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Certain cyanobacteria can form symbiotic associations with plants, 

where the symbiont supplies the plant partner with nitrogen and in return 

obtains fixed sugars. We recently showed that in the symbiotic 

cyanobacterium Nostoc punctiforme, a glucose specific permease, GlcP, is 

necessary for the symbiosis to be formed. Results presented here from 

growth yield measurements of mutant strains with inactivated or 

overexpressing sugar transporters suggest that GlcP could be induced by a 

symbiosis specific substance. We also discuss that the transporter may have 

a role other than nutritional once the symbiosis is established, i.e., during 

infection, and more specifically in the chemotaxis of the symbiont. 

Phylogenetic analysis shows that the distribution of GlcP among 

cyanobacteria is likely influenced by horizontal gene transfer, but also that it is 

not correlated with symbiotic competence. Instead, regulatory patterns of the 

transporter in Nostoc punctiforme likely constitute symbiosis specific 

adaptations. 



While most cyanobacteria are photoautotrophs and use ammonium or nitrate 

as a source of nitrogen, other metabolic capacities are not uncommon within this 

group of organisms. The symbiotic cyanobacterium Nostoc punctiforme is able to use 

N2 as the nitrogen source and to grow heterotrophically using sugars as carbon 

source.1 In plant-cyanobacteria symbiosis, the cyanobacterium, which has low 

photosynthetic activity, provides the plant with fixed nitrogen, while the plant 

supplies the cyanobacterium with sugars.2 

We recently characterized a glucose-specific permease (GlcP) as being 

necessary for the cyanobacterium N. punctiforme to form symbiosis with the plant 

Anthoceros punctatus.3 The key observation of our work was that mutants of N. 

punctiforme in which glucose uptake was abolished did not infect A. punctatus. The 

gene encoding GlcP is part of a cluster, frtA1-frtA2-frtB-frtC-glcP—oprB, in which at 

least the frt genes and glcP may be co-transcribed. The frt genes encode an ABC-type 

transporter for fructose, and oprB encodes an outer membrane sugar porin. We did not 

determine, however, the exact role of GlcP in symbiosis or its regulation. Possibly the 

transporter has a role in the mature symbiosis, by taking up sugars supplied by the 

plant for nutrition, but a second role could be in chemotaxis. 

Glucose-Supported Growth 

When grown in light in the presence of either fructose or glucose, the growth 

yield of the N. punctiforme wild type increased (Fig. 1). In contrast, mutant strain 

CSME1A, which exhibits minimal transport activity of both glucose and fructose,3 

showed the lowest growth yields, and strain CSME11, which has a low glucose 

transport activity but retains a partial activity of fructose transport,3 showed a limited 

increase in growth yield specifically with fructose. On the other hand, glucose 

increased the yield of the strain overexpressing glcP (CSME1B). These results 



indicate that in free-living cultures of N. punctiforme GlcP is not expressed at levels 

permitting the maximal growth that would be possible with glucose, and likely that 

GlcP is not induced by this sugar. 

The Frt transporter is neither significantly induced by fructose in N. 

punctiforme (J. C. Meeks, personal communication). In contrast, the Frt transporters 

of the non-symbiotic cyanobacteria Anabaena variabilis and Nostoc sp. strain PCC 

7107.are induced by fructose.4,5 The regulation of the sugar transporters GlcP and Frt 

in N. punctiforme is probably adapted to symbiosis. The transporters could be 

regulated by a symbiosis-specific mechanism (via a plant derived molecule different 

from glucose), which may include the nearby located hrm genes that are involved in 

hormogonia differentiation.6 

Does GlcP have a Role in Chemotaxis? 

Previous studies have shown that inactivation of various genes involved in N2 

fixation results in N. punctiforme still forming colonies in the plant partner that are 

however unable to provide the plant with fixed nitrogen.6 This is in contrast to the 

glcP mutants, which formed no visible symbiotic colonies, implying that GlcP has a 

role during the establishment of the symbiosis. The fact that inactivation of glcP does 

not impair hormogonia differentiation or motility may imply that the early role of 

GlcP is related to chemotaxis. Indeed, Nostoc is known to be chemotactic toward 

glucose but not fructose,7 and N-stressed glands of Gunnera plants are enriched in 

soluble sugars prior to symbiosis.8 Genes encoding homologs of E. coli methyl-

accepting chemotaxis proteins (MCPs) are present in N. punctiforme, but gene 

inactivation studies have failed to identify any of these MCPs as involved in the 

symbiotic chemotaxis response (J. C. Meeks, personal communication). GlcP belongs 

to the Major Facilitator Superfamily (MFS) type of transporters. Chemotaxis 



dependent on MFS transporters was previously shown for Pseudomonas putida and 

Ralstonia eutropha.9,10 In both organisms, the transporter-encoding genes cluster 

together with genes encoding metabolic enzymes of the transported compound, 

similar to the hrm genes that are located immediately upstream of the frt-glcP genes 

in N. punctiforme.6 This could suggest the involvement of a metabolic intermediate as 

an intracellular signal, i.e., metabolic-dependent chemotaxis. 

Evolutionary Considerations 

To further investigate the biological context of GlcP, we searched for 

homologs in other bacteria, including four symbiotic cyanobacteria whose genomes 

were recently sequenced, the symbiont of Azolla, Nostoc azollae 0708, two symbionts 

of diatoms, Richelia intracellularis and Calothrix rhizosoleniae SC01, and the 

symbiont of a prymnesiophyte, UCYN-A.11-13 A Blast search against the nr database 

showed that the top 12 scoring sequences, with 64–84% sequence identity, were all 

cyanobacterial (Table 1), while four other cyanobacterial sequences showed 53–55% 

sequence identity. Remaining cyanobacterial hits had 20–30% sequence identity. Hits 

for the four symbiotic cyanobacteria were, if at all present, found in this low scoring 

group (Table 1). It thus appears that the presence or absence of GlcP is not by itself 

related to symbiotic competence, and that sugar uptake mechanisms are diverse in 

cyanobacterial symbionts. Indeed, a glucose transporter different from GlcP was 

recently characterized in marine picocyanobacteria.14 

Except for the 12 cyanobacterial sequences, most homologous sequences were 

retrieved from Deltaproteobacteria, Actinobacteria, and Gammaproteobacteria. These 

sequences also show considerable sequence similarity (50–68% identity), and thus 

GlcP appears to be a widespread and conserved type of transporter. We constructed a 

phylogenetic tree over the 100 sequences with highest sequence similarity to N. 



punctiforme GlcP. The top scoring cyanobacterial sequences all cluster together and 

may have been acquired from Deltaproteobacteria (Fig. 2). The strains containing 

these GlcP sequences do however not cluster together in the cyanobacterial 16S 

phylogenetic tree (compare for example with Shih et al.),15 but are instead found in 

several distantly related branches. The presence and distribution of GlcP in 

cyanobacteria thus likely reflect events of intra-phylum horizontal gene transfer and 

possibly gene loss, with an unknown contribution of each of these mechanisms. Two 

additional independent acquisitions may have happened, one taking a 

gammaproteobacterial protein into Moorea producens and another taking an 

actinobacterial protein into Synechococcus/Prochlorococcus. 

The GlcP permease can have a nutritional role, facilitating heterotrophic or 

mixotrophic growth, in most cyanobacteria in which it is present, and additionally 

appears to have been recruited to accomplish symbiotic functions in N. punctiforme. 

These adaptations seem to have included changes in regulatory patterns, since the 

regulation of GlcP appears to differ between N. punctiforme and the non-symbiotic 

cyanobacteria. 
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Figure 1. Response of Nostoc punctiforme to sugars. Yields of cultures of Nostoc 

punctiforme (orange bars) and mutants CSME1A (Δfrt::C.K3; gene cassette in opposite 

orientation to the frt-glcP operon) (red bars), CSME11 (ΔglcP-ΔoprB::C.K3) (blue bars), and 

CSME1B (Δfrt::C.K3; gene cassette in the same orientation as the frt-glcP operon, promoting 

overexpression of glcP) (black bars) after growth in liquid BG11 (nitrate-containing) medium 

for 10 d at 30 °C in the light (about 25 µmol m−2 s−1), in the absence or presence of 10 mM 

fructose or glucose as indicated. See Ekman et al. (2013) for a detailed description of the 

mutants. 

Figure 2. Phylogenetic tree of the 100 top scoring sequences in GlcP Blast search against 

the nr database (NCBI). The sequences were aligned with Muscle software 

(http://www.drive5.com/muscle/) using default settings. The resulting alignments were used 

for constructing an approximately-maximum-likelihood phylogenetic tree with the Fasttree 

software using default settings (http://www.microbesonline.org/fasttree/). The tree was rooted 

with the E. coli LacY transporter, an MFS transporter of a different type (family) than GlcP. 

Cyanobacterial strains are shown in black text while clusters of other bacterial phyla are 

collapsed and shown in color. *In addition to 49 actinobacterial sequences this cluster also 

contains six gammaproteobacterial and one firmicutes sequence. **In addition to 17 

gammaproteobacterial sequences this cluster also contains one verrucomicrobial sequence. 



 

Table 1. Cyanobacteria with GlcP homologs and the highest scoring GlcP Blast hits in 
symbiotic cyanobacteria. (S.I., sequence identity.) 

Strain Annotation 

Quer
y 

cover 
E-

value S.I. Acces. No. 
Top cyanobacterial 

Blast hits      
Nostoc punctiforme PCC 

73102 sugar transporter 100% 0 
100
% 

YP_00186858
5.1 

Fischerella muscicola major facilitator transporter 100% 0 88 
WP_0168620

18.1 
Crinalium epipsammum 

PCC 9333 sugar transporter 99% 0 84% 
YP_00714467

6.1 
Synechocystis sp. PCC 

7509 
MFS transporter, sugar 

porter family 99% 0 83% 
WP_0096324

34.1 

Nodosilinea nodulosa major facilitator transporter 99 0 80% 
WP_0172977

19.1 
Cyanothece sp. PCC 

7822 sugar transporter 99% 0 74% 
YP_00389985

9.1 

Chlorogloeopsis major facilitator transporter 100 0 74% 
WP_0168762

60.1 
Oscillatoria acuminata 

PCC 6304 
sugar family MFS 

transporter 98% 0 74% 
YP_00708808

1.1 
Microcoleus sp. PCC 

7113 
sugar family MFS 

transporter 94% 0 76% 
YP_00711949

1.1 

Lyngbya sp. PCC 8106 major facilitator transporter 98% 0 72% 
WP_0097849

98.1 
Synechocystis sp. PCC 

6803 unnamed protein product 99% 0 71% CAA34119.1 
Gloeocapsa sp. PCC 

73106 
MFS transporter, sugar 

porter family 98% 0 69% 
WP_0065299

68.1 

Moorea producens major facilitator transporter 98% 0 64% 
WP_0081882

84.1 
Prochlorococcus marinus 

str. MIT 9303 hypothetical protein 99% 
3E-
172 55% 

YP_00101795
9.1 

Synechococcus sp. 
RS9917 major facilitator transporter 100% 

1E-
160 55% 

WP_0071003
83.1 

Synechococcus sp. 
CC9311 major facilitator transporter 97% 

1E-
145 56% 

WP_0116187
11.1 

Synechococcus sp. WH 
8016 sugar transporter 41% 2E-76 61% 

WP_0068545
89.1 

Synechococcus sp. WH 
8016 

general substrate 
transporter 52% 1E-64 53% 

WP_0068545
90.1 

      
Symbiotic cyanobacterial Blast hits     

'Nostoc azollae' 0708 EmrB/QacA transporter 25% 7e-07 30% 
YP_00372176

2.1 

'Nostoc azollae' 0708 
major facilitator 

superfamily protein 32% 0.022 24% 
YP_00372166

1.1 

cyanobacterium UCYN-A glycosyl transferase 6% 0.13 42% 
YP_00342149

9.1 

cyanobacterium UCYN-A 
arabinose efflux permease 

family protein 
21% 0.34 26% 

YP_00342147
1.1 
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