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Abstract

Gloeobacterales occupy a key phylogenetic position among cyanobacteria and are distinguished by the absence of
thylakoid membranes. Using comparative genomics and phylogenetic analyses, we show that horizontal gene transfer
has played a major role in shaping the central carbon metabolism of this lineage. In Gloeobacteraceae—one of the
two families within the order—we identify a complete ribose ATP-synthase binding cassette importer and associated
metabolic enzymes that enable ribose uptake and assimilation into central carbon metabolism alongside photosyn-
thesis, indicative of a photomixotrophic lifestyle. Beyond ribose utilization, their central carbon metabolism exhibits
a mosaic architecture shaped by the integration of foreign genes into the Calvin—-Benson—-Bassham cycle, the pentose
phosphate pathway, and the Embden—Meyerhof-Parnas pathway. Uniquely, these genes appear to have been ac-
quired through multiple independent transfer events, as reflected by their dispersed genomic locations and diverse
bacterial donors, including other cyanobacteria and Pseudomonadota. These findings highlight Gloeobacterales as
a dynamic lineage that continues to adapt and evolve through metabolic innovation and the assimilation of foreign
genes into its genomes.

Key words: Gloeobacterales, cyanobacteria, photomixotrophy, Calvin-Benson-Bassham cycle, pentose phosphate
pathway, Embden—Meyerhof-Parnas pathway.

Significance

Gloeobacterales are unusual among cyanobacteria because they lack thylakoids, a feature often interpreted as
ancestral, yet the evolution of their central carbon metabolism remains poorly understood. Here, we show
that Gloeobacterales have repeatedly acquired genes from other bacteria, including ribose importer genes in
Gloeobacteraceae and additional genes involved in central carbon metabolism. These genes likely enable
Gloeobacteraceae to use external carbon sources in addition to photosynthesis and suggest a mosaic origin
for parts of their central carbon metabolism, with pathway components derived from different bacterial lineages
and integrated into the native metabolic framework. Our findings indicate that gene exchange has contributed
to metabolic flexibility in this lineage and provide new insight into the evolution of Gloeobacterales.
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Introduction

Cyanobacteria are the only prokaryotes capable of oxy-
genic photosynthesis. This process relies on a linear elec-
tron transfer chain to convert light energy and CO, into
carbohydrates and release O, as a byproduct (Johnson
2016). Photosynthesis is estimated to have originated
~3.4 billion years ago in the last common ancestor of
the cyanobacteria (Fournier etal. 2021). Owing to this an-
cientinnovation, cyanobacteria are traditionally regarded
as strictly photosynthetic organisms (Smith et al. 1967).
However, both experimental and environmental evi-
dence have increasingly demonstrated that photomixo-
trophy—the ability to perform photosynthesis while
assimilating additional carbon sources—is more wide-
spread than previously assumed within the phylum
(Munoz-Marin et al. 2024). The first large-scale study by
Rippkaetal.(1979)inthe 1970s found that diverse cyano-
bacteria are capable of photomixotrophy on a range of
carbon sources, including glucose, fructose, sucrose, ri-
bose, and glycerol. For instance, Nostoc punctiforme PCC
73102 can metabolize ribose, glucose, fructose, and su-
crose (Rippka etal. 1979; Stebegg et al. 2023). In addition,
picocyanobacteria have been shown to use amino acids,
dimethylsulfoniopropionate, and phosphonate as organ-
ic carbon sources for photomixotrophy (Munoz-Marin
etal. 2020; Druce et al. 2025). These substrates are typic-
ally funneled into central carbon metabolic pathways,
such as the pentose phosphate pathway (PPP), the
Entner-Doudoroff  (ED) pathway, the Embden-
Meyerhof-Parnas (EMP) pathway, and the Calvin—-
Benson-Bassham (CBB) cycle (Muioz-Marin et al. 2020;
Stebegg et al. 2023; Lucius and Hagemann 2024).

In most cyanobacteria, photosynthesis occurs within
specialized intracellular membranes known as thylakoids.
Gloeobacterales, however, lack these membranes and in-
stead localize photosynthetic complexes to the cytoplas-
mic membrane (Raven and Sanchez-Baracaldo 20271;
Cornet 2025). This distinctive feature, together with their
phylogenetic position within cyanobacteria, makes
Gloeobacterales an important group for studying the di-
versification of cyanobacterial photosynthesis and thyla-
koid emergence (Cornet 2025). Despite their ecological
diversity, Gloeobacterales remain poorly characterized
due to their recalcitrance to cultivation; only four
strains have been successfully isolated since their
discovery in the 1980s (Grettenberger 2021; Raven and
Sanchez-Baracaldo 2021; Saw et al. 2021). Here, we re-
port the first genomic evidence of photomixotrophy with-
in Gloeobacteraceae, expanding the known metabolic
repertoire of this nonthylakoid-bearing cyanobacterial
lineage. We further show that the central carbon metab-
olism of Gloeobacterales has been shaped by horizontal
gene transfer (HGT) events that likely occurred

after the diversification of Gloeobacteraceae and
Anthocerotibacteraceae. These observations reveal that
Gloeobacterales, although retaining ancestral characteris-
tics, such as lack of thylakoids (Guglielmi et al. 1981;
Rexroth et al. 2011), presence of a divergent form of the
D1 subunit of photosystem Il (Cardona et al. 2015), as
well as bacteriorhodopsin-like protein (Bernat et al.
2012), can acquire new genes and metabolic traits, dem-
onstrating substantial adaptation since their divergence.

Results

Phylogeny and Hierarchical Orthologous Group Data
Summary

Here we compiled a dataset of 343 cyanobacterial and
closely related outgroup genomes, spanning both
photosynthetic and nonphotosynthetic lineages. Using
251 conserved single-copy genes (SCGs), we recon-
structed a phylogenomic species tree and inferred hier-
archical orthologous groups (HOGs) from the
corresponding predicted proteomes for downstream
evolutionary analyses. Out of the 251 SCGs in the cyano-
bacterial reference profile hidden Markov models
(PHMMs) of GToTree, our taxa contained 98 to 250 of
the SCGs (Table S1). Nonphotosynthetic taxa possessed
fewer SCGs than the photosynthetic ones (Table S1);
specifically, “Candidatus Margulisbacteria” (104 to
142), "Candidatus Sericytochromatia” (112 to 149),
and Vampirovibrionophyceae (98 to 150) contained
fewer SCGs than photosynthetic cyanobacteria (159 to
250). The phylogeny reconstructed from these SCGs
showed clear delineation of the major cyanobacterial
orders with strong bootstrap supports (Fig. S1). We re-
constructed and inferred 41,823 HOGs at the root
node (NO in Fig. S1). For downstream analyses, we iden-
tified 34 HOGs of interest corresponding to 37 selected
genes primarily involved in ribose uptake and metabol-
ism and central carbon metabolism (Table S2).

Ribose Uptake in Gloeobacteraceae

Our HOG analysis revealed that all Gloeobacteraceae taxa
included in this study possess three genes associated with
an ATP-synthase binding cassette (ABC) transporter sys-
tem. These three genes are clustered in three distinct
HOGs with genes annotated as fructose importers
(frtA, frtB, and frtC) in other cyanobacteria (see Table S3)
and code for an ATP-binding protein, a substrate-binding
protein, and a permease protein, respectively.
Interestingly, no Anthocerotibacteraceae taxa have any
genes being clustered in these three HOGs. These
genes are also absent from nonphotosynthetic cyanobac-
terial relatives (e.g. Vampirovibrionophyceae and “C
Margulisbacteria”; Table S3).
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Fig. 1. Overview of heterotrophic capability among 19 cyanobacterial orders. The listed taxa and their heterotrophic capability (except for ribose
heterotrophy in Gloeobacteraceae) were derived from Stebegg et al. (2023). The phylogeny backbone follows the classification of Strunecky
et al. (2023). The Gloeobacterales order is divided into two families, Gloeobacteraceae and Anthocerotibacteraceae, to highlight differences in het-
erotrophic capability. Orders without known heterotrophic taxa are marked as gray. Circles with a white gradient indicate “weak” ability to utilize the
listed sugars. 5C, five carbon monosaccharides (pentoses); 6C, six carbon monosaccharides (hexoses); di, disaccharides. The classification of cyano-

bacterial orders follows Gisriel et al. (2023).

Based on structural alignment analysis (Table S4) com-
paring the substrate-binding protein to reference pro-
teins, we determined that this protein is likely a ribose
importer (Template modeling score [TM-score]: 0.94;
root mean square deviation [RMSD]: 1.5) rather than a
fructose importer (TM-score: 0.75 to 0.77; RMSD: 2.09
to 2.38). This interpretation is also supported by
the Kyoto Encyclopedia of Genes and Genomes
(KEGG; based on sequence homology and the presence
of specific motifs), which annotates the three genes as ri-
bose transporter components (e.g. rbsA in Gloeobacter
violaceus: https://www.kegg.jp/entry/gvi:glr0808).

These results indicate that all examined
Gloeobacteraceae taxa possess the complete genetic
repertoire required to assemble a functional ribose im-
porter protein. Thus, the seven Gloeobacteraceae taxa
included in this study are likely capable of utilizing

ribose as an external carbon source in addition to per-
forming oxygenic photosynthesis. In contrast, the ab-
sence of these genes in the Anthocerotibacteraceae
and their scattered distribution in other cyanobacteria
suggest that the ribose heterotrophy is restricted to
the Gloeobacteraceae and was potentially acquired
only after it diverged from its sister family (Fig. 1). This
discovery provides the first genomic evidence of hetero-
trophic capability in Gloeobacteraceae and suggests
that photomixotrophy in this group is a derived meta-
bolic innovation rather than an ancestral trait.

Gene Gain and Loss Mosaics in the Central Carbon
Metabolism of Gloeobacterales

We found clear signatures of gene gain and loss events
across the central carbon metabolism (Fig. 2). The three
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Fig. 2. Summary of the central carbon metabolism pathways involved in ribose import and utilization in Gloeobacterales. Arrow colors denote dis-
tinct pathways: the CBB cycle is pink, the PPP is blue, shared pathways between CBB and PPP is purple, the ED pathway is green, and the EMP pathway
is red. Key enzymes potentially acquired through HGT are highlighted in yellow boxes, while enzymes lost in some taxa are highlighted in cyan boxes.
Enzymes exhibiting signatures of horizontally acquired genes before being lost in some taxa are shown in yellow—cyan boxes. An enzyme absent in all
Gloeobacterales taxa is marked with a red cross. Illustration based on metabolic pathway information from Bowyer and Leegood (1997) and Caliebe
et al. (2025). RbsA, ribose import ATP-binding protein; RbsB, ribose import substrate-binding protein; RbsC, ribose import permease protein; RbskK,
ribokinase; RpiA, ribose-5-phosphate isomerase A; RpiB, ribose-5-phosphate isomerase B; Rpe, ribose-5-phosphate epimerase; Prk, phosphoribulo-
kinase; RuBisCo, ribulose-1,5-bis-p carboxylase/oxygenase; Pgk, phosphoglycerate kinase; Gap, glyceraldehyde 3-phosphate dehydrogenase; Tpi,
triose-phosphate isomerase; Fba, fructose-bisphosphate aldolase; FBPase, fructose-1,6-bisphosphatase; F/SBPase, bifunctional fructose-1,6/
sedoheptulose-1,7-bisphosphatase; Tal, transaldolase; Tkt, transketolase; Gnd, 6-phosphogluconate dehydrogenase; Pgl, 6-phosphogluconolacto-
nase; Zwf, glucose-6-phosphate 1-dehydrogenase; Edd, 6-phosphogluconate dehydratase; Eda, 2-keto-3-deoxygluconate-6-phosphate (KDPG) aldo-
lase; Pgi, glucose-6-phosphate isomerase; PfkA, phosphofructokinase A; Gk, glucokinase; Pgm, phosphoglucomutase; GIgA, glycogen synthetase;
GlgC, glucose-1-phosphate adenylyltransferase catalytic site; GlgP, glycogen phosphorylase.

genes responsible for the ribose importer are likely pro-
ducts of HGT into an ancestor of Gloeobacteraceae

In Gloeobacterales, additional HGT-derived genes
were identified across the CBB cycle, the PPP, and the

(Figs. 3 and 4), as they are absent from the HOGs
of Anthocerotibacteraceae and nonphotosynthetic
close relatives (Table S3). Similarly, within the
Gloeobacterales, the ribokinase (rbsK) and ribose-5-
phosphate isomerase B (rpiB) HOGs are exclusive to
the Gloeobacter genus and Gloeobacteraceae, respect-
ively, suggesting independent HGT events (Table S3).
Although all Gloeobacterales taxa possess a single rpiA
homolog, phylogenetic analysis indicates that the
Gloeobacteraceae copy is noncyanobacterial (Fig. 5).
Interestingly, nonphotosynthetic cyanobacterial rela-
tives lack both rbsK and rpiA, but encode the rpiB
gene (Table S3).

EMP pathways, including pgk, gap1, fbal, tal, zwf, pgi,
and pfkA (Fig. S2). In contrast, several genes (gck,
pgm1/2, glgA, glgC, and glgP) are absent in subsets of
Anthocerotibacteraceae (Fig. 2; Table S3). HGT analysis
(Fig. S2) indicates that gck and pgm1/2 show signs of
horizontally acquired genes before being lost in some
members of Anthocerotibacteraceae. Nevertheless,
our HOG data reveal that the majority of cyanobacterial
taxa, including Gloeobacteraceae, still retain these
genes (Table S3). The edd gene was absent from all
cyanobacterial genomes, while pfkA was detected only
in three Anthocerotibacteraceae genomes, potentially
indicating a recent acquisition event. Overall, our
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Fig. 3. Gene trees of ribose import ATP-binding protein (RbsA) and ribose import substrate-binding protein (RbsB). The red, blue, and green ellipses
in the full gene trees show the position of other cyanobacteria, Gloeobacteraceae, and Anthocerotibacteraceae taxa, respectively. The tree snippets
beside each gene tree display the potential donor of HGT to Gloeobacteraceae. Font colors in the snippets represent different bacterial groups and
are independent of the ellipsis color scheme used in the full trees. Only nodes with bootstrap supports of <100% are shown. These maximum like-
lihood trees were reconstructed using LG+F+G substitution models and 1,000 ultrafast bootstrap replicates in the following alignment dimensions:

RbsA (3,738 sequences x 1,329 sites); RbsB (1,942 sequences x 4,108 sites).

findings suggest that the central carbon metabolism in
Gloeobacterales has been shaped by HGT and differen-
tial gene loss, resulting in a mosaic metabolic
architecture.

Ribose Metabolism Genes in Gloeobacteraceae Are
Mostly Acquired Via HGT

Phylogenetic analyses of the six ribose import and me-
tabolism genes (including rbsA, rbsB, rbsC, rbsK, rpiA,
and rpiB) demonstrate that all Gloeobacteraceae se-
quences were acquired through HGT (Figs. 3 to 5).
Anthocerotibacteraceae lack these ribose-related genes
entirely, except for rpiA (Figs. 3 to 5).

Surprisingly, the inferred donors are diverse, with only
rbsB and rbsC likely originating from the same source, pos-
sibly Acidobacteriota or Gemmatimonadota. The gene
trees indeed show that rbsB and rbsC share the same do-
nor lineage, suggesting cotransfer as a part of a gene clus-
ter.RbsA, however, likely has a distinct evolutionary origin.

There is no clear identification of the rbsA donor as its
genetree placesthe Gloeobacteraceae sequences as sister
to a group composed of diverse bacteria, including
Bacillota, Gemmatimonadota, Alphaproteobacteria, “C.
Sysuimicrobiota,” Actinomycetota, and Chloroflexota.
Thus, it can be inferred that the donor of rbsA is distinct
from those of rbsB and rbsC.

Furthermore, our gene trees clearly indicate
Alphaproteobacteria as the donor of rbsK and rpiA
and SAR324/Desulfobacterota as the donor of rpiB in
Gloeobacteraceae. RpiA represents an especially inter-
esting case, where the HGT copy appears to have re-
placed the endogenous cyanobacterial copy still
present in Anthocerotibacteraceae (Fig. 5). Topology
tests (approximately unbiased [AU], Shimodaira—
Hasegawa (SH), and Kishino—Hasegawa (KH); P <0.05;
Table S5) further support these inferences, rejecting
the alternative topology enforcing cyanobacterial
monophyly for rbsA, rbsB, rbsC, and rpiA. The remaining
genes (rbsK and rpiB) were not included in topology
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Fig. 4. Gene trees of ribose import permease protein (RbsC) and ribokinase (RbsK). The red, blue, and green ellipses in the full gene trees show the
position of other cyanobacteria, Gloeobacteraceae, and Anthocerotibacteraceae taxa, respectively. The tree snippets beside each gene tree display
the potential donor of HGT to Gloeobacteraceae. Font colors in the snippets represent different bacterial groups and are independent of the ellipsis
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using LG+F+G substitution models and 1,000 ultrafast bootstrap replicates in the following alignment dimensions: RbsC (1,797 sequences x 2,895

sites); RbsK (784 sequences x 398 sites).

testing because other phylogenetically informative
cyanobacterial homologs were absent from the gene
trees, despite their detection in the corresponding
HOGs (Table S3). Together, these findings strongly im-
ply that all genes involved in ribose import and metab-
olism in Gloeobacteraceae were independently
acquired via HGT from multiple bacterial sources,
underscoring the evolutionary plasticity of this cyano-
bacterial lineage.

Contrasting the Genetic Repertoire of
Gloeobacteraceae and Anthocerotibacteraceae

To elucidate the evolutionary dynamics of genes in-
volved in ribose import and metabolism and central car-
bon metabolic pathways across Gloeobacterales, we
inferred patterns of gene acquisition and loss, along
with their putative donor lineages (Fig. 6). This analysis
revealed marked contrast in the evolutionary trajector-
ies of Gloeobacteraceae and Anthocerotibacteraceae.
In Gloeobacteraceae, numerous horizontally trans-
ferred genes were inferred to have been acquired at

the base of the family. These include rbsA-C,
rpiAB, pgk_ 2, zwf_ 2, and fbal, accompanied by
the loss of pgk_1. These genes likely originated from
phylogenetically diverse donors (Figs. 6 and S2),
such as Acidobacteriota/Gemmatimonadota (rbsBC),
Pseudomonadota (rpiA and zwf_2), and SAR324/
Desulfobacterota (rpiB). The donors of rbsA, pgk_2,
and fbal remain unidentified. Subsequent acquisitions
include rbsK (putatively from Pseudomonadota) and
gap! (other cyanobacteria) in the common ancestor of
the four Gloeobacter species. Additional transfers, such
as tal_2 (cyanobacterial origin) and pgi_2 (unknown ori-
gin), occurred later within the G. violaceus—-Gloeobacter
morelensis lineage.

In contrast, the Anthocerotibacteraceae is character-
ized by a single inferred HGT event (tal_7) and
multiple gene losses (pgm1/2, glgC, and glgA) in
the clade containing “C. Cyanaurora vandensis” and
Anthocerotibacter panamensis. These taxa appear to
have replaced their native transaldolase (tal_7) gene
with an unclassified HGT-derived copy. Additional
losses include glgP, which is absent from four species
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Fig. 5. Gene trees of ribose-5-phosphate isomerase a (RpiA) and ribose-5-phosphate isomerase B (RpiB). The red, blue, and green ellipses in the full
gene trees show the position of other cyanobacteria, Gloeobacteraceae, and Anthocerotibacteraceae taxa, respectively. The tree snippets beside
each gene tree display the potential donor of HGT to Gloeobacteraceae. Font colors in the snippets represent different bacterial groups and are in-
dependent of the ellipsis color scheme used in the full trees. Only nodes with bootstrap supports of <100% are shown. These maximum likelihood
trees were reconstructed using LG+F+G substitution models and 1,000 ultrafast bootstrap replicates in the following alignment dimensions: RpiA

(1,834 sequences x 434 sites); RpiB (3,740 sequences x 386 sites).

in the family but retained in one Gloeobacterales gen-
ome (GCA_031398925.1). Three taxa, including two
“C. Cyanaurora vandensis” and a Gloeobacterales
cyanobacterium (GCA_038226175.1), acquired pgi_2
from the Pseudomonadota. Note that despite being an-
notated as Gloeobacterales cyanobacterium or Gloeo
bacteraceae  cyanobacterium  (GCA_038226175.1,
GCA_038245785.1, and GCA_031398925.1), these
genomes are confidently placed within
Anthocerotibacteraceae according to our species tree
(Fig. S1). Furthermore, the “C Sivonenia alaskensis”
clade uniquely carries a pfkA gene of another cyanobac-
terial origin, while this gene is absent from all
other Gloeobacterales taxa examined. These patterns
suggest that Gloeobacteraceae underwent frequent
HGT and metabolic innovation within the context
of ribose uptake and central carbon metabolism. In con-
trast, Anthocerotibacteraceae followed a conservative

trajectory with selective gene loss and limited HGT in
genes related to central carbon metabolism, reflecting
divergent trends in metabolic evolution within the or-
der. Whether this contrast extends beyond these meta-
bolic functions to the broader genome remains to be
determined.

Frequent Gene Rearrangements and Genome
Plasticity in Gloeobacterales

Most horizontally transferred genes in Gloeobacterales
are dispersed rather than organized in operons or
conserved gene clusters. Synteny comparisons
among the four complete genome assemblies of
Gloeobacterales, including G. violaceus, G. morelensis,
Gloeobacter kilaueensis, and A. panamensis, revealed
limited conservation of local gene neighborhoods
(Fig. 7).

Genome Biol. Evol. 18(6) https://doi.org/10.1093/gbe/evag127 Advance Access publication 23 May 2026 7


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evag127#supplementary-data

-8
- ®:
Sudianto et al. 2Wn

~ N r\‘I ~N g
PR E T ST ESEEEYEYGS S 3%
S T T T S O v 8 Q9 Q ¥ Y o N o 9 Qo Q > >
Gloeobacteraceae %”é o Gloeobacter morelensis| GCA_021018745.1 | EemEesl B N B B Suml § Eoml B Oenhesl N | I .
Gloeobacter lilacinus | GCA_019359725.1 EE (] .. . [N Nemiy § REmp N RS - .
Gloeobacter violaceus | GCA_000011385.1 [ EemEeel B N N N Suml § Eeml B Oesimsi N | .
Gloeobacter kilaueensis| GCA_000484535.1 HE 0 OO0 = BN N B () (BN B Em Em B . N .
Gloeobacteraceae cyanobacterium | GCA_031399965.1 | PemlechEEN Sesl foslasl | oslaml fmml BEmh | N .
Gloeobacterales cyanobacterium | GCA_014379585.1 H 0 O ] e B s (][ JC] ma ]
terales cyanobacterium | GCA_014380935.1 | PemlesREEN Bs f Eomlaml | Eoslaml fmml BEmlh | I .
"C. Cyanaurora vandensis" | GCA_013285555.1 I JJ) e s  msm_ ) ] JCJC ). [ ] L1 1
"C. Cyanaurora vandensis" | GCA_013285545.1 COCJC I mm e e [ JC JC JC ] e[ 1]
Gloeobacterales cyanobacterium|GCA_038226175.1 OO O JJ o CcJrJC] a1 I -
Anthocerotibacter panamensis| GCA_018389385.1 DO MmO ) CJCmm (][] CJC ]
Gloeobacteraceae cyanobacterium | GCA_031398925.1 OO OCOOmCOCOmOOm ] JOOO0 O 1] (|
Gloeobacterales cyanobacterium | GCA_038245785.1 OO0 . B  EE_ ] ] Smam_ . H .
"C. Sivonenia alaskensis" | GCA_949127895.1 [JJCJmE  EE[ BN B[ /[ ] ] . N
"C. Sivonenia alaskensis" | GCA_949127685.1 [J[J[JCJmE_ BN N BN = B | = )
Anthocerotibacteraceae gapT
IPmbab\e Horizontal Gene Transfer (HGT) Events Possible HGT Source: [ Acidobacteriota/Gemmatimonadota Il Other cyanobacteria
UProbabIe Gene Loss Events I Unidentified I Pseudomonadota I Endogenous copy
] Absent [ SAR324/Desulfobacterota
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(GCA_038226175.1, GCA_038245785.1) or Gloeobacteraceae
Anthocerotibacteraceae in our species tree (Fig. S1).

The ribose importer genes rbsA and rbsB were adja-
cent only in G. violaceus and G. morelensis, but not in
G. kilaueensis. Even native cyanobacterial gene arrange-
ments, such as prk-tkt, glgC, and eda, differed markedly
among the Gloeobacter genomes (Fig. 7a). Similarly, the
pgi_2 gene was located near the rpiB gene in G. viola-
ceus but not in G. morelensis (Fig. 7b).

Genes acquired from the same lineages also dis-
played variable genomic positions. For example, rpiA
and zwf_2, both originating from Pseudomonadota,
are located close to each other in G. kilaueensis but
are situated in distant genomic regions in G. violaceus
and G. morelensis (Fig. 7¢c). In contrast, some ancestral
operons, such as the rbclL-rbcS, have retained synteny
across the family (Fig. 7d). Collectively, these results sug-
gest that horizontally transferred genes are integrated
in the Gloeobacterales genomes and subject to fre-
quent rearrangements, reflecting postacquisition gene
reshuffling rather than stable incorporation into con-
served metabolic loci.

Discussion

Ribose Is Likely an Important Carbon Source for
Gloeobacteraceae

Previous studies (White and Shilo 1975; Rippka et al.
1979; Stebegg et al. 2023) have identified some cyano-
bacteria capable of heterotrophic ribose utilization, in-
cluding members of the Nostocales, Chroococales,
Leptolyngbyales, and Geitlerinematales (Fig. 1). Here,
we provide the first genomic evidence of a similar

cyanobacterium

(GCA_031398925.1) while they clearly belong to

capability in the Gloeobacteraceae, inferred from the
presence of ribose ABC importer genes in all examined
genomes (Table S3). This finding suggests that the cap-
acity to import and metabolize ribose emerged after
the divergence from Anthocerotibacteraceae but before
the diversification of Gloeobacteraceae (ca. <~1.4 billion
years ago—>300 Ma; Rahmatpour et al. (2021)).
Phylogenetic analyses (Figs. 3 and 4) indicate that these
genes were likely horizontally transferred from at least
two distinct donors: (i) either Acidobacteriota/
Gemmatimonadota for the ribose-binding and permease
components and (i) an unresolved bacterial taxon for the
ATP-binding protein. The noncontiguous arrangement
of ribose importer genes in Gloeobacteraceae (Fig. 7) fur-
ther supports multiple, independent acquisition events.
Such a chimeric ABC transporter is unusual, as they are
typically transferred as an intact unit, e.g. maltose trans-
porters in Thermococcales and Thermotogales (Noll
et al. 2008) and phosphate transporters in Firmicutes
(Moreno-Letelier et al. 2011). The gene fragmentation
pattern, however, is consistent with the extensive gen-
ome rearrangements typical of cyanobacteria, which of-
ten lack conserved synteny even in stable operons such
as the dcw cluster (Léonard et al. 2022), secondary me-
tabolite genes (Entfellner et al. 2022), and exopolysac-
charide synthesis genes (Kim et al. 2024).

The functional implications of this ribose uptake sys-
tem are particularly intriguing in light of the respiratory
characteristics of G. violaceus. Koyama et al. (2008) re-
ported exceptionally high respiratory activity—ca.
20-fold higher than Synechocystis PCC 6803 —suggest-
ing significant reliance on respiration. However, the
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substrate driving this oxygen consumption has remained
enigmatic (Koyama et al. 2008). Our findings offer a pos-
sible explanation for this pattern. The presence of a com-
plete ribose uptake and catabolic system within the
Gloeobacteraceae suggests a capacity for photomixotro-
phy, in which ribose could serve as an auxiliary carbon
source. Imported ribose may subsequently be oxidized
via the PPP to generate reducing power for respiration,
thereby sustaining energy metabolism when oxygenic
photosynthetic electron flow is limited. This interpret-
ation is consistent with the elevated oxygen uptake
and may help explain the slow but sustained growth of
G. violaceus in laboratory culture. Nevertheless, this in-
ferred capacity of Gloeobacteraceae to import and me-
tabolize ribose is currently supported only by
comparative genomics and warrants future experimental
validation.

The presence of both rpiA and rpiB genes in
Gloeobacteraceae further highlights the importance of
ribose metabolism. These enzymes catalyze the inter-
conversion between ribose-5P (R5P) and ribulose-5P
(Ru-5P), a key metabolic step linking ribose utilization
with the central carbon network. Both proteins share
largely the same function but are structurally distinct
(Chen et al. 2020). The rpiA gene is nearly universal

among organisms, but rpiB occurs mainly in
Actinobacteria and diverse eukaryotes (Tang et al.
2021; Santana-Molina et al. 2025). It was proposed
that, while rpiA primarily catalyzes the conversion of
Ru-5P to R5P, the reverse conversion is preferentially
performed by rpiB under high R5P concentrations
(Tang et al. 2021). Thus, the presence of rpiB in
Gloeobacteraceae might be linked to elevated intracel-
lular R5P levels resulting from active ribose import.

Collectively, the presence of all key genes required for
ribose import (rbsA-C) and its assimilation (rbsK, rpiA,
and rpiB) into the central carbon metabolism suggests
that heterotrophic ribose utilization is an integral meta-
bolic feature of Gloeobacteraceae. These genes were
likely acquired through multiple independent HGT
events rather than a single operon transfer. The capacity
for ribose heterotrophy may contribute to the elevated
respiratory activity reported for G. violaceus, providing a
plausible physiological explanation for the acquisition
and retention of ribose uptake and metabolism genes.
These findings reveal that Gloeobacteraceae have
evolved a more versatile and dynamic carbon metabol-
ism through HGT than previously assumed, combining
an ancient photosynthetic machinery with a more re-
cently acquired heterotrophic capability.
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HGT and Gene Loss Reshape Central Carbon
Metabolism in Gloeobacterales

Several studies have reported HGT in the “core” central
carbon metabolism of some cyanobacteria, including
the acquisition of rbcL-rbcS from a-proteobacteria in mar-
ine Synechococcaceae (Cabello-Yeves et al. 2022), fbal
from red algae in marine Synechococcaceae (Rogers
et al. 2007; Godde et al. 2018), and gap! from
Anabaena in G. violaceus (Figge et al. 1999). Our analyses
further expand the list of potential HGTs in the central car-
bon metabolism of Gloeobacterales, identifying tal, pgk,
fbal, pgi, pfkA, and zwf as additional candidates (Figs. 2
and 6). The lack of edd in Gloeobacterales verified find-
ings by Evans et al. (2024), who suggested the absence
of a complete ED pathway in cyanobacteria and plants.

Phylogenetic reconstructions (Fig. S2) confirm that
gap1 was horizontally transferred from other cyanobac-
teria in all four examined Gloeobacter species, consist-
ent with Figge et al. (1999). Additional transfers from
other cyanobacterial donors are clear for tal 2, fbal,
fbal_2, pfkA, pgi_1, and pgm1/2 (Fig. 6). These transfers
are relatively “recent,” postdating the diversification of
donor lineages. This finding underscores other cyano-
bacteria as major contributors of metabolic genes to
Gloeobacterales. Members of Pseudomonadota also ap-
pear as frequent donors, contributing rbsK, rpiA, a se-
cond copy of zwf (in Gloeobacteraceae), and pgi_2 (in
Anthocerotibacteraceae). Conversely, even with exten-
sive searches across more than 100,000 representative
genomes in the Genome Taxonomy Database (GTDB),
some HGT donors remained unidentifiable, possibly
due to limited phylogenetic resolution, extinction of do-
nor lineages, orincomplete taxonomic representation in
the current database.

An alternative explanation for the inferred HGT
events is vertical inheritance from the last common an-
cestor of cyanobacteria, followed by differential gene
loss in Anthocerotibacteraceae and other cyanobacter-
ial lineages, which may produce patchy phylogenetic
patterns resembling HGT. However, in four of the six
genes involved in ribose import and metabolism
(rbsA-C and rpiA), other cyanobacterial lineages are pre-
sent (Figs. 3 to 5; Table S3) and form distinct clades sep-
arate from Gloeobacteraceae, a pattern further
supported by topology tests (Table S5). For the remain-
ing two genes (rbsK and rpiB), homologs from other
cyanobacteria are also detected within the correspond-
ing HOGs (Table S3), but their sequences are highly di-
vergent and were therefore not included in the
phylogenetic analyses used to identify potential donor
lineages. Thus, a scenario of vertical inheritance fol-
lowed by differential gene loss appears less likely.
Taken together, these results favor HGT as the most

likely explanation for the evolutionary history of these
genes. Nevertheless, differential gene loss cannot be
fully excluded and may contribute to the observed pat-
chy distribution in some cases.

The ecological context of these transfers is consistent
with the lifestyle of Gloeobacterales. Cyanobacteria often
form dense biofilms in microbial mats (Bhaya et al. 2025;
Bozan et al. 2025), which promote DNA exchanges
through close physical contact with other bacteria.
Indeed, Gloeobacterales microbial mats typically harbor
various cyanobacterial taxa, including Nostocales,
Leptolyngbyales, Synechococcales, and Chroococcales
(Cuzman et al. 2010; Pessi et al. 2023), as well as abun-
dant Pseudomonadota (Pessi et al. 2023). The dominance
of these two phyla within Gloeobacterales-associated
mats parallels their role as principal HGT donors. Other
putative donors, such as Acidobacteriota and
Gemmatimonadota, are also commonly found in micro-
bial mats containing Gloeobacterales taxa (Zeng et al.
2020; Powell et al. 2024).

The absence of genes involved in glycogen metabol-
ism in certain members of the Anthocerotibacteraceae
(Fig. 6) represents an intriguing metabolic feature.
Glycogen serves as the primary storage molecule for
photosynthetically fixed carbon in cyanobacteria, there-
by buffering against fluctuations in energy and carbon
(Xu et al. 2013; Shinde et al. 2020). Interestingly, the
lack of glycogen metabolism has been frequently re-
ported in parasitic, symbiotic, or fastidious bacteria
(Henrissat et al. 2002). Mutants of g/lgC and glgA in
Synechocystis and Synechococcus exhibit severe defects
in glycogen accumulation (Xu et al. 2013; Carrieri et al.
2017). The loss of these genes can impair growth recov-
ery, alter sugar excretion, and increase stress susceptibil-
ity (Grindel etal. 2012; Xu et al. 2013; Shinde et al. 2020).
Alternatively, members of Anthocerotibacteraceae lack-
ing canonical glg genes may possess alternative carbon
storage routes, such as those mediated by Rv3032-,
GIgE-, or glucosylglycerol-based pathways observed in
other bacteria (Chandra et al. 2011; Ortega-Martinez
et al. 2025).

These findings demonstrate that HGT and gene loss
have been major drivers of metabolic reorganization
in Gloeobacterales. The repeated recruitment of cyano-
bacterial and proteobacterial genes suggests that
Gloeobacterales did not simply conserve ancestral
metabolic traits but instead actively restructured their
physiology through foreign gene assimilation.

Evolutionary and Ecological Drivers of Metabolic
Innovation in Gloeobacterales

The absence of thylakoid membranes inherently limits
their photosynthetic efficiency (Rahmatpour et al
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2021), which explains both their slow growth and the dif-
ficulty of cultivating them in the laboratory. When the
photosynthetic electron transport chain first emerged in
the cytoplasmic membrane of ancestral organisms—pos-
sibly resembling the organization of modern Gloeobacter
—this innovation would have conferred a significant evo-
lutionary advantage (Cornet 2025). However, as
thylakoid-bearing cyanobacteria evolved and diversified
within the same microbial mats (Cuzman et al. 2010;
Pessi et al. 2023), Gloeobacterales may have faced in-
creasing ecological competition, and the lack of thylakoid
membranes became a liability over time.

The evidence presented here suggests that
Gloeobacteraceae subsequently evolved toward photo-
mixotrophy, secondarily acquiring the capacity to ex-
ploit exogenous organic carbon sources such as ribose
to compensate for their lack of competitiveness relative
to other cyanobacteria. This transition was facilitated by
multiple horizontal gene transfers, producing a patch-
work of imported and rearranged genes even within
core metabolic pathways. The genomic mosaicism ob-
served in their central metabolism, spanning sugar im-
porters, the CBB cycle enzymes, and the PPP
components, underscores the evolutionary plasticity of
these nonthylakoid-bearing cyanobacteria.

Conclusion

Our findings show that HGT has profoundly shaped
the evolution of Gloeobacteraceae, enabling them
to persist in low-light, nutrient-variable habitats by
coupling inefficient photosynthesis with heterotrophic
ribose utilization. HGT has also remodeled the
Gloeobacterales’ central carbon metabolism by combin-
ing endogenous genes with horizontally acquired
genes, resulting in mosaic metabolic pathways. The mi-
crobial mats inhabited by Gloeobacterales likely serve as
active gene-exchange networks, with other cyanobac-
teria and Pseudomonadota acting as the primary do-
nors. This reinterpretation positions Gloeobacterales as
metabolically versatile survivors whose genomes record
a long history of innovation that reflects both ancient
photosynthetic features and more recent adaptation
through gene acquisition.

Materials and Methods

Taxa Selection and Phylogenetic Tree Reconstruction

We curated a dataset comprising 343 cyanobacteria
and related nonphotosynthetic taxa encompassing the
full diversity of cyanobacterial orders described by
Strunecky et al. (2023). In brief, we downloaded the
cyanobacterial genome list from GTDB release R220
(Parks et al. 2022) and selected one to two

representatives for each genus, prioritizing those with
a high CheckM (Parks et al. 2015) completeness score
(>80%) and a low contamination level (<10%). We in-
cluded all available genomes from NCBI for the orders
Gloeobacterales, Thermostichales, Pseudanabaenales,
and Gloeomargaritales. The Pseudanabaenales dataset
was further dereplicated using TORQUEMaDA v0.2.1
(Léonard et al. 2021) with the following parameters:
"P=200, =200, t=0.80, j=12, a=100, r=10, d=1,
min=1, type=taxonomic, alg=JI, egn=jellyfish.”
Additionally, the taxon sampling was enriched with
strains reported to exhibit heterotrophic capacity. In to-
tal, our data comprises 104 nonphotosynthetic taxa (in-
cluding "C. Margulisbacteria,” “C. Sericytochromatia,”
and Vampirovibrionophyceae) and 239 (photosynthet-
ic) cyanobacteria (Table S1).

We used GToTree v1.8.8 (Lee 2019) and the cyanobac-
terial SCG pHMM s available in the tool to reconstruct the
SCG supermatrix based on 251 individual alignments for
the 343 selected taxa. The pipeline uses MUSCLE v5.1
(Edgar 2022) and TrimAl v.1.4.rev15 (Capella-Gutiérrez
et al. 2009) for sequence alignment and trimming, re-
spectively. We slightly modified the parameters of
GToTree by adding the following options: “-c 1 and -G
0." The supermatrix resulting from concatenated SCG
alignments was used to infer a phylogenomic tree using
IQ-TREE v2.3.6 (Minh et al. 2020) with the automatic best
substitution model (-m MFP; Kalyaanamoorthy et al.
2017) and 1,000 ultrafast bootstrap (Hoang et al. 2018)
replicates. The final tree is shown in Fig. S1.

Hierarchical Orthologous Group Inference and
Ortholog Search

The 343 selected genomes were first annotated using the
Prodigal v2.6.3 (Hyatt et al. 2010) function implemented
in the GEN-ERA toolbox v3.0.0 (Cornet et al. 2023). The
orthologous gene inference was subsequently per-
formed using OrthoFinder v2.5.4 (Emms and Kelly 2019)
together with the previously reconstructed phylogeny
(Fig. S1) as the species tree. The inferred HOGs were
used to identify orthologs of genes of interest, including
those related to heterotrophy and the central carbon
metabolic pathways (Table S2). Reference genes were ob-
tained from the literature (e.g. Nostoc fructose importer
[Ekman et al. 2013] and Synechocystis fructose-1,6-
biphosphatase [Caliebe et al. 2025]) or the KEGG data-
base (Kanehisa et al. 2023). The presence or absence of
each gene across HOGs is summarized in Table S3.

Ribose Structural Alignment Analyses

We used US-align v20241108 (Zhang et al. 2022) to as-
sess the substrate specificity of the transporter gene
identified in this study. We first downloaded the
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predicted protein structure of G. violaceus' substrate-
binding transporter (AlphaFold Protein DB: Q7NMF9)
from the AlphaFold Protein Structure Database (Varadi
et al. 2022). Reference proteins with known substrate
specificities, e.g. for fructose, glucose, galactose, ribose,
and maltodextrin (Table S4), were also retrieved from ei-
ther the RSCB Protein Data Bank (Berman et al. 2000) or
AlphaFold Protein Structure Database (Varadi et al.
2022). Each reference protein was aligned to the G. vio-
laceus substrate-binding protein using US-align. Both
the TM-score and RMSD were recorded. A perfectly
aligned protein yields a TM-score of 1 (Zhang and
Skolnick 2004), while an RMSD <2 A indicates high struc-
tural similarity (Shamsian et al. 2024).

|dentification of HGT Events

We first extracted the cyanobacterial sequences within
the 34 identified HOGs of interest in this study
(Table S3). Next, these protein sequences were aligned
using MAFFT v7.5.2 (Katoh et al. 2002). The resulting
alignments were converted into pHMMs using the
hmmbuild function in HMMER v3.4 (http://hmmer.
org/). These pHMMs were then searched against the
GTDB R220 bacteria representative genome dataset
(107,235 species) using the hmmsearch function. To re-
duce redundancy, we filtered the hits using OmpaPa
v0.252040 (https://metacpan.org/dist/Bio-MUST-
Apps-OmpaPa), retaining approximately 704 to 5,206
sequences for downstream analyses. These sequences
were subsequently realigned using MAFFT and trimmed
with Clipkit v2.4.1 in the default (smart-gap) parameter
(Steenwyk et al. 2020) before gene tree reconstruction
using IQ-TREE v2.3.6. We set the IQ-TREE parameters
to 1,000 ultrafast bootstrap replicates and the LG+F+G
substitution model (for computational efficiency). The
resulting trees were color-formatted using the format-
tree.pl function in Bio-MUST-Core v0.252040 (https://
metacpan.org/dist/Bio-MUST-Core) and  visualized
using iTOL v7 (Letunic and Bork 2024). We further per-
formed topology tests in IQ-TREE by comparing the un-
constrained maximum likelihood gene tree to a
topology in which cyanobacterial sequences (including
lineages such as Gloeobacterales) were constrained to
be monophyletic. Constrained trees were inferred using
the -g option under the same substitution model as the
unconstrained trees. Candidate topologies were then
evaluated using the -z option with the AU, SH, and KH
tests, based on 10,000 resampling estimated log-likeli-
hoods (RELL) bootstrap replicates without additional
tree search (-n 0 -zb 10000 -au). Statistical significance
was assessed at P<0.05.

Because the initial HMM profiles were constructed
from all cyanobacterial sequences within each HOG,

some putative HGTs into Gloeobacterales may have
been masked. To mitigate this effect and improve donor
identification, we repeated the above workflow with a
modification: the pHMMs were constructed using only
the Gloeobacterales sequences available in the HOGs.
The remaining steps, such as GTDB search, OmpaPa fil-
tering, and gene tree reconstruction, followed the
same workflow described above.

Synteny Analyses

To investigate the genomic context of the horizontally
transferred genes, we examined the synteny of those
HGT-acquired genes using clinker v0.0.31 (Gilchrist
and Chooi 2021). Four Gloeobacterales taxa with com-
plete genome assemblies were selected for comparison,
including G. violaceus, G. morelensis, G. kilaueensis, and
A. panamensis. For each taxon, genomic regions encom-
passing the gene of interest (typically 5 kb flanking re-
gions) were extracted using an in-house script (https://
doi.org/10.6084/m9.figshare.30422521). These regions
were compared and visualized using clinker, which iden-
tifies homologous genes based on translated sequence
similarity and aligns genomic loci accordingly (Gilchrist
and Chooi 2021).

Supplementary Material

Supplementary material is available at Genome Biology
and Evolution online.
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