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 34 

At variance with the starch accumulating plants and most of the glycogen-accumulating 35 

cyanobacteria, Cyanobacterium sp. CLg1 synthesizes both glycogen and starch. We now report 36 

the selection of a starchless mutant of this cyanobacterium that retains wild-type amounts of 37 

glycogen. Unlike other mutants of this type found in plants and cyanobacteria, the mutant 38 

proved to be selectively defective for one of the two types of glycogen/starch synthase: GlgA2. 39 

This enzyme is phylogenetically related to the previously reported SSIII/SSIV starch synthase 40 

that is thought to be involved in starch granule-seeding in plants. This suggests that in addition 41 

to the selective polysaccharide debranching demonstrated to be responsible for starch rather 42 

than glycogen synthesis, the nature and properties of the elongation enzyme defines a novel 43 

determinant of starch versus glycogen accumulation. We show that the phylogenies of GlgA2 44 

and of 16S rRNA display significant congruence. This suggests that this enzyme evolved together 45 

with cyanobacteria when they diversified over 2 billion years ago. The reasons that may have 46 

favored the ancient selection of such an activity are discussed.  47 

 48 

INTRODUCTION 49 

Soluble glycogen/starch synthases of the GT5 (CAZy family 5 glycosyl- transferases) 50 

family transfer glucose from a nucleotide sugar to the non-reducing end of a growing α-1,4-51 

linked glucan. Among the very large family of prokaryotic GT5 enzymes, the soluble starch 52 

synthases III/IV (SSIII/IV) found in the green plant or alga plastid and in the glaucophyte 53 

cytosol are united into a highly supported monophyletic group together with glycogen/starch 54 

synthases found in all chlamydiales intracellular pathogens, in a restricted number of 55 

proteobacteria and a large number of cyanobacteria (Ball et al., 2013). However, erosion of 56 

phylogenetic signal did not enable a clear determination of the root position of this 57 

SSIII/IV/GlgA2 sub-family within the large size GT5 GS phylogenetic tree (Ball et al, 2013). 58 

SSIII/IV in green plants and algae are known to be essential for starch synthesis and play both 59 

a role in building the large-size chains within amylopectin and a function in starch particle 60 

seeding and (or) polysaccharide synthesis priming (for reviews see D’Hulst et al., 2015; 61 

Nakamura, 2015). Little is known about the function of the corresponding enzymes in 62 

bacteria.  Cyanobacteria represent one of the most ancient groups of prokaryotes and the 63 

founders of oxygenic photosynthesis (Summons et al., 1999, Crowe et al., 2013). Like in 64 

plants, photosynthetic carbon is temporarily assimilated via the Calvin cycle in the form of 65 

homopolymers of D-glucose, such as glycogen or starch that both consist of glucan chains 66 
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made of glucose residues linked in α-1,4 and branched by α-1,6 linkages. In spite of sharing 67 

the same chemical linkages, both polymers widely differ in physicochemical properties. 68 

Glycogen particles are highly branched polysaccharides (8 to 10 % of α-1,6 branches) 69 

resulting in the storage of small hydrosoluble particles with 30-50 nm maximal diameter in 70 

the cytosol of numerous organisms (Archaea, Bacteria and eukaryotes). One third of a 71 

maximum total 55000 glucose residues within a single particle is readily accessible to 72 

glycogen catabolism in the outer chains without cleaving off α-1,6 branches (Melendez-Hevia 73 

et al., 1993). Glycogen is thus a homogeneous structure and a very dynamic form of glucose 74 

storage that combines low osmotic activity and accessibility to hydrosoluble enzymes. Starch 75 

granules are usually made up of two α-glucan polymers, namely amylopectin and amylose. 76 

The minor fraction, amylose, is composed of linear weakly-branched glucan chains (<1% of 77 

α-1,6 branches) while the major fraction, amylopectin, harbors an ordered branch pattern of 78 

α-1,6 linkages leading to the cluster organization responsible for starch crystallinity 79 

(Hizukuri, 1986, Laohaphatanaleart et al., 2010, Bertoft et al., 2010). The synthesis of starch 80 

granules was initially believed to be a hallmark of three sister lineages -plants/green algae, red 81 

algae and Glaucophytes (i.e Archaeplastida) stemming from primary plastid endosymbiosis 82 

and some of their secondary endosymbiosis derivatives (i.e. Alveolates and Cryptophytes) 83 

(Cenci et al., 2014; Ball et al., 2015). Several lines of evidence suggest that starch metabolism 84 

has evolved shortly after plastid endosymbiosis from a pre-existing cytosolic eukaryotic 85 

glycogen metabolism enzyme network. In line with this hypothesis, an overview of gene 86 

origin in Archaeplastida lineages points out that most of the starch metabolism enzymes 87 

display a common host phylogeny. Only 4 genes of the inferred ancestral Archaeplastida 88 

network display a clear-cut bacterial origin with two originating from cyanobacteria (GBSS 89 

(granule-bound starch synthase), and ADP-glucose pyrophosphorylase (GlgC)) and the 90 

remainder two from chlamydial intracellular pathogens (GlgA and GlgX respectively soluble 91 

glycogen/starch synthase and glycogen/starch debranching enzyme) (Ball et al., 2013). 92 

Interestingly, extant unicellular diazotrophic cyanobacteria were recently reported to 93 

synthesize starch-like polysaccharides with an enzyme network mostly unrelated to the one at 94 

work in Archaeplastida (Cenci et al., 2013). The presence of GBSS in chroococcales 95 

unicellular diazotrophic cyanobacteria may suggest that the plastid ancestor could have been 96 

an ancient starch accumulator related to such organisms (Cenci et al., 2013). Indeed GBSS is 97 

an enzyme responsible for amylose synthesis within starch and requires the binding to semi-98 
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crystalline polysaccharides to be active. We thus proposed that an ancestor of this group of 99 

diazotrophic unicellular cyanobacteria may define the plastid donor (Deschamps et al., 2008).  100 

Because of the fastidious growth of many chroococcales unicellular diazotrophic 101 

cyanobacteria and because this group, like many other cyanobacteria, has resisted all attempts 102 

at genetic transformation, we applied a classical genetic approach to the dissection of starch 103 

metabolism in Cyanobacterium sp. CLg1. This strain initially reported as diazotrophic by 104 

Falcon et al. (2004) was axenized by us, but has lost the ability to fix nitrogen under 105 

laboratory conditions. Cyanobacterium  sp. CLg1, has been reported to accumulate both a 106 

major starch fraction and a minor yet significant glycogen pool (Falcon et al., 2004; Cenci et 107 

al., 2013). We now report the selection of a starchless mutant of Cyanobacterium that 108 

synthesizes wild-type amounts of glycogen. This mutant proved to be selectively defective for 109 

the GlgA2 glycogen/starch synthase. This suggests that starch and glycogen are synthesized 110 

by at least partly distinct pathways in Cyanobacterium sp. CLg1. To our knowledge this is the 111 

first report for a requirement other than those previously assigned to starch debranching 112 

enzymes for the selective accumulation of starch rather than glycogen in living cells.  The 113 

evolutionary implications of this novel function are discussed in the light of the origin and 114 

possible role of the SSIII-IV-GlgA family of glucan elongation enzymes within 115 

cyanobacteria.  116 

 117 

  118 
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Results 119 

Selection of 187G11 a starchless mutant of Cyanobacterium sp. CLg1 120 

A collection of 2.104 mutants was generated after UV mutagenesis followed by a minimum of 121 

4 rounds of subcloning  as previously detailed in Cenci et al. (2013). Following the first round 122 

of screening, the selected mutants were further subcloned to check for complete segregation 123 

of the mutant phenotype. After 3 years of segregation and phenotype screening we selected 7 124 

strains defining the class C mutants, which contained water-soluble polysaccharides in 125 

amounts close to those of the wild-type reference but with significantly lower amounts of 126 

starch. 6 of these 7 mutants were previously reported in Cenci et al. (2013) but failed to reveal 127 

the biochemical explanation for the mutant phenotype. The seventh strain (187G11) displayed 128 

a very severe phenotype defined by the absence of iodine stain displayed after spraying cell 129 

patches with iodine vapors. This was correlated to a complete disappearance of starch, which 130 

fell below detection level (<0.5% of wild-type level) (Fig. 1). However the mutant remained 131 

able to accumulate normal amount of water soluble polysaccharide (0.34 ± 0.04 mg of 132 

WSP.mg-1 of protein) in comparison to the wild-type strain (0.26 ± 0.04 mg of WSP.mg-1 of 133 

protein). This phenotype is more severe than that exhibited by class A mutants which 134 

overproduced glycogen and retained very low levels (2-5% of wild type) of starch with 135 

modified structure (Cenci et al., 2013). Nevertheless unlike glycogen-less mutants of 136 

Synechocystis PCC6803 the mutant grew under 12h light/12 h darkness growth conditions 137 

albeit with a twofold increase in generation time (from 60 to 120 h) (Grundel et al., 2012) 138 

(Supplemental Fig. S1) in liquid medium. On solid media we did not observe significant 139 

delays in the appearance of single colonies. 140 

 141 

187G11 displays normal glycogen levels of slightly modified structure. 142 



7 
 
 

To characterize the water-soluble polysaccharide fraction accumulated in the 187G11 mutant, 143 

the latter was purified, sized by gel permeation chromatography and compared to wild type 144 

(Fig. 2A and 2B). Both mutant and wild type soluble polysaccharides are composed of high 145 

molecular weight polysaccharides (fractions 35 to 50) and short malto oligosaccharides 146 

(fractions 60 to 100). The formers were then examined by transmission electron microscopy 147 

(TEM) and further subjected to enzymatic debranching, followed by separation of chains by 148 

HPAEC-PAD (High Performance Anion Exchange Chromatography with Pulsed 149 

Amperometric Detection). Chain length distribution analysis (Fig. 2C and 2D) and TEM 150 

observation of negatively stained preparations (Fig. 2E and 2F) suggest that WSP of 187G11 151 

is composed of highly branched glucan chains capable to exclude the uranyl acetate 152 

molecules in a fashion similar to wild-type soluble polysaccharides (Fig. 2E). Altogether, 153 

these results (Fig.1 and Fig. 2) suggest that 187G11 contains normal amounts of wild-type 154 

glycogen with a similar branched polysaccharide and with a chain-length distribution slightly 155 

enriched in small chains. Hence 187G11 synthesizes glycogen as efficiently as wild-type cells 156 

but selectively lacks starch. 157 

 158 

187G11 is specifically defective for the major starch /glycogen synthase 159 
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We undertook a large survey of starch metabolism enzymes through crude extract assays 160 

(ADP-glucose pyrophosphorylase and glycogen/starch synthase) and previously adapted 161 

zymogram procedures  (phosphorylases, glycosyl hydrolases, and transferases including BE 162 

(branching enzyme), α-1,4 glucanotransferase, debranching enzymes, amylases, and 163 

glycogen/starch synthases) (Supplemental Fig. S2). We found a very large decrease in total 164 

glycogen primed glycogen/starch synthase activity (80% decrease with respect to wild-type 165 

(492 nmol.min-1.mg-1 of protein)) that correlated with the disappearance of the major 166 

glycogen/starch synthase. A second minor slow migrating glycogen/starch synthase was also 167 

witnessed selectively in the mutant 187G11 strain (Fig. 3). Unfortunately the unstable nature 168 

and low activity of this slow migrating band which we suspect to represent the GlgA2 mutant 169 

enzyme (see below) only allowed us to partially purify it from Cyanobacterium sp. CLg1 170 

mutant crude extracts. We have previously published that mutants defective for a debranching 171 

enzyme (GlgX2) over-accumulated glycogen and witnessed a dramatic decrease in starch 172 
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amounts. To make sure that the phenotype displayed in 187G11 could not result from a 173 

combination of a direct effect on the glycogen/starch synthase and an indirect effect on the 174 

GlgX2 debranching enzyme, we semi-quantified GlgX2 by zymogram analysis through the 175 

procedures detailed in Cenci et al. (2013) and found the activity to be normal qualitatively and 176 

quantitatively (Supplemental Fig. S3).  177 

 178 

Characterization of a glycogen/starch synthase mutation in the 187G11 genome 179 
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We proceeded to sequence all of the genes previously found in the Cyanobacterium CLg1 180 

genome related to either glycogen and (or) starch metabolism. These included all possible 181 

glycosyl hydrolases and glycosyl transferases found in the genome and known or suspected to 182 

be involved in glucan metabolism as listed in Table 1. In addition, we sequenced the unique 183 

gene encoding ADP-glucose pyrophosphorylase from the 187G11 strain. We found only one 184 

significant modification in the whole starch/glycogen metabolism network and no silent 185 

mutations. We thus found a one base pair deletion yielding a frameshift and a nonsense 186 

mutation toward the C-terminus of the GlgA2 glycogen synthase gene (Fig. 4). This mutation 187 

deletes a highly conserved region of the bacterial GT5 glycogen synthases and is therefore 188 

expected to impact the enzyme activity. We further investigated this impact on other GT5 189 

glycogen synthases such as the E. coli enzyme by introducing mutations in one or both of the 190 

highly conserved tyrosine residues (Supplemental Fig. S4) of this region which resulted in a 191 

large decrease of the enzyme activity. Slow growth of the marine Cyanobacterium sp. CLg1 192 

strain requires 4 years for a full cycle of mutant screening and purification which prevented us 193 

from selecting additional defective alleles. In addition chroococcales cyanobacteria are 194 

notorious for their resistance to genetic transformation precluding complementation of the 195 
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effect by genetic transformation. Hence not only did we sequence all genes of the 196 

starch/glycogen metabolism network but in addition we assayed all possible enzymes of the 197 

network to check that undetected  mutations in regulatory genes would not modify the balance 198 

of starch/glycogen metabolism enzymes. We found no evidence for any qualitative 199 

modification in all assayable enzyme activities through crude extract assays and zymogram 200 

procedures. However we did record a significant increase in starch (glycogen) phosphorylase 201 

activity which was also noted in other mutants of Cyanobacterium sp. CLg1. Similar 202 

increases have been noted in other cyanobacterial mutants by others (Fu and Xu, 2006; Cenci 203 

et al., 2013). These increases may explain the slightly modified glycogen structures observed 204 

in the mutants. 205 

 206 

Biochemical characterization of glycogen/starch synthases in wild-type and mutant 207 

cyanobacteria 208 

In order to verify that the nonsense mutation detected in glgA2 explains both the 209 

disappearance of the major glycogen/starch synthase and the phenotype recorded in 187G11 210 

we expressed wild-type GlgA1 and GlgA2 proteins as well as the mutant GlgA2* enzyme  in 211 

E. coli (Fig. 5A). In addition we checked for complementation of the E. coli glgA mutation by 212 

our constructs. Interestingly the wild-type GlgA2 enzyme complemented the E. coli defect 213 

only when E. coli was supplemented with maltose and not with mannitol, a property which 214 

was shared by both GlgA1 and the mutant GlgA2* (Fig. 5B). All recombinant proteins cross-215 

reacted in purified extracts as expected with antibodies directed against the phylogenetically 216 

related Synechocystis PCC 6803 GlgA1 and GlgA2 (named respectively GSII and GSI by 217 

Yoo et al. 2014) (Supplemental Fig. S5). However we were unable to distinguish the activities 218 

in crude extracts because of abundant cross reactions against other bacterial proteins. A 219 

strongly decreased activity was scored for GlgA2* (0.303 μmol.min-1.mg-1) by comparison to 220 

the wild-type enzyme (327 μmol.min-1.mg-1) while significant GlgA1 activities could be 221 

reproducibly measured only by quantitative radioactive assays  (4.1 μmol.min-1.mg-1) (see 222 

methods).  The absence of iodine stain in the strains expressing GlgA1 is suggestive of the 223 

synthesis of very short glucan chains (iodine staining of glucans starts developing at 20°C for 224 

chains longer than 12 Glc residues). We also expressed GlgA1 and GlgA2 from 225 

Synechocystis PCC 6803. In a similar fashion, we found recombinant activity through iodine 226 

staining with GlgA2 but not with GlgA1, which thus behaved like the Cyanobacterium sp. 227 

CLg1 GlgA1.  228 
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 229 

GlgA2 is selectively bound to cyanobacterial starch and can prime polysaccharide 230 

synthesis in Cyanobacterium but not E. coli. 231 

In a previous study, we found peptides from a 52 kDa starch bound protein that matched those 232 

from the Cyanobacterium sp. CLg1 GlgA2 (Fig. 6A) (Deschamps et al., 2008). We also found 233 

GlgA2 by similar means on the purified Cyanothece starch-like granules. We used the anti-234 

GlgA1 and anti-GlgA2 antibodies raised against the Synechocystis enzymes that cross-reacted 235 

similarly with the corresponding GlgA1 and GlgA2 Cyanobacterium recombinant proteins to 236 

check for the presence of these proteins on the cyanobacterial starch granules. In both systems 237 

we found GlgA2 as a major starch bound protein with no GlgA1 detected (Fig. 6B).  238 

The fact that the wild-type GlgA2 enzyme could complement a glgA defective E. coli mutant 239 

only in the presence of maltose suggested to us that this activity was dependent on the supply 240 

of MOS primers by the MalQ amylomaltase in E coli. This was confirmed by the absence of 241 

recombinant GlgA2 enzyme activity recorded on zymogram gels in the absence of glycogen 242 
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primer (Supplemental Fig. S6). This property was shared also by the GlgA2* mutant activity. 243 

However when GlgA2 was purified partially from Cyanobacterium extracts the wild-type 244 

protein was always able to prime glucan synthesis in the absence of added polysaccharide 245 

primer. We conclude that in Cyanobacterium the GlgA2 glycogen synthase is either modified 246 

or interacts with a Cyanobacterium specific factor or substrate absent from both glucose or 247 

maltose grown E. coli cells. We do not know if GlgA2* would behave similarly in 248 

Cyanobacterium extracts since we never obtained enough residual activity in the mutant to 249 

assay its primer dependence. We therefore believe that the mutant phenotype could be 250 

explained either by the spectacular decrease of enzyme activity on its own or by a 251 

combination of the latter and a possible inability to prime polysaccharide synthesis in vivo in 252 

Cyanobacterium. 253 

 254 
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Phylogenetic analysis of the SSIII-IV-GlgA2 glycogen/starch synthases 255 
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Several detailed and recent phylogenies of GT5 ADP-Glc requiring starch synthases have 256 

appeared (Ball et al., 2013). However the databases have considerably increased in size since 257 

our last analysis and now include a much larger diversity of cyanobacteria. For our 258 

phylogenetic analysis we have selected only the SSIII-SSIV-GlgA2 monophyletic subgroup 259 

of enzymes that was previously defined in these phylogenies with very high support and have 260 

restricted our alignment to these sequences. The GT5 ADP-Glc dependent glycosyl-261 

transferases represent a distinctively prokaryotic group of enzymes with no representatives 262 

within eukaryotes with the noticeable exception of Archaeplastida. It is thus reasonable to 263 

assume that the green algae and plant sequences summarized in figure 7 were gained by LGT 264 

from a prokaryotic source. Because the tree is unrooted and because the phylogeny of GT5 265 

glycogen/starch synthases shows many signs of signal erosion we cannot exclude the unlikely 266 

possibility that the sequence was donated to Chlamydiales by the Archaeplastida rather than 267 
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the reverse. Nevertheless the phylogeny represented in figure 7 and detailed in the 268 

supplemental Figure S7 demonstrates that despite the growing databases, the Chlamydiales 269 

remain the most plausible donors for the ancestral plant SSIII-IV starch synthase gene and 270 

that Cyanobacteria can be very confidently rejected as possible donors for the plant enzymes. 271 

The phylogeny now suggests in addition that GlgA2 may define a very ancient cyanobacterial 272 

enzyme as a substantial portion of the cyanobacterial diversity appears uninterrupted by 273 

foreign clades in a large size monophyletic group. Among the available cyanobacterial 274 

genome sequences, we estimate that 47 % of reported genomes lack GlgA2 while only 16 % 275 

lack GlgA1. Hence both sequences are largely distributed within cyanobacteria. Both GlgA1 276 

and GlgA2 (2 cases) can function as sole glycogen/starch synthase. In addition both GlgA1 277 

and GlgA2 absence is not confined to specific subgroups of cyanobacteria but is distributed 278 

throughout the cyanobacterial tree pointing to multiple gene loss events. A systematic search 279 
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for GlgA2 in cyanobacteria has indeed yielded the finding of this enzyme in several of the 280 

most basal cyanobacterial clades (Colleoni and Suzuki, 2012) We further assayed the 281 

congruence of the GlgA2 phylogeny with the diversification of cyanobacteria (Supplemental 282 

Figures S8 and S9) as estimated through the 16S rRNA phylogeny and found a good level of 283 

congruence despite the intensive gene sharing and exchanges usually found in bacteria. A 284 

GlgA2-related sequence is also congruent with the diversification of Chlamydiales which 285 

contain no other glycogen/starch synthases (Ball et al., 2013). On the other hand the rather 286 

restricted distribution within mostly marine gamma proteobacteria (purple sulfur bacteria 287 

(chromatiaceae) and methanotrophs) may argue for a more recent LGTs within these groups.  288 

 289 

 290 
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Discussion 292 

A novel determinant of starch versus glycogen structure; glucan product length and 293 

particle seeding 294 

In this work, we bring suggestive evidence that cyanobacterial starch depends on a function 295 

provided by GlgA2 that cannot be supplied by GlgA1. We believe that this function is distinct 296 

from polysaccharide synthesis priming since normal glycogen synthesis priming occurs in the 297 

187G11 mutant. In plants, mutants defective for both SSIII and SSIV which are 298 

phylogenetically-related to GlgA2, are also starchless but do not produce any glycogen 299 

(Szydlowski et al., 2009). In that case, however, the missing function is thought to consist of 300 

polysaccharide synthesis priming. Indeed, transgenic expression of the self-priming 301 

Agrobacterium GlgA glycogen synthase in the Arabidopsis SSIII-IV double mutants restores 302 

starch synthesis (Crumpton-Taylor et al., 2013). Expression of both GlgA1 and GlgA2 was 303 

successfully achieved in E. coli. However successful complementation of the E. coli glgA 304 

mutation could only be achieved in the presence of maltose and no complementation was 305 

observed on mannitol or glucose-grown E. coli cultures. Maltose is known to induce the 306 

maltose operon per se the MalQ amylomaltase which elongates malto-oligosaccharides by a 307 

series of transfer reactions at the expense of glucose formation. The synthesis of long glucans 308 

leading to glycogen production by action of glycogen branching enzyme is prevented by the 309 

presence of the MalP and MalZ gene products yielding glucose and glucose-1-P thereby 310 

feeding bacterial metabolism and recessing the long chains to maltotetraose yielding a MOS 311 

pool consisting of small-size glucans. Hence E. coli cells growing on maltose contain a 312 

significant pool of small-size MOS. Selective complementation of glgA in maltose grown 313 

E.coli cells suggest that in vivo, these bacteria are using the MOS pool to elongate glucans for 314 

glycogen synthesis. In the presence of mannitol or glucose the absence of a sizeable MOS 315 

pool prevents glycogen synthesis priming. This suggests that neither recombinant GlgA2 nor 316 

recombinant GlgA1 or GlgA2* are able to prime polysaccharide synthesis in the absence of 317 

MOS. This was confirmed for GlgA2 through zymogram analysis. However when GlgA2 was 318 

purified from Cyanobacterium sp Clg1, GlgA2 was systematically able to prime 319 

polysaccharide in the same zymogram analysis. We therefore conclude that the ability to 320 

prime does not define an intrinsic property of the cyanobacterial glycogen synthases and that 321 

this ability is dependent on either enzyme modification or supply of specific primers by other 322 

cyanobacterial factors.  The GlgA2* mutant activity may or may not lack this essential 323 

property but nevertheless the very substantial decrease of its specific activity (at minima two 324 
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orders of magnitude (Figure 3)) precludes its normal function for cyanobacterial starch 325 

synthesis. 326 

Our work suggests that Cyanobacterium sp. CLg1 displays two separate pathways for 327 

polysaccharide synthesis affording the possibility to regulate both of these pathways at least 328 

partly independently. The first pathway leads to the production of short-chain glycogen and 329 

the second yields starch. The starch specific pathway consists at minima of GlgA2 (this work) 330 

and of GlgX2 (Cenci et al., 2013). As we previously proposed, glycogen, because of the 331 

instant accessibility of the glucose stores of its outer chains, defines an optimal structure to 332 

ensure a fast adaptation of the carbon sink strength to optimize photosynthetic activity. On the 333 

other hand starch offers the opportunity to trap five-fold more (Cenci et al., 2013) carbon into 334 

a slow turnover storage polysaccharide form to ensure high respiration rates during the dark 335 

phase. These high respiration rates have been proposed by others to be needed in diazotrophic 336 

single cell cyanobacteria not only to supply nitrogenase with the required high levels of ATP 337 

and reducing power but also to further lower locally the oxygen levels through its respiratory 338 

consumption (Schneegurt et al., 1994). By reaching anoxia this would induce Nitrogenase 339 

synthesis and activity. We therefore predict that the absence of starch would abolish 340 

diazotrophy. Unfortunately the loss of diazotrophy of our axenic Cyanobacterium strain does 341 

not allow us to test this in a straightforward fashion. However in this respect, we wish to 342 

stress that the most abundant class of mutants of the green alga Chlamydomonas reinhardtii 343 

that are defective for hydrogen production under anoxic conditions by the oxygen-sensitive 344 

hydrogenase are those that we reported to substitute starch by glycogen synthesis (Posewitz et 345 

al., 2004).  346 

All 6 cyanobacteria that have been proven to accumulate starch contain GlgA2. 347 

However many glycogen accumulating cyanobacteria also contain both GlgA1 and GlgA2 348 

(Colleoni & Suzuki, 2012). We would like to propose that GlgA2 has evolved mainly to allow 349 

nitrogen fixation through the synthesis and mobilization of starch. Frequent loss of both 350 

diazotrophy and starch in cyanobacteria may not necessarily have been accompanied by that 351 

of GlgA2. In some cases GlgA2 may indeed have been lost as in Prochlorococcus and many 352 

related Synechococcus strains (Colleoni & Suzuki, 2012). In other cases, the single loss of the 353 

GlgX2 debranching enzyme would have converted the synthesis of high levels of starch into 354 

smaller levels of “phytoglycogen” (a polymer resembling glycogen but with slightly longer 355 

chains that results from impaired amylopectin crystallization) as evidenced in the GlgX2 356 

mutants (Cenci et al., 2013). The pool of phytoglycogen induced by the loss of GlgX2 357 
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function would lead to the production of increased glycogen amounts made of slightly longer 358 

chains that escapes the hypothesized tight regulation of GlgA1 by photosynthesis. Hence 359 

maintenance of both long-chain and short-chain glycogen may have been desirable in some 360 

glycogen accumulating cyanobacteria such as Synechocystis sp. PCC6803.  361 

Our work emphasizes that the intrinsic properties of the glycogen/starch synthase 362 

possibly defines a novel determinant of starch versus glycogen synthesis. We believe that the 363 

specific properties concerned consist in the synthesis of chains with a length (DP > 12) 364 

compatible for their selective debranching by GlgX2. Indeed GlgX2 was demonstrated to 365 

display little or no activity toward glycogen chains and to require the longer chains present in 366 

amylopectin-like molecules (Cenci et al., 2013). Our results concerning the biochemical 367 

properties of GlgA2 are in agreement with these speculations.  The absence of iodine stained 368 

polysaccharide product in zymogram analysis of recombinant GlgA1 despite the presence of 369 

significant activity measured in our radioactive ADP-glucose incorporation assays strongly 370 

suggests the presence of a distributive mode of action for GlgA1. Indeed an hypothetical 371 

distributive mode of action had been solely deduced previously by others from the detailed 372 

glycogen structures produced in the single GlgA1 and GlgA2 mutants of Synechocystis (Yoo 373 

et al., 2014). That GlgA1 is responsible for short chain glycogen synthesis is indeed suggested 374 

by the measure of significant  (20%) residual crude extract glycogen synthase activity found 375 

in the 187G11 mutant which is also in agreement with its function in the synthesis of the 376 

remaining short-chain glycogen pool. The small increase of short chains in the glycogen 377 

structure of the GlgA2 mutant of Cyanobacterium when compared to the wild-type can be 378 

explained either by the mutation of GlgA2 contributes in a minor fashion to glycogen 379 

synthesis or by the observed induction of phosphorylase activity in the mutant. We presently 380 

cannot distinguish between these two possibilities. 381 

 In addition to long chain synthesis, we believe that an additional function for starch 382 

versus glycogen synthesis carried by GlgA2 may consist of starch granule seeding. Indeed, a 383 

need exists at the core of the granule for the organization of the 3D crystalline growth of the 384 

individual granules. There is also a need to control starch granule size and hence starch 385 

granule seeding independently from glycogen to avoid physically blocking bacterial division. 386 

 387 

 388 

The cyanobacterial origin of the SSIII-IV-GlgA2 subfamily of GT5 glycogen/starch 389 

synthases. 390 
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The phylogeny published in this and our previous work shows that two prokaryotic groups 391 

show a significant level of congruence between their diversification and the GlgA2 392 

phylogeny. These are the Chlamydiales and the cyanobacteria. The few bacteria mainly basal 393 

gamma proteobacteria members presenting a GlgA2-SSIII-IV group can be easily explained 394 

through lateral gene transfers (LGTs) from cyanobacteria in a common marine environment. 395 

This work extends the distribution of cyanobacteria to the point where we can show that the 396 

phylogeny of GlgA2 shows an appreciable level of congruence with this group of bacteria 397 

especially when considering the high level of gene exchanges considered to occur in bacteria. 398 

However some cyanobacteria lack either GlgA1, GlgA2 or both through selective gene losses, 399 

but nevertheless, both enzymes are largely distributed within this group. Since diversification 400 

of cyanobacteria was initiated between 2 to 3 billion years (Sanchez-Baracaldo et al., 2014), 401 

the node uniting all cyanobacteria in Figure 7 is vastly more ancient than that uniting the 402 

green algae and land-plants. This conclusion invalidates that the root of the GlgA2-SSIII-IV 403 

group could lie within the Archaeplastida since the latter diversified after plastid 404 

endosymbiosis (dated between 0.9 to 1.6 billion years). A GlgA2-like gene is on the other 405 

hand universally distributed in all Chlamydiales where it defines the sole starch/glycogen 406 

synthase present. Chlamydiales are considered to be members of the bacterial PVC clade 407 

(consting of Planctomycetes, Verrucomicrobia, Chlamydiales). However no other glycogen 408 

accumulating PVC members are reported to contain enzymes of similar phylogenetic origin 409 

suggesting that the last common Chlamydiales ancestor may have received the gene by LGT 410 

from other bacteria.  Hence the GlgA2 type of enzyme displays a very ancient origin in both 411 

Chlamydiales and cyanobacteria. GT5 (Glycosyl Transferase Cazy family 5) glycogen/starch 412 

synthases that use ADP-Glc as substrate are very largely distributed in Bacteria and Archea. 413 

This type of enzyme is only very distantly related to the UDP-Glc requiring GT5 or GT3 414 

glycogen synthases distributed in glycogen storing eukaryotes. It is thus reasonable to 415 

conclude that the green algae land plants and glaucophyte SSIII-SSIV glycogen/starch 416 

synthases must have received the ancestor of SSIII-IV from a bacterial source, the most likely 417 

being an ancient Chlamydiale. The unrooted tree presented in this work does not clarify the 418 

origin of the SSIII-SSIV-GlgA subgroup of glycogen/starch synthases and a chlamydial 419 

proteobacterial or cyanobacterial origin remain possible. Nevertheless if we now exclude the 420 

Archaeplastida as the source for this enzyme, all these hypotheses agree with the presence of 421 

a chlamydial LGT to the Archaeplastida. We believe that among the 3 possible origins a 422 

cyanobacterial source defines the most probable scenario. Indeed while both Chlamydiales 423 
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and cyanobacteria display some level of congruence between their diversification and the 424 

phylogeny of their SSIII-IV-like glycogen synthase, the specialized function of GlgA2 in 425 

cyanobacteria evidenced in this work points to a possible link between the latter and 426 

diazotrophy in single cell cyanobacteria.  This suggests a cyanobacterial origin since the 427 

conflict between oxygenic photosynthesis and diazotrophy probably predates the evolution of 428 

Chlamydiales from a PVC ancestor. This is further suggested by a suspected more ancient 429 

diversification of cyanobacteria and the presence of GlgA2 in some of the most basal clades. 430 

Also supporting such an origin is the unusual abundance of glycosyl hydrolases and 431 

glycosyltransferases related to storage polysaccharide metabolism in several cyanobacterial 432 

lineages including Cyanobacterium sp CLg1 which often display over twofold more enzymes 433 

than those found in most other bacteria and archaea (Colleoni & Suzuki, 2012). This higher 434 

complexity may reflect a very ancient subfunctionalization of storage polysaccharide 435 

metabolism into two types of distinct pathways: one producing glycogen controlled by 436 

photosynthesis and the other producing starch controlled independently possibly by Nitrogen 437 

metabolism. Gene losses, acquisition of multicellularity and adaptation and diversification of 438 

cyanobacteria may have yielded more simple networks from a subset of this very ancient and 439 

complex pathway.  440 

 441 

Materials and Methods 442 

Strains and culture conditions 443 

187G11 mutant of Cyanobacterium sp. CLg1 was obtained through UV mutagenesis 444 

campaign and grown in Artificial Sea Water medium (Rippka et al., 1979) in the absence 445 

(AS0 medium) or in the presence of nitrogen source provided by 0.88 mM of sodium nitrate 446 

(ASNIII medium)  as described in Cenci et al., 2013. 447 

 448 

Transmission electron microscopy observation  449 

Cyanobacteria were cultivated in 50 mL nitrogen-deprived medium (ASO) medium and 450 

harvested by centrifugation (5 min at 4000 g at 4 °C) after 2 weeks. The cells were fixed with 451 

glutaraldehyde, post-fixed with osmium tetroxide and embedded in Epon resin. 70 nm-thin 452 

sections were cut with a diamond knife in a Leica UC6 microtome and post-stained with 453 

periodic acid thiosemicarbazide silver proteinate (PATAg) (Gallant & Guilbot, 1969). Drops 454 
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of dilute suspensions of water-soluble polysaccharide fractions were deposited on glow-455 

discharged carbon-coated copper grids and allowed to dry after negative staining with 2% 456 

uranyl acetate. All specimens were observed with a Philips CM200 transmission electron 457 

microscope (TEM) operating at 80 kV. Images were recorded on Kodak SO163 films.  458 

 459 

Purification and structural analysis of water-soluble polysaccharide (WSP)  460 

WSP were purified from wild type and mutant strains cultivated in 300 mL of ASO liquid 461 

medium during 12 days and harvested at the middle of the day by centrifugation at 3600 g 462 

during 15 min at 4 °C. The cell suspension (10 mL) was disrupted through a French Press. 463 

Starch-pellets were separated from WSP by spinning the lysate at 16000 g for 15 min at 4 °C. 464 

WSP in the supernatant and starch-pellet were quantified by amyloglucosidase assay 465 

following the instructions of R-Biopharm. Results are expressed in mg of 466 

polysaccharide/milligram of total protein. The total protein concentration was determined in 467 

the supernatant using the Bradford method (Bio-Rad). WSP were sized on exclusion 468 

chromatography (Toyopearl TSK HW 55) pre-equilibrated at 1 mL.min-1 in 10% DMSO (D = 469 

1.8 cm L = 60 cm). Polysaccharides were quantified in each fraction (1 mL) by the phenol-470 

sulfuric acid method (Fox & Robyt, 1991). Polysaccharides contained in fractions 35 to 45 471 

were pooled and further incubated Pseudomonas sp. isoamylase (1U) and pullulanase (1U) 472 

(Megazyme), in Sodium Acetate 55 mM pH 3.5. The linear glucan chains were separated 473 

according to their degree of polymerization by HPAEC-PAD as described previously 474 

(Colleoni et al., 1999). 475 

 476 

Zymogram analysis 477 

Cells were grown for 10 days in 3 liters liquid ASNIII medium and harvested at the middle of 478 

the day by centrifugation (3000 g at 4°C during 15 min.). The cell pellets were washed three 479 

times with 20 mL of cold Tris-acetate buffer (25 mM Tris-acetate, pH 7.5, 10 mM DTT) 480 

before disrupting by French press at 1250 psi. The lysate was centrifuged at 16000g during 15 481 

minutes at 4°C. The supernatant (20 mL) was loaded on preparative anion-exchange 482 

chromatography (AEC) column (HitrapQ sepharose FF, 5ml column volume, GE Healthcare) 483 

pre-equilibrated in buffer A (150 mM NaCl, 25 mM Tris-acetate, pH 7.5, 5 mM dithiothreitol, 484 

10% glycerol). The proteins were eluted at 4 ml.min−1 using buffer B (150 mM NaCl, 25 mM 485 

Tris-acetate, pH 7.5, 5 mM dithiothreitol, 10% glycerol, 1 M NaCl) in 25 mL. Eluted proteins 486 
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were desalted and concentrated to 1 milliliter using ultrafiltration system  (Millipore). The 487 

semi-purified crude extracts were separated by non-denaturing polyacrylamide gel 488 

electrophoresis (PAGE) containing 0.6% of rabbit glycogen (Sigma-Aldrich). After 489 

electrophoresis, gels were incubated overnight at room temperature in starch synthase buffer 490 

(70 mM Gly-gly pH 7.5, 135 mM (NH4)2SO4, 280 mM NaF, 330 mM trisodium citrate, 290 491 

mM sodium acetate, 3 mM ADP-glucose, 67 mM β-mercapto-ethanol). Starch synthase 492 

activities were then visualized as dark activity bands after soaking native PAGE in iodine 493 

solution (0.5 g I2, 10 g KI).  494 

Gene cloning and sequencing  495 

Starch metabolism genes: glgC (KR020055), glgA1 (AHB52787), glgA2 (AHB52788), gbss 496 

(AHB52786), glgB1 (AFP43334), glgB2 (AFP43335), glgB (AFP43336), glgB4 497 

(AHB52790), glgX1 (AGI19288), glgX2 (AGI19289), apu13 (AHB52783), apu57 498 

(AHB52784), amg (AHB52785), glgP (AHB52789), malQ (AHB52791) were amplified from 499 

genomic DNA of mutant strain using primers designed in the untranslated region as described 500 

in Cenci et al., 2013. Starch/glycogen synthase genes (glgA1, glgA2 and glgA2*) were 501 

amplified from genomic DNA of wild type (glgA1 and glgA2) and 187G11 mutant strains 502 

(glgA2*). Primers include restriction sites in order to clone the glgA genes either in pGex (GE 503 

Healthcare) or pET15 (Novagen) expression vectors (underlined letters) :  504 

BamHI-glgA1-pGexF GGATCCATTCCCTCTGAGTCTGTGTGGCAG GCAA,  505 

NcoI-glgA1-pET15F  CCATGGGCAAAATATTATTTGTGGCGGCAGAAGCATC,  506 

XhoI-glgA1R CTCGAGTTAAATAATTCCATCGATCGCATCTTGATAC,  507 

EcoRI-glgA2-pGexF GAATTCTATATAGTTCAAATTGCCTCCGAATGTCCT,  508 

NcoI-glgA2/glgA2*-pET15F  CTCGAGTATATAGTTCAAATTGCCTCCGAATGTCCT,  509 

XhoI-glgA2/glgA2*R CTCGAGTTACTTATCTCTTAAAAAATCATATAATTCA,  510 

The PCR experiments were conducted at 95 °C for 5 min; 30 cycles of denaturation at 98 °C 511 

for 30 s, annealing 30 s at 59.6 °C for glgA1, glgA2 and glgA*, and extension 1 min 30 s at 512 

72 °C, and a final elongation step at 72 °C for 5 min. The PCR products were cloned into 513 

pCR-BluntII-TOPO vector (Invitrogen) and transferred into the chemical competent E. coli 514 

TOP10 Mach1™-TR, and plated on LB agar with kanamycin and X-gal. Purified plasmids 515 

were sequenced by GATC Biotech Company according to Sanger methods. Each gene was 516 

sequenced on both strands using additional primers when required. The presence of mutation 517 

was identified by alignment with the wild type gene using the BLASTn program. The 518 
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insertion of the cloning product in pGEX or pET15 was done by the T4 ligase (Thermo 519 

Scientific) and transferred into the chemical competent E. coli TOP10 Mach1TM-TR, and 520 

plated on LB agar with Ampicillin. Purified plasmids were also sequenced by GATC Biotech 521 

Company. 522 

 523 

Protein expressions in Escherichia coli JW3392-1 ΔglgA 524 

Escherichia coli wild type strain (BW25113) and the derivative single knockout ΔglgA 525 

mutant (JW3392-1) of Keio collection (Baba et al., 2006) were provided by E.coli Stock 526 

center (http://cgsc.biology.yale.edu). ΔglgA mutant  was lysogenized with λDE3 phage in 527 

order to insert the inducible T7 RNA polymerase gene (λDE3 lysogenization kit, Novagen). 528 

ΔglgA DE3 mutant was then transformed with pET-15-glgA1, pET-15-glgA2,  pET-15-529 

glgA2* pGEX-glgA1, pGEX-glgA2. pET and pGEX expression vectors allow the synthesis of 530 

recombinant protein without and with N-terminus GST tag, respectively. Transformed E.coli 531 

strains were grown in 200 mL autoinductible medium (FormediumTM) in the presence of 532 

ampicillin (100 μg/mL) at 30°C during 36 hours.  The cells were harvested by centrifugation 533 

16000g for 10 min at 4 °C and the pellets were resuspended in 5 mL of cold buffer 534 

(Tris/acetate 25 mM pH 7.5 10 mM DTT) before lysing the cells by sonication.  Crude extacts 535 

were fractionnated and stored at -80°C for further analyses. Starch synthase activities in the 536 

E.coli crude extract were determined either by 14C-glucose incorporation assay (described 537 

below) or by zymogram analysis. The complementation experiment was carried out in 250 538 

mL M9 liquid medium (38 mM Na2HPO4, 22mM KH2PO4, 8.5 mM NaCl, 18 mM NH4Cl 539 

chloride, 0.1 mM CaCl2, 2 mM MgSO4, 0.4% casaminoacids.) supplemented with either 2% 540 

glucose, mannitol or maltose. After 12 h incubation at 37 °C, the cells are harvested by 541 

centrifugation (15 min at 4000 g) and  the pellets are washed and resuspended in cold buffer 542 

(Tris/acetate 25 mM pH 7.5 10 mM DTT). After sonication (three times for 30 seconds) and 543 

centrifugation, the amount of glycogen and protein were measured in the supernatants using 544 

amyloglucosidase assay ( R-biopharm) and bradford method (Biorad), respectively. The 545 

results are expressed as mg WSP.mg-1 total protein. 546 

Western blot analysis 547 

Proteins bound to starch granules of CLg1 were extracted by denaturing 1 mg of purified 548 

starch granules in 50 μL  of SDS/β-mercaptoethanol buffer for 10 min at 95 °C. After 549 
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centrifugation at 10000 g during 10 min, proteins specifically attached to starch granules are 550 

found in the supernatant. Granule-bound proteins were loaded onto 9 % SDS-PAGE. Western 551 

blot was then carried out as described presiously (Ral et al., 2006). Polyclonal primary 552 

antibodies raised against GlgA1 and GlgA2 of synechocystis PCC6803 and secondary 553 

antibody were diluted at 1:1000 and 1:20000 in blocking buffer, respectively. The 554 

immunocomplexes  were detected by chimioluminescence following the instructions of 555 

ECLTM prime western blotting reagent kit (GE healthcare). 556 

Starch/glycogen synthase assay 557 

The starch synthase activities were measured by following the incorporation of 14C-glucose 558 

onto glycogen particles. The reaction was carried out at the initial velocity by incubating 559 

40 µL of enzyme preparation and 60 µL of incubation buffer (50 mM HEPES-NaOH pH 7, 560 

10 mg.mL-1 glycogen, 100 mM (NH4)2SO4, 10 mM Dithiothreitol , 0.5 mg.mL-1 bovine serum 561 

albumin, 3 mM of ADP-Glucose and 2 µM ADP-14C-[U]-Glc) for 15 minutes at 35°C. The 562 

reaction is stopped by precipating labeled glycogen with 1 mL methanol-KCl (75%v/v; 563 

1%wt/v). The samples are stored at -20 °C during 10 min and then centrifuged 5 min at 564 

3000 g at 4 °C. After centrifugation, the glycogen-pellets are resuspended with 200 µL of 565 

distilled water. This step was repeated twice before mixing the sample with 2.5 mL of 566 

scintillation liquid. The radioactivity incorporated onto glycogen was determined by liquid 567 

scintillation counting.  568 

Phylogenetic tree  569 

Homologs of GlgA were identified in GenBank or other sources using BLASTp and aligned 570 

with MUSCLE (http://www.ebi.ac.uk/Tools/msa/muscle/). The alignment was manually 571 

refined using SeAl (http://tree.bio.ed.ac.uk/software/seal/) and blocks of missing data in some 572 

taxa or regions of low identity were manually removed (final alignment of 595 amino acids 573 

available from SGB). This reduced alignment was analyzed under maximum likelihood (ML). 574 

The best-fitting amino acid substitution model was selected according to the Akaike 575 

informational criterion with ProtTest using the default values (Abascal et al., 2005). The LG 576 

(Le et al., 2008) model with heterogeneous gamma rate distribution across sites (+ G) was 577 

selected by ProtTest for this protein data set. The LG model parameter values were used 578 

under RAxML v.7.2.8 (Stamatakis, 2006) for the ML tree searches. The stability of 579 

monophyletic groups was assessed using RAxML with 1000 bootstrap replicates. 580 



28 
 
 

 581 

Supplemental data 582 

Supplemental Figure S1:  Comparison of growth rates of 187G11 mutant and wild-type 583 

strains in continuous and day/night cycles. 584 

Supplemental Figure S2: Analysis of starch metabolizing enzymes in the crude extract of 585 

187G11. 586 

Supplemental Figure S3: Semi-quantitative assay of GlgX2 activity in the 187G11 extract. 587 

Supplemental Figure S4: Highly conserved tyrosine residues in starch/glycogen synthase 588 

Supplemental Figure S5: GST-GlgA1 and GST-A2 recombinant proteins. 589 

Supplemental Figure S6: GlgA2/SSIII self-priming activities. 590 

Supplemental Figure S7: Detailed phylogenetic tree of glycogen/starch synthases belonging 591 

to SSIII/SSIV/GlgA2 family 592 

Supplemental Figure S8: Maximum likelihood phylogenies of GlgA2 and 16S RNA of 593 

cyanobabacteria. 594 

Supplemental figure S9: Congruence of maximum likelihood phylogenies of GlgA2 and 16S 595 

RNA of cyanobacteria. 596 

 597 

Acknowledgments 598 

SB and CC were supported by CNRS,  Université des Sciences et Technologies de Lille,  599 

Région Nord-Pas-de-Calais, and Agence Nationale de la Recherche (grant # ANR-BLAN07-600 

3_186613).  601 

 602 

Authors contributions: C.C. and S. G. B. designed research and wrote the paper; K.D. and 603 

M.D. have performed the molecular characterization of 187G11 mutant strain; U.C and C.T. 604 

carried out the mutagenesis campaign and the screening process; E.S and Y.N. sequenced the 605 

CLg1 genome; TEM observations were performed by J-L.P and A.D.T.; A.S. and S.G. 606 

characterized the water soluble polysaccharide; S.D-T and F.J.F. produced the antibodies 607 

raised against glycogen/starch synthases. M-C.A. performed phylogenetic analysis; MD, KD, 608 

AS and MP have expressed GlgA1 and GlgA2 recombinant proteins. 609 

 610 

  611 



29 
 
 

 612 
 613 

Activity Gene 
Cazy 

Accession N° sequencing 
Classification 

ADP-glucose pyrophosphorylase glgC - KR020055 + 

glycogen/starch synthase glgA1 GT5 AHB52787 + 

glycogen/starch synthase glgA2 GT5 AHB52788 K480N 

glycogen/starch synthase gbss GT5 AHB52786 + 

Branching enzyme glgB1 GH13 AFP43334  + 

Branching enzyme glgB2 GH13 AFP43335 + 

Branching enzyme glgB3 GH13 AFP43336  + 

Putative branching enzyme glgB4 GH57 AHB52790   + 

Debranching enzyme glgX1 GH13 AGI19288  + 

Debranching enzyme glgX2 GH13 AGI19289 + 

Debranching enzyme 
(amylopullulanase-GH13) apu13 GH13 AHB52783 + 

Putative debranching enzyme 
(amylopullulanase-GH57) apu57 GH57 AHB52784 + 

Debranching enzyme (amylo-1,6 
glucosidase) amg GH133 AHB52785 + 

Phosphorylase glgP GT35 AHB52789 + 

α-1,4 glucanotransferase malQ GH77 AHB52791 + 

 614 

Table 1: Summary of starch metabolism genes sequenced in the 187G11 mutant. Each gene was 615 

amplified using primers designed in the untranslated region. PCR products were cloned and sequenced 616 

on both strands using additional primers when required. GH and GT stand for Glycosyl Hydrolase and 617 

Glycosyl Transferase, respectively. 618 

 619 
 620 
 621 
 622 
 623 
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