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Abstract

Many animals are obligately associated with microbial symbionts that
provide essential services such as nutrition or protection against predators.
It is assumed that in such obligate associations fidelity between the host
and its symbionts must be high to ensure the evolutionary success of the
symbiosis. We show here that this is not the case in marine oligochaete
worms, despite the fact that they are so dependent on their bacterial
symbionts for their nutrition and waste recycling that they have lost their
digestive and excretory systems. Our metagenomic analyses of 64 gutless
oligochaete species from around the world revealed highly variable levels of
fidelity not only across symbiont lineages, but also within symbiont clades.
We hypothesize that in gutless oligochaetes, selection within host species
for locally adapted and temporally stable symbiont communities leads to
varying levels of symbiont fidelity and shuffles the composition of symbiont
assemblages across geographic and evolutionary scales.

Introduction

Obligate symbioses where animals depend on microbial services

are ubiquitous and have been independently established in multiple
animal phyla'®. Some of these, such as attine ants and giant tube
worms substantially shape their ecosystems. Given their obligate
nature, a difficult question to resolve is how they evolve, particularly
in light of the observation that these associations maintain high
symbiont fidelity where a given host lineage is stably associated
with a symbiont lineage over evolutionary scales’. High symbiont
fidelity can be achieved via two strategies - transmission from parent
to offspring (vertical transmission) or host genotype dependent

and specific acquisition of bacteria that is independent of parental
transmission (horizontal transmission). Both modes of transmission
have been documented across high fidelity nutritional symbioses®’
but their roles and dynamics are unexplored. From the point of host
adaptation, the most extreme obligate associations are mouth and
gutless animals that live in nutritional symbioses with chemosynthetic
symbionts. Such chemosynthetic symbioses are predominantly
characterized by a low number of partners, high symbiont fidelity

or both!*'3, A striking deviation from the common low diversity

/ high fidelity model are the gutless oligochaetes that depend on
symbiont communities of four to six partners for nutrition as well

as waste product recycling'*!”. The communities are not sampled
from the same six symbiont clades, but instead the seven host species
analyzed up to this study associate with 14 symbiont groups'*!'"2. In
addition, low symbiont fidelity between these hosts and the primary
symbiont — Cand. Thiosymbion — is strikingly common®?*. In one
out of the seven species of gutless oligochaetes studied so far, even
the main symbiont has been replaced with an unrelated lineage of
gammaproteobacterial symbionts (Gamma4)'’. In another species,
this low fidelity also has been detected at a microevolutionary scale,
as the 6 symbiont clades associated with specimens sampled around

a small Mediterranean island had highly variable fidelity when
compared to host mitochondrial lineages*. Most of these fidelity
patterns were however assessed by comparing host mitochondrial

and symbiont phylogenetic patterns. The maternal transmission of
mitochondrial lineages could have led to such conflicting patterns if
horizontal transmission and stringent selection of symbionts had been
the basis of high fidelity. As nuclear evolution often deviates from
mitochondrial genetic lineages, the effects of a stringent horizontal
transmission established on nuclear encoded factors likely could not
be tracked with mitochondrial markers* 2. Based on the observed
variable fidelity between symbiont clades and mitochondrial genomes,
we postulated that host species specific communities of gutless
oligochaetes would be mediated by nuclear encoded factors, as it

has been observed in other obligate associations®. In this study, we

set out to test, if and how much host nuclear traits explain and drive
the evolution of variable and multipartite symbiont communities.

We therefore used a primer-free metagenomic approach to generate

a host nuclear gene set (28S rRNA gene), a host mitochondrial gene
set (mtCOI gene) and 16S rRNA gene based data on community
composition. As such a community census vs. host genotypes analysis
needs to cover large diversity of hosts from diverse habitats to be able
to unlink host species and habitat effects, we collected 233 specimens
from 17 globally distributed sites that represent 64 host species that all
groups of gutless oligochaetes.

We compared host nuclear and host mitochondrial relationships with
community structure and evolution of individual symbiont clades
using multivariate statistics, symbiont clade-wise comparisons
between host and symbiont phylogenies as well as divergence times
and ancestral state reconstructions. We would have predicted that
patterns of host nuclear and symbiont phylogenetic linkage also hold
up at a microevolutionary. In contrast to our prediction that symbiont
fidelity and community composition are linked to the host nuclear
genome, we detected a pattern of forever changing communities, both
unlinked to host nuclear and host mitochondrial lineages. The gutless
oligochaete symbioses are characterized by variability and versatility,
with the different symbiotic partners flexibly switching levels of
fidelity that appear to only become temporally stable in a given
environment.

Results and discussion

Nuclear and mitochondrial genomes of gutless oligochaetes
evolved differently

Across animal diversity, several examples of conflict between the
phylogenetic signal in nuclear and mitochondrial genomes have
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been observed® 2. We therefore reconstructed both a nuclear Primer-free assessment of symbiont communities

marker gene, the 28S rRNA gene, and a mitochondrial marker To describe the symbiont communities across a wide range of
gene, the mtCOI gene, for the 64 species-level host taxa from host species and geographic locations in a primer-free approach,
the metagenomic datasets. Our comparison of the 28S rRNA we analyzed 233 shot-gun metagenomes of gutless oligochaete

and mtCOI gene phylogenies showed that they were indeed not individuals from 17 globally distributed sites in the Atlantic,
completely congruent (Figure S1). This incongruence indicates Mediterranean, Indian, Pacific and Red Sea. We reconstructed full-
that the nuclear and mitochondrial genomes in gutless oligochaetes length 16S rRNA genes of the symbionts and defined genus-level
evolved differently. Thus, in the following paragraphs, we analyzed symbiont clades to characterize the composition of the symbiont
symbiont community composition as well as individual symbiont community in each individual. For the detection of genus-level
clade phylogenies separately in relation to both the 28S rRNA and the clades, we clustered the sequences at 95% identity, grouped the
mtCOI gene phylogeny. Links between symbiont data to one or the resulting clusters into potential symbiont clades according to their
other of the two host phylogenies would have different evolutionary phylogenetic relationships and removed likely contaminants (see
explanations. Links to the nuclear phylogeny indicates that nuclear Note S1). After contamination removal, we obtained 33 genus-level
genome encoded traits mediate the overall community composition, symbiont clades of which 14 were not known to be associated with
the association with a given symbiont clade or both. In contrast, gutless oligochaetes before'722, The detected clades belonged to
mitochondria do not encode for symbiosis mediating traits but are the classes of Actinobacteria, Alpha-, Delta-, Gammaproteobacteria,
assumed to be maternally transmitted. We therefore assume that Marinimicrobia and Spirochaetia.

a link to the mitochondrial phylogeny indicates vertical, maternal

transmission of symbiont clades. To identify other hosts or environments that members of our
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Figure 1: The composition of symbiont communities across 64 host species is not linked to host phylogeny. Top and left tree: Maximum-likelihood trees of the host 28S rRNA gene
phylogeny (left) and the symbiont 16S rRNA gene phylogeny including one individual per host species/symbiont clade. The scale bar indicates 10% estimated sequence divergence.
Nodes with none-parametric bootstrap support > 90% are highlighted in both trees. In addition, nodes with posterior probabilities > 90% estimated with MrBayes are highlighted in the
host tree. Middle panel: Averaged relative abundance of symbiont clades per host species as estimated with EMIRGE. Right tree: Dendrogram generated by the hierarchical clustering
of similarity of symbiont community composition of different host species calculated using UniFrac metric of host species wise averaged abundances of symbiont clades. Green boxes
highlight host species that showed congruence between the 28S rRNA gene phylogeny and the community composition based dendrogram. *-marked host species showed congruence
between the mtCOI gene phylogeny and the community composition based dendrogram.
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symbiont clades are associated with, we screened publicly available
16S rRNA gene sequence data, and analyzed the phylogenetic
relations between the symbionts and their closest relatives. Members
of four clades were previously detected in environmental samples
(Deltal, Delta3, Delta4 and Gamma3). Three of the gutless
oligochaete symbiont clades were also detected in other unrelated
marine invertebrates: the Gammal symbionts are also associated
with Stilbonematinae and Astomonema nematodes, the Gamma$
and Gamma7 symbionts with Stilbonematinae nematodes and the
Gamma4 symbionts with Kentrophoros ciliates (Figure S4-36).

To understand whether gutless oligochaete symbiont clades were
associated specifically with gutless hosts or also occurred in related
marine oligochaetes in general we screened ten specimens that

were morphologically identified as members of the closely related
gut-bearing Phallodrilinae. Two symbiont clades, the Alpha3 and
Alpha8, could also be detected in association with these gut-bearing
relatives, indicating that most of the symbiont clades are linked to the
gutless lifestyle of their hosts (Figure S37). Based on these results,
we grouped the symbiont clades into three categories: i) symbionts
only associated with gutless oligochaetes, ii) symbionts also
associated with other marine invertebrates and iii) symbionts that are
phylogenetically intermixed with free-living populations.

Limited numbers of community members form host species
specific communities

The relative abundance of symbiont clades across host species
revealed distinct communities (Figure 1). The communities of
individuals of a single host species were relatively similar. Across
host species, communities were made up of two to ten different
symbiont clades. For the symbiont clades, the host ranges were highly
variable ranging from being present in almost all host species to being

present in a single species (for exact host ranges see Figure 1 and
Table S2).

Our sampling effort of 64 host species resulted in a surprisingly low
diversity of 33 symbiont clades. Although we systematically covered
the host diversity and sampled approximately nine times more host
species than all previous studies combined, we only identified roughly
three times more symbiont clades'*!722, This discrepancy and our
rarefaction analysis showed a saturation of the detection of new
symbiont clades, indicating that symbionts are only acquired from a
limited pool of bacterial taxa (Fig. S2). This limited symbiont pool
that was initially acquired from highly diverse sediment communities
suggests that host traits, such as the immune system play an important
role in controlling the symbiont communities of gutless oligochaetes
as shown for other symbioses* .

Besides host traits, symbiont-symbiont interactions could alter
community composition as shown in other highly specific symbiont
consortia in e.g. plant hosts**. Therefore, we tested for linked co-
occurrences as well as linked exclusion patterns of symbiont clades
using an unbiased network analysis. We found no examples for
symbiont exclusion suggesting that community composition is not
based on symbiont-symbiont competition. In addition, we found six
linked co-occurrences of which four were detected between symbiont
clades that co-existed in only a single host species. The other two
were detected between symbiont clades that co-existed in closely
related sister species of hosts. The low number of stable positive
interactions that were limited to symbiont clades present in a single
clade of hosts indicate that overall symbiont-symbiont interactions
only play a very minor role in mediating community composition
across gutless oligochaetes.
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Figure 2: Symbiont community composition is linked to host species and largely unlinked to environmental parameters. All panels show the same NMDS plot of UniFrac
dissimilarity values calculated from estimated relative abundances of symbiont clades in different host individuals. UniFrac stress value: 0.136. Different panels highlight samples
differently according to certain metadata categories. For each metadata category, PERMANOVA 2 values are indicated within the respective plot. r2 values that are printed in bold were

statistically significant.

Mankowski et al. | April 2021


https://doi.org/10.1101/2021.04.28.441735
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.28.441735; this version posted April 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

To understand potential evolutionary and ecological drivers of set of symbionts but not all symbiont clades were always associated
symbiont community composition in gutless oligochaetes, we with all host individuals. In contrast, the set of symbiont clades of
analyzed UniFrac distances of symbiont communities between host a given host species from different locations varied, suggesting that
individuals in respect to host taxonomy and geographical, chemical certain clades could provide special adaptations to their host in one

and physical parameters of the environments. Host species dominated ~ environment that might not be needed at another location.

over environmental parameters as the major discriminatory factor to

explain the composition of symbiont communities (PERMANOVA: Symbiont community compositions evolved independently from
host species: 63.96%, ocean: 20.26%, organic input: 6.37, sediment host diversity over macroevolutionary scales

type: 0.66%, Mantel test for geographic distance: 13.16%, Figure
2). Despite the strong statistical link between symbiont community
composition and host species, we also detected minor variations
between individuals of the same host species, especially when they
were sampled at different field sites (Table S2). Between individuals

of the same species and from the same location, we detected the same
A UniFrac B Gammai C Alphai0 D Alpha3

Although host species appeared to have a major influence on
symbiont community composition, we found no link between host
phylogeny and changes in symbiont community composition, a
phenomenon described as phylosymbiosis. This applies to both
the nuclear and the mitochondrial phylogeny when testing their
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Figure 3: Both symbiont community composition and phylogenetic relations within symbiont clades are variably linked to phylogenetic relations between their respective
host individuals. Each panel shows the pairwise UniFrac dissimilarity of the overall symbiont community composition or pairwise 16S rRNA nucleotide dissimilarity of symbionts
from one of the elven most abundant symbiont clades versus the nucleotide dissimilarity of host marker genes of pairs of host individuals. (A-L) Host marker: 28S rRNA gene. (M-X)
Host marker: mtCOI gene. Dots represent the UniFrac/16S rRNA nucleotide dissimilarity over the host marker gene nucleotide dissimilarity of each pair of host individuals. Solid lines
highlight areas with high density of data points. Dotted lines represent the regression curve estimated by applying a linear model. R? values of each linear regression are given in the
respective plot panel. Additionally, r values resulting from testing correlation between UniFrac/16S rRNA nucleotide distance vs. host marker gene nucleotide distance using the Mantel
test are also given in each plot panel. Bold r values were statistically significant (p<0.05).
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congruences to the community composition dendrogram based on
UniFrac dissimilarities (Figure 1, 28S rRNA topology comparison:
nRF=0.9937, p-value=1.0, nMC= 0.7847, p-value=0.8754; mtCOI
topology comparison: nRF=0.8852, p-value=0.0, nMC=0.6126,
p-value=0.00252). Although there was no overall congruence between
the host phylogenies and the variation in symbiont community
composition, we detected nine non-random examples of host sister
species that were associated with very similar symbiont communities
(t-test p-values for 28S rRNA and mtCOI: < 2.2°'6, Figure 1). These
host sister species tended to be more closely related than other sister
species with divergent symbiont communities (Mann-Whitney-U test
p-values: < 2.2°1¢ for 28S rRNA phylogeny and 1.482"* for mtCOI
phylogeny). In concordance with the topology-based analysis of
phylosymbiosis, the analysis of the relation between phylogenetic
distances and the symbiont community composition distances of all
host individuals showed a weak linear correlation (Figure 3A and
4M). This weak correlation was based on the fact that many host
pairings had more different symbiont communities than we would
have expected in a strict phylosymbiotic relation. Also, the opposite
extreme was true, namely that some hosts shared more similar
symbiont communities than we would have expected from their
phylogenetic distance, but these cases were rarer. These examples
illustrated that the host, either via vertical transmission or inheritable
traits that convey specificity, can influence symbiont community
composition. These mechanisms at work at the host species level are
apparently overpowered over macroevolutionary scales.

Symbiont clade-level variability of symbiont fidelity allows the
evolution of variable and adaptive symbiont communities

We identified varying symbiont fidelity as one of the factors that
might influence symbiont community composition and disrupt
phylosymbiosis. Our clade wise analyses of symbiont community
composition revealed several examples of low symbiont fidelity,
including de novo acquisition, host switching and loss of symbiont
clades in various host lineages. One main source of variability of
symbiont communities is the acquisition of new symbiont clades.
We used ancestral state reconstruction of symbiont occurrences and
divergence time estimates of the symbiont clades to reconstruct the
time frame of the primary acquisition of a given symbiont clade
(Figure S4-36 and S38, Note S2). Our analysis suggests that only few
clades were acquired early in the gutless oligochaete evolution and
de novo acquisition of new symbiont clades continuously increased
over time. This points towards a high importance of the recent time
window for symbiont clade establishment as well as for accelerating
evolutionary flexibility and potential specializations.

In addition, repeated uptake in divergent host lineages or low fidelity
inherence of a given symbiont clade after its primary acquisition
caused variability in community composition. Many of the rather
young symbiont clades were likely acquired only once by a rather
recent last common ancestor of their extant host species and only
rarely switched between distantly related host lineages. Thus, they
were mainly found in small, monophyletic host groups. In contrast,
many of the older symbiont clades were not confined to monophyletic
groups of hosts but showed patchy distributions across the host
diversity suggesting frequent uptakes or losses (Figure 1 and Figure
3). Ancestral state reconstructions of symbiont occurrence patterns
suggested that the majority of the symbiont clades independently
established their symbioses with distinct host lineages several

times (Figure S4-36). As most of these symbiont clades were not
phylogenetically intermixed with free-living relatives, we assume
that the majority of these repeated acquisitions happened via host
switching rather than environmental acquisition (Figure S39-

71). In addition to the previously published broad host range of

the Gammalsymbiont, the Alpha3, Alpha8, Gamma4, Gamma5

and Gamma7 symbionts were also associated with other marine
invertebrates that share the same environment (Figure S39-71)%.

Thus, symbiont acquisition and host switching likely do not only
happen between gutless oligochaete individuals but also between
different invertebrate phyla.

On microevolutionary scales, fidelity varies across symbiont clade
— host species pairings

To understand microevolutionary dynamics within symbiont clades,
we analyzed phylotype exchange across the host diversity for each
symbiont clade. We assessed fidelity of symbiont host associations by
testing for a possible correlation between the host individuals’ genetic
distances and each of the symbiont clade genetic distances (Figure 3).
We assumed that high fidelity between symbionts from a certain clade
and their hosts would lead to a linear correlation between the genetic
distance of host pairs and the genetic distance of the respective
symbiont phylotypes. We detected significant correlations for a
majority of the tested symbiont clades (Mantel test p-value < 0.05:
8/11 symbiont clades vs. 28S rRNA genetic distance and 10/11 vs.
mtCOl, Figure 4). Despite this statistical significance, low correlation
coefficients however point to a low predictive power of host relations
for symbiont selection and rather illustrate rampant and ongoing
symbiont phylotype exchange between host individuals from different
species (Figure 3).

This striking result and insights from a single gutless oligochaete
species, O. algarvensis, pointed us to analyze the symbiont fidelity
on the smallest evolutionary scale our data provided — the phylotype
association patterns within host species (Figure 4)**. Only few
symbiont clade - host species pairings showed perfect correlation
between host and symbiont genetic distances and overall, statistical
significance for the correlation between host and symbiont genetic
distances was low (28S rRNA: 1 of 77, mtCOI: 3 of 81). All other
symbiont clade - host species pairings exhibited a variable range

of correlations across the tested host species, independent of the
symbiont phylogeny and host marker gene (Figure 4A and B). This
suggests that symbiont fidelity is controlled by factors independent of
symbiont phylogeny.

In a second step, we compared the fidelity patterns of symbiont
communities from the three most sampled host species from a single
location. Within a given host species the community members had
variable levels of fidelity as also reported by Sato et al. (2021) for 80
specimens of O. algarvensis sampled from a single Mediterranean
island*'. Each host species had specific patterns of fidelity for its
symbiont community members that were different for both host
marker genes and diverged from the other host species. The shared
community members that occurred in two or three of these host
species also showed diverging fidelity patterns in different host
species and for both marker genes (Gammal, Gamma3, Deltal,
Delta3, Figure 4C and D). This indicated that certain levels of fidelity
are not general traits of either the symbiont clade or the host species
but specific to a given symbiont clade — host species pairing and
specific to the host marker gene used (Figure 4C and D). Given the
observation that high symbiont fidelity is often correlated with a

high degree of dependence of an association, we speculate that the
dependence in a given symbiont clade — host species pairing could be
encoded in the observed degree of fidelity™®.

Obligate symbiont communities gain flexibility through varying
levels of symbiont fidelity

Taken together, our results of symbiont to host specificity patterns
across evolutionary scales indicate that versatility dominates

over stringent specificity. Clade-level community analyses would
underestimate the versatility in the gutless oligochaete symbiosis as
both across and within host species switches of symbiont phylotypes
of a given clade are frequent but do not alter clade-level community
composition. Microevolutionary patterns of phylotype mismatches
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Figure 4: Symbiont fidelity in gutless oligochaetes varies i) within symbiont clades across their host diversity ii) between symbiont clades in the same host species and iii)
between host nuclear or mitochondrial markers. All panels show the degree of symbiont fidelity between a certain symbiont clade in a given host species as correlation coefficient
estimated by the Mantel test. (A & B) Correlation coefficients of 16S rRNA gene distance of different symbiont clades from different host species and the genetic distance of host
marker genes of host individuals the symbionts were associated with. (C & D) Correlation coefficients of 16S rRNA gene distance of different symbiont clades and gene distance of host
marker genes from the three host species where most individuals were sequenced of from one sampling site. (A & C) Host marker gene: 28S rRNA. (B & D) Host marker gene: mtCOI.

suggest that macroevolutionary patterns are based on population-level
flexibility that also varies between host species.

The observed linkage patterns to the mitochondrial genotypes

for some symbiont clade — host species pairings suggested that

for some settings, high symbiont fidelity appears to be ensured

via vertical transmission from mother to offspring. This apparent
vertical transmission does not imply long term stability as we did not
observe fidelity between symbiont phylotypes of a given clade and

mitochondrial host genotypes across host species. In other settings,
high symbiont fidelity appears to be selected for by nuclear host traits
as shown by examples of strong linkage to the nuclear genotypes

for other symbiont clade — host species pairings. Similar to the
linkage patterns between symbiont phylotype and host mitochondrial
genotype, the linkage between symbiont phylotypes and host nuclear
genotype are also not stable across host species.

Our results indicate that adaptive symbiont communities can flexibly

Mankowski et al. | April 2021


https://doi.org/10.1101/2021.04.28.441735
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.28.441735; this version posted April 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

evolve even when they are obligate to their hosts. In the strict obligate
symbiosis of gutless oligochaetes, variability appears to be achieved
by varying degrees of fidelity between host individuals and symbiont
phylotypes. The local environment then appears to select and stabilize
associations on a temporal scale. Any observed fidelity is likely
linked to the dependence of a given host on a given symbiont in a
given setting. Thus, the presence of the essential symbionts is selected
for while the variability of other, non-essential clades could provide
evolutionary and metabolic flexibility of the whole community. In an
abstract way, symbiont communities of gutless oligochaetes could be
compared to an evolutionary kaleidoscope that appears to have gained
complexity and currently forms very distinct patterns of a limited set
of symbiont clades that appear to be unlinked to host phylogeny over
evolutionary time.

Variation of symbiont fidelity leads to ‘forever young’ symbiont
communities

Several factors can lead to variation in the symbiont communities
across the individuals of a given population: parental inheritance, host
switching, loss and de novo environmental acquisition. Together these
factors can balance between the benefits and the trade-offs of high
fidelity symbioses. In such high fidelity symbioses, the biggest trade-
off is symbiont genome streamlining that often leads to deleterious
genome reductions and the decay of the symbiotic association®**. At
the genome level, a departure from this one-way from the ‘cradle to
the grave’ scenario was suggested by Russel et al. (2020) who showed
that symbionts with low fidelity due to frequent phylotype exchanges
between host individuals have higher homologous recombination
rates®. These recombinations prevent massive genome erosion and
keep symbiont genomes ‘forever young’ when compared to symbiont
genomes of high fidelity symbioses of a similar age .

We extend this concept to the community level. Based on our data
we argue that in gutless oligochaetes, symbiont fidelity varies on an
even broader level as we observed not only phylotype exchange but
also symbiont acquisition, loss and host switching leading to genus-
level variation in symbiont communities across a broad host diversity.
Besides homologous recombination within a single symbiont clade
described by Russell ez al., (2020) the observed community versatility
could also allow for constant variation in the pool of metabolic
functions encoded in a given symbiont community and at the same
time likely prevents the loss of key functions*. We would therefore
argue that this level of varying symbiont fidelity might not only keep
the genomes of the symbionts ‘forever young’ but also could enable
‘forever young’ symbiont communities.

Conclusion

Symbiont community composition is the result of the evolutionary
dynamics of its single members. Understanding the dynamics
between host species and symbiont clades is only possible when

a broad host diversity is analyzed. Given such a broad taxon
sampling and a sufficient phylogenetic resolution, we can start to
link microevolutionary patterns of symbiont fidelity of individual
symbiont clades in a given host species and macroevolutionary
patterns of symbiont community composition across the host
diversity.

In gutless oligochaetes, symbiont fidelity is much more variable than
anticipated for most examples of obligate, chemosynthetic symbioses
and is building the foundation for variable yet stable symbiont
community composition. Fidelity is not linked to symbiont clades

or host species but to a given symbiont clade — host species pairing
in given environment. Thus, symbiont community compositions
appear to be highly specific to closely related hosts from the same
environment but become unlinked from host evolutionary or
geographic patterns over time.

Overall, varying symbiont fidelity seems to be a useful evolutionary
strategy to balance the benefits of stable and flexible associations

in obligate symbiont communities. So far, obligate symbiont
communities have been mainly found to display low symbiont
diversity and high symbiont fidelity. However, unbiased metagenomic
community assessment of such associations has been rarely
performed. Considering the evolutionary and ecological benefits

that are connected to varying symbiont fidelity and community
composition, it might be worthwhile to extend the taxon sampling of
obligately dependent hosts and analyze the prevalence of symbiont
variability across evolutionary scales.

Material and methods

Sample collection, processing and metagenomic sequencing

233 individuals of gutless and 10 individuals of gutbearing
oligochaetes were sampled at various field sites between 1991

and 2018 (for overview see Table S1). Individual specimens were
either flash-frozen in liquid nitrogen and stored at -80°C or fixed in
RNAlater (Thermo Fisher Scientific, Waltham, MA, USA) and stored
at 4°C or -20°C. DNA was extracted from single specimens with the
DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. Library construction, quality control
and sequencing were performed at the DOE JGI (Walnut Creek,
California, USA) and the Max Planck Genome Centre (Cologne,
Germany). Information on library preparation and sequencing

details are listed in Table S2. Some samples were sequenced twice

to generate a higher number of reads. In these cases, resulting reads
from both sequencing runs were combined for further analyses. Also,
two samples were extracted twice using different library preparation
methods and individually sequenced. The resulting sequences were
also pooled for further analyses.

Assembly of host marker genes

28S rRNA and mtCOI genes of all specimens were assembled by
mapping the metagenomic reads to respective databases using bbmap
v38.34 (https://sourceforge.net/projects/bbmap/). For the 28S rRNA,
we used the SILVA database v138 “47. Mapped reads were assembled
using SPAdes v3.11.0 setting k-mer sizes to 99, 111 and 127 bp *.
Final 28S rRNA gene sequences were predicted from the assembled
sequences using barrnap v0.9 ( https://github.com/tseemann/barrnap).
MtCOI genes were assembled by adapting the PhyloFlash pipeline

to operate on a custom mtCOI reference database and predict mtCOI
genes from assembled sequences®. In case that several mtCOI genes
were assembled, we only considered the most abundant one.

Identification of host taxa

Species-level host taxa were defined based on mtCOI gene
phylogenies that also included the gene sequences of previously
identified specimens. Specimens that could not be assigned to
published species based on morphological or molecular data were
treated as new taxa and were assigned provisional names with
consecutive numbers and the sampling location. The gutbearing
oligochaete specimens could be identified based on morphological
traits.

Host marker gene phylogenies

228S rRNA and mtCOI gene sequences were aligned using mafft-
linsi v7.407%°%% . The mtCOI alignment was manually trimmed

in Geneious v11.1.5 and bases 40-695 were kept (https://www.
geneious.com). The best suited model for the Bayesian inference
based phylogeny was estimated using the MODELTEST function
of igtree v1.6.10%. Bayesian inference based phylogenies were
calculated using MrBayes 3.2.7a, using 4 chains, running for
4,000,000 generations and applying the GTR+G+I model***. The
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sample frequency was set to 1000 and the print frequency was set

to 500. 1,000 trees were discarded as initial burn-in. All estimated
parameters were controlled to show an effective sampling size (ESS)
> 200 in Tracer v1.7.1%. Maximum-likelihood based phylogenies
were calculated using igtree, including automatic selection of the
best suited model and generation of 100 none-parametric bootstrap
replicates. The sequences of one gutbearing oligochaete specimen
(Phallodrilinae gen. sp. ‘strang”) were used to root the phylogenies.
The original tree was calculated on the full alignment, subtrees that
were used in subsequent analyses were obtained by manually pruning
the tree in iTol*".

Symbiont clade definition and quantification

16S rRNA genes were assembled from the metagenomic libraries of
gutless oligochaetes using phyloFlash. using the —all option and in
addition specifying the read length. For subsequent analyses, we only
considered sequences that were i) assembled with SPAdes, ii) longer
than 1000 bp and iii) did not contain more than 20 ambiguous bases.
The resulting sequences were clustered at 95% sequence similarity
using usearch v10.0.240%. We used the SINA search and classify
algorithm to add the 16S rRNA gene sequences of close relatives
from the SILVA database v132 that shared at least 90% sequence
similarity for each of our assembled symbiont sequences®. All
assembled sequences and the SILVA database hits were aligned using
mafft-linsi and a phylogenetic tree was calculated from the resulting
alignment using FastTree v2.1.1%°. We mapped the 95% clusters to
this tree and manually merged monophyletic clades that consisted of
several of the 95% clusters into single symbiont clades. We analyzed
the prevalence of all phylogenetically defined symbiont clades across
the gutless oligochaete metagenomic libraries. We excluded clades
that had distribution patterns that suggested they were contaminations
or spurious associations (Note S1). The abundances of the remaining
clades (symbiont clades from here on) were quantified across all
metagenomic libraries using EMIRGE v.0.61.1 following the standard
workflow for custom emirge databases®'.

Phylogeny of all symbionts and their relatives

All sequences included in the symbiont clades defined above were
used to obtain sequences from closely related bacteria from the
SILVA and the RefSeq public databases®. For SILVA, we used the
SINA search and classify algorithm to obtain up to 10 relatives for
each sequence that shared at least 99% and 95% sequence similarity
for each of our input sequences. In addition, we also screened the
RefSeq database using BLAST implemented in Geneious v11.1.5 to
obtain the ten most similar 16S rRNA genes®. Duplicated sequences
were removed from the collection of sequences of the symbionts’
relatives. In addition, we included the 16S rRNA gene sequence

of Crenarchaeotal sp. clone JP41 (NCBI accession: L25301.1) as
outgroup. The resulting sequence collection was aligned using mafft-
linsi and a phylogenetic tree was calculated using iqtree including
automatic selection of the best suited model and generation of 100
none-parametric bootstrap replicates. Subtrees that were used in
further analyses were pruned from the resulting tree using iTol.

Individual symbiont clade phylogenies

For the calculation of trees of individual symbiont clades, the
symbiont 16S rRNA gene sequences of each clade were treated
individually. We used the SINA search and classify algorithm to
obtain up to 10 relatives that shared at least 90% sequence similarity
for each of the input sequences from the SILVA database v138.1.

In case of the Gamma7 and the Alpha9 symbiont clade, we did not
obtain any relative sequence at this threshold. For these clades,

we obtained up to 10 relatives that shared at least 85% sequence
similarity for each input sequence instead. In addition, we clustered
the symbiont sequences at 98% sequence similarity using the

cluster fast algorithm of usearch. We used the resulting centroids of
every symbiont clade to obtain the 5 most similar 16S rRNA gene
sequences from the RefSeq database using BLAST implemented in
Geneious v11.1.15. Duplicated sequences were removed from the
collection of sequences of the symbionts’ relatives. In addition, we
included the 16S rRNA gene sequence of Crenarchaeotal sp. clone
JP41 (NCBI accession: L25301.1) as outgroup. The resulting sets of
sequences of each symbiont clade were aligned using mafft-linsi. A
maximum-likelihood phylogeny was calculated using iqtree including
automatic selection of the best suited model and generation of 100
none-parametric bootstrap replicates.

Estimates of divergence times for host and symbiont clades and
reconstruction of ancestral states of symbiont association patterns

For the estimation of host divergence times, we used a Bayesian
phylogenetic framework and a relaxed molecular clock model.

We constructed a matrix of eight 28S rRNA gene sequences of
gutless host and eight publicly available 28S rRNA gene sequences
of other Oligochaeta and one representative of the Polychaeta.

The oligochaete representatives were selected to 1) cover a broad
diversity of the phylum and ii) to include the following calibration
points for our molecular clock model: the last common ancestor

of the Goniadidae (323 Mya), the last common ancestor of the
Hormogastridae (82 £ 15 Mya), the divergence between Hirudienea
and Lumbriculidae (201 Mya) and the last common ancestor of
the Phyllodocida (4.85 + 1.9)%%. The polychaete sequence was
included to root the tree and to include the last common ancestor
of all Annelida (510 = 10 Mya) as additional calibration point. All
calibration points were considered as uniform priors. All sequences
were aligned using mafft-linsi and the time calibrated tree was
calculated in BEAST v2.6.3% using the GTR+G+I model and the
relaxed log normal clock model. Besides the mentioned priors for
time calibration, we also set Alpha and Beta values of birtRate.Y.t
prior to 0.001 and 1,000, respectively. We also defined priors

that considered the oligochaetes and the gutless oligochaetes as
monophyletic groups. The chain length was set to 100,000,000
generations and a 10% burn-in was defined. All estimated parameters
were controlled to show an ESS > 200 in Tracer.

We used the same approach as for the host to estimate the symbiont
clade divergence times based on a subset of our symbiont sequence
matrix that combined 2-3 symbiont 16S rRNA gene sequences per
symbiont clade with 50 typestrain sequences from RefSeq databases
(Suppl. Data). Typestrains of the Chromatiaceae were used to include
their previously published divergence estimate as calibration point
for the symbiont analysis®’. In addition, we included the 16S rRNA
gene sequence of Crenarchaeotal sp. clone JP41 (NCBI accession:
L25301.1) as outgroup. The time calibrated tree was calculated

in BEAST v2.6.3, using the GTR+G+I model and the relaxed log
normal clock model. The divergence time of the Chromatiaceae was
considered as an exponential prior with a mean value of 0.1 and an
offset of 1.64. We additionally constrained the analyses by setting

a uniform prior from 3.5-4.5 billion years for the whole dataset to
account for the maximum age of life on earth. Additional priors were
used to define monophyletic clades for all bacteria, the Deltal, Delta4
and Deltal2 clades as well the combined Delta4-Deltal2 clade that
were observed in the previous phylogenetic analyses of the symbiont
clades. We also set Alpha and Beta values of birtRate.Y.t prior to
0.001 and 1,000, respectively. We ran 4 parallel chains, setting the
chain length to 500,000,000 generation and a 10% burn in was
defined. All estimated parameters were controlled to show an ESS >
200 in Tracer.

Ancestral states of symbiont presence/absence patterns were

calculated using the phytools package in R v3.6.3 and mapped onto
the 28S rRNA gene phylogeny of the hosts (R Core Team, 2020) .
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Analyses and plotting of symbiont community composition

The analyses of symbiont community composition were performed in
R v3.6.3 unless differently stated. During the analyses, the following
packages were used: phyloseq®, ape™, vegan (https://github.com/
vegandevs/vegan), plyr”', MASS", gdata (https://cran.r-project.
org/web/packages/gdata/index.html), reshape2 (https://github.com/
hadley/reshape), forcats (https://github.com/robjhyndman/forecast),
igraph (https://github.com/igraph/rigraph), Hmisc (https://github.com/
harrelfe/Hmisc/), optparse (https://github.com/trevorld/r-optparse),
data.table (https://github.com/Rdatatable/data.table), ade4 (https://
github.com/sdray/ade4), tidyverse” and spa (https://github.com/
markvanderloo/rspa). Plots were generated using ggplot2 from the
tidyverse package, gridExtra (https://cran.r-project.org/web/packages/
gridExtra/index.html), ggpubr (https://cran.r-project.org/web/
packages/ggpubr/index.html), maps (https://www.rdocumentation.org/
packages/maps), mapdata (https://www.rdocumentation.org/packages/
mapdata), and patchwork (https://github.com/thomasp85/patchwork).

Community composition analyses

The similarity between symbiont communities of host individuals
were calculated based on the abundance patterns of the symbiont
clades and the symbiont 16S rRNA gene phylogeny using the UniFrac
metric as implemented in the phyloseq package in R. We tested for
parameters that could explain differences in symbiont community
composition between individuals using PERMANOVA and the
Mantel test™”>. We only considered parameters that were collected
for at least 50% of the samples. These included: host species, ocean,
continent, field site, GPS coordinates, organic input, sediment type,
water depth, sampling month and sampling year (Suppl. Table 3). All
factors except for geographical distances were treated as categorical
data and analyzed using PERMANOVA. Geographical distance was
treated as the correlation between the UniFrac distances and actual
geographic distances and analyzed using the Mantel test.

Co-occurrence patterns of symbiont clades were analyzed using
Spearman’s correlations and were corrected using the Benjamini-
Hochberg standard false discovery rate correction.

Phylosymbiosis

UniFrac distances on the average symbiont abundances per host
species were transformed into a dendrogram using hierarchical
clustering. The congruences between the 28S rRNA and the mtCOI
based host tree or and the symbiont community UniFrac dendrogram
was assessed separately using the normalized Robinson-Fould
metric and the normalized Matching Cluster metric, implemented
in TreeCmp v1.0-b2917¢78, Statistical significance was estimated
by comparing the congruence between the host phylogeny vs. 1000
random trees as described by Brooks ef al. 2016, https://github.
com/awbrooks19/phylosymbiosis)”. The relation between host
phylogenetic distances and the symbiont community composition
distances was analyzed using linear regression and the Mantel test.

Correlation between host and symbiont phylogenetic distances

For all hosts with member sequences of a given symbiont clade we
calculated pairwise phylogenetic distances of the hosts’ 28S rRNA

or the mtCOI genes as well as pairwise distances of the 16S rRNA
gene sequences using from the respective phylogenies using the R’s
cophenetic function. We analyzed the correlation between the host
and symbiont genetic distances using linear regression and the Mantel
test.

Data and script availability

Raw metagenomic sequences as well as host and symbiont marker
genes generated in this study will be deposited in the European
Nucleotied Archive (ENA) upon peer-review submission and are
currently available upon request. Reference sequences, nucleotide

alignments, phylogenetic trees as well as abundance tables that were
used and/or generated during this study are also available upon
request. The scripts and data for analyzing symbiont community
composition and phylogenetic correlations are available under:
https://github.com/amankowski/GO_symbiont-diversity
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