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Although cellulose biosynthesis among the cyanobacteria has been suggested previously, we present the first conclusive 
evidence, to our knowledge, of the presence of cellulose in these organisms. Based on the results of x-ray diffraction, electron 
microscopy of micTofibrils, and cellobiohydrolase I-gold labeling, we report the occurrence of cellulose biosynthesis in nine 
species representing three of the five sections of cyanobacteria. Sequence analysis of the genomes of four cyanobacteria 
revealed the presence of multiple amino acid sequences bearing the DDD35QXXRW motif conserved in all cellulose 
synthases. Pairwise alignments demonstrated that CesAs from plants were more similar to putative cellulose synthases from 
Anabaena sp. Pasteur Culture Collection 7120 and Nostoc punctiforme American Type Culture Collection 29133 than any other 
cellulose synthases in the database. Multiple alignments of putative cellulose synthases from Al1abal'l1i1 sp. Pasteur Culture 
Collection 7120 and N. pUl1ctlforme American Type Culture Collection 29133 with the cellulose synthases of other 
prokaryotes, Arabidopsis, Gossypium hirsutllm, Populus alba x Populus tremula, corn (Zea I"Iwys) , and Dictyostelium 
discoideurn showed that cyanobacteria share an insertion between conserved regions Ul and U2 found previously only in 
eukaryotic sequences. Furthermore, phylogenetic anatysis indiciltes that the cyanobacterial cellulose synthases share a 
common branch with CesAs of vascular plants in a manner similar to the relationship observed with cyanobilcterial and 
chloroplast 16s rRNAs, implying endosymbiotic transfer of CesA from cyanobacteria to plants and an ancient origin for 
cell nlose synthase in eukaryotes. 

Ceilulose is the most abundant biopolymer on Decho, 2000; Nicolaus et al., 1999), a tightly bound 
earth with some lOll tons produced annually (Hess et sheath that is often highly fibrillar and sometimes 
al., 1928). To date, clear examples of this process have crystalline (Frey-Wyssling and Stecher, 1954; Singh, 
been found in prokaryotes (Acetobacter xylinus, 1954; Tuffery, 1969; Hoiczyk, 1998), mucilaginous 
Agrobacterium tume/aclms, Rhizobium spp, [Ross et al., slime loosely associated with cells (often partially 
1991]; Escherichia coli, Klebsiella pneumoniac, Salmonella water soluble; Drews and Weckesser, 1982), or a tran­
typhimurium, [Zogaj et al., 2001); Sarcina ventriculi siently a ttached slime tube, present in motile fila­
[Roberts, 1991]) and eukaryotes, including animals ments (Castenholz, 1982; Drews and Weckesser, 
(tw1icates), algae, fungi, vascular plants such as 1982; Hoiczyk, 1998). Cyanobacterial EPS are in­
mosses and ferns, gymnosperms and angiosperms volved in a wide range of functions including desic­
(Brown, 1985), and the cellular slime mold Dictyo­ cation tolerance, protection from UV light, and adhe­
stelium discoideum (Blanton et al., 2000). Thus far, sion to substrates, as well as motility (Ehling-Schulz 
evidence is lacking for cellulose biosynthesis among et al., 1997; Phillipis and Vincenzini, 1998; Kodani et 
the Euryarchaeota, although \,ve have found puta­ al., 1999; Nicolaus et al., 1999). Although several 
tive cellulose synthases in the genome databases of reports in the literature have suggested the presence 

of cellulose in cyanobacterial EPS (Frey-WysslingThennoplasma (http://www.ncbLnlm.nih.gov/ cgi-in/ 
and Stecher, 1954; Singh, 1954; Tuffery, 1969; WinderEntrez/framik?db=Genome&gi = 168) and Fcrroplas­
1990), none has conclusively demonstrated ceilulosema (http://spider.jgi-psf.org/JGLmicrobial/html/). 
biosynthesis among this group of organisms. There­One of the most ancient extant groups of living 
fore, we sought to examine representatives from di­organisms is the cyanobacteria, having been in exis­
verse genera of the cyanobacteria for the presence oftence for more than 2.8 billion years (KnoU, 1992, 
cellulose, employing stringent methods for positive1999). Fossil records of cyanobacteria-like forms date 
identification. Using cellobiohydrolase I (CBHI)-gold as far back as 3.5 billion years (Schopf and Walter, 
labeling and x-ray diffraction, we demonstrate the1982). Cyanobacteria produce a wide array of extra­
presence of celluLose in six strains of five genera. cellular polysaccharides (EPS), which can take the 
Four additional strains appear to have cellulose as form of released polysaccharides (Kawaguchi and 
evidenced by CBHI-gold labeling Three of the five 
sections of cyanobacteria are represented among cel­
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synthase homologs were aligned and compared. The 
results show a close relationship between vascular 
plant and cyanobacterial cellulose synthases. This 
supports the hypothesis that plants acquired cellu­
lose synthase from cyanobacteria through non­
evolutionary means. 

RESULTS 

Electron Microscopy 

Microfibrils of varied morphology were observed 
in the EPS isolates of eight cyanobacteria and in the 
slime tube isola tes of Oscillatoria princeps (Table I). 
These microfibrils were strongly labeled with CBHI­
gold, indicating that they are composed of 13-1,4­
glucans (Okuda et a1., 1993; Tomme et a1., 1995; 
Fig. 1). The narrow and wide axes of the microfibrils 
were measured from representative samples of all 
cyanobacterial cellulose microfibrils. The mean micro­
fibril thickness is rather constant: 1.7 nm (±0.4 nm) 
based on 65 measurements, ranging from 1.1 nm to 2.8 
nm. The mean microfibril width was more variable, 
with a mean 10.3 nm (±4.1 nm) based on 10 measure­
ments, ranging from 5 nm to more than 17 nm. 

Cellulose microfibrils exist as only a fraction of the 
EPS investments of cyanobacteria, as demonstrated 
by thin sections of S. hofmanni UTEX 2349 (Fig. 2) and 
untreated slime tubes from O. princeps (Fig 3A). In 
the case of S. hojmanni, a single layer of CBHI-gold 
labeled material is seen near the outer boundary of 
the thick sheath The labeled region is approximately 
300 nm wide, slightly less than one-third of the thick­
ness of the sheath. Microfibrils, which seem to be 
enveloped in an extracellular matriX, are somewhat 
difficult to resolve in the untreated slime tubes of O. 
princeps. The chemical composition of the matrix is 

unknown since the EPS investments of a variety of 
cyanobacteria can be complex, containing proteins, 
glycoproteins, and lipids in addition to a variety of 
polysaccharides (Kawaguchi and Decho, 2000). Di­
gestion of the slime tubes with TFA removes the 
majority of matrix material, and microEibrils are eas­
ily visualized (Fig. 3B). 

X-Ray Diffraction 

X-ray analysis of acetic nitric-treated EPS fractions 
revealed patterns typical for cellulose I in Oscillatoria 
sp. UTEX 2435 (data not shown), Nostoc sp. UTEX 
2209 (data not shown), Gloeocapsa sp. UTEX L795, S. 
JlOjmanni UTEX 2349, Anabaena sp. UTEX 2576, and P. 
autumnale UTEX 1580. Figure 4 represents the diffrac­
tion patterns of four genera. Line broadening in these 
diffractograms suggests a low crystallinity, which is 
consistent with the small microfibril size observed. 
Electron diffraction patterns were also obtained (data 
not shown), but were very diffuse, supporting the 
size measurements and the x-ray line broadening. 
The presence of contaminating crystalline materials 
is evidenced by the existence of peaks not related to 
cellulose. Note that these peaks do not produce uni­
form overlaps with all tour genera. 

The acid-insoluble EPS fraction from Synechocystis 
sp. American Type Culture Collection (ATCC) 27184 
yielded an x-ray diffraction pattern with d-spacings 
of 4.6 and 4.0 A, indicating a crystalline product. 
These reflections, however, do not correspond with 
reflections of cellulose I or II. It is interesting to note 
that the contaminating peak preceding the 002 re­
flection in the S. hojmanni x-ray diffraction pattern 

Table I. Summation of cyanobacteria investigated and results of experiments 

ACId Microfibrils
Organism Motility Location CBHI-Gold X-Ray D,ffr<lct,on Cellulose

Insolubility (TEM') 

Section I 
Synechocystis sp. ATCC 27184 Yes Yes No NAb No 0.46 and 0.40 nm No 
Synechococcus sp. UTCC 100 No Yes No NA No Not tested No 

Cloeocaps<J sp. UTEX L795 No Yes Yes Sheath Yes 0.60, 0.54, and 0.39 nm Yes 
Section III 

0. prtnCeps Yes Yes Yes Slime tube Yes Not tested Tentative 
Oscil/dloria sp. UTEX L243S Yes Y('s Yes Slime tube Yes 0.59, 0.53, and 0.39 nm YC's 
PhormldlUm auwmJlale Yes Yes Yes Slime tube! Yes 0.59, 0.53, and 0.39 nm Yes 

sheath 
Crir1cl/ium epipsammum No Yes Yes Yes Inconclusive Tentative 

Section IV 
Anabaena sp. No Yes Yes Sheath? Yes 0.60, 0.53, alld 0.39 nm Yes 
Nostoc pUJlctiforme Yes Yes Yes Sheath/ Yes Inconclusive Tentative 

slime? 
Nostac muscorum UTEX 2209 INo Yes Yes Sheath? Y('s 0.60, 0.53, and 0.39 nm Yes 
N. muscorum UTEX 1037 Yes Yes Yes Sheath? Yes Not tested Tentative 
Scytonema hofmanm Yes Yes Yes Sheath Yes 0.60, 0.53, and 0.40 nm Yes 

e TEM, Transmission electron microscopy. b NA, Not applicable. 
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Figure 1. A through F, Various cellulose microfibnls Isolated from cyanobacteria (all negatively stained with 1% lv/vi 
aqueous uranyl acetate and labeled with CBHI-gold; the gold complex is 10 nm in diameter). A, Oriented bundles of 
microfibrils from Cloeocapsa sp. L795, many of which are stained with the CBHI-gold complex, which specifically binds 
to the surface of cryst<Jlline cellulose (Okuda et aI., 1993; Tomme et aI., 1995). B, Cellulose microfibrils from N. muscorum 
UTE X 2209. These microfibrils frequently aggregate into twisted ribbon-like structures reminiscent of the cellulose ribbons 
of A. xylinum. C Cellulose microfibrils from C. epipsammum ATCC 49662. These microfibrils appear to be very thin In both 
dimensions in comparison with the other cyanobacteria tested. D, Microfibrils from P. autumnale, which appear more 
discontinuous and irregular. This could be caused by amorphous regions or regions of low crystallinity rendering the 
microflbrils more altered from acid treatments. E, Microfibrils from Nostoc punctiforme ATCC 29131. These mlcrofibrils are 
shorter and many have tapered ends, suggesting the possibility of cellulose II. F, Large bundles of elongated microfibrils from 
Anabaena UTEX 2576, A through E, Bar " 20 nm; F, bar" 30 nm. 

also represents a d-spacing of 4,6 A and therefore may bases for open reading frames (ORFs) with sequenc­

indicate the presence of a similar crystalline product. esimilarity to cellulose synthases, Searches identified
 

sequences containing conserved DDD35QXXRW
 
Phylogenetic Analysis motif found in cellulose synthases and other proces­


Having established the presence of cellulose sive glycosyltransferases (Saxena et aI., 1995).
 
among the cyanobacteria, we searched genome data- BLAST (Altschul et aI., 1990) searches of databases
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Figure 2. NegatIvely stained thm section of S. 
hofmannl UTEX 2349 with Epon removed and 
labeled with CBHI-gold. Note the layering of the 
shedth dnd the position of the cellulose region 
nc-,H the outer boundary of the sheath. Sheath 
thickness is designated by the white line. Bar 

60 nm. 

(http://www.kazusa.or.jp I cyanol cyano.html; http:// 
spidcr.jgi-psf.org/JGLmicrobial/htmi/) revealed cel­
lulose-synthase-like (CSL) sequences in 5ynechocystis 
sp. Pasteur Culture Collection (PCC) 6803, Anabaena 
sp. PCC 7120, and N. punct!forme. Searches of the 
Anabaena sp. PCC 7120, N. pU11ctifonne, and Synecho­
coccus sp. WH8102 databases revealed the presence of 
ORFs with significant sequence similarity to known 
prokaryotic and eukaryotic cellulose synthases. 

We were interested in determining the relationship 
of the putative cellulose synthases from cyanobacte­
ria to known cellulose synthases. BLAST searches 
with the amino acid sequences from known cellulose 
synthases of prokaryotes and D. discoideum against 
the Arabidopsis genome database demonstrated that 
the CesA of D. discoidewn had the lowest expectation 
value when compared with CesAs of Arabidopsis. 
Subsequent pairwise alignments showed that the pu­
tative cyanobacterial cellulose synthases represented 
by Anabaena sp. PCC 7120 (contig 326) and N. punc­
tiforme ATCC 29133 (contig 499) had expectation val­
ues significantly lower (2 X 10-20 and 2 X 1O-J8 

times, respectively) them that of the cellulose syn­
thase of D. discoideum when compared with IRX3 of 
Arabidopsis. Although BLAST searches are some­
times used to infer phylogenetic relationships, pair­
wise alignments are inherently limited in this capac­
ity. Thus, we chose to perform multiple alignments 
for the construction of phylograms. Toward this end, 
we sought to identify as many prokaryotic cellulose 
synthase sequences as possible from the above data­
bases in order to minimize the possibility of system­

~ 

' .. 

atic errors such as long branch attraction when con­
structing phylogenetic trees (Xiong et aI, 2000). 
Criteria for inclusion of ORFs were simply the pres­
ence of the conserved motif and an arbitrary expec­
tation value <10-9 when compared with any known 
cellulose synthase. The search yielded sequences 
from both gram-negative and gram-positive Eubac­
teria as weB as members of Euryarchaeota. Multiple 
alignments using all prokaryotic amino acid se­
quences (17 sequences total) as well as sequences 
from Arabidopsis, Gossypium hirsutum, corn (Zea 
mays), Populus alba X Populus tremulus, and D. discoi­
deum were constructed with ClustalX (Thompson et 
aI., 1994). The presence of an insertion region corre­
sponding to the plant-specific and conserved region 
(CR-P; Delmer, 1999) between regions U1 and U2 
was observed in eukaryotic sequences as previously 
described by Blanton et al (2000). The amino acids of 
this insertion block were highly conserved aLUong 
plants but showed very little sequence similarity to 
the insert of D. discoideum. Two putative ceBulose 
synthases from Anabaena sp. PCC 7120 and N. PU!1C­

tiforme showed the presence of the insertion region 
found in O. discoideum and vascular plants but lack­
ing in other prokaryotes (Delmer, 1999; Blanton et al., 
2000). Additionally, the cyanobacterial insertions 
showed greater similarity to those of plants than D. 
discoideum (Fig. 5). The sequences of cyanobacteria 
and O. discoideum lacked a second insertion region 
between U2 and U3 present only in plants (Delmer, 
1999; Blanton et aI., 2000). 
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Figure 3. A, Untreated slime tube material collected from the liquid 
culture 0. pnlJceps. The lllicrofibriis are somewhat masked In the 
EPS matrix. B,.lr = 20 nm. B, Trlfluoroacetic-dlgested slime tube 
matertal collected from liquid media. Microfibrils are more apparent 
here as is a decrease in matriX material. Bar = 40 nm. 

Trees generated using both neighbor joining (NJ) 
and maximum parsimony (MP) showed similar over­
all results (Fig. 6). As expected, the vascular plant 
sequences formed a monophyletic group. As de­
scribed previously (Holland et aI., 2000), CesA or­
thologs were seen to be more similar than paralogs. 
NJ and MP methods demonstrated a close phyloge­
netic relationship between the amino acid sequences 
of cyanobacteria and plants supported by high boot­
strap values (Fig. 6). The branch connecting the cya­
nobacteria to plants is very deep, thus raising the 
possibility that the placement of the cyanobacterial 
branch was a long branch attraction artifact. To test 
the validity of the cyanobacterial/plant grouping, a 
quartet puzzling (QP) maximum likelihood tree was 
constructed from the multiple alignment. The maxi­
mum likelihood phylogeny reinforced the cyanobac­
teria/plant relationship demonstrated with NJ and 
MP methods (Fig. 7). Of 954 trees generated, only 
1.3% failed to show this relationship. Additionally, 
alternative topologies were generated by manually 
grouping the cyanobilcterial clade with other 

Plant Physio!. Vol. 127, 2001 

groups in the tree. The topologies were analyzed 
using the test (5% significance) of Kishino and Ha­
segawa (1989) and compared to the original topol­
ogy. All other topologies showed log likelihood val­
ues smaller (even when SES were taken into account) 
and were rated by TreePuzzle as significantly worse 
trees than the maximum likelihood topology (Figs. 7 
and 8). 

The trees generated place cyanobacterial sequences 
in three distinct branches (Figs. 6 and 7). Synechocys­
tis sp. PCC 6803 (D90912), N. punctiforme ATCC 29133 
(contig 583), Anabaena sp_ PCC 7120 (contig 294), and 
B. subtihlS (CAB12237) display a close grouping in illl 
trees. Based on their small size and low similarity to 
known cellulose synthase sequences, these sequences 
most likely represent CSLs rather than cellulose syn­
thases. Two cyanobacterial sequences (N. punctiforme 
ATCC 29133 [contig 640] and Synechococcus sp. 
WH8102 [contig 251]), present in a second main 
branch of the tree, group distantly with cellulose 
synthases of other gram-negative bacteria. Anabaena 
sp. PCC 7120 (contig 326) ilnd N. punctiforme (contig 
499) share a sister branch with vascular plants, indi­
cating a distinct phylogenetic relationship between 
the cellulose synthase homologs of cyanobilcteria and 
CesAs of vascular plants. 

DISCUSSION 

Cellulose Structure 

Although several previous reports suggested the 
presence of cellulose among the cyanobacteriil, it was 
actually a surprise to find that the product is so 
widespread among this group of organisms. Thus 
far, we have found three of the five sections of cya­
nobacteria to have genera exhibiting cellulose bio­
synthesis. It is intriguing to note cellulose produc­
tion, but it is also necessary to understand where it is 
assembled. We have found cellulose in slime tubes, 
sheaths, and extracellular slime, the three major 
classes of extracellular polysaccharides in the cya­
nobacteria. The presence of cellulose in the sheath of 
S. hofmanni represents the first report of prokaryotic 
secretion of cellulose as an attached, capsular-type 
EPS. This is also the first report of cellulose in slime 
tubes of motile cyanobacterial trichomes. 

What is known about the molecular machinery 
involved in cyanobacterial gliding motility? Gliding 
motility takes place with the concomitant secretion of 
polysaccharides. Circumstantial evidence implicates 
junctional pore complexes (JPCs) as points of poly­
saccharide secretion associated with gliding motility 
(Hoiczyk and Baumeister, 1998). Recently, outer 
membrane pores necessary for the secretion of a Type 
1 capsular polysaccharide in E. coli were described 
(Drummelsmith and Whitfield, 2000). These pores 
are exposed on the outer surface and, based on trans­
mission electron microscopy examinations, have 
structural similarity with cyanophycean IPCs Cellu­
lose present in the slime tubes of actively motile 
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Figure 4. X-rdY analysi> of cellulose from four different cyanobacterial strains. A, Cloeocapsa; B, Scytonema; C, Phor­
midium; D, Anabdena. All s~nera exhibit a typical cellulose I pattern specified by the overlapping peaks. Peak 1 is the 101 
d-spacing; peak 2 is the -101 d-spaCing; and peak 3 is the 002 d-spacing. For the 002 spacings, all genera with the 
exception of S. hofmanni (4.0 A) have reflections of 3.9 A. For the -101 spacings, all genera with the exception of 
CloeocapsiJ (5.4 A) have 5.3-A reflections. For the 101 spacings, all genera with the exception of P. autumnale (5.9 A) have 
6.0-A reflections. The presence of contaminating crystalline materials is evidenced by the existence of peaks not related to 
cellulose. Note that these peaks do not always produce uniform overlaps with all four genera. 

cyanobacterial filaments suggests a possible tie to 
gliding mOtility. The maximum rate of gliding in 
cyanobacteria is more than 100 times the rate of 
cellulose ribbon synthesis in A. xylinus, suggesting 
that the cyanobacterial movement is based on a 
more complex set of rna terials and processes than A. 
xylinus. In A. xylinus, the rate of movement is ap­
proximately 2 to 3 um min -1, whereas cyanobacte­
rial filaments have demonstrated the ability to glide 
at up to 10 um S-1 (Castenholz, 1982). We can only 
speculate on the role of cellulose assembly in cya­
nobacterial gliding motility at present. Perhaps the 
slime tube is a frictional bearing for anchoring of 
other motility elements responsible for the glid­
ing; however, relatively little is known about this 
process. 

Interestingly, the microfibrils of cyanobacteria 
have smaller dimensions than those of other organ­
isms, including A. xylinus (Brown et aI., 1976), certain 
algae such as Valonia (Itoh and Brown, 1984), and 
Boergesenia (Itoh et al., 1984), Clnd vascular plants 
(Brown, 1985). The microfibrils of the Rhodophycean 

alga Erythrocladia also have small dimensions of 1 to 
1.5 X 10 to 33 nm (Okuda et al., 1994). Distinct linear 
terminal complexes assemble these thin yet wide mi­
crofibrils. Evidence implicating the IPCs as sites of 
polysaccharide secretion in the cyanobacteria is cir­
cumstantial; however, it is interesting to note that the 
IPCs are located in a ring around the filament, thus in 
a favorable position to secrete polysaccharides in 
general. It appears that the cellulose from cyanobac­
teria is only a small percentage of the totClI extracel­
lular polysaccharide, as compared with A. xylinwrl 
and cell walls of vascular plants (Brown, 1985). It hClS 
been demonstrated that when A. xylinus synthesizes 
cellulose in the presence of carboxymethyl cellulose 
and other polysaccharides, the crystallinity of the 
cellulose is reduced (Hirai et aI., 1998). Perhaps, in a 
similar fashion, the copious production of extracellu­
lar materials other than cellulose by cyanobacteriCl 
prevents lateral aggregation of microfibrils into 
larger units, thus accounting for the small observed 
crystallite size. 
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Figure 5. Multiple alignment of amino acid sequences from 17 prokaryotic cellulose synthase homologs with CesA 
sequences from Arabidopsis, Cossypium hirsutum, corn, Populus tremu/us x Populus alba, and D. discaideum. The 
alignment demonstrates the presence of a CR-P region between the U1 and U2 domains present only in eukaryotic and 
cyanobacterial sequences. 

Phylogenetic Analysis tool for determi..ning phylogenetic relationships. Us­
With the exciting progress in genome database ing these advances, we were able to gain insight into 

mapping, researchers have an extremely valuable possible relationships of cellulose synthase among 
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Figure 6. Comparison of Nj and MP trees. The tree shown is an NJ 
tree subjected to 5,000 bootstrap trials. Bootstrap values are shown 
as percentages with MP bootstrap values shown in parentheses. 
Differences in the MP tree are denoted by bold IIlles (multifurcations) 
and dashed arrow (variable position), and an asterisk indicates root­
ing at the base of the tree. Note the distribution of cyanobacterial 
sequences in the tree: two sequences from Anabaena sp. pee 7120 
and N. punctiforme branch with vascular plants; two sequences from 
N. pUIJctiforme and Synechococcus branch distantly with Thermo­
togales and Proteobacteria; and three sequences from Synechocystis, 
N. punctiforme, and Anabaena, which are most likely eSL proteins, 
group with Bacillus sublilis. The high bootstrap values support the 
validity of the tree. 

the cyanobacteria and other organisms. Pairwise 
alignments against the Arabidopsis genome database 
demonstra te that cyanobacterial cellulose synthase 
homologs have significantly lower expectation val­
ues than any other cellulose synthases not originat­
ing from plants. Further evidence for a close relation­
ship of cyanobacterial and plant cellulose synthases 
was gained by performing a multiple alignment of 
the 17 prokaryotic sequences with cellulose syn­
thases of D. discoideum and vascular plants. Unlike 
other prokaryotic sequences, two cyanobacterial se­
qLlences share a CR-P region with D. discoideum and 
vascular plants. In addition, plant CR-P regions 
show greater sequence similarity to the correspond­
ing cyanobacterial regions than to the insert of D. 
discoideu111. 
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NJ, MP, and QP trees based on the above multiple 
alignment showed that putative cyanobacterial cellu­
lose synthases branch closely with plant cellulose 
synthases. Even though the bootstrap and confidence 
scores are high, the branch connecting the cyanobac­
terial sequences of vascular plant sequences is quite 
deep, leaving open the possibility of a long branch 
attraction artifact. However, maximum likelihood 
evaluation shows that tree topologies separating the 
cyanobacterial and plant clades are not viable. An 
alternative explanation for the long branch lengths 
may lie in the ancient origin of chloroplast endosym­
biosis which, according to the fossil record, must 
have occurred more than 2.1 billion years ago (Han 
and Runnegar, 1992). Such a vast time for divergent 
evolution could easily account for the formation of 
deep branches. 

There is substantial evidence that chloroplasts of 
vascular plants have a cyanobacterial origin and that 
genes can be transferred from the chloroplast to the 
nuclear genome (Weeden, 1981; Martin and Schnar­
renberger, 1997; Martin and Herrmann, 1998; Martin 
et al., 1998; Krepinsky et al., 2001; Rujan and Martin, 
2001). Chloroplasts, originatll1.g from the endosymbi­
otic capture of cyanobacteria, may have shed their 
cellulose synthases and donated them to the nuclear 
genome. It is known that a subgroup of cellulose 
synthases in Arabidopsis exists that bears minor se­
quence similarity to prokaryotic cellulose synthases 
(Taylor et al., 1999). Our findings offer a possible 
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Figure 7. The maximum likelihood phylogeny for the cellulose syn­
thase sequences showing confidence values and the log likelihood. 
With the exception of O. discoideum (which groups with the Eur­
yarchea in this tree), the relatlon;hips in this tree are nearly identic~1 

to those shown in Figure 6. 
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explanation for this similarity. The relationship be­
tween cyanobacterial cellulose synthase homologs 
and vascular plant cellulose synthases shown in our 
phylogram closely resembles the relationship of 16sr­
RNAs from cyanobacteria and chloroplasts (Olsen et 
a!., 1994). This evidence suggests that vascular plant 
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cellulose synthases originated in the cyanobacteria. If 
invalid trees and convergent evolution are eliminated 
as possibilities, the relationship of cyanobacterial se­
quences to vascular plant sequences seems inexplica­
ble except in terms of synology. Unfortunately, the 
current lack of CesA sequences from the algae and 
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from more primitive cyanobacteria leaves a significant 
gap in the tree and makes it impossible to determine, 
with any certainty, the precise nature of the relation­
ship between cyanophycean and plant cellulose syn­
thases. Recently, however, the McCesA3 gene from 
Mesotaeniul11 caldariorum UTEX 41 was sequenced by 
Roberts et a1. (2000). Multiple alignments and phylo­
gri:1ms (data not shown) demonstrate not only the 
expected close relationship of the algal sequence to 
vascular plants CesAs, but also a branch point closer 
to the cyanobacterial/vascular plant divergence 
point. 

No sequences with similarity to cellulose synthase 
exist in genomes of chloroplasts or cycmelles se­
quenced to date. Given the lack of any such ho­
mologs in the cyanelle genome of the primitive alga 
Cyanophora paradoxa, it is reasonable to assume that if 
the cellulose synthases of plants were obtained via 
cyanobacterial endosymbioses, translocation of the 
gene to the nucleus must have occurred relatively 
early in the evolution of algae. The divergence of 
cyanobacterial and plant sequences from the branch 
point reinforces the idea of an early transfer of cellu­
lose synthase from cyanobacteria to a eukaryotic cell. 

Proteins associated with vascular plant cellulose 
synthases have been elusive, and cyanobacteria 
could offer a simplified model system for identifica­
tion of these proteins. Homologs to the known cellu­
lose synthase-associated proteins found in A. xylinus 
and A. turnefaciens are lacking in all cyanobacteria 
analyzed in this study. In fact, many of the ORFs in 
the vicinity of the putative cyanobacterial cellulose 
synthases have no sequence similarity to any pro­
teins of known function. Therefore, it is likely that 
cyanobacteria possess a heretofore undescribed reg­
ulatory system for cellulose biosynthesis in pro­
karyotes. Curatti et a1. (2000) recently isolated a pro­
karyotic Sue synthase gene from Anabaena sp. PCC 
7119 This gene, which is very similar to the Sue 
synthase of vascular plants, also has substantial se­
quence similarity with ORFs found in databases of 
the cellulose producing N. punctifor71lc ATCC 29133 
and Anabaena sp. PCC 7120. Since it is thought that 
Susy from vascular plants is tied to cellulose synthe­
sis (Amor et a1., 1995), it would not be surprising to 
find that the cyanobacterial homolog to SusY is as­
sociated with cellulose synthesis in the cyanobacte­
ria. If this is the case, perhaps other cellulose 
synthase-associated proteins are shared between vas­
cular plants and the cyanobacteria. 

Two putative cellulose synthase proteins and one 
likely CSL protein exist in N. punctiforme ATCC 
29133, a nitrogen fixing, facultatively heterotrophic, 
symbiotically competent cyanobacterium capable of 
differentiation into heterocysts, akinetes, and motile 
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hormogonia, (Cohen et a1., 1994). These different 
genes may be conditionally expressed in specific 
differentiated cell types serving different functions 
in each. For example, cellulose could serve as a 
means of attachment to the host plant in the forma­
tion of symbiotic relationships in a manner similar 
to A. tumefaciens' attachment to its host plant (Mat­
thysse, 1983). In addition, cellulose could have roles 
in gliding motility of hormogonia, desiccation tol­
erance, nitrogen fixing efficiency of heterocysts, en­
hancing Viability of akinetes! or protection from UV 
light. 

Tn conclusion, the proof of cellulose biosynthesis in 
the strains of AnabaCila UTEX 2576 and Nostoc punc­
tiforrnc ATCC 29133 correlates directly with the dis­
covery of the putative cellulose synthase homologs 
from these same organisms. This adds validity to the 
identity of these sequences as cellulose synthases. 
Given that the cyanobacteria were probably among 
the earliest forms of life on earth, contributing to the 
oxygen of the planet's atmosphere over eons, it is 
interesting to speculate why these organisms, of all 
potential photosynthetic life forms! gained promi­
nence in the primitive earth environment. In the re­
ducing atmosphere, severe UV radiation could have 
posed a serious hazard; however, a cellulose sheath, 
slime tube, or extracellular matrix could have 
shielded the cell from UV radiation If the cellulose 
contributed to motility, this ability could have been 
important to allow these early cells to move into 
shade and avoid the intense radiation. It is ironic that 
the earliest producers of cellulose may be the last 
major group of organisms to have cellulose discov­
ered among them! 

MATERIALS AND METHODS 

Strains and Growth Conditions 

All cultures were grown photoautotrophically with a 
12-h light/ dark cycle under fluorescent light. Cultures of 
Oscillatoria sp. UTEX L2345, Oscillatoria princeps CE-95-0P 
Cll CC 5122, Phormidium autunmale UTEX 1580, Syneeho­
cyetis sp. ATCC 27184 (also known as PCC 6803), Cl'inalium 
epipsammul11 ATCC 49662, and Synechoeoeeus sp. UTCC 100 
(syn. PCC 7942) were maintained in BCll medium. 
Anabaena sp. UTEX 2576 (syn. PCC 7120), N. museorum 
UTEX 2209, Nostoc punctlforme ATCC 29133, N. muscorum 
UTEX 1037, Scytonema hofmanni UTEX 2349, Fischerella am­
bigua UTEX1908, and Gloeocapsa sp. UTEX L795 were main­
tained in BG11 0 medium. Cultures were routinely main­
tained on agar plates prepared as previously described 
(Golden et aI., 1987). When possible, contaminated cultures 
were purified by the method of Rippka (1988). With the 
exceptions of Scytonema !lofmanni, Fischerella ambigua, N. 
museorum UTEX 1037, and O. princeps, all cultures were 
axenic and were periodically monitored for contamination 
by microscopic examination and by growth, in the dark, on 
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BGll or BGllo plates supplemented with 0.5% (w Iv) Glc 
ill1d .05% (w Iv) Vitamin-Free Casamino Acids (Difco Lab­
oratories, Beckton Dickinson & Co., Franklin Lakes, NJ). 
Batch cultures were grown either as 500-mL cultures in 
2-Lflasks on an orbital shaker or as 2.5-L cultures in growth 
chambers with agitation by magnetic stirrers and aeration. 
All cultures were maintained at 28°C with the exception of 
0. princeps, which was maintained at 35 Q C. Cultures were 
harvested by centrifugation and Llsed directly for experi­
ments, washed, and resuspended in 0.1 IV! K2HP03 buffer, 
pH 7.0 (PB), dnd frozen at -SO°C, or washed in deionized 
H20 and lyophilized. 

Isolation of EPS 

EPSs were isolated through a variation of the method 
previously described (Barclay and Lewin, 1985). Lyophi­
lized cells resuspended in 30 mL of PB and frozen cells 
thawed at 37°C were broken by three to five passages 
through a pre-chilled French Press at 20,000 psi. A micro­
scope was used to monitor cell breakage. The lysate was 
spun at 9,180g for 40 min. The supernatant was decanted 
and the pellet resuspended in 30 mL of PB, and the sus­
pension was incubated with an excess of lysozyme (1:5 
ratio dry protein weight to wet weight of pellel) at 37°C 
with gentle shaking for 24 to 48 h. The insoluble fraction 
was collected by centrifugation at 14,300g and the pellet 
washed with PB. The pellet was resuspended in 30 mL of 
10 mM Tris, pH 7.5, 5 mM EDTA, 0.4°;;.> (w Iv) SDS, and 
66.67 J.LM proteinase K and incubated overnight at 37°C. 
The insol uble fraction was collected as above and the pellet 
washed twice with PB. The pellet was extracted twice each 
with 30 mL of chloroformlmethanol 1:1 and acetone, 
washed twice in PB, and incubated with 165 units of 
a-amylase (A-6380, Sigma, St. Louis) and 360 units of amy­
loglucosidase (Sigma A-3042B) in 30 mL of PB, at 28°C, 
with gentle shaking, for 24 to 48 h. The insoluble fraction 
was collected as above, washed twice with deionized wa­
ter, and lyophilized. Alternatively, sheaths were isolated 
essentially as described previously (Hoiczyk, 1998). In this 
case, cells were broken by passage through a French Press 
at 20,000 psi rather than by sonication. 

Collection of Slime Tubes 

Slime tube material was pipetted from liquid cultures of 
actively motile O. princeps 24 to 72 h postinoculation. 

CBHI-Gold Labeling 

Slime tube material harvested from liquid cultures of O. 
princeps and EPS isolates from all other cultures were either 
observed without further treatment or digested with 1 N 

TFA for 1 hat lOO°C andlor acetic nitric reagent (Upde­
graff, 1969) for 30 min at lOO°e. Slime tube material col­
lected from motile filaments on Formvar (polyVinyl formyl; 

Cellulose in Cyanobacteria 

Monsanto, St. Louis)-coated grids was labeled without 
further treatment. CBHI-gold labeling was performed 
es-sentially as described previoLlsly (Okuda et aI., 1993) 
with the follOWing exceptions: (1) 10 nm gold was used for 
the CBHI-gold complex, (2) rather than floating grids, 
8-J.LL drops of enzyme complex were added to Formvar 
grids with the EPS isolates, and (3) enzyme complex and 
product were incubated for 3 min at room temperature 
(RT). Grids were negatively stained with 2% (w Iv) uranyl 
acetate. 

Specimen Fixation 

Cells were initially fixed in 0.1 IV! K2HP03 buffer, pH 7.0 
with 2% (v Iv) glutaraldehyde for 4 h at RT. Fixed cells 
were given three 15-min washes and post-fixed with 2'1u 
(v Iv) osmium tetroxide in 0.1 Mbuffer, in the dark, for 4 h 
at 4°e. Cells were washed three times (10 min each) with 
deionized water and stained with 1% (v Iv) aqueous ura­
nyl acetate for 1 h, in the dark, at 4°e. Cells were wilshed 
with deionized water for 10 min at 4°C and taken through 
a graded eth,mol series: 30%, 50%, 70%, and 90% for 15 
min each at RT. This was followed by two lS-min dehy­
drations each with 100% ethanol and 100% acetone. Cells 
were infiltrated with 33% and 66% EMbed 812 (Electron 
Microscopy Sciences, Fort Washington, PA) in absolute 
acetone for 12 h each at RT and polymerized for 24 h 
at 60°C. 

CBHI-Gold Staining of Sectioned Material 

Ultrathin sections of fixed specimens were placed on 
carbon-coated Formvar grids. Grids were incubated with 
Epoxy Resin Remover (Polysciences, Inc., Warrington, PA) 
for 10 min and washed with glass-distilled water. Grids 
were labeled and negatively stained in the same manner as 
EPS and slime tube material. 

X-Ray Diffraction 

X-ray diffraction ~nalysis was performed with Ni­
filtered CuKa (1.542 A) at 35 kV dnd 25 mA on a PW 729 
x-ray generator (Philips, Eindhoven, The Netherlands) and 
a Debye/Sherer camera system (Philips). 

Acetic nitric-digested, lyophilized EPS isolates were 
packed into 0.3- or 0.7-mm capillary tubes and diffraction 
patterns collected under the above conditions for 1 h. Re­
flections were measured manually with measurements cor­
rected for film shrinkage. Digital images of film negatives 
were generated using the Interactive Bild Analysung Sys­
tem image processing system. The images were converted 
to digital diffractograms using NIH Image, Image J, and 
Microsoft Excel. 

Phylogenetic Analysis 

Sequences with similarity to cellulose synthases were 
identified with BLAST (Altschul et al., 1990) searches 
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against the following databases: (a) Department of Energy 
Joint Genome Institute, http://spider.jgi-psf.org/JGL 
microbial/htmll ; (b) National Center for Biotechnology 
Information, http://www.ncbi.nlm.nih.gov/cgi-bin/Entrez/ 
framik?db=Genome&gi = 168; and (c) Kazuza, http://www. 
kaZllsa.or.jpI cyanolcyano.htm!. 

Putative cellulose synthase amino acid sequences 
were then compared with sequences at '\Jational Cen­
ter for Biotechnology Information Arabidopsis Genome 
database (http://www.ncbi.nlm.nih.gov:80/cgi-in/Entrez/ 
map search?chr=arabid.inf) with BLAST (Altschul ct aI., 
1990). The contig listings and amino acid accession numbers 
of the sequence legend in the phylognetic trees are as 
follows: E. coli, AAC76558.1; Burkholderia cepaeia, contig 
411; A. xylinus, 2019362A; Rhizobium leguminosarum, 
AAD28574.1; Rhodobaeter sphaeroides, contig 168; Aqulfex 
aeolicus, D70422; AnabaenaI, contig 326; Anabaena2, contig 
294; Syneehocystis, D90912; N. pUl1eti(ormel, contig 499; N. 
puneti(orme2, contig 640; N. puncti[onue3, contig 583; Athl, 
BAB096931; Zm(l, AAF8996l.1; Ghil, Tl0797; Pt/Pa, 
AAC78476.1; Ath2, AAC29067.1; Ath3, T51579; Ghi2, 
AAD39534.2; Oictyostelium discoideum, AAF00200.1; Bacillus 
subtilis, 069769; Therrnoplasma acidophilum, CAC11626.1; 
Agrobacterium tumefaeiens, 139714; and Ferroplasma aeidarma­
nus, contig 137. 

Multiple alignments for the creation of unrooted phylo­
genetic trees were constructed with ClustalX (default set­
tings; Thompson, et aI., 1994). Sequences in which the UI, 
U2, U3, or U4 conserved regions were misaligned were 
aligned manually. All trees were constructed with original, 
gapped alignments. For NJ trees, 5,000 bootstrap tri(lls 
were performed and trees were constructed by the method 
of Saitou and Nei (1987). MP trees were created with PAUP 
4.08 beta version (Sinaur Associates, Sunderland, MA) us­
ing a heuristic search. algorithm with 100 replicates. Boot­
strap analysis was performed with maximum parsimony 
as optimization criterion with resampling (100 replicates). QP 
maximum likelihood topologies were constructed with Tree­
Puzzle (bttp:llwww.tree-puzzle.de) using the variable lime 
model of substitution (Muller and Villgron, 2000) and assum­
ing uniform rates of heterogeneity with 1,000 puzzling steps. 
Tree evaluations were made with the test of Kishino and 
Hasegawa (1989). Trees were drawn and edited with Tree­
view (http://taxonomy.zoology.gla.ac.uk/ rodl treeview. 
html). 

Received June 25,2001; returned for revision July 2, 2001; 
accepted July 13, 2001. 
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