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Abstract

Host evolutionary history is a key factor shaping the earthworm cast microbiome, although its effect can be shadowed by the earth-
worm’s diet. To untangle dietary from taxon effects, we raised nine earthworm species on a uniform diet of cow manure and compared
cast microbiome across species while controlling for diet. Our results showed that, under controlled laboratory conditions, earthworm
microbiomes are species-specific, more diverse than that of the controlled diet, and mainly comprised of native bacteria (i.e. not ac-
quired from the diet). Furthermore, diet has a medium to large convergence effect on microbiome composition since earthworms
shared 16%–74% of their bacterial amplicon sequence variants (ASV). The interspecies core microbiome included 10 ASVs, while
their intraspecies core microbiomes were larger and varied in ASV richness (24%–48%) and sequence abundance across earthworm
species. This specificity in core microbiomes and variable degree of similarity in bacterial composition suggest that phylosymbiosis
could determine earthworm microbiome assembly. However, lack of congruence between the earthworm phylogeny and the micro-
biome dendrogram suggests that a consistent diet fed over several generations may have weakened potential phylosymbiotic effects.
Thus, cast microbiome assembly in earthworms seem to be the result of an interplay among host phylogeny and diet.
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Introduction
Earthworms are important members of temperate terrestrial
ecosystems, where they represent the largest animal biomass
component of the soil (Edwards 2004). Earthworms show a wide
range of feeding strategies from pure detritivores, which feed on
dead organic matter to strictly geophagous that ingest soil and
feed on soil organic matter (Edwards 2004). These different feed-
ing strategies are expected to affect the composition and diversity
of their gut microbiomes because of the diversity of microbial and
nutrient inputs. The earthworm gut is an anaerobic environment
in which ingested microorganisms may perish or flourish accord-
ing to their physiological requirements (Drake and Horn 2007). In
addition, modifications occurring during gut transit are critical
to soil ecosystems since modified microbial communities return
to soil as faeces (i.e. earthworm casts), modifying decomposition
rates (Aira and Domínguez 2011).

Previous studies using technologies of microbial profiling with
low taxonomic resolution (i.e. phospholipid fatty acids, riboso-
mal intergenic spacer analysis, or single-strand conformation
polymorphism) and mimicking natural conditions, suggest that
earthworm microbiome composition could be species-specific
(Thakuria et al. 2009, Nechitaylo et al. 2010, Gómez-Brandón et
al. 2011, 2012, Aira and Domínguez 2014). These results suggest
that permanent symbiosis between host and microbiota could

have an important role in earthworm microbiome assembly. How-
ever, recent studies indicate that the microbial communities of
earthworm casts may reflect the composition of the ingested mi-
crobial communities (Zeibich et al. 2019 and references therein).
This would suggest an environmental effect on earthworm micro-
biome assembly, where diet would be a prominent factor driving
earthworm microbiome assembly. Moreover, recent studies point
to the existence of a core microbiome in earthworms (Aira et
al. 2015, Liu et al. 2018, 2019). However, comparative analyses of
earthworm cast microbiomes across multiple species are largely
obscured by differences in their diets, which confounds micro-
biome contributions from the earthworms (i.e. native) vs. diet. By
feeding a uniform diet to multiple earthworm species in a con-
trolled environment, one could effectively control the dietary in-
put to the microbiome and test for host-specific microbial com-
munity differences.

Therefore, our general goal here is to assess how cast micro-
biome varies across earthworm species while controlling and ac-
counting for diet. Our experimental design includes nine earth-
worm species with different ecological preferences, allowing us
to effectively measure and partition the relative contributions of
native earthworm microbiome across species while controlling
for diet. We hypothesize that differences in microbiome compo-
sition and structure (i.e. beta-diversity—how bacterial taxa are
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distributed among earthworm species) will be mainly attributed
to earthworm species effects, while high similarities in microbial
composition would suggest microbial convergence resulting from
feeding earthworms the same diet. We coupled next-generation
16S rRNA amplicon sequencing with bioinformatic and statistical
methods to characterize the microbiomes of the earthworm casts
and diet and to determine: (i) the composition and structure of
the earthworm cast microbiomes, (ii) whether bacteria from the
diet appear in the earthworm cast microbiome and whether this
effect is earthworm species-specific, (iii) how large is the earth-
worm cast native bacterial community (i.e. bacteria not coming
from the diet) and whether it varies across earthworm species,
and (iv) the composition and relative proportion of the inter- and
intraspecies core microbiomes.

Material and methods
Diet, earthworm species, and cast sampling
We fed all the earthworm species growing in the stock cultures
and in Petri dishes the same diet consisting of cow (Bos taurus)
manure collected from a farm near the University of Vigo (Gali-
cia, NW Spain). We used this uniform diet (cow manure) to control
for microbial variation associated with more natural diets and be-
cause at least eight of the chosen earthworm species feed on ani-
mal faeces in their usual natural environment, although some of
them can also feed on decaying organic matter. Thus, although
this is a controlled laboratory study, it mimics to a certain ex-
tent natural conditions in terms of earthworm diet and rearing
conditions. Ten juvenile (< 10 mg) individuals of the nine earth-
worm species Dendrobaena hortensis, Eisenia andrei, E. fetida, Lum-
bricus friendi, L. rubellus, L. terrestris (Lumbricidae), Eudrilus eugeniae
(Eudrilidae), Microscolex dubius (Acanthodrilidae), and Perionyx ex-
cavatus (Megascolecidae) were picked from ongoing stock cultures
fed with cow manure. We chose these species for being represen-
tative of their genera and/or families. These stock cultures were
reared under laboratory conditions for more than 1 year, feed-
ing on cow manure ad libitum. For most of the studied earthworm
species, this means that at least three generations occurred in the
stock culture feeding on cow manure. By doing this, we ensure
that any effect of previous diets on earthworm microbiome com-
position will be minimized. Juvenile earthworms were then placed
individually in sterile plastic Petri dishes that were partly filled
(75%) with vermicompost collected from their specific stock cul-
ture and fed ad libitum with cow manure. Petri dishes (N = 90) were
randomly placed in an incubation chamber at 20◦C and 90% rel-
ative humidity. To sample earthworm casts, earthworms were re-
moved from the Petri dishes, washed three times with sterile dis-
tilled water, and placed on moistened sterile filter paper in clean,
sterile Petri dishes (cast sampling dishes). All handling tasks were
done under sterile conditions in a laminar flow cabinet. Sampling
dishes were then placed in the incubation chamber for 24 h. Once
the earthworms emptied their guts, fresh (newly egested) casts
were collected from each sampling dish with a sterile spatula
(flame sterilized between samplings) and stored in 1.5 ml Eppen-
dorf tubes at −80◦C. After that, earthworms were returned to their
own breeding dishes. This process was also done under sterile
conditions and repeated at least five times to yield 250 mg of fresh
cast material per each earthworm specimen. Thus, in total, we
had 90 earthworm casts samples (from individual earthworms)
and 10 cow manure samples (N = 100).

High-throughput sequencing and analysis of 16S
rRNA amplicons
DNA was extracted using the MO-BIO PowerSoil® kit following
the manufacturer’s protocols as in previous studies (Aira et al.
2015, Domínguez et al. 2021). All laboratory procedures were per-
formed under a laminar flow hood to prevent contamination of
the samples with microorganisms from the surrounding environ-
ment. We amplified and sequenced a fragment of the 16S rRNA
gene covering the V4 region with the dual-index sequencing strat-
egy described by Kozich et al. (2013). Sequencing was done on an
Illumina MiSeq at the Center for Microbial System, University of
Michigan. A total of seven samples from L. friendi and two from L.
rubellus did not amplify and were not included in the analysis.

DADA2 (version 1.9) was used to infer the amplicon sequence
variants (ASVs) present in each sample (Callahan et al. 2016a). Ex-
act sequence variants provide a more accurate and reproducible
description of amplicon-sequenced communities than is possible
with OTUs defined at a constant level (97% or other) of sequence
similarity (Callahan et al. 2017). Bioinformatics processing largely
followed the DADA2 pipeline tutorial (https://benjjneb.github.io
/dada2/tutorial.html), but truncating forward and reverse reads
at 240 nt and 200 nt, respectively, with no ambiguous bases al-
lowed, and each read required to have less than two expected
errors based on their quality scores for 16S data. ASVs were in-
dependently inferred from the forward and reverse reads of each
sample using the run-specific error rates, and then read pairs were
merged. Chimeras were identified in each sample, and ASVs were
removed if identified as chimeric in a sufficient fraction of the
samples in which they were present. Taxonomic assignment was
performed against the Silva database (version 132) using the im-
plementation of the RDP naive Bayesian classifier available in the
DADA2 R package (min boot 80; Wang et al. 2007). Sequence data
have been uploaded to the GenBank SRA database under acces-
sion PRJNA749153.

Statistical analysis
We analyzed and plotted all the data in R version 3.5.1 using
the phyloseq (McMurdie and Holmes 2013) and ggplot2 pack-
ages (Wickham 2009). Before any statistical analysis, we applied
a prevalence filtering on our data keeping only ASVs present in
at least two samples and also removing singletons and double-
tons (Callahan et al. 2016b) present in the filtered data set. By do-
ing this, we exclude taxa that probably are artefacts of the data
collection process (Callahan et al. 2016b). We used the full data
set for α-diversity calculations because α-diversity estimates are
highly dependent on the number of singletons. All other analy-
ses were done using the filtered data set. Rarefaction curves in-
dicated that sampling depth was optimal for all samples for both
the full data set (7154 ASVs and 1530 249 sequences; Figure S1,
Supporting Information) and the filtered data set (2952 ASVs and
1466 133 sequences; Figure S2, Supporting Information). We nor-
malized ASV counts using the variance-stabilizing transformation
to render the data homoscedastic for downstream analyses (we
chose the variance-stabilizing transformation over the rlog trans-
formation due to the relatively equal read-counts across samples;
Love et al. 2014). We used raw ASV counts when analysing differ-
ential ASV abundances with negative binomial models (Love et al.
2014).

An approximate maximum-likelihood phylogenetic tree was
inferred using FastTree 2.1 (Price et al. 2010). We tested whether
microbiomes from diet and earthworm cast microbiomes (i.e. join-
ing data from all earthworm species) have the same structure,
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and whether microbiomes from each earthworm species have the
same structure across species. To do this, we built dendrograms
(Ward method) with distance matrices (weighted and unweighted
Unifrac, Bray–Curtis and Jaccard) and ran UniFrac weighted and
unweighted tests (10 000 iterations) as implemented in mothur
(1.41.1; Schloss et al. 2009). We calculated corrected P-values with
the Benjamini–Hochberg FDR in R. These tests are best suited for
hypothesis testing as shown by Schloss (2008).

Taxonomic α-diversity was calculated as the number of ob-
served ASVs and estimated as Chao1 richness, and diversity
was estimated with the Shannon index. Phylogenetic diversity
was calculated as Faith’s phylogenetic diversity (Faith 1992). We
used mothur commands phylo.diversity (Faith index) and sum-
mary.single (observed richness, Chao1 richness, and Shannon in-
dex). We tested for differences between diet and earthworm mi-
crobiomes on α-diversity with linear model analysis. We checked
the no,rmality of residuals and homogeneity of variance across
groups. Tukey’s test was used for post hoc comparisons, and
Benjamini–Hochberg FDR was used as a multiple test correction
method using the “multcomp” package in R (Hothorn et al 2008).

We studied differential abundance of ASV and bacterial phyla
between diet and earthworm microbiomes using negative bino-
mial models as implemented in the package DESeq2 (Love et al.
2014). Differential abundances of ASVs and other bacterial taxa
were determined according to Wald tests (DESeq2 default test)
and obtained P-values adjusted by false discovery rate (P-adj <

.05). Because multiple pairwise Wald tests were conducted for
each diet and earthworm microbiome and among microbiomes
of earthworm species, we further adjusted “raw” P-values using
the Benjamini–Hochberg FDR method.

We defined native bacterial ASV as those ASVs present in earth-
worm microbiome samples after removing ASVs present in the
diet microbiome. We estimated the number of native ASVs of each
individual per earthworm species by randomization (Monte Carlo,
10 000 simulations) as the total number of ASVs minus the num-
ber of ASVs from one randomly selected diet microbiome. The
statistical significance of the different proportions of native and
diet ASVs between earthworm species was estimated using Monte
Carlo (10 000 simulations) analysis (Manly 1997). For each of the
10 000 simulations, we generated the t-statistic of a generalized
linear model run with earthworm species as a fixed factor. We
used a quasibinomial error distribution and log link function to
reduce the deviance in the model. For the null hypothesis, we
followed the same procedure, but with data randomly allocated
to earthworm species. We compared the estimated distribution
of the t-test statistic in the original data with the randomized t-
test distribution (null hypothesis). We calculated approximated P-
values as the probability of randomized t-test values exceeding
the distribution of t-test statistics based on the estimated data
using 10 000 randomizations.

To check the existence of a core microbiome, we removed any
ASVs of diet from earthworm samples because we presumed that
those ASVs were diet dependent (i.e. what would not be in earth-
worms fed a different diet). Then, we first checked for the exis-
tence of an earthworm core microbiome. To do this, we used a
prevalence criterion in which an ASV should be present in 100,
98, 95, 90, 85, or 80% of the samples from all earthworm species.
We also looked for core microbiomes for each earthworm species
using the most restrictive prevalence criteria (100% of samples for
each earthworm species).

To test the relationship between the evolutionary history of
earthworm and the amount of ASVs shared among them, we
ran a Mantel test using as dissimilarity matrices the DNA dis-

tance (dist.alignment from seqinr library, Charif and Lobry 2007)
of earthworm species and the number of shared ASVs (func-
tion mantel from library vegan, 999 permutations; Oksanen et al.
2020). To build the phylogenetic tree of earthworm species, we ex-
tracted total genomic DNA from tissues of earthworm species Eu.
eugeniae, M. dubius, and P. excavatus using the DNAeasy Tissue kit
(Qiagen). We amplified regions of the nuclear 28S rRNA and 18S
rRNA and mitochondrial 16S rRNA, 12S rRNA, NADH dehydroge-
nase (ND1), cytochrome oxidase subunit I and II (COII and COII),
and tRNA Asn, Asp, Val, Leu, Ala, Ser, and Leu genes (Domínguez
et al. 2015). Nucleotide sequences from tRNAs were combined and
all sequences from each gene region were aligned in MAFFT v6
(Katoh et al. 2005, Katoh 2008) under the global (G-INS-i) algo-
rithm with representative sequences from the other six earth-
worm species obtained from Domínguez et al. (2015). The gen-
eral time reversible model of evolution, with proportion of invari-
able sites and gamma distribution, was selected for each data par-
tition (GTR + G + I). Maximum likelihood analysis of the eight
concatenated partitions was performed in RAxML v8 (Stamatakis
2014) with 10 000 searches. Clade support was assessed using the
nonparametric bootstrap procedure (Felsenstein 1985) with 10 000
bootstrap replicates.

Results
Composition, structure, and diversity of
earthworm cast microbiomes
Diet and earthworm microbiomes showed significant differences
in their bacterial community structure (unweighted UniFrac dis-
tances), forming two main clusters (Fig 1A, diet vs. earthworm mi-
crobiome, P < .0001). Moreover, the structure of earthworm mi-
crobiomes was species-specific in most cases, with bacteria from
each earthworm species forming monospecific clusters (Fig. 1A).
Some dendrograms, however, did not show monospecific clusters
like M. dubius and L. rubellus in weighted UniFrac, or L. rubellus
and L. friendi in Bray–Crutis and Jaccard dendrograms (Figure S3,
Supporting Information). Nonetheless, all pairwise comparisons
between clusters were significantly different with UniFrac un-
weighted and weighted tests, P < .05 FDR corrected. We also found
significant pairwise comparisons between earthworm species
clusters for the other distance measures used (weighted UniFrac,
Bray–Curtis and Jaccard). It is important to note that earthworm
microbiome assembly (Fig. 1A) was not mirrored by earthworm
evolutionary relationships (Fig. 1B), with only two earthworm
species (E. andrei and E. fetida) showing topological congruence.
Earthworm microbiome showed increased abundances for most
observed bacterial ASVs, with up to 83% of the bacterial ASVs
showing higher abundances compared to diet microbiome (Fig. 2).
This effect was also earthworm species-specific, with different
ASVs increasing in different earthworm species (Figure S4 and
Table S1, Supporting Information). In general, this increase in
ASV abundance was large, with a 67% of the ASVs showing a
significant log 2-fold change of 5–10, and a 23% of the ASVs
(mean over all earthworm species) showing log 2-fold changes
>10 (Table S1, Supporting Information). Most of the main bac-
terial phyla (Proteobacteria, Bacteroidetes, Planctomycetes, Acti-
nobacteria, and Verrucomicrobia) had increased abundances in
microbiomes from all earthworm species relative to diet micro-
biome (Fig. 1A; Figure S5, Supporting Information). Several bac-
terial phyla (Epsilonbacteraeota, Fibrobacteres, Kiritimatiellaeota,
Lentisphaerae, and Spirochaetes) showed decreased abundances
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Figure 1. Structure of bacterial communities of diet microbiome (B. Taurus faeces) and earthworm microbiomes and evolutionary relationships of
earthworm species. (A) Differences in structure between diet microbiome and microbiomes of earthworm species D. hortensis, E. andrei, E. fetida, Eu.
eugeniae, Lumbricus friend, L. rubellus, L. terrestris, M. dubius, and P. excavatus. The dendrogram represents the dissimilarity of bacterial communities at the
ASV level (variance-stabilized matrix of ASV counts, unweighted UniFrac distances, Ward method). Bars represent the relative abundance of dominant
bacterial phyla. Low abundance bacterial phyla (< 1%) were grouped together. (B) Evolutionary relationships between the nine earthworm species. We
have manually added the B. taurus tip as outgroup for illustrative purposes since its faeces were the earthworms diet.

in earthworm microbiomes relative to diet microbiome (Fig. 1A;
Figure S5, Supporting Information).

These marked changes in composition and structure between
microbiomes of diet and earthworm species did not result in dif-
ferences in α-diversity richness (P = .6) or diversity (P = .2), al-
though earthworm microbiomes were up to a 21% more phylo-
genetically diverse (P = .003, Fig. 3A). Across earthworm species,
we found that all earthworm microbiomes had higher phyloge-
netic diversity compared to diet with three species (E. andrei, E.
fetida, and P. excavatus) having statistically significantly higher lev-
els of diversity (Fig. 3B) and richness (Figure S6, Supporting Infor-
mation).

Native bacteria dominate the earthworm cast
microbiome
Most of the ASVs found in earthworm microbiomes (92%–96% for
all earthworm species; Table S2, Supporting Information) were not
present in the diet (so they can be considered native) and varied
significantly among earthworm species (Monte Carlo analysis P =
.002; Table S2, Supporting Information). These native ASVs com-
prised the majority of sequences found in each earthworm species
casts (85%–98% for all earthworm species with a mean of 94%).
Moreover, we found that microbiomes from different earthworm
species shared a variable number of ASVs. Thus, 658, 472, 281,
177, 98, 56, 52, and 28 ASVs were shared by two, three, four, five,
six, seven, eight, and nine earthworm species, respectively (effect
of number of earthworm species χ2

7 = 154.66, P < .00001; Table
S2, Supporting Information). More importantly, we found that in
pairwise comparisons earthworm species pairs shared 39% of the
ASVs (range 16%–74%; Fig. 3C), which comprised a mean of 58% of
the sequences (range 29%–86%). This result did not vary when us-
ing the full data set (i.e. not filtered) and after removing the ASVs
coming from diet microbiome in both full and filtered datasets

(Figure S7, Supporting Information). Additionally, we found that
evolutionarily close species (i.e. E. andrei and E. fetida) did not share
more ASVs than more distantly related species (i.e. D. hortensis
and E. andrei or P. excavatus and E. andrei; Fig. 3C; Figure S7, Sup-
porting Information; Mantel test, r = −0.34, P = .98). In addition,
only a small fraction of shared ASVs differed between earthworm
species in pairwise comparisons (mean 12%, range 4%–28%; Ta-
ble S3, Supporting Information). Again, these results were similar
when we used the full data set and when removed the ASVs com-
ing from diet in both full and filtered dataset (Figure S7, Support-
ing Information).

The earthworm core cast microbiome
We did not find any ASVs present in all the earthworm sample
replicates (interspecies microbiome)—the most restrictive defini-
tion of a core microbiome. However, using less restrictive defini-
tions of the core microbiome (ASV prevalence of 98, 95, 90, 85,
and 80% across cast samples), we found that the earthworm core
microbiome comprised 3, 4, 5, 9, and 10 ASVs that accounted for
8, 9,10, 12, and 13% of the sequences, respectively (Fig. 4). We
also found distinct core microbiomes for each earthworm species.
Although these core microbiomes comprised a small fraction of
ASVs (mean 74, range 46–134 ASVs, which corresponds to a mean
of 7.8 and a range of 5.6%–14.8% of ASVs), they represented a large
proportion of all the sequences (mean 52%, range 43%–63% se-
quences; Table S2, Supporting Information). Most of the core ASVs
were earthworm species-specific (235 of 360), i.e. they only ap-
peared in one earthworm species core microbiome. From these
ASVs, the most frequent ASVs belonged to the genera Flavobac-
terium, Pir4 lineage, Pirellula, Pseudomonas, Luteolibacter, and Chtho-
niobacter, and the families Chitinophagaceae, Burkholderiaceae,
and Verrucomicrobiaceae. We also found that some core ASVs
appeared in several earthworm species: 6, 11, and 26 ASVs were
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Figure 2. Differences in abundance of bacterial ASVs between diet and earthworm microbiome. Relationship between differential ASV abundance
(log2 fold change) and normalized ASV abundance. Negative and positive values indicate taxa under-represented and over-represented in earthworm
microbiome relative to diet microbiome, respectively. Red circles indicate taxa showing significant (P-adj < .05) differential abundance between
earthworm and diet microbiome, and red triangles indicate taxa with log2 fold change falling out of the limits of the y-axis. Inserted plots represent
exemplar bacterial phyla and ASVs over- and under-represented, with asterisks showing significant differential abundances (log normalized counts)
between D. hortensis (Dh), E. andrei (Ea), E. fetida (Ef), Eu. eugeniae (Eu), Lumbricus friend (Lf), L. rubellus (Lr), L. terrestris (Lt), M. dubius (Md), and P. excavatus
(Pe) microbiomes and diet microbiome (dm) (P-adj < .05).

shared by five, four, and three earthworm species, respectively (Ta-
ble S2, Supporting Information).

Discussion
In this study, we aimed to untangle the microbial differences as-
sociated to earthworm species with different evolutionary histo-
ries. To remove variation associated to diets and habitat prefer-
ences, we reared the earthworms in the laboratory and fed them
a uniform diet of cow manure. We then collected fresh casts and
analyzed their bacterial composition using 16S rRNA amplicon
next-generation sequencing. Our main results showed that un-
der controlled conditions the earthworm cast microbiome: (i) were
mainly composed by native bacteria, (ii) tended to be more di-
verse than the diet microbiome, and (iii) were significantly differ-
ent in structure among host species. We also detected inter- and
intraspecies core microbiomes of variable ASV richness and se-
quence abundance.

Composition, structure, and diversity of
earthworm microbiomes
Microbiomes from the nine earthworm species were mostly dom-
inated by ASVs that did not come from the diet, which resulted in
marked differences between diet and earthworm microbiomes in
composition, structure, and diversity. Bacteroidetes, e.g. was more
abundant in all earthworm microbiomes, while Firmicutes signif-
icantly varied among earthworm species (Figure S5, Supporting
Information). Moreover, our results confirmed that the high abun-
dances of Actinobacteria and Proteobacteria previously found for
E. andrei can be extended to the other earthworm species, as well
as the increases in other bacterial phyla like Bacteroidetes, Chlo-
roflexy, Planctomycetes, and Verrucomicrobia (Aira et al. 2015). At
the ASV level, we found slight and unique differences in abun-
dance between diet and earthworm microbiomes in each earth-
worm species. At the phylum level, the composition of bacte-
rial communities of earthworm microbiomes from all earthworm
species were relatively similar to those of epigeic earthworm
species, such as E. andrei, Eu. eugeniae, and L. rubellus (Knapp et
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Figure 3. Phylogenetic α-diversity of bacterial communities (A) of diet (cow manure) and earthworm microbiome, and (B) in diet and each earthworm
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indicate significant differences between treatments (Tukey HSD test, FDR corrected). (C) Chord diagram represents the number of shared ASVs
between microbiomes of earthworm species pairs using all ASVs of filtered data set. Samples were collapsed at earthworm species level.

al. 2009, Aira et al. 2015, 2016, Wüst et al. 2009, Schulz et al.
2015) and to that of the anecic earthworm L. terrestris (Wüst et
al. 2011), despite of differences in diets—some even used earth-
worms reared in their natural habitats. Earthworms are ecologi-
cally classified into three general ecotypes based on their feeding
habits (Bouché 1977, Lee 1985); epigeic and anecic earthworms
feed preferentially on dead organic matter, whereas endogeic
earthworm feed on mineral soil. Consistent with previous work,
our analyses found that microbiomes from the four epigeic earth-
worm species above had different proportions of bacteria belong-

ing to phyla Proteobacteria, Firmicutes, Actinobacteria, Plancto-
mycetes, Chloroflexi, Gemmatimonadetes, Bacteroidetes, and Cy-
tophagales, among others. Bacterial communities of casts from
L. rubellus and L. terretris were dominated by bacterial phyla Pro-
teobacteria (> 30%), Actinobacteria, Acidobacteria, Bacteroidetes,
and Firmicutes (17%–30%; Knapp et al. 2009, Wüs et al. 2009, Wüst
et al. 2011), as we have observed here despite of marked differ-
ences in diet and rearing condition among these studies.

Differences between diet or environment and animal micro-
biomes have been also found in earthworms and nematodes
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(Gómez-Brandón et al. 2011, 2012, Aira and Domínguez 2014,
Aira et al. 2015, Berg et al. 2016, Dirksen et al. 2016). Altogether,
these results suggest that the symbiont consortia involved in
earthworm digestive processes could be species-specific, and that,
consequently, earthworm microbiomes should reflect only par-
tially the composition of the ingested microbial communities. One
could expect a nonsegregated clustering of earthworm micro-
biomes if diet were to have a strong effect on earthworm micro-
biome composition. This could occur whether bacteria from diet
massively colonize earthworm microbiome or by a convergence in
earthworm microbiome composition due to feeding of the same
diet, although bacterial functional redundancy could mask this
effect. However, we found that host species was the main de-
terminant of earthworm microbiome composition, as previously
found using other more or less natural experimental conditions
(e.g. Thakuria et al. 2009, Gómez-Brandón et al. 2012, Aira and
Domínguez 2014). In fact, bacteria from diet were hardly found in
earthworm microbiomes, as it occurred in earthworms fed with
sewage sludge (Domínguez et al. 2021). Similarly, native bacteria
mostly dominated the gut microbiome of geophagous earthworm
Aporrectodea caliginosa fed with soil (up to 89%; Aira et al. 2022).
This result suggests that most of the bacteria found in earthworm
microbiomes are therefore “native,” and contrasts with previous
findings indicating that more than 95% of the gut bacteria come
mainly from the ingested diet (Zeibich et al. 2019, and references

therein). However, since our experimental design specifically con-
trolled for the confounding effect of diet, more field studies should
be performed to validate these results in natural environmental
conditions.

Native bacteria dominate the earthworm cast
microbiome
We found that most of the bacteria present in earthworm mi-
crobiomes were native (i.e. they did not come from the diet in-
gested) and accounted for most of the sequences (mean 94% for
ASV for all earthworm species). Animal species-specific bacteria,
i.e. bacterial lineages found only in the animal and not in the feed-
ing environment, have been described in sponges and nematodes
(Reveillaud et al. 2014, Berg et al. 2016, Dirksen et al. 2016) and
also recently in the earthworm species A. caliginosa and E. andrei
(Domínguez et al. 2021, Aira et al. 2022). The proportion of native
bacteria was similar among all earthworm species. Moreover, an
important part of the native earthworm cast bacterial commu-
nity is species-specific, with a different proportion of ASVs shared
among species. The proportion of ASVs shared seemed to be more
related to the earthworm ecology than to the earthworm phy-
logeny. Thus, epigeic earthworm species (i.e. E. andrei, E. fetida, D.
hortensis, or P. excavatus) shared more ASVs among them than with
anecic earthworm species L. terrestris and vice versa. Similar re-
sults, i.e. a large proportion of shared bacterial taxa among differ-
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ent species, have also been reported for Drosophila species (Chan-
dler et al. 2011). Contrary to our results, Zeibich et al. (2019) found
that most phylotypes present in the gut content of the earthworm
L. terrestris feeding on a mixture of roots, grass, and leaves were
also present in soil samples, and that those phylotypes comprised
the great majority of the sequences. These data also contrast with
a recent study describing the bacterial communities of gut and
casts in the geophagous earthworm A. caliginosa (Aira et al. 2022).
In the aforementioned study, we found that most of the bacteria
were unique to each microbiome soil (82%), gut (89%), and casts
(75%), with a small overlap bacterial community composition be-
tween soil and gut and soil and casts (Aira et al. 2022). Vermi-
compost is mainly comprised of earthworm casts in a variable
degree of ageing (Domínguez et al. 2010), so any accidental in-
gestion would result in the incorporation of the same bacterial
pool already present in the casts. Moreover, bacteria from vermi-
compost are horizontally and not randomly acquired during co-
coon formation in earthworms (Aira et al. 2018). These bacteria
will colonize the earthworm gut during embryonic development
(Davidson and Stahl 2008), which complicates discerning the ori-
gin of these bacteria—i.e. adult ingestion or embryonic acquisi-
tion. In addition, a recent study (Domínguez et al. 2021) has shown
that earthworm casts share a relatively small amount of bacterial
ASVs with vermicompost (15%), which supports the rationale that
earthworms do not or hardly ingest vermicompost.

The earthworm core microbiomes
We found an earthworm core microbiome for the nine earthworm
species, which was formed by up to 10 bacterial ASVs that ac-
counted for 13% of the sequences. It is important to note that only
three bacterial ASVs comprised the most restrictive definition of
the interspecies core microbiome, i.e. ASV sample prevalence of
98%. Earthworm species-specific core microbiomes were larger
and, more importantly, comprised roughly 50% of all sequences
of each earthworm microbiome. These core ASVs are probably
transferred vertically, as occurred with nephridial bacterial sym-
bionts (Davidson et al. 2013). Alternatively, earthworms may hori-
zontally acquire these core ASVs during cocoon formation, which
is a selective process (Aira et al. 2018). Most core bacteria were
earthworm species-specific, suggesting that diet has hardly any
influence in their composition. Future studies should test if these
core ASVs are maintained across different diets. If not, it would
emphasize the role of diet as a factor structuring earthworm
microbiomes, as seen in mammals and humans (Muegge et al.
2011, Nishida and Ochman 2018). Moreover, different ASVs from
the genera Flavobacterium, Pirellula, Pir4 lineage, Pseudomonas, Chtho-
niobacter, and Luteolibacter repeatedly appeared in several earth-
worm core microbiomes. This indicates a high specificity for these
bacteria and pointed again to vertical transmission.

Our results for E. andrei partially agree with a previous descrip-
tion of its core microbiome (Aira et al. 2015), where Proteobacte-
ria (43%), Actinobacteria (40%), and Firmicutes (14%), with minor
contributions from Bacteroidetes (3%) comprised the core micro-
biome. We did not find any Firmicutes in E. andrei core microbiome,
and proportions of Proteobacteria (35%), Bacteroidetes (22%), and
Actinobacteria (2.5%) differed. Furthermore, in our current study
Planctomycetes made a large contribution (12%) to the core mi-
crobiome. It is important to note that the core microbiome of
E. andrei and E. fetida, two ecologically close but biologically and
phylogenetically different species (Domínguez et al. 2005, 2015,
Pérez-Losada et al. 2005), were different but shared 33 ASVs, which
comprise the 28% (E. andrei) and 44% (E. fetida) of the core ASVs

microbiome. Similarly, the core microbiomes of L. rubellus and L.
terrestris, two species from same genus (James et al. 2010), only
shared the 17% of the ASVs. There is a report of a core microbiome
for cocoons of E. andrei and E. fetida, which comprised 88 and 23
bacterial ASVs (Aira et al. 2018). In this case, Proteobacteria (50%
and 52%) and Bacteroidetes (24% and 35%) comprised most of the
core microbiome, with minor contributions of Actinobacteria (8%
and 8%) and Verrucomicrobia (8% and 4%, for E. andrei and E. fetida,
respectively). These values are similar to those found here for gut
microbiomes. In our case, the two core microbiomes only shared
7% (E. andrei) and 26% (E. fetida) of the core ASVs. The differences
found at genus or ASV levels arose because the bacterial commu-
nities of earthworm cocoons were mainly dominated by vertically
transmitted symbionts and nonrandomly selected environmental
bacteria (grape marc and vermicompost from grape marc, Aira et
al. 2018). In the case of L. rubellus, the core microbiome differs from
that described for the same species by Pass et al. (2015). Thus, in
our case Proteobacteria and Bacteroidetes (87%) comprised most
of the core instead of Proteobacteria and Actinobacteria (80%).
However, Pass et al. (2015) used whole earthworms (not only their
guts or casts) that were feeding on soil; in our case, however, the
core only included the gut and earthworms were fed cow manure.
All this evidence underlines the distinctive roles of host evolu-
tionary histories and diet in shaping the composition of core mi-
crobiomes, and how core microbiome could change during earth-
worm ontogeny as nutritional or metabolic requirements change
during growth, reproduction, and senescence.

Our data clearly show that the earthworm microbiome is highly
diverse and is dominated by native bacteria, whose composition
is highly earthworm species-specific. This, together with the large
core microbiomes found for each earthworm species, suggest that
phylosymbiosis (i.e. congruence between host-associated micro-
bial communities and the phylogeny of host species; Brooks et al.
2016) processes could be prevalent in earthworm microbiome as-
sembly. However, the lack of congruence between the earthworm
phylogeny and the microbiome dendrogram suggests that having
the same diet over several generations has weakened the effect
of phylosymbiosis on earthworm microbiome assembly. This ra-
tionale is also supported by the variable degree of bacterial taxa
shared among earthworm species, which again was not related
to earthworm evolutionary history. Thus, earthworm microbiome
assembly seems to be the result of an interplay among host phy-
logeny and diet.

The conclusions of our study are bound by our experimental
design. Our main goal here is to disentangle native earthworm
microbiome from diet and environment, hence we reared the an-
imals in a controlled environment and fed them the same diet.
Most of the earthworm species studied here usually feed on dead-
organic matter and even manure if available, but they usually live
in soil. Thus, although our experimental design mimics conditions
in which earthworm are cultured (but at small scale), it may not
resemble their living conditions in the wild. Consequently, results
should be interpreted with caution when extrapolated to natural
earthworm populations.
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