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Free-living, pleomorphic strains of the betaproteobacterium 
Polynucleobacter are abundant in the plankton of freshwa-
ter lentic habitats1,2. They can be cultivated under laboratory  

conditions and have recently been investigated at the genomic 
level2,3. Morphologically distinct strains of Polynucleobacter are 
also known to be intracellular symbionts of several species of the 
ciliate genus Euplotes4–6. The Euplotes depend on endosymbionts for 
survival5 and endosymbiotic Polynucleobacter, which are vertically 
transmitted during host division, have never been isolated or cul-
tured outside their hosts7, suggesting that the relationship is obligate 
for both partners.

Despite their distinct morphology, endosymbiotic and free- 
living Polynucleobacter are so similar at the molecular level that 
until recently they were classified as the same species8. Single-
marker phylogenetic inferences do not fully resolve their evo-
lutionary relationships7,9, but symbiotic strains do not form a 
monophyletic group in small subunit ribosomal RNA (rRNA) gene 
trees, leading to speculation that transitions to symbiosis occurred 
multiple times9.

Our understanding of the process of endosymbiotic integration 
is often based on comparisons between distantly related symbionts 
that evolved from unlike ancestors under different evolutionary 
pressures10,11. Individual symbiotic lineages have also been com-
pared with their closest free-living12 or opportunistic13,14 relatives. 
The first approach gives us insights into the universal features of 
endosymbioses, but its resolving power is limited by the ‘noise’ 
imposed by distantly related ancestral states. The second approach 
reveals how each evolutionary event unfolded, but is intrinsi-
cally non-reproducible and often limited by long spans of time 
separating the free-living ancestor and modern endosymbionts. If 
Polynucleobacter endosymbionts arose multiple times from similar 
and closely related ancestors, this natural system could represent 
something close to ‘replaying the tape’ of an evolutionary process15. 

Each symbiotic lineage would be an independent example that 
could be compared with multiple close relatives, both free-living 
and endosymbiotic. This would provide an ideal combination of the 
two traditional approaches to assess fundamental questions in the 
process of endosymbiotic reduction.

The loss of DNA and genes is widespread in obligate symbionts, 
but its causes have been a matter of debate. Endosymbionts usually 
have smaller population sizes and a reduced number of essential 
functions12,16—factors that weaken the power of natural selection and 
trigger the accumulation of deleterious mutations17, ultimately lead-
ing to gene inactivation and loss of now non-functional DNA when 
there is no strong counterbalancing selection acting on the host18. 
Thus, the commonly accepted model, mostly based on symbioses 
between insects and bacteria19,20, explains even the most extreme 
reductions in genome and proteome size as a result of non-adap-
tive mechanisms. Many of the predictions of this model have been 
tested in various systems21–23, but the relative contributions of differ-
ent critical processes remain elusive. Some authors consider genetic 
drift to be the major catalyst for genome erosion12,24. Others propose 
that elevated mutation pressure may play an additional or prevalent 
role25,26. Distinguishing between the two factors requires the measure-
ment of non-synonymous (dN) and synonymous (dS) substitution 
rates in pairwise comparisons of free-living and symbiotic bacteria. 
Unfortunately, in systems studied so far, either synonymous sites are 
largely saturated21,25 due to the divergence of the two species, or there 
is no suitable outgroup for a direct comparison14. Polynucleobacter 
provides the opportunity to examine this and other questions about 
the process of genomic transformation accompanying endosymbiosis.

Results
Phylogenomics confirms that symbioses originated multiple 
times independently in Polynucleobacter. We collected and cul-
tured eight strains of Euplotes and obtained the genomic sequences 
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of their Polynucleobacter symbionts. We added to our analyses avail-
able genomes from one symbiotic strain (Stir1; ref. 27) and seven 
free-living strains (three of which are complete: QLW-P1DMWA-1 
(ref. 2), CB (ref. 28) and MWH-MoK4 (ref. 3)) (Fig. 1).

Phylogenomic trees of these taxa inferred from 612 protein-
coding genes using multiple methods and models produced topolo-
gies differing in only a few nodes (Fig. 2). In the reconstruction of 
ancestral states, we assumed that all ancestors of free-living bacte-
ria were also free living; that is, that no endosymbiont reverted to 
a free-living state. In support of this, all genomes from symbionts 
are characterized by a massive loss of functional genes, impaired 
vital pathways and an abundance of pseudogenes (see the follow-
ing section). Genomes from free-living strains are consistently 
larger and possess a common set of related, unimpaired pathways 
with few pseudogenes2,8. For any free-living strain to have passed 
through an obligate symbiotic phase to regain the free-living state 
would require it to accomplish the following highly unlikely condi-
tions: reacquire hundreds of vital functional genes phylogenetically 
related to those of other Polynucleobacter strains; lose remnants of 
as many pseudogenes; and regain a gene set and genome size similar 
to those of the free-living strains that never had a symbiotic stage.

Our phylogenomic analyses (Fig. 2) showed at least eight inde-
pendent origins of symbiosis among the nine symbionts with 
sequenced genomes. Nodes that varied in different analyses or were 
unsupported in one analysis did not affect the minimum estimated 
number of symbiotic origins despite minor differences among the 
models and methods. In none of the inferred topologies were two 
symbiotic strains sister lineages except for Eae5 and Eae1. Overall, 
all analyses confirmed that the Euplotes–Polynucleobacter obligate 

relationship originated numerous times. The independent estab-
lishment of symbiosis in strains Stir1, Ewo1, Eae3, Eoc1 and Fsp1.4, 
which had already been proved by the phylogenetic position of the 
free-living strain MWH-JaK3, was further supported by their dif-
ferent host species.

The host Euplotes species forms a robust monophyletic group29 
(Supplementary Fig.  1) and, while the exact functional basis for 
the symbiosis is unknown, it is parsimonious to assume its origin 
is in the common ancestor of this clade. As the symbiosis is obli-
gate for the host, it is likely that after the original establishment, 
these Euplotes species always harboured essential symbionts. The 
non-monophyly of symbiotic Polynucleobacter therefore implies 
that distinct lineages invaded Euplotes strains that already pos-
sessed a symbiont—either another Polynucleobacter or a different 
bacterium9—and replaced it. This contrasts with other systems, 
where ancient symbionts formed multipartite relationships with 
new symbionts (for example, the Buchnera−Serratia consortium  
in aphids13,30).

Gene loss precedes genome reduction in Polynucleobacter sym­
bionts. Complete genomes from extant free-living Polynucleobacter 
share most genes and pathways (Supplementary Fig.  2). Most 
variation is restricted to strain-specific genes, about half of which 
encode predicted open reading frames with no assigned function. 
Other variation corresponds to pathways of considerable biologi-
cal relevance2,3,8 for which the associated genes are not present in 
any other free-living or symbiotic strain. This suggests that environ-
mental Polynucleobacter are metabolically diverse and can adapt to 
various niches. Nevertheless, their diversity is probably short-lived 
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Figure 1 | Genomic reduction in symbiotic Polynucleobacter strains. Free-living strains are shown in blue and symbiotic strains in orange. Top: the 
proportion of non-coding DNA. Bottom: the genome size (red diamonds) and the number of protein-coding genes (black circles) (left axis; numbers 
correspond to both gene number and the number of kilobases). The black bars indicate gene loss (right axis; gene number). Symbionts showed moderately 
reduced genome size but extensive gene loss, which was reflected by higher percentages of non-coding DNA (mostly pseudogenes).
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on the evolutionary scale while a large fraction of core genes remain 
conserved31 (which is not unusual for bacteria). The core includes 
about 1,488 genes, most likely present in the ancestor of all inves-
tigated Polynucleobacter strains. Hence, it can be used to conserva-
tively count minimal gene losses in symbionts (Fig. 1) with a smaller 
margin of error than direct comparisons with extant strains, which 
might have diverged from a common ancestor with additional 
recently acquired genes.

A universally recognized feature of the genomes of endosymbiotic 
bacteria is a reduction in gene number and genome size20,32, which 
were also reported in a previous comparison of Polynucleobacter 
genomes from one free-living and one symbiotic strain27. In the 
present study, all nine symbionts had smaller genomes with reduced 
gene content and an elevated proportion of non-coding DNA com-
pared with free-living strains (Fig.  1). The non-coding fraction 
largely consisted of pseudogenes, and its proportion varied consid-
erably among the strains. The correlation between genome reduc-
tion and gene loss (Pearson correlation coefficient, r =​ 0.900) and 
the larger extent of gene loss suggest that the two processes over-
lapped in time and that gene inactivation took place earlier, as has 
been proposed to have occurred in the initial stages of other obligate 
symbioses20,33. Conversely, the Polynucleobacter system differs from 
others at a similar stage of reduction because of the absence of trans-
posable elements27, which are often assumed to play an essential role 
in the early inactivation of genes14,20.

Despite the extensive loss of about 200–600 genes in each sym-
biont, only eight genes had been lost in all nine symbiotic strains. 
None of these (listed in Supplementary Discussion 1) was function-
ally related to another, nor did they have an obvious intracellular 
function. Thus, it seems unlikely that the loss of any specific gene is 
an absolute requirement for initiating symbiosis.

Symbionts possess strain-specific genes in proportions compara-
ble to free-living Polynucleobacter. However, the percentage of these 
as unknown open reading frames is much higher in symbionts than 
in free-living strains and very few complete pathways can be identi-
fied (Supplementary Discussion  1). The sequencing of additional 
free-living strains, especially of those more closely related to sym-
biotic strains, would test the hypothesis that these genes descended 
from ancestral strain-specific gene sets. Very few symbiont-spe-
cific genes were found in more than one symbiont, and none was 
shared by more than five (Fig. 3). No gain of function was therefore 
required for, or tied to, symbiosis.

Predominantly random pattern of gene loss and retention. Of the 
core ancestral genes, 644 were still present in all symbiotic strains, 
probably because their selective coefficients were high enough that 
purifying selection had prevented loss-of-function substitutions. 
The others had been lost in at least one lineage. To examine potential 
patterns, we first classified genes into broad functional categories. 
General trends were observed that were consistent with previous 
observations27; for example, genes related to DNA, RNA and pro-
tein metabolism or energy production were, on average, lost less 
frequently than transporters or genes involved in growth, sensing 
or regulation (Supplementary Fig. 3). However, the loss among dif-
ferent strains varied conspicuously within all categories, suggesting 
a substantial degree of heterogeneity behind these general trends, as 
would be expected in the initial stages of obligate symbiosis.

To inspect these differences more deeply, we identified 237 
modules that grouped functionally related proteins—enzymes in 
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the same pathway or components of multimeric complexes. At this 
level, stochastic loss was prominent and consistent trends were 
much more difficult to recognize, as the pattern of losses differed 
for each strain (Supplementary Data  1). Clustering analyses con-
firmed that, in contrast to phylogeny, free-living strains were more 
similar to each other than to any symbiont in terms of modules and 
gene content (Supplementary Figs. 4 and 5). Moreover, clustering of 
the symbiotic strains according to either gene content or functional 
modules did not match the phylogeny of the bacteria or their hosts. 
Notably, five strains from the same host species (Euplotes aedicu-
latus) did not cluster together, suggesting that functional variation 
was not tied to host physiology. Clustering order did not reflect 
genome size well, but showed some correlation with the number of 
protein-coding genes. Unsurprisingly, the three strains with the big-
gest proteomes were closer to the free-living strains in the clustering 
of functional modules, and Eae5 and Stir1, the two strains with the 
smallest proteomes, were associated in both graphs. Thus, phyloge-
netically unrelated symbionts started from a gene content similar to 
those of extant free-living strains, and might eventually converge at 
the end of the reduction process when most non-essential functions 
have already been lost34.

Deeper still, at the level of individual genes, non-functional 
modules often retained some components and were disrupted in 
different ways in different strains (Fig. 4 and Supplementary Fig. 6). 
In some instances, the preservation of individual genes in incom-
plete modules did not warrant special explanation because these 
genes had other known, conserved functions. For example, only 
strain Fsp1.4 possessed the full glyoxylate cycle, but all symbionts 
retained the three genes that are shared between this pathway and 
the tricarboxylic acid cycle. Similarly, no symbiont had a complete 
gene set for the synthesis of thiamin, but all still possessed the two 
genes in the module that are also required for the biosynthesis of 
pyridoxine, terpenoids and iron–sulfur clusters.

In other instances, retained genes in disrupted modules had 
no other known function. Sometimes these were remarkably con-
served among symbiotic strains that lacked the corresponding 
module. Examples include moeB, which is apparently functional 
in all eight strains unable to synthesize the coenzyme MoCo, and 
the genes soxY and soxZ, which are preserved in strains without a 
complete sox operon. Non-functional genes are thought to degen-
erate quickly35–37, so the retention of the same gene in a non-func-
tional context in multiple strains is of interest. It is possible that 
such genes were retained because of metabolic portioning with the 
host (as described in other systems38,39), where the host provides 
missing metabolites or activities to the bacteria. However, this 
explanation cannot be applied to all cases; for example, the sulfur-
oxidizing sox pathway is not present in eukaryotes so the host 
cannot compensate for missing components. Alternatively, some 
of these genes may possess unrecognized secondary functions, 
either in other pathways or as regulators. These exceptions to the  
otherwise stochastic disassembling of modules may therefore 
reveal unrecognized interactions in cryptic genetic networks that 
could be investigated in the future.

Genetic drift, but not mutation pressure, drives the molecular 
evolution of symbionts. It is commonly observed that symbionts 
have higher rates of amino acid sequence evolution compared with 
free-living relatives12,25. It has been debated whether this is due to an 
overall increase in the total number of substitutions (indicated by 
an elevated dS and evidence of higher mutation pressure) or genetic 
drift (indicated by an elevated dN/dS ratio) or both. For most sym-
biotic systems these cannot be distinguished because the free-living 
and symbiotic strains are too distant and dS is saturated21,25. Sodalis 
praecaptivus, an opportunistic human pathogen, has many non-
saturated synonymous sites compared with its close relatives in  
the Sodalis-allied clade of insect symbionts14, but the absence of 
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a suitable outgroup and the status of S. praecaptivus as the only 
characterized free-living bacterium in the clade prevent direct and 
repeated pairwise comparisons in that system. Free-living and endo-
symbiotic Polynucleobacter strains are so similar at the nucleotide 
level that substitution rates can be estimated for hundreds of genes. 
Knowing with confidence the phylogenetic relationships between 
the strains additionally permits many independent measurements.

We performed 20 pairwise comparisons between free-living 
and symbiotic strains, as well as four pairwise comparisons among 
free-living strains as controls (Fig. 5a and Supplementary Data 2). 
For dS values, statistically significant differences existed between 
some of the controls, highlighting strain-specific variability even 
between free-living Polynucleobacter. The symbiotic strains had 
significantly higher dS mean values than their free-living relatives 
in seven comparisons and significantly lower mean values in four 
comparisons. The remaining nine cases showed no significant dif-
ference, although mean values were sometimes higher for the sym-
bionts (seven cases) and sometimes for the free-living strains (two 
cases). In contrast, there was a much more consistent pattern in the 
dN/dS analyses. No significant variation in the dN/dS was observed 
between free-living strains, while endosymbiotic Polynucleobacter 
always display higher dN/dS mean values than their free-living 
relatives, the difference being statistically significant in 13 of the 
20 comparisons.

dN/dS values were low overall (mostly below 0.5 and never above 
0.8), suggesting that if positive selection played a role at all, it was 
limited to a small subset of residues. Higher means in the symbionts 
were caused instead by an overall increase in dN across functional 
genes (Fig. 5b), confirming the hypothesis that genetic drift is the 
main non-adaptive mechanism responsible for genomic evolution 
in symbiotic Polynucleobacter. Mutation pressure may play a role, as 

means significantly differ among some lineages, but it appears to be 
a strain-specific factor not strongly correlated with endosymbiosis.

Discussion
Endosymbiotic associations have evolved for diverse reasons 
involving a great assortment of species, and have driven virtu-
ally all of the most extreme departures from canonical genome 
structure and content20,38,40. Despite this variability, endosymbiont 
genome evolution appears to share several common fundamental 
features, but discerning these from the tangle of resulting diver-
sity has been challenging. The relatively recent origin of symbiotic 
Polynucleobacter, their multiple establishments, and the possibil-
ity of comparing different symbiotic lineages with closely related 
extant free-living bacteria provide unique glimpses into the process. 
We found that gene loss in independent lineages was ordered to the 
extent that many functions were retained, but in general genetic 
networks crumbled in an unpredictable pattern that was mostly 
stochastic, with a few interesting exceptions that may reveal cryptic 
molecular interactions. Multiple comparisons of Polynucleobacter 
genomes showed that endosymbiosis in this system has led to the 
accumulation of substitutions via genetic drift, but not necessarily 
mutation pressure.

Most known endosymbiotic systems arose from a unique event 
and seem to have evolved towards stable integration between 
partners. Examples have recently been found, as described here 
and elsewhere23,33,41, of tight associations that were instead estab-
lished through independent transitions to endosymbiosis. The 
Polynucleobacter−​Euplotes symbiosis is an interesting example of 
an obligate relationship that not only originated multiple times, but 
involved free-living strains invading already symbiotic systems and 
replacing a pre-existing bacterial partner.
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Methods
Collection, culturing and screening of Euplotes. Euplotes populations were 
collected in freshwater environments in Tuscany, Italy. Monoclonal strains were 
cultured starting from single cells, as previously described9. Ciliates were screened 
using fluorescence in situ hybridization6 to assess the presence of Polynucleobacter 
bacteria in the cytoplasm (Supplementary Fig. 7). Seven positive strains (Eae1, 
Eae2, Eae3, Eae5, Eda1, Eoc1 and Ewo1) were selected from seven populations. 
Species were assigned according to in vivo observations and by sequencing the 
small subunit rRNA gene42. Supplementary Fig. 1 shows the phylogeny of the 
Euplotes strains as inferred from this marker. Sequences were aligned and trimmed 
with the softwares MAFFT43 and trimAl44, respectively; a maximum likelihood 
topology was obtained with IQ-TREE45 (searching for the best-fitting evolutionary 
model) and a Bayesian topology was obtained with MrBayes46 (three runs with 
three heated and one cold chain each, iterated for 1,000,000 generations). Small 
subunit rRNA gene sequences of the symbiotic bacteria were also obtained through 
PCR with betaproteobacterial-specific primers6.

Genomic DNA extraction and sequencing. The seven new strains, plus the 
Euplotes harpa monoclonal strain Fsp1.4 previously characterized6, were mass 
cultured for genomic DNA extraction. Filtered and starved cultures (about 
2 l each) were treated with 0.2 mg ml–1 chloramphenicol overnight to decrease 
bacterial contamination in the culture medium27. Ciliates were then concentrated 
and mechanically lysed with a syringe. The homogenate was subjected to 
several rounds of centrifugation at increasing acceleration to remove most of 
the hosts’ cellular debris. Polynucleobacter bacteria were collected during a final 
centrifugation at 10,000 g for 10 min. Light microscopy and fluorescence in 
situ hybridization observations on all pellets confirmed that the last precipitate 
contained the highest number of Polynucleobacter and the lowest amount of 
contamination from the host. Total DNA was extracted using the NucleoSpin Plant 
II DNA extraction kit (Macherey-Nagel). Agarose gel electrophoresis confirmed 
that the amount of Euplotes DNA, identifiable as a smear due to its fragmented 
genome47 decreased with successive centrifugations.

DNA yields were measured using the Qubit 2.0 Fluorometer and the dsDNA 
HS Assay Kit (Life Technologies). Libraries were constructed with the Nextera 
XT DNA Library Preparation kit (Illumina) and sequenced by Génome Québec 
on a MiSeq platform (2 ×​ 250 paired-end). Standard (Sanger) small subunit rRNA 
gene sequencing of each culture was repeated after this step to ensure that no 
contamination had occurred.

Genome assembly and annotation. Genome assembly was performed using 
the software A5 (ref. 48). Two to four large scaffolds for each strain shared high 
sequence similarities with available Polynucleobacter genomes and were assembled 
manually into circular chromosomes. No removal of contaminant reads (from 
the hosts or bacteria in the medium) was required. For three genomes (strains 
Eae2, Fsp1.4 and Eda1) the final assembly was not circular but linear, potentially 
highlighting the existence of one gap in each. Two such gaps were present in the 
genome of strain Eae3. An analysis using the software BLAST of the nucleotide 
sequences flanking the gaps against complete genomes suggested that all the 
potential gaps were small (less than 1.5% of the total genome). They fell in gene-
poor regions and gene synteny comparisons strongly indicated that they were 
unlikely to contain any gene. Sequence data were deposited in the European 
Nucleotide Archive (accession number: PRJEB15088).

Preliminary gene annotation and amino acid sequence prediction were 
performed with RAST49. To improve comparability, the previously sequenced 
genomes of the symbiotic Polynucleobacter strain Stir1 and the free-living strains 
QLW-P1DMWA-1, CB and MWH-MoK4 were annotated again with the same 
software. Gene homology among the strains was identified with OrthoFinder50. 
Functional annotations were then manually curated verifying the correspondence 
of results for orthologous genes within Polynucleobacter and with the first ten 
non-Polynucleobacter BLAST hits in the database. In the nine symbiotic strains, 
a gene was considered non-functional (a pseudogene) if its longest open reading 
frame was less than 80% or more than 125% of the length of its shortest and longest 
homolog in the free-living strains. Gene lengths among free-living strains were, on 
average, much more consistent. A small number of genes with higher variability 
were removed from the quantitative analyses.

Three nested gene sets were built. One (‘CORE’) contained only genes 
present in all 12 Polynucleobacter strains with a complete genome. The second 
(‘ANCESTOR’) contained genes present in all three free-living strains, regardless 
of their status in symbionts. These genes were assumed to be present in the (free-
living) ancestor of all investigated Polynucleobacter strains. The third dataset 
(‘COMPLETE’) contained all genes.

Sequence retrieval from additional taxa. Orthologous amino acid sequences 
in four incomplete genomes of free-living Polynucleobacter (FNE-F851, SCGC 
AAA027-C0252, MWH-JaK3 and MWH-HuW18) and outgroup species 
(genera Ralstonia and Cupriavidus; accession numbers: GCA_000009285.2, 
GCA_000020205.1, GCA_000069785.1, GCA_000196015.1, GCA_000832305.1, 
GCA_000009125.1 and GCA_000954135.2) were identified by reciprocal-
best BLAST of the free-living strain CB against the protein predictions of the 

particular taxon. The following protocol was used when gene predictions were 
not available (that is, for Polynucleobacter strains MWH-JaK3, FNE-F8 and SCGC 
AAA027-C02): (1) contigs from each assembly were translated in all six frames; (2) 
BLASTp (maximum E value: 10−5) of strain CB’s sequences were used to identify 
and extract amino acid sequences for each protein of interest in the translated 
contigs; (3) the extracted amino acid sequences were reciprocally BLASTed against 
proteins predicted in the CB genome; (4) only proteins with a reciprocal best 
hit were kept; and (5) gene nucleotide sequences were extracted from the contig 
according to the coordinates of the corresponding protein sequence.

Metadata associated with several deposited free-living Polynucleobacter 
genomes confirmed the homogeneity of some of their features. Estimated protein-
coding percentages were: QLW-P1DMWA-1: 92.6%, CB: 91.9%, MWH-MoK4: 
91.7% (confirmed by our reannotation; Fig. 1), MWH-JaK3: 90.7% and MWH-
HuW1: 91.2%. Estimated pseudogenes in the same strains were more variable in 
number (3–46), but were always far fewer than in symbionts, and did not affect 
coding percentage nearly as much.

BLASTn and BLASTx analyses were conducted on all genes listed in the 
‘ANCESTOR’ table to preliminarily assess the presence of obvious cases of 
extensive lateral gene transfer with other bacteria. All but 13 sequences (one 
in strain CB, three in strain FNE-F8, four in strain QLW-P1DMWA-1, five 
in strain MWH-HuW1, and none in strains MWH-JaK3 and MWH-MoK4) 
produced Polynucleobacter as a first hit and all but one of these hits were other 
betaproteobacteria. Lateral gene transfer with distantly related bacteria thus 
seems to have had little or no effect on this set of genes since the divergence of the 
investigated strains.

Phylogenomic analyses. A total of 612 single-copy genes from the ‘CORE’ table 
were used for the phylogenomic analyses. Each single-gene amino acid dataset was 
aligned by the ‘linsi’ algorithm from MAFFT43 and ambiguously aligned positions 
were removed using BMGE53. Trimmed alignments were concatenated into one 
matrix by the script Alvert from the package Barrel-O-Monkeys (http://rogerlab.
biochemistryandmolecularbiology.dal.ca/Software/Software.htm#Monkeybarrel) 
resulting in an alignment consisting of 23 taxa and 202,245 sites. A maximum 
likelihood tree was constructed with the RAxML programme54 using the LG4X 
model55 with GAMMA correction for among-site rate variation (model settings 
PROTGAMMALG4X). Statistical support was inferred from 1,000 bootstrap 
replicates (-b setting) generated in RAxML using the same model. To further 
assess the stability of the result, analyses using different methods, models and 
software were performed: the LG model56 was also used in RAxML; the protein 
mixture model C6057, as implemented in IQ-TREE45, was employed (C60 +​ LG, 
obtaining identical results); and Bayesian inference was performed on PhyloBayes58 
using the CAT-GTR model and four independent runs (two runs converged with 
maxdiff <​0.3 on one topology, and two on a topology differing by only two nodes; 
conflicting nodes were assigned zero support values in Fig. 2). Additionally, to test 
the reliance of the analysis on the chosen gene set, we constructed 250 datasets 
each from 100 randomly sampled genes (jackknifed). These datasets were analysed 
on RAxML (LG4X) and a consensus tree was built. Trees were rooted between the 
Polynucleobacter clade and the outgroups.

dS and dN/dS analyses. Of the 1,488 genes in the ‘ANCESTOR’ table, 1,297 single-
copy genes were used for the dS and dN/dS analyses. Each single-gene amino 
acid dataset was aligned with the ‘linsi’ algorithm from the MAFFT package and 
then back translated into nucleotide alignment using an in-house script. Non-
Polynucleobacter sequences used as outgroups in the phylogenomic analyses were 
removed before the alignment. The incomplete genome of Polynucleobacter strain 
SCGC AAA027-C02 was also excluded from the analysis due to the absence of 
many genes. A total of 100 bootstrap replicates were generated for each single-gene 
alignment and analysed in RAxML under the LG +​ GAMMA model; the few highly 
supported (>​85% bootstrap) nodes obtained in this way, which were in conflict 
with the phylogenomic tree (Fig. 2), were removed to avoid biases from conflicting 
topologies possibly due to lateral gene transfer.

Maximum likelihood estimates of dS and dN were computed using the 
programme codeml from the PAML package59 (runmode -2) under the F61 
model, preferred over the F3 ×​ 4 model according to Akaike’s information 
criterion. To perform each comparison between two strains, the free-living strain 
phylogenetically closest to the pair was chosen as the outgroup. The outputs 
of all phylogenomic methods were considered and choices were unaffected by 
alternative resolutions of weakly supported nodes. dS and dN/dS values were then 
calculated as pairwise differences between each target strain and the outgroup. dS 
was considered non-saturated if the estimated value was below 2. dS values below 
0.01 were also discarded, as were dN/dS values equal to 0. The remaining values 
were then compared between the two taxa of interest (see the insert in Fig. 5), 
considering only genes where values were available for both lineages.

In total, 24 pairs were compared using this approach (Supplementary Data 2). 
Paired Student’s t-tests (two-tailed) were used to evaluate the significance of 
differences between the means of the two lineages, applying the Bonferroni 
correction for multiple comparisons. The values were also plotted on a scatterplot 
(see Fig. 5). Visual examination of the scatterplots showed the presence of potential 
outliers corresponding to log-ratio values outside the ‘mean ±​ 2 ×​ s.d.’ range.  
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To confirm that the difference between lineages and its significance was not driven 
by these extremes, an outlier removal step was implemented. Statistical testing was 
performed again and only differences supported by both analyses were considered 
statistically significant. Outlier removal, plotting and t-tests were all performed 
using the package R60.

Functional analysis. Each gene was assigned to a broad functional category27: (1) 
biosynthesis and catabolism; (2) DNA, RNA and protein metabolism; (3) energy 
production; (4) cell wall; (5) membrane (non-transporters); (6) transporters; (7) 
growth, sensing and regulation; (8) others; and (9) hypothetical. In total, 237 functional 
modules were also defined, including sets of genes coding for proteins involved in well-
known pathways or other functional units, such as multimeric complexes or regulatory 
functions (Supplementary Data 1). Modules, and the assignment of genes to them, 
were designed consulting online resources such as the Kyoto Encyclopedia of Genes 
and Genomes61 and MetaCyc62 for metabolic pathways and InterPro63 and BRENDA64 
for protein function and classification. A module was considered absent in a strain if 
one or more genes deemed essential was missing or non-functional.

A synopsis of the genomic functional analysis on Polynucleobacter strains, 
including an update on previous conclusions drawn from a single strain27 on 
topics such as DNA repair pathways and symbiont-specific features is presented in 
Supplementary Discussion 1.

Gene and module clustering. Binary tables for the presence or absence of 4,112 
genes (‘COMPLETE’ dataset) and 237 modules were used to compute Euclidean 
distance matrices followed by clustering using the neighbour-joining algorithm 
(performed in the R package). Presence and absence plots were generated from the 
binary table using the heatmap.2 function from the gplots package.

Symbiont cultivation attempts. Many failed attempts to isolate symbionts from 
Polynucleobacter-bearing Euplotes have been performed in the past employing 
several techniques7. Strains Stir1 and Fsp1.4 were among those previously tested. 
To investigate the possibility that some of the novel strains might still be able to 
survive outside the host, new isolation attempts were performed on Eda1 and 
Eae2—the symbionts with the highest number of functional protein-coding genes. 
Two previously described techniques—direct plating on nutrient broth soyotone 
yeast extract medium and a variant of the dilution−​acclimatization method 
optimized for free-living Polynucleobacter7,65—were employed and produced 
negative results.

Data availability. New genomic sequences obtained during this study were 
deposited in the European Nucleotide Archive with the accession codes 
LT606946 to LT606951, LT615227 and LT615228.
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