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ABSTRACT Bacterial endosymbionts of eukaryotes show progressive genome ero-
sion, but detailed investigations of the evolutionary processes involved in the transi-
tion to an intracellular lifestyle are generally hampered by the lack of extant free-
living lineages. Here, we characterize the genome of the recently isolated, free-living
Endomicrobium proavitum, the second member of the Elusimicrobia phylum brought
into pure culture, and compare it to the closely related “Candidatus Endomicrobium
trichonymphae” strain Rs-D17, a previously described but uncultured endosymbiont
of termite gut flagellates. A reconstruction of the metabolic pathways of Endomicro-
bium proavitum matched the fermentation products formed in pure culture and un-
derscored its restriction to glucose as the substrate. However, several pathways pres-
ent in the free-living strain, e.g., for the uptake and activation of glucose and its
subsequent fermentation, ammonium assimilation, and outer membrane biogenesis,
were absent or disrupted in the endosymbiont, probably lost during the massive ge-
nome rearrangements that occurred during symbiogenesis. While the majority of the
genes in strain Rs-D17 have orthologs in Endomicrobium proavitum, the endosymbi-
ont also possesses a number of functions that are absent from the free-living strain
and may represent adaptations to the intracellular lifestyle. Phylogenetic analysis re-
vealed that the genes encoding glucose 6-phosphate and amino acid transporters,
acetaldehyde/alcohol dehydrogenase, and the pathways of glucuronic acid catabo-
lism and thiamine pyrophosphate biosynthesis were either acquired by horizontal
gene transfer or may represent ancestral traits that were lost in the free-living strain.
The polyphyletic origin of Endomicrobia in different flagellate hosts makes them ex-
cellent models for future studies of convergent and parallel evolution during sym-
biogenesis.

IMPORTANCE The isolation of a free-living relative of intracellular symbionts pro-
vides the rare opportunity to identify the evolutionary processes that occur in the
course of symbiogenesis. Our study documents that the genome of “Candidatus En-
domicrobium trichonymphae,” which represents a clade of endosymbionts that have
coevolved with termite gut flagellates for more than 40 million years, is not simply a
subset of the genes present in Endomicrobium proavitum, a member of the ancestral,
free-living lineage. Rather, comparative genomics revealed that the endosymbionts
possess several relevant functions that were either prerequisites for colonization of
the intracellular habitat or might have served to compensate for genes losses that
occurred during genome erosion. Some gene sets found only in the endosymbiont
were apparently acquired by horizontal transfer from other gut bacteria, which sug-
gests that the intracellular bacteria of flagellates are not entirely cut off from gene
flow.
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Many eukaryotes are engaged in mutualistic symbioses with intracellular bacteria.
The transition from a free-living to an intracellular lifestyle is characterized by a

progressive genome erosion that increases with the age of the symbiosis (1). While
there are numerous studies on the process of genome reduction in obligate intracel-
lular symbionts of insect tissues (2), little is known about the evolutionary events in the
endosymbionts of protists.

Cellulolytic flagellates are essential actors in the symbiotic digestion of lignocellu-
lose in lower termites (3). Most flagellate species harbor specific assemblages of
intracellular bacteria, which are considered to play an important role in the nutrition of
their respective hosts (4, 5). A particularly abundant group of flagellate endosymbionts
are Endomicrobia. They represent a deep-branching clade in the Elusimicrobia phylum
that occurs almost exclusively in the guts of animals, particularly termites and cock-
roaches (6–8).

There are several branches of Endomicrobia that colonize different flagellates and
were probably derived from ancestral lineages of free-living gut bacteria (7, 9). In the
case of “Candidatus Endomicrobium trichonymphae,” the symbionts were acquired by
an ancestral Trichonympha species long after the symbiosis between termites and
flagellates had been established (10). Homogeneous populations of endosymbionts in
each host cell (11) and strict codiversification with their flagellate host (10) are indic-
ative of a strictly vertical mode of transmission.

The genome of “Ca. Endomicrobium trichonymphae” strain Rs-D17, the endosym-
biont of Trichonympha agilis, is relatively small (1.1 Mbp) and has experienced severe
genome erosion, which caused the loss or interruption by pseudogenes of numerous
biosynthetic pathways (12). However, owing to the lack of genomic information on
other Endomicrobia, in particular free-living relatives, one could only speculate on the
evolutionary events that that occurred during symbiogenesis.

We recently isolated Endomicrobium proavitum, the first member of the class
Endomicrobia, from the gut of the termite Reticulitermes santonensis (13). A detailed
ultrastructural and physiological characterization identified it as a strictly anaerobic
ultramicrobacterium that ferments glucose in a mixed-acid fermentation, resembling in
most properties the distantly related Elusimicrobium minutum, the only other isolate of
the Elusimicrobia phylum (14). The free-living En. proavitum belongs to the same genus
as “Ca. Endomicrobium trichonymphae” (�95% 16S rRNA sequence similarity to strain
Rs-D17) (13) but is separated from its endosymbiotic relative by at least 40 to 70 million
years of evolution (10).

Here, we present a detailed genomic analysis of En. proavitum, whose complete
genome has been recently sequenced (15), and compare it to the genome of strain
Rs-D17, focusing on apparent differences in the metabolism of the endosymbiont. In
addition, we identified differences in the coding sequences between the genomes to
identify gene functions that involved in the transition to an intracellular lifestyle and
characterized the phylogenetic origin of the respective genes to differentiate between
ancient traits that were present already in the free-living ancestor or acquired by
horizontal gene transfer.

RESULTS
Genome features. With less than 1.6 Mbp, the genome of En. proavitum is at the

lower end of the size range reported for free-living bacteria. Genome size and G�C
content are almost identical to the corresponding values for the distantly related
Elusimicrobium minutum (16), the only other isolate of the Elusimicrobia phylum, but
considerably larger than those for the endosymbiotic strain Rs-D17 (Table 1). The
density of protein-coding genes in En. proavitum (90.0%) is much higher than in the
closely related endosymbiont (66.5%), which accumulated an enormous number of
pseudogenes in its genome (12). All representatives of Elusimicrobia contain only a
single rRNA operon, which is in agreement with the low growth rates of the isolates
(13, 14).
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Comparative genome analysis revealed that the majority (82%) of the genes in strain
Rs-D17 have orthologs in En. proavitum, with an average of 61% amino acid identity
between the orthologs. However, 110 of the genes in the genome of strain Rs-D17 were
not detected in En. proavitum (see Data Set S2 in the supplemental material). Besides
the restriction-modification and CRISPR-Cas systems already reported in a previous
study (17), these genes encode several metabolic functions that may be relevant for the
intracellular lifestyle. Conversely, less than half of the coding sequences of En. proavi-
tum (668 genes) have orthologs (including pseudogenes) in strain Rs-D17; the remain-
ing genes were apparently lost by the endosymbiont (see Data Set S1 in the supple-
mental material).

Fermentation pathways. En. proavitum possesses a purely fermentative energy
metabolism and converts glucose exclusively to lactate, acetate, hydrogen, and CO2

(13). The metabolic pathways reconstructed from the annotated genome (Fig. 1) are in
full agreement with the fermentation products formed in pure culture and underscore
the restriction of En. proavitum to glucose as the substrate (13).

En. proavitum possesses two possible mechanisms for the uptake and activation of
glucose: a putative ABC sugar transporter (CUT1 family) and a phosphotransferase
system (PTS) of the Man family. The gene cluster that encodes the PTS components
also comprises an ortholog of glycoside hydrolase family 57, which contains both
�-amylases and �-mannosidases. However, we found no growth on mannose and
fructose when we retested these substrates under previously reported conditions (13).
Orthologs of the ABC transporter cassette and glucokinase (glcK) are absent from the
genome of strain Rs-D17, and the gene encoding the regulatory protein kinase (hprK)
of the PTS is pseudogenized (12). Conversely, homologs of the uhpC gene, which
encode a putative glucose 6-phosphate (G6P) transporter in strain Rs-D17, are absent
from En. proavitum. They are also represented in the composite genome of a closely
related albeit phylogenetically distinct lineage of “Ca. Endomicrobium trichonymphae”
(CET450) recovered from the Trichonympha flagellates in Zootermopsis nevadensis (18).
Phylogenetic analysis places the genes into a clade of putative sugar phosphate
transporters in the organophosphate:inorganic phosphate antiporter (OPA) family of
major facilitator superfamily (MFS) transporters, which comprises homologs from the
distantly related El. minutum and various representatives of other bacterial phyla (see
Fig. S1 in the supplemental material). They include the hexose phosphate transporter
(Hpt) of Chlamydia and the G6P sensor protein (UhpC) of Escherichia coli and other
Proteobacteria, whose G6P permease activities have been experimentally documented
(19).

Another gene set unique to the endosymbionts encodes the pathway for the uptake
and metabolism of glucuronate (20). It comprises a putative hexuronate transporter
(ExuT) and all enzymes for the conversion of hexuronic acids to pyruvate and glycer-
aldehyde 3-phosphate via 2-keto-3-deoxy-phosphogluconate (KDPG) aldolase (21). The
genes are present in the genome of strain Rs-D17 and the composite genome CET450
but are absent from both En. proavitum and El. minutum; they show highest sequence

TABLE 1 Comparison of genomic features of En. proavitum, the closely related but endosymbiotic “Ca. E. trichonymphae,” and their
distant relative, El. minutuma

Organism
GenBank
accession no.

Genome
size (bp)

G�C content
(mol%) CDSa

No. of genes or operons

Avg CDS
length (bp)Pseudogenes

tRNA
genes

rRNA
operons

Class Endomicrobia
En. proavitum CP009498 1,588,979 39.3 1,344 19 46 1 1,066
“Ca. E. trichonymphae” strain Rs-D17 AP009510 1,125,857 35.2 761 121 45 1 984

Class Elusimicrobia
El. minutum CP001055 1,643,562 39.9 1,529 20 45 1 951

aEn. proavitum, “Ca. E. trichonymphae” (12), and El. minutum (16) are the only representatives of the Elusimicrobia phylum with sequenced genomes. All genomes are
on a circular chromosome and have been completely sequenced. CDS, coding sequences, excluding pseudogenes.
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similarities to homologs in diverse Firmicutes and Bacteroidetes (see Data Set S2 in the
supplemental material).

The genome of En. proavitum contains all genes required to oxidize glucose to
pyruvate (Embden-Meyerhof pathway) and its subsequent oxidation by a pyruvate:
ferredoxin/flavodoxin oxidoreductase (PFOR; with fused subunits), which is closely
related to its homolog in El. minutum (see Fig. S2 in the supplemental material). Acetyl
coenzyme A (acetyl-CoA) is converted to acetate by phosphotransacetylase and acetate
kinase. The NADH and reduced ferredoxin formed in the oxidative part of the pathway
are apparently regenerated by the reduction of pyruvate to lactate and the formation
of H2.

The lactate dehydrogenase of En. proavitum has no homolog in the genome of strain
Rs-D17. Conversely, homologs of the bifunctional aldehyde dehydrogenase/ethanol
dehydrogenase (AdhE) present in the endosymbionts (both in Rs-D17 and in CET450)
are absent from En. proavitum. Phylogenetic analysis of the latter revealed a closer
relationship to homologs in Clostridium and Fusobacterium species than to the adhE
gene of El. minutum (Fig. 2), which suggests that the endosymbionts acquired this gene
by horizontal gene transfer. Also, the PFOR of the endosymbionts has a different
phylogenetic origin than the genes encoding the fused PFOR complex of En. proavitum
and El. minutum; both strains Rs-D17 and CET450 possess the classical four-subunit
enzyme complex typical of many strict anaerobes (see Fig. S2 in the supplemental
material).

The genome of En. proavitum encodes three hydrogenase complexes: two soluble
[FeFe]-hydrogenases and one membrane-bound [NiFe]-hydrogenase. Phylogenetic
analysis of the large subunit of the [FeFe]-hydrogenases (HydA) revealed that both are

FIG 1 Metabolic pathways in free-living En. proavitum (this study) and endosymbiotic strain Rs-D17 (12). Pathways absent or pseudog-
enized in the endosymbiont and their corresponding products are shown in orange; those that occur only in the endosymbiont are shown
in green. Amino acids and cofactors synthesized by both strains are shown in blue; important cosubstrates in energy metabolism are
shown in red. Abbreviations (gene names and IUPAC-endorsed abbreviations are not included): 4-AB, 4-amino benzoate; CoB12, coenzyme
B12; DAP, dihydroxyacetone phosphate; Fum, fumarate; GAP, glyceraldehyde 3-phosphate; F6P, fructose 6-phosphate; G1P, glucose
1-phosphate; GlcNAc, N-acetylglucosamine; GlcUA, glucuronic acid; KDPG, 2-keto-3-deoxy-6-phosphogluconate; 2OG, 2-oxoglutarate;
OxAc, oxaloacetate; PEP, phosphoenolpyruvate; PLP, pyridoxal 5-phosphate; PRPP, phosphoribosyl pyrophosphate; PTS, phosphotrans-
ferase system; SAM, S-adenosylmethionine; THF, tetrahydrofolate; TPP, thiamine pyrophosphate, VitB12, vitamin B12.
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electron-bifurcating enzymes (group A3) (22). They belong to different, deep-branching
clades that comprise orthologs from various bacterial phyla and are only distantly
related to the ortholog in El. minutum (Fig. 3A). One of the orthologs of En. proavitum
is closely related to that of strain Rs-D17 and encodes a trimeric enzyme (HydABC),
whereas the other has no ortholog in strain Rs-D17 and encodes a tetrameric enzyme
(HydABCD) and a putative [FeFe]-hydrogenase maturation protein (HydG; Fig. 3B).

The large subunit of the [NiFe]-hydrogenase falls into the radiation of membrane-
bound H2-evolving enzymes (group 4) (22), with orthologs from Pelobacter propionicus
and El. minutum as closest relatives (see Fig. S3A in the supplemental material).
Although they are phylogenetically distinct, their genomic architecture indicates that
they are composed of the same number of subunits as the energy-converting hydro-
genases (Ech-type) in group 4e (see Fig. S3B in the supplemental material), which
suggests that they possess the same function. The genome of En. proavitum also contains
a set of hyp genes, which are essential for the maturation of [NiFe]-hydrogenases (23) and
are present also in El. minutum (16). None of these genes were detected in the genome of
strain Rs-D17 or the composite genome of CET450.

Intermediary metabolism and reserve compounds. Like other anaerobes, En. proavi-
tum possesses a putative Re-citrate synthase, which falls into a radiation of orthologs
that comprise the biochemically characterized enzyme of Syntrophus aciditrophicus (24)
and are incorrectly annotated as isopropylmalate/homocitrate/citramalate synthase in
many genomes (see Fig. S4 in the supplemental material). Succinyl-CoA is produced via
a 2-oxoglutarate:flavodoxin oxidoreductase; as in many anaerobic bacteria, a succinate
dehydrogenase is absent. Oxaloacetate is produced by PEP carboxykinase. Malate
dehydrogenase is absent; fumarate produced during amino acid biosynthesis and
purine metabolism is metabolized via malic enzyme (Fig. 1).

The genome of En. proavitum encodes the enzymes for glycogen synthesis and
degradation, including phosphoglucomutase (pgcA), NDP-sugar pyrophosphorylase (mpg),
glycogen synthase (glgA), two �-glucan-branching enzymes (glgB), two �-amylases
(including the GH of family 57; see above), and maltodextrin phosphorylase (glgP).
Many of these genes have orthologs in El. minutum but are absent from or, in the case
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FIG 2 Phylogenetic analysis of the alcohol dehydrogenase AdhE. The maximum-likelihood tree is based
on 796 unambiguously aligned amino acid positions and was inferred under the WAG�G�F model. The
tree is arbitrarily rooted. Orthologs from the Elusimicrobia phylum are marked in boldface.
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of the gene encoding phosphoglucomutase, pseudogenized in the genome of strain
Rs-D17.

Nitrogen fixation and assimilation. The genome of En. proavitum contains a set of
nif genes (nifHDKB) encoding an unusual group IV nitrogenase. A detailed analysis of
the phylogeny of the structural genes and the functionality of their products have been
presented already in a previous study (13). The presence of genes encoding an
ammonia transporter (amtB), two glutamine synthetases (glnA; class I and class III), and
a PII-like signal-transduction protein (glnB) that regulates nif gene transcription in
diazotrophs (25) is in agreement with both the ability of En. proavitum to use ammonia
as sole nitrogen source and the repression of nifH transcription observed in the
presence of ammonia (13).

Neither strain Rs-D17, the metagenome CET450, nor El. minutum contain any nif
genes. Orthologs of amtB and class I glnA are pseudogenized in strain Rs-D17 (12), and
class III glnA is entirely absent. Although the lack of genes required for the synthesis of
2-oxoglutarate underscores a dependence of the endosymbiont on exogenous gluta-
mate and/or glutamine, the glutamine transporter (GlnT) of En. proavitum is absent
from strain Rs-D17 (see Data Set S1 in the supplemental material).

FIG 3 (A) Phylogenetic analysis of the catalytic subunit (HydA) of electron-bifurcating [FeFe]-hydrogenases (group A3) of Endomicrobia. The maximum-
likelihood tree is based on the comprehensive data set reported by Greening et al. (22) and rooted with representatives of groups A1 and A2. Orthologs from
the Elusimicrobia phylum are marked in boldface. (B) Organization of the gene sets encoding the [FeFe]-hydrogenases in En. proavitum and strain Rs-D17 and
in bacteria with the most closely related orthologs identified in the phylogenetic analysis.
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Amino acid and cofactor biosynthesis. The genome of En. proavitum encodes the
biosynthetic pathways for 19 proteinogenic amino acids, including the key enzymes for
glutamine (glnA) and methionine production (metXY), and for the synthesis of proline,
serine, and cysteine; they are either absent or pseudogenized in strain Rs-D17 (Fig. 4).
The apparent absence of the genes for asparagine synthetase (asnAB) from the genome
of En. proavitum is puzzling because of its robust growth on mineral medium without
organic growth factors other than vitamins (13). A duplication of genes involved in the
biosynthesis of aromatic amino acids and coenzyme A (aroH, hisC, pheA, and coaD), as
in the genome of strain Rs-D17 (12), was not observed.

Although En. proavitum does not require amino acids for growth, its genome
encodes putative transporters for glutamine and methionine. It is surprising that strain
Rs-D17 lost these transporters despite its apparent auxotrophy for glutamine and
methionine (see above). Instead, strain Rs-D17 and also the related strain CET450
possess putative transporters for proline (ProT), serine (SdaC), and aromatic amino acids
(AroP), which are absent from both En. proavitum and El. minutum. Although AroP and
SdaC cluster with orthologs from Proteobacteria, ProT is phylogenetically placed among
Firmicutes (see Fig. S5 in the supplemental material). Without further orthologs from
other members of the Elusimicrobia phylum, it is difficult to decide whether the genes
of the endosymbionts represent ancestral adaptations to the nutrient-rich gut envi-
ronment or were acquired more recently, possibly compensating for defects in the
corresponding biosynthetic pathways (Fig. 4).

There are no obvious differences between the strains with respect to the ability to
synthesize essential cofactors (Fig. 1). Like the endosymbiotic strain Rs-D17 (12), En.
proavitum possesses almost complete gene sets for the biosynthesis of biotin, coen-
zyme A, flavin and pyridine nucleotides, lipoate, and S-adenosylmethionine. The ab-
sence of several genes involved in the biosynthesis of pantothenate (panE) and
tetrahydrofolate (folBQ) from both genomes suggests that the pathways in Endomicro-
bia may slightly differ from those in other bacteria. Pyridoxal phosphate (PLP) seems to
be synthesized via the DXP-dependent pathway used by Enterobacteriaceae, except
that the pdxH gene encoding the terminal oxidase reaction is missing. The genes for
PLP synthase (pdxS and pdxT), the key enzyme of an oxygen-independent pathway
used by many other bacteria, including strict anaerobes (26), were not found, which
suggests that PLP biosynthesis in Endomicrobia differs from that in other anaerobes.
Both organisms lack the genes required for the entire corrinoid biosynthesis pathway
and the conversion of chorismate to 4-aminobenzoate (pabABC) in folate biosynthesis,
which indicates an auxotrophy for vitamin B12 and 4-aminobenzoate; both growth
factors are present in the vitamin solution required by En. proavitum (13).

FIG 4 Pathways for amino acid biosynthesis that are present in En. proavitum but incomplete in strain
Rs-D17. Color code: black, genes present in both genomes; orange, genes absent in strain Rs-D17; gray,
genes absent in both strains.
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The biosynthesis of thiamine pyrophosphate (TPP) follows the pathway present in
anaerobic bacteria (27) but deserves special attention. Although the pathway is not
fully resolved, the complete absence of genes involved in thiamine transport and
phosphorylation from both En. proavitum and strain Rs-D17 strongly suggests that it is
operational in both organisms. Several orthologs encoding essential reactions of the
biosynthetic pathway (thiE and thiH) are pseudogenized in strain Rs-D17 (Fig. 5A), but
their loss is apparently compensated by a different set of genes (thiGHESF) that occur
exclusively in the endosymbionts and were most likely acquired by horizontal gene
transfer. With the exception of thiF, the genes show highest sequence similarity to
homologs in “Candidatus Azobacteroides pseudotrichonymphae” strain CfPt1-2 (Fig.
5B), an endosymbiont colonizing gut flagellates of other termites. It belongs to a clade
of uncultured Bacteroidetes (cluster V) that is commonly encountered in termite guts
(28), but homologs of the thi genes are absent from “Candidatus Symbiothrix dinenym-
phae,” the second representative of this clade with a sequenced genome (29). The close
relationship of the new gene set to the orthologs in strain CfPt1-2 was confirmed by
phylogenetic analysis of the thiE and thiH gene, whose origin clearly differs from the
orthologs in En. proavitum (see Fig. S6 in the supplemental material). However, the lack
of genomes from other relatives makes it difficult to interpret the direction of the gene
flow.

Inorganic nutrients. En. proavitum apparently possesses two ABC transport systems
for phosphate (Pst), but only one of them has homologs in strain Rs-D17 (Fig. 1). The
conservation of a phosphate transporter in a bacterium that uses G6P as energy
substrate is not unexpected because UhpC acts as an antiporter that exports one
phosphate for each G6P imported into the cell (19).
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FIG 5 (A) Pathway for the thiamine diphosphate biosynthesis in En. proavitum and strain Rs-D17. Color code: black,
orthologs present in En. proavitum and strain Rs-D17; orange, genes present only in En. proavitum; �, pseudog-
enized in strain Rs-D17; green, genes present only in strain Rs-D17; gray, genes absent from both genomes. AIR,
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a detailed phylogenetic analysis of ThiH and ThiE, see Fig. S7 in the supplemental material.
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The presence of cysE and cysK in the genome of En. proavitum explains the ability
of the free-living strain to grow in sulfide-reduced mineral medium; their absence from
strain Rs-D17 indicates that the endosymbiont requires cysteine not only for protein
biosynthesis but also as sulfur source. The genome of En. proavitum encodes a putative
sulfate permease (SulP) but lacks the pathway for assimilatory sulfate reduction to
sulfide.

Both En. proavitum and strain Rs-D17 encode transporters for Zn2� and Co2�/Ni2�,
but other transporters identified as pseudogenes in the endosymbiont genome seem
to be intact in its free-living relative (see Data Set S1 in the supplemental material).

Cell wall and outer membrane biogenesis. The apparent presence of the com-
plete pathways for the biosynthesis of peptidoglycan and lipid A in the genome of En.
proavitum is in agreement with the ultrastructural analysis of its cell envelope (13),
where the trilaminar structure of the outer membrane indicates the presence of a
lipopolysaccharide layer (30). While the genes encoding peptidoglycan synthesis have
orthologs (and are perfectly syntenic) in strain Rs-D17, the genes required for lipid A
synthesis are absent or pseudogenized in the endosymbiont. This includes the genes
encoding the lipopolysaccharide translocator (MsbA) and the Tol-Pal proteins, which
link the outer membrane with the peptidoglycan and are required for outer membrane
integrity in Escherichia coli (31) and indicates that the endosymbiont may have retained
the capacity to produce a murein sacculus but not an outer membrane (12). Conse-
quently, strain Rs-D17 shares the ABC transporter for VitB12 (BtuCDF) with En. proavitum
but lacks the outer membrane cobalamin receptor protein (BtuB) present in its free-
living relative. The general absence from the endosymbiont genome of orthologs
encoding characteristic outer membrane proteins in En. proavitum (e.g., ostA and lolA)
further corroborates the assumption that the second, outermost membrane observed
in electron micrographs of “Ca. Endomicrobium trichonymphae” represents a host
membrane (6).

DISCUSSION

Comparative genome analysis of the free-living En. proavitum and its close but
intracellular relative, “Ca. Endomicrobium trichonymphae” strain Rs-D17, provided new
insights into the evolutionary processes that occurred during symbiogenesis in Endo-
microbia. The genome of the endosymbiont, which has experienced massive rearrange-
ments during more than 40 million years of coevolution with its flagellate host (17), is
not simply a subset of the genes present in the ancestral, free-living lineage. Rather, it
possesses a number of functions that are absent from En. proavitum and either
compensate for genes losses that occurred during genome erosion or represent
adaptations to the intracellular habitat. Some of them may represent ancestral traits
that facilitated the transition to the endosymbiotic lifestyle but were subsequently lost
in the free-living lineage. Others were apparently acquired by horizontal gene transfer
from other gut bacteria at some point in evolutionary time. Due to the low sequence
similarity to their orthologs, it is not clear whether these events occurred before or after
the endosymbiotic event. Nevertheless, the presence of defense systems against
foreign DNA in “Ca. Endomicrobium trichonymphae” (32) suggests that endosymbionts
of termite gut flagellates, unlike the obligately intracellular bacteria colonizing insect
tissues (2), are not entirely cut off from gene flow in their intracellular habitat.

Change of energy substrates. The engulfment of an endosymbiont by its host cell
not only restricts gene flow but also interferes with the uptake of substrates and
nutrients from the environment. Particularly the limited supply of free glucose in the
cytosol of most eukaryotic cells forces intracellular bacteria to utilize alternative carbon
and energy sources (33). While the free-living En. proavitum and El. minutum possess
two mechanisms to take up and phosphorylate glucose (a putative glucose transporter
and a PTS), strain Rs-D17 lacks both the glucose transporter and glucokinase, and the
PTS has lost its regulatory function, which suggests that the ability to utilize glucose no
longer provides a selective advantage. Instead, the endosymbiont possesses two
alternative pathways to supply the cells with a carbon and energy source: a putative
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G6P transporter (UhpC), which allows the direct uptake of G6P from the cytoplasm of
the host, and a complete pathway for the utilization of glucuronic acid.

Orthologs of UhpC, which are frequently encountered among intracellular patho-
gens, link the metabolism of the bacterium and its eukaryotic host (34) and are
considered an essential factor also in the early stages of plastid evolution (35). It has
been argued that the switch from glucose to G6P between the extracellular and
intracellular stage of Listeria monocytogenes (36) is necessitated by the low affinity of its
PTS permeases for glucose (37). Since the uhpC genes of the endosymbiotic strains
Rs-D17 and CET450 are most closely related to their ortholog of El. minutum (Fig. 2),
they are most likely an ancestral trait among members of the Elusimicrobia phylum that
was lost only from En. proavitum, possibly representing an important predisposition to
an intracellular lifestyle that facilitated the multiple, independent colonization of different
flagellate hosts by free-living forms (7, 9).

An interesting case of evolutionary convergence has been observed in “Candidatus
Ancillula trichonymphae,” an obligately intracellular actinobacterium that not only
colonizes the same type of microhabitat as “Ca. Endomicrobium trichonymphae” but
may also occupy a similar ecological niche (38, 39). Also, this endosymbiont has
experienced a substantial genome reduction and lacks dedicated transport systems
for glucose and hexokinase (39). However, it retained a transporter for glycerol
3-phosphate (GlpT), which belongs to the same family of MFS transporters as UhpC (Fig.
2), which suggests that the switch to sugar phosphates—although not present in all
flagellate endosymbionts (28, 40, 41)—provides an advantage in the intracellular
habitat. Like “Ca. Endomicrobium trichonymphae,” also the genome of “Ca. Ancillula
trichonymphae” encodes the complete pathway for hexuronate utilization. The path-
way is present also in “Candidatus Azobacteroides pseudotrichonymphae” (28), “Can-
didatus Treponema intracellularis” (41), and “Candidatus Adiutrix intracellularis” (40),
which colonize other termite gut flagellates and still possess transport systems for
glucose, which suggests that hexuronates liberated from the glucuronoxylans in the
hemicelluloses of wood (42) are important substrates for these intracellular symbionts.

Differences in energy metabolism. The catabolic pathway of En. proavitum recon-
structed on the basis of the genome annotation is in agreement with the stoichiometry
of glucose fermentation of pure cultures (Eq. 1) (13):

glucose � H2O → lactate� � acetate� � 2 H� � CO2 � 2H2

�G°' � �207 kJ ⁄ mol
(1)

One of the two NADH formed in glycolysis is regenerated during the reduction of
pyruvate to lactate, whereas the other is most likely reoxidized, together with the
reduced ferredoxin generated during oxidation of pyruvate to acetate, by the electron-
bifurcating [FeFe]-hydrogenase (HydABC). These heterotrimeric enzymes are present in
many anaerobic bacteria (22, 43) and have been shown to produce two H2 from NADH
and reduced ferredoxin in Thermotoga maritima (44) and Moorella thermoacetica (45).
The 3 ATP per mol glucose that are formed by substrate-level phosphorylation (SLP) are
in agreement with the energetics of the reaction under standard conditions (46). The
[NiFe]-hydrogenase of En. proavitum is most likely not involved in H2 production but
may have an anabolic function, e.g., the provision of reduced ferredoxin for nitrogen
fixation.

The situation is different in strain Rs-D17, which lacks the lactate dehydrogenase
(ldh) gene present in En. proavitum. In principle, the electron-bifurcating [FeFe]-
hydrogenase (HydABC) would allow regeneration of the two NADH produced during
glycolysis, together with the reduced ferredoxin produced by pyruvate oxidation to
acetyl-CoA (Eq. 2):

glucose � 2 H2O → 2 acetate� � 2 H� � 2 CO2 � 4 H2

�G°' � �216 kJ ⁄ mol
(2)

However, it is important to consider that under standard conditions, the free energy
of this reaction is insufficient to drive the synthesis of 4 ATP, which are demanded by
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the stoichiometry of the pathway and would require a free energy of �280 kJ (�70 kJ
per mol ATP) (46). With G6P as the substrate, the reaction becomes slightly more
exergonic (ΔG°= � �230 kJ/mol), but the additional ATP saved in glucose activation
exacerbates the thermodynamic dilemma. Unless the number of steps involving SLP
is reduced, as in the modified glycolytic pathways of hyperthermophiles (47), the
reaction of equation 2 is thermodynamically favorable only at hydrogen partial
pressure of �100 Pa (46). However, the hydrogen partial pressures reported for the
hindgut paunches of lower termites that harbor Trichonympha flagellates with
endomicrobial symbionts range from 30 kPa in Reticulitermes santonensis to 72 kPa
in Zootermopsis spp. (48). Considering the proximity of intracellular Endomicrobia to
the hydrogenosomes of their flagellate hosts (7), it is highly unlikely that hydrogen
concentrations in their local microenvironment is substantially lower than that of
the hindgut proper.

In that context, the presence of AdhE in strain Rs-D17 may be an important adaptation,
because it allows combination of the metabolism of Eq. 2 with an ethanolic fermentation,
which yields only 2 ATP per glucose. This reduces the number of ATP conserved and the
number of hydrogen produced per glucose to a thermodynamically permissive level and
renders the metabolism feasible even under standard conditions (Eq. 3):

glucose � H2O → 1 Acetate� � 1 H� � 1 ethanol � 2 CO2 � 2 H2

�G°' � �225 kJ ⁄ mol
(3)

This reaction stoichiometry resembles that of El. minutum growing on glucose,
which presumably regenerates the NADH formed in glycolysis via AdhE and produces
H2 from the ferredoxin reduced during pyruvate oxidation via its [NiFe]-hydrogenase
(14); the latter most likely allows conservation of additional energy in form of an
electrochemical membrane potential (49), as shown for Thermoanaerobacter tengcon-
gensis (50). The [FeFe]-hydrogenase of El. minutum is most likely not involved in this
metabolism but may be required to maintain the redox balance between NADH and
reduced ferredoxin.

However, strain Rs-D17 lacks a [NiFe]-hydrogenase, and ethanol production via
AdhE would disturb the stoichiometric balance between NADH and ferredoxin required
by its electron-bifurcating [FeFe]-hydrogenase. Also the fermentation of glucuronic acid
produces more reduced ferredoxin than NADH (Fig. 1). This calls for an as-yet-
undetected mechanism that converts reduced ferredoxin to NADH in strain Rs-D17. An
Rnf-like complex, which serves this purpose in other anaerobes (46), seems to be absent
from all members of the Elusimicrobia phylum.

Membrane transport systems for other metabolites. The detection of mostly com-
plete gene sets for the biosynthesis of amino acids and cofactors is in agreement with
the ability of En. proavitum to grow on mineral medium lacking organic growth factors
other than vitamins. Although a large number of the anabolic pathways are conserved
in strain Rs-D17, the loss or pseudogenization of the genes involved in ammonia uptake
and assimilation indicates that the endosymbiont became dependent on amino acids
as a nitrogen source. In view of the previously recognized breakdown of the pathways
for the biosynthesis of several amino acids in the endosymbiont (12), it is likely that the
newly acquired amino acid transporters compensate for the loss of the respective
biosynthetic functions. However, the supply routes for several essential amino acids are
far from clear, because orthologs of the glutamine and methionine transporters en-
coded in the genome of En. proavitum were apparently lost in strain Rs-D17, and the
importers for glutamine, methionine, and cysteine required by strain Rs-D17 remain
unidentified.

It has been proposed that Trichonympha flagellates have domesticated Endomicro-
bia as suppliers of essential amino acids and other cofactors required by the host (12).
Unless these products are harvested by digestion of entire symbionts by the flagellate
host, this would require the presence of suitable transport systems. In that context, it
is of interest that the transporters newly acquired by strain Rs-D17 include a permease
for aromatic amino acids (AroP; APC superfamily transporter). Considering that the

Reductive Genome Evolution in Endomicrobia Applied and Environmental Microbiology

September 2017 Volume 83 Issue 17 e00656-17 aem.asm.org 11

http://aem.asm.org


corresponding biosynthetic pathways are entirely intact and even experienced gene
duplications (12), the presence of AroP would allow delivery of upgraded amino acids
back to the host.

Nothing is known about the permeability of the second, putatively host-derived
membrane surrounding the symbionts (6, 7), which represents another potential barrier
for the uptake of amino acids and inorganic nutrients, providing the host with the
possibility to regulate the growth of its symbionts by controlling the supply of these
metabolites, as shown for the bacteriocytes of pea aphids (51).

Outlook. There is a growing body of evidence for convergent evolution among
unrelated endosymbionts of termite gut flagellates (39–41). Endomicrobia provide an
excellent model for future studies on the evolutionary mechanisms of symbiogenesis.
One reason is the availability of close free-living relatives that are amenable to culti-
vation, which allows the study of phenotypic traits. Another reason is the presence of
multiple lineages of endosymbionts in the radiation of the genus Endomicrobium,
which colonize different lineages of gut flagellates and were most likely derived
independently from an ancestral, free-living line of descent. This provides the oppor-
tunity to investigate convergent evolution of closely related symbionts in phylogeneti-
cally distant hosts. Conversely, the codiversification of Endomicrobium strains with
flagellates of the genus Trichonympha (10) should result in the parallel evolution of
relevant traits in endosymbionts that are isolated within closely related hosts. In view
of the presence of several plasmids in Ca. Endomicrobium trichonymphae (12, 32) and
their apparent absence from the free-living En. proavitum, it will also be of great interest
study the acquisition of plasmids in other lineages of Endomicrobia and a possible role
of plasmid-borne genes in symbiogenesis.

MATERIALS AND METHODS
Genome annotation. The genomic DNA of En. proavitum was extracted using the cetyltrimethyl-

ammonium bromide buffer method and sequenced on a Pacific Biosciences RS platform using three
SMRT cells (15). The finished genome was assembled using the Hierarchical Genome Assembly Process
(HGAP) version 3, which has been developed to produce nonhybrid, finished microbial genome assem-
blies from long-read SMRT sequencing data with an accuracy �99.999%, despite the high error rate
inherent to the raw data produced by this platform (52). The final assembly yielded a circular chromo-
some with a mean coverage of 76-fold (15). The genome was annotated using the IMG-ER (53) and
MicroScope (54) platforms. Annotation results for each coding sequence were compared, and gene
predictions were verified (and adjusted when necessary) by inspecting the top BLAST hits among all
complete genomes in the entire MicroScope database. Protein-coding genes were assigned to Clusters
of Orthologous groups (55) using the COGNiTOR software (56). The annotated genome sequence of En.
proavitum was deposited with the National Center for Biotechnology Information under accession
number CP009498 (15). The pseudogenes of En. proavitum were identified using the “Fusion/Fission”
function in the MicroScope platform and then checked manually.

Comparative genomics. The complete genome sequences of El. minutum (16), strain RsD17 (12), and
the composite genome of CET450 (GenBank accession no. LNVX01000001 to LNVX01000866; IMG Project
ID Gi01566) were uploaded to the MicroScope platform. The presence and distribution of orthologous
genes among the different genomes was explored using the gene phyloprofile tool (57) integrated in the
MicroScope platform, with a threshold of 	50% similarity and 	80% of matched length, as described
previously (17), and by manual searches for specific genes using reciprocal BLAST analysis.

Phylogenetic analyses. Gene sequences were translated into amino acid sequences and aligned
using MAFFT (version 7) (58). Unambiguously aligned residues were used in phylogenetic analyses.
Maximum-likelihood trees were inferred with MEGA (version 7.0) (59), always using the substitution
model that was suggested by MEGA for the respective alignment (the model is indicated in the figure
legends of the respective trees). The confidence of tree topologies was estimated by bootstrap analyses
(1,000 resamplings).
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