has never been observed to produce 

macroscopic quantities of cellulose in nature, requiring a rich medium to induce prolific cellulose 

production (personal communication, RM Brown, 2014).  Unlike in G. xylinus, where such large 

quantities of cellulose seem to have little effect on fitness, in many cyanobacteria, cellulose 

serves a practical purpose similar to that in vascular plant cell walls.  This is most clearly 

demonstrated in the extracellular sheaths of S. hofmanni. These sheaths, which seem to be 

composed primarily of cellulose, but also other polysaccharides and proteins, form an 

environmental barrier and a potential mechanism of motility [80].  When stained with Tinopal, 

only some of the sheaths in Scytonema were observed to have been digested by cellulase 

treatment.  In the fully digested cells, new sheaths began to form quickly as narrow cylindrical 

bands of Tinopal fluorescence can be seen (Figure 4-6).  Formation of these circular TC fronts at 

or parallel to transverse cell walls appear to be the starting point of cellulose formation in the 

cell cycle.  The entire front then likely moves along the longitudinal axis of the cell, forming a 

cylindrical sheath.  This mechanism of migrating TCs could be a precursor to the more complex 

migration of rosette TCs in vascular plants[81]. 

 

Cellulose in biofilms aids aggregation of unicellular cyanobacteria 

In contrast to the sheaths observed in Scytonema, in unicellular cyanobacteria cellulose has 

been shown to be necessary for cell aggregation in some species [74] where it is a biofilm 

constituent.  Biofilm formation has been observed often in bacteria [82], but also plays 
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important roles for cyanobacterial interaction with the environment [83].  This cellulose-

mediated aggregation was observed in Gloeocapsa and Cyanothece (Figure 4-8).  Aggregation 

did not completely dissipate upon treatment with cellulase, but was subjectively reduced, 

indicating cellulose plays a role in cellular aggregation but is not required, like in 

Thermosynechococcus [74].    This aggregation was observed to be somewhat transient in static 

culture, where occasionally all the cells were coalesced into a singular mass and at other times 

in many smaller aggregates, indicating this may be a stress response.  Investigations into what 

drives this response could lead to mechanisms to upregulate native cellulose synthesis in 

cyanobacteria.  If environmental signaling can increase cellulose production, perhaps these 

responses can be mimicked in the lab.  Cell aggregation was also observed in some engineered 

strains of Synechococcus. Strains that express the acsAB transgene from G. xylinus have a 

tendency to accumulate on the walls and bottom of the test tube in static culture whereas wt 

and transgenic strains that do not express the acsAB transgene are more uniformly distributed 

in culture (Figure 6-1).  
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Though cellulose in biofilms can help drive aggregation of unicellular cyanobacteria, other 

biofilm components also play a significant role.  In Cyanothece sp,  a wide range of sugars can be 

found in exopolysaccharides depending on the strain[27].  Aggregation of Cyanothece and 

Gloeocapsa cells was seen in an exopolysaccharide network (Figure 4-8) frequently, however the 

results of the glucose assay (Figure 4-3) suggest little to none of this is cellulose, or that the 

cellulose is protected from cleavage by cellulase enzymes.  Cyanobacterial exopolysaccharides 

can be incredibly complex, containing proteins, organic (e.g. acetyl, pyruvyl, succinyl groups) or 

Figure 6-1. Transgenic Synechococcus grown in static culture.  All strains were inoculated at 

identical OD750 = 0.05 and grown for 5 days.  TSY11 and TSY13, containing G. xylinus acsAB, 

show noticeable aggregation on the bottom and sides of the test tube.  This phenotype is 

possibly due to cellulose accumulation. 
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inorganic (e.g. sulfate or phosphate groups) substituents [84]. Biofilm formation and 

aggregation of unicellular cyanobacteria can be catalyzed by the presence of cellulose, but non-

cellulose biofilm components can also lead to this phenotype. 

The cellulose contained in sheaths and biofilms in extant cyanobacteria is not found in pure 

form, contrary to cellulose produced by G. xylinus.  Utilization of cellulose from vascular plants 

has been complicated by the presence of undesirable components such as lignin and 

hemicellulose and a similar issue could occur when attempting to harvest cellulose from 

cyanobacteria if is in merely a component tightly associated with additional polysaccharides and 

proteins in a biofilm or sheath.  Perhaps, genetically engineering cyanobacteria to produce a 

purer form of cellulose, using the molecular machinery from G. xylinus could result in a more 

easily harvestable cellulose crop. 

 

Cellulose in wt Synechococcus  

Prior to this research, Synechococcus elongatus had never been known to synthesize cellulose, 

though unidentified extracellular material was observed [26].  Upon examination of the 

genome, it was discovered that Synechococcus not only contained a catalytic cellulose synthase, 

but three distinct copies.  All three copies diverge towards the root of the tree, suggesting they 

are among the most ancient in cyanobacteria. The three copies probably arose through 

duplication events, but it cannot be ruled out that these were acquired via horizontal gene 

transfer, as its natural competence, the ability to uptake foreign DNA and integrate it into the 

chromosome, would easily allow it [85].  The function of cellulose in this cyanobacterium 

remains a mystery, but the presence of multiple genetic copies suggests there was strong 

selective pressure to produce cellulose. 



57 
 

The cellulose observed in wt Synechococcus is composed of fine microfibrils with a mean 

diameter of 2.81nm with little variation in thickness.  Since a single glucan chain is 

approximately 1nm in diameter, these microfibrils contain only a few glucan chains. Formation 

of larger fibrils is dependant upon crystallization. Crystallization is the process by which cellulose 

microfibrils interact via hydrogen bonds and Van der Walls forces to form larger complexes of 

crystalline cellulose I or celllose II [86]. Crystallization of cellulose in vascular plants and G. 

xylinus is known to require specific organization of TCs in rosette and linear arrays, respectively 

[13, 81].  The lack of extensive crystallization in Synechococcus would thus suggest that 

arrangement is not as tightly controlled, but incorporation of transgenes from G. xylinus can 

allow for a greater degree of crystallization. 

Figure 6-2. Cellulose microfibrils in wt Synechococcus.  Microfibril width averages 2.81nm 

with little variance over multiple sample preparations.  Cellulose microfibrils were not  

observed to crystallize. 4.5 million x magnification 
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Cellulose in transgenic Synechococcus 

The discovery of native cellulose in Synechococcus allowed for experimentation with genetic 

constructs smaller and more attainable than initially planned, under the hypothesis that the 

native catalytic subunit(s) may be able to interact synergistically with additional components of 

the G. xylinus TC.  Abundant evidence presented in this study agrees with this hypothesis. TSY6, 

which contains only acsC and acsD from G. xylinus, produces about 4 times as much cellulose as 

the wt, as determined by glucose quantification, and is observable with fluorescence microscopy 

after staining (Figure 4-12).  The increased quantity of cellulose and a greater degree of 

crystallization accounts for this visualization, which was not observed in the wt.  A possible 

explanation for the unusual rapid quenching of Tinopal fluorescence, which is typically very 

stable and long-lived, could be that UV bombardment separates the weakly associated glucan 

chains, rendering them too small to be observed with the light microscope.  This would explain 

why the smaller microfibrils in the wt were never seen with this method.  As seen in Figure 4-19, 

a greater range of microfibril sizes are present in TSY6.  Cellulose with the larger microfibril size 

would fluoresce, while cells only producing the typical smaller size would not.   

 

 

 

 

 

 

 

Figure 6-3. Measurements of cellulose microfibrils in TSY6. A wider distribution of microfibril 

thickness is seen in TSY6 as compared to wt, with a mean width of 3.69nm and a standard 

deviation of 1.43nm. 1.25 million x magnification. 
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Occasionally, microfibrils were observed coalescing into a much larger ribbon, similar to G. 

xylinus (Figure 4-13). It is unknown if this occurs during normal growth in liquid culture as 

macroscopic cellulose ribbons were never observed with the light microscope or in culture.  

 

Potential limitations on cellulose synthesis in transgenic Synechococcus 

TSY6 does not produce crystalline cellulose at the scale of Gluconacetobacter xylinus.  There are 

a number of possible reasons why this could be the case.   To function properly, AcsAB must 

traffic and anchor to the inner membrane of the gram-negative bacterium and by doing so, 

forms a channel by which the growing glucan chain can be transported across the membrane 

and into the periplasmic space [2, 13] (Figure 6-4). Then, this polymerized glucan chain must 

pass through the peptidoglycan cell wall and the outer membrane before being secreted into 

the environment.  Both AcsC and AcsD are known to be a part of the terminal complex observed 

on the outer membrane of the bacterium [5], but the specific roles of each is still the subject of 

much debate [45, 46]. Recently, the crystal structure of AcsD was solved and the proposed 

mechanism suggests an octamer of AcsD containing 4 separate channels for individual glucan 

chains to pass through [45]. Previous studies have indicated that instead, AcsC forms the pore 

through the outer membrane [86]. Some gram-negative-like bacteria, including cyanobacteria, 

that lack these proteins are still able to extrude cellulose through the periplasm and outer 

membrane without a known export channel.  It is possible these bacteria contain a transport 

system that arose independently of the BcsC/BcsD system and has yet to be discovered, or they 

could use existing protein channels for the task [87].  Protein trafficking to the outer membrane 

is a complex task, usually requiring specific signal sequences and additional transporter proteins 

[88].  Unintended consequences can occur upon introduction of foreign membrane associated 
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proteins because trafficking is often very specific.  In future studies, direct imaging of these 

outer membrane associated proteins could be accomplished with epitope tags and fluorescently 

labeled antibodies. 

Absence of accumulation of cellulose in transgenic Synechococcus could also be a result of 

native cellulases.  Predicted cellulases and other gluconases exist in the genome of 

Synechococcus elongatus, but have yet to be confirmed.  However, a number of endogluconases 

have been identified in other cyanobacteria [89] so the presence of active cellulases in 

Synechococcus would not be surprising. 

 

 

Figure 6-4. Crystal structure of 

bacterial cellulose synthase.  

Cellulose synthase is anchored 

through the inner membrane, 

while polymerization of UDP-

glucose in the active site occurs on 

the cytoplasmic side.  The 

extending glucan chain then 

passes through a channel in the 

protein and out into the periplasm. 

Adapted from Morgan, 2013 [2]. 
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Expression analysis of transgenic cyanobacteria 

In order to determine if the inserted cellulose synthase genes were being transcribed, it was 

necessary to probe for the mRNA transcripts.  Myriad issues can arise when trying to create 

functional proteins in non-native systems.  Assuming the DNA sequence is correct, the first is 

promoter recognition and transcription by RNA polymerase.  Promoter usage varies between 

organisms. Steps were taken to minimize transcription issues by using promoters from E. coli 

and the cyanobacterium Synechocystis known to be functional in Synechococcus when possible.  

In addition, codon usage and membrane localization sequences vary between organisms.  Errors 

in these systems can lead to mistakes in translation or membrane localization.  The purpose of 

these experiments was to determine if the transferred genes were expressed in Synechococcus 

at levels reasonable comparable to G. xylinus. 

Since these expression levels are all relative to total RNA, the results are not an absolute 

measurement of mRNA copy number but can serve as a confirmation of transcription.  Ideally, 

expression data would be combined with direct observation of proteins.  However, cellulose 

synthase proteins do not form a sufficiently significant fraction of total protein to be 

differentiated on standard SDS-Page gels.  Western blotting would be an ideal way to positively 

identify cellulose synthase proteins, but access to the appropriate antibodies was limited.  

Development of these antibodies is crucial for further progress of this research.  Along with 

being able to identify protein expression in transgenic lines, antibodies could be used in 

immunoprecipitation assays to identify all the components of the TC in G. xylinus. 

Based on the qPCR results, TSY6 and TSY11 were both determined to have adequate expression 

of acsCD and acsAB, respectively.  However, the expression levels were lower than those 

observed in G. xylinus.  These genes could be upregulated through the use of stronger 
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constituative promoters or with an inducible system.  Other strains did not show sufficient 

production of the desired mRNA transcripts and reliable data was not obtained for cmcA. 

There is a serious discrepancy in the data for TSY13 and TSY14, both containing the NS3:acsAB 

allele along with NS1::acsC,acsD in TSY14 only.  If anything, we should expect TSY14 to 

outperform TSY13 in regards to cellulose production, however no difference was seen between 

TSY14 and wt, while TSY13 produces cellulose comparable to the other transgenic lines, about 4-

fold greater than the wt.  Both these strains were recent constructions and because of time 

constraints, only one mRNA extraction was performed for each.  Because additional biological 

replicates were not used, any error in quantification of mRNA or synthesis of cDNA could 

jeopardize the qPCR data.  Another possibility is that confounding effects occurred during 

transformation and selection of TSY14.  Out of 60 colonies screened, only a single colony isolate 

was identified to contain the NS3::acsAB allele and this genotype may have integrated into the 

chromosome in a manner incompatible with transcription of acsAB.   Despite this, TSY14 serves 

as a useful negative control because it displays wt phenotypes (mRNA levels, cellulose 

production, growth rate) while containing similar genetic modifications.  An alternative 

explanation to solve the discrepancy is that the qPCR data is accurate, while the glucose assay 

data for TSY13 was incorrect.  This seems less likely as multiple biological replicates were used 

and TSY13 had the smallest standard deviation of all the Synechococcus strains tested.  Any 

exogenous glucose that could have compromised the data would have been corrected for 

because it would also be present in the non-cellulase treated samples. 
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Evolution of cellulose synthase genes 

Like many evolutionary studies, it is difficult to investigate the origin of an ancient gene or 

function because it was lost long ago in evolutionary history.  If indeed plants acquired their 

cellulose synthases from cyanobacteria and they were subsequently transferred to plant nuclei 

through endosymbiosis and gene transfer, we may expect to find cellulose synthase genes in 

chloroplast genomes.  However, to date, no cellulose synthase has been found in any 

chloroplast sequence.  This is not particularly surprising, as endosymbiotic gene transfer has 

occurred extensively, with most chloroplasts containing an estimated 4-6% of their original 

genes [90].  The remaining genes have either been lost because of redundancy, or transferred to 

the nucleus, where 18% of nuclear DNA in Arabidopsis can be traced back to the chloroplast 

[91].  Because all the primary protein sequences of cellulose synthase A(B) investigated show 

some similarity, it points to a single evolutionary origin.  Cyanobacteria and Proteobacteria 

diverged approximately 2.5 billion years ago [76], and cellulose was already present at the time 

[36].  Cellulose synthases are also present in some archaea, but these sequences are closer to 

those of green algae and vascular plants than to the cyanobacteria and proteobacteria so they 

must have acquired cellulose genes through horizontal, rather than vertical gene transfer.  

The sheer quantity and range of organisms that utilize cellulose for important biological 

processes hints at the necessity of this molecule to life on Planet Earth.  Cellulose synthase, 

which catalyzes the polymerization of UDP-glucose is nearly as diverse as these organisms are.  

Bacteria, plants, archaea, tunicates, slime molds, fungi and even viruses contain confirmed or 

predicted ces genes.  In this study, phylogenetic analysis points to a single ancestral origin for 

cesA genes that likely occurred early in the evolution of life on Earth, prior to the split between 

proteobacteria and cyanobacteria about 2.5 billion years ago [76].  Across the 40 protein 
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sequences examined, a 19.5% pairwise identity was observed spanning both prokaryotic and 

eukaryotic organisms, including 20 identical sites (0.7%).  All the identical sites are near the 

known active site of cellulose synthase.  Vascular plants contain two inserts between these 

conserved sites, which themselves are highly conserved.  One insert is about 47 amino acids in 

length, and the other ranges from 70-98 amino acids.  19 amino acids from this second insert 

are also present in Group I cyanobacteria, but absent in all other organisms.  In particular, 

consecutive Aspartic acid and Glutamic acid residues are fairly well conserved (10/16 and 12/16, 

respectively) in the plants and Group I cyanobacteria subsets as well as a Phenylalanine (14/16) 

slightly toward the N-terminus.  It has previously been suggested that cellulose synthase in 

plants originated in cyanobacteria [25] and this evidence lends additional support to that 

hypothesis.  Specifically, that Group I cyanobacteria donated their cellulose synthase via 

horizontal gene transfer to a common ancestor of vascular plants and green algae, very early in 

their evolution, 400-450 million years ago [92]. 

Group II cyanobacteria share sequence similarity towards the C-terminus of the catalytic site 

with proteobacteria absent from all other sequences (though a much longer insert is seen in the 

same region only in tunicates).  This suggests that an ancestor of Group II cyanobacteria likely 

acquired cellulose synthase from proteobacteria.  In fact, cellulose synthase was probably 

present when cyanobacteria first evolved.  Of the proteobacteria, Gluconacetobacter xylinus has 

the largest cellulose synthase, which may have evolved in order to interact with the other 

subunits of the terminal complex, allowing for its superior yield of bacterial cellulose.  It is 

possible then that the tunicates acquired cellulose synthase from proteobacteria in a similar 

manner as plants did from cyanobacteria, though this likely would have occurred some time 
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after the emergence of Eukaryra and the C-terminal insertion was expanded after adoption by 

tunicates. 

 

Evolution of bacterial cellulose synthase subunits C and D 

These specialized bacterial cellulose synthase subunits likely evolved to aid extrusion of cellulose 

across the outer membrane of the Gram-negative bacteria and to promote cellulose 

crystallization.  These proteins are only found in proteobacteria with one interesting exception. 

Pantoea agglomerans is a Gram-negative bacterium from the family Enterobacteriaceae, which 

opportunistically infects numerous animals.  One of the more interesting discoveries from this 

data is that a bacterial cellulose synthase-like C subunit was found in a sequence from C. 

capitata, the Mediterranean fruit fly.  Pantoea sp. have been known to colonize the gut of 

locusts and other insects [93] and other members of the genus can be found on fruit.  It is 

reasonable to presume that through horizontal gene transfer, C. capitata acquired the suite of 

cellulose synthase genes from consumption and subsequent colonization by Pantoea or a closely 

related bacterium.   BcsC is relatively common in bacteria, with hits to hundreds of genera in the 

NCBI database.  BcsD on the other hand is rare; the 11 genera represented in this study is an 

exhaustive sample of currently annotated genomes containing DNA encoding BcsD.  The relative 

prevalence of BcsC compared to BcsD, hints that BcsC may be more important for export of 

cellulose through the outer membrane.  This makes sense when considering that AcsC is 

essential for cellulose production in G. xylinus, while knockouts of AcsD show reduced synthesis 

and lower crystallinity [46, 86]. 

 

 

http://en.wikipedia.org/wiki/Gram-negative
http://en.wikipedia.org/wiki/Bacterium
http://en.wikipedia.org/wiki/Enterobacteriaceae
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Cellulose complementing protein (ccpA) 

Evolution of cellulose complementing protein A (ccpA) was not investigated in this study 

because it is unique to the Gluconacetobacter genus (also referred to in literature as 

Acetobacter and Komagataeibacter) and its function remains unknown.  No homologous 

sequences were found outside the genus.  Although it certainly plays a role in cellulose synthesis 

in the Gluconacetobacter [5], it is not required for the vast majority of organisms that produce 

cellulose. 

 

Conclusions 

(1) Synechococcus elongatus possesses multiple native cellulose synthase genes capable of 

synthesizing cellulose microfibrils in static culture.  Although the genes had been 

recognized previously, direct imaging of cellulose in this system was never previously 

observed.  These microfibrils are fine, possibly consisting of as few as 3 or 4 glucan 

chains and are not observable in macroscopic quantities or under the light microscope. 

(2) Expression of transgenic acsCD is sufficient to enhance cellulose production in 

Synechococcus elongatus.  Cellulose production was increased by approximately 400% 

with the addition of these transgenes.  The increase in production was accompanied by 

an increase in thickness of the microfibrils, but many remain about the same size as the 

wt.  Increased thickness of microfibrils by enhanced crystallization is thought to allow 

for visualization with the light microscope with fluorescent staining.  Curiously, 

expression of G. xylinus acsAB also enhanced cellulose production by about the same 

rate, but no difference in microfibril thickness was observed.  The effect of ccpA and 

cmcA on cellulose synthesis in Synechococcus is unknown. 
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(3) Synechococcus cellulose is transient.  Macroscopic accumulation of cellulose was not 

observed in any of the strains.  The reason behind this is unknown but it means either 

(a) synthesis is halted or (b) cellulose is being degraded.  Potential cellulases and other 

polysaccharide cleaving enzymes have been annotated in the genome of Synechococcus 

elongatus, and confirmed cellulases have been identified in other species of the genus.  

It is possible these are acting on cellulose that is produced, preventing accumulation. 

(4) Existing cyanobacteria are likely not candidates for large scale cellulose production.  

Similar to current cellulose production methods, purification would be a large part of 

the cost associated with cellulose farming.  Much of the cellulose industry today uses 

agricultural waste (corn stover), abundant and cheap materials (wood pulp), or crops 

grown on marginal land (sorghum, switchgrass).  Establishing a cyanobacteria culture 

pond would be much more expensive than existing methods and purification and is still 

an issue. 

(5) Cellulose synthases are ancient and abundant in an astonishingly diverse group of 

organisms.  Phylogenetic analysis points to a single ancestral version prior to the 

emergence of eukaryotes, that developed in the ancestors to proteobacteria and was 

transferred to cyanobacteria either vertically when they arose around 2.5 billion years 

ago, or horizontally shortly thereafter. 

(6) Green algae and vascular plants likely acquired cellulose synthase from an ancestor of 

Group I cyanobacteria.  Proteobacteria and Group II cyanobacteria contain more regions 

of similarity than either clade does with Group I cyanobacteria.  Archaea, tunicates, 

algae, plants, fungi and the Group I cyanobacteria form a monophyletic group.  Likely all 
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these taxa acquired their cellulose from an ancestor of Group I cyanobacteria, but 

further research is needed to confirm this.  

(7) Bacterial cellulose synthase subunits C and D are specific to proteobacteria and probably 

evolved as a mechanism to aid in extrusion and crystallization of extracellular cellulose. 

 

Future avenues of research 

The extraordinary levels of cellulose synthesis in G. xylinus is the result of a complex process 

requiring an abundance of substrate, signaling molecules, cellulases and an elaborate transport 

system.   Further understanding of the mechanisms involved in this process may be required to 

fully utilize this machinery in a non-native organism such as a cyanobacterium.  Many possible 

avenues were hypothesized but ultimately not executed in this study.  Increasing the amount of 

substrate, UDP-glucose, available in the cell by addition of an extra copy of galU encoding for 

UDP-glucose phosphorylase could encourage polymerization of cellulose.  This system has 

functioned in Synechococcus previously to drive extra production of sucrose in response to 

osmotic stress [51].  Upregulation of c-di-GMP has also been shown to increase cellulose 

production in an E. coli system [94] and is a simple solution to drive cellulose polymerization.  

Obviously, expression of the entire suite of genes contained in all three cellulose related 

operons would be an ideal scenario, but the large size of these genes makes that task difficult. 

In order to reap many of the commercial benefits of bacterial cellulose, proper crystallization is 

required.  The mechanism behind crystallization is poorly understood in G. xylinus, and further 

research is needed to elucidate the details before implementation in alternative systems. 
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APPENDIX 

A.1 Oligonucleotide primers for qPCR 

Target gene Primer sequences Amplicon size 

acsAB ACGTGCCTACCTGCTGAACT 
TTGCGTTTCTGCTGTGTTTC 

96bp 

acsC TGCAGAACCAGAACAACAGC 
GTTATTGGCAAAGCGGACAT 

95bp 

acsD ACCCTGTCATGGGAAATTGA 
TTCGATCTGCAGCTTGTCC 

132bp 

ccpA ACAATGGCCGAAGTGTTCAT 
GTTTTCACGACGACGCAAC 

99bp 
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