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ABSTRACT

Approximately, 40% of earthworm species can reproduce by parthenogenesis. This is the case for the cosmopolitan species,
Aporrectodea trapezoides, although sexual forms have been described sporadically. We analyse the genotypes and microbiomes
of 30 individuals from four localities where both forms appear in order to understand the evolutionary mechanisms related to
parthenogenesis. In all sites, heterozygosity values were approximately 30% higher in parthenogenetic individuals. However, we
detected a stronger genomic structuring due to reproduction than to the geographical setting only in the Algerian population,
underpinned by 195 loci that were related to gametogenesis, symbiont-like processes, and nitrate reduction. Similarly, statistical
differences in the abundance of ZOTUs were only found between the Algerian sexual and parthenogenetic earthworms, with 754
ZOTUs that included the genus Romboutsia, which is involved in the production of nitric oxide, which enhances sperm motility.
In summary, significant genomic and microbiome differences were found only between sexual and parthenogenetic lineages in a
single locality. We hypothesise that obligate parthenogenesis evolved early, leaving traces at the genomic and microbiome levels
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in the Algerian parthenogens that were the earliest splitting lineage. Such obligate parthenogenesis was lost secondarily and

individuals in the Iberian sites were facultative parthenogens, with the potential to copulate and therefore erase the genomic and

microbial traces of obligate parthenogenesis. Our results indicate a hybrid origin of parthenogenesis in A. trapezoides and shed

light on the complex interplay between genomic, microbiome, and reproductive mechanisms in A. trapezoides.

1 | Introduction

Although the vast majority of animals reproduce sexually, the
transition to parthenogenesis has been observed in a multitude of
taxa across the Tree of Life (Bell 1982; van der Kooi et al. 2017;
Liégeois et al. 2020). Nevertheless, the proportion of parthenoge-
netic species remains unknown, as there are only two quantitative
estimates of the frequency of parthenogenesis, based on species
lists (Vrijenhoek 1998; van der Kooi et al. 2017). Parthenogenetic
development can proceed in different ways, depending on whether
the meiosis of the oocyte is completed normally (automixis or
meiotic parthenogenesis) or some of the stages have been omit-
ted (apomixis or mitotic parthenogenesis). In meiotic partheno-
genesis, meiotic divisions occur partially or completely, but the
somatic ploidy level is maintained by different mechanisms (en-
doduplication, central and terminal fusion and gamete duplica-
tion). Depending on how recombination proceeds, some of these
mechanisms are functionally equivalent to mitotic parthenogen-
esis, even if meiosis is fully maintained (Suomalainen et al. 1987;
Engelstiddter 2017). Automixis occurs in many parthenogenetic
stick insects and some weevils (Simon et al. 2003). In functional
mitotic parthenogenesis, no ploidy reduction takes place and the
offspring are clones of their mother genotype. Apomixis is com-
monly found in invertebrates such as rotifers and arthropods
(Simon et al. 2003). Despite no cross fertilisation being achieved
during parthenogenesis, some parthenogenetic animals need
sperm to stimulate egg development. This mechanism, called
gynogenesis, can explain the existence of spermatophores in par-
thenogenetic specimens (Alavi et al. 2016; Foerster et al. 2021;
Edwards and Arancon 2022; De Sosa et al. 2023).

Parthenogenetic lineages can arise from species with sexual
reproduction in several ways, with hybridization as the most
common process. Most parthenogenetic vertebrates have hy-
brid origin (Avise et al. 1992), and it also has been demonstrated
in snails (Johnson and Leefe 1999), crustaceans (Dufresne and
Hebert 1994), weevils (Tomiuk and Loeschcke 1992), stick in-
sects (Mantovani 1998), and grasshoppers (Honeycutt and
Wilkinson 1989). However, parthenogenesis can be acquired
through other processes. Whether the microbiome has any pos-
sible effect on parthenogenesis is something that has never been
proved, although it is known that many arthropods carry different
endosymbiotic bacteria that can manipulate the reproduction of
their hosts (Perlmutter and Bordenstein 2020). These bacteria can
induce parthenogenesis causing cytoplasmic incompatibility be-
tween gametes, feminising males or even killing males during em-
bryogenesis (Stouthamer et al. 1999; Werren et al. 2008). Examples
of these bacteria inducing this behaviour in their hosts can be found
in the genera Wolbachia Hertig, 1936, Cardinium Zchori-Fein and
Perlman, 2004, Rickettsia Da Rocha-Lima, 1916, Arsenophonus
Gherna et al., 1991 and Spiroplasma Saglio et al., 1973 (Saglio
et al. 1973; Gherna et al. 1991; Zchori-Fein and Perlman 2004;
Hagimori et al. 2006; Werren et al. 2008). Spontaneous loss of sex

due to mutations in genes related to mating and fertilisation of eggs
(Carson et al. 1982) or in genes involved in sexual forms (Simon
et al. 2003) is another mechanism for the emergence of parthe-
nogenesis. A small proportion of unfertilized eggs spontaneously
develop into zygotes in many animal species such as ostracods
(Turgeon and Hebert 1995), moths, aphids, and snails (Johnson
and Leefe 1999). Parthenogenesis can also appear due to a conta-
gious origin which alludes to an incomplete reproductive isolation
between sexual individuals and pre-existing parthenogenetic lin-
eages (Simon et al. 2003). Thus, it is the main pathway for poly-
ploidy in parthenogenetic animals. This model has been validated
in cladocerans (Hebert 1981), aphids (Rispe et al. 1998; Dedryver
et al. 2001), and earthworms (Jaenike and Selander 1979).

Among the species considered parthenogenetic, some are classified
as obligate parthenogenetic, indicating their inability to reproduce
via other methods. However, other species are capable of reproduc-
ing sexually and switching to parthenogenesis when conditions
are unfavourable (Booth et al. 2012; Neaves and Baumann 2011).
Obligate parthenogenesis is predicted to have numerous impacts
on the genome. The consequences are strongly influenced by how
uniparental reproduction evolved from the sexual ancestor as well
as by the cellular mechanisms underlying this reproduction mode.
For example, heterozygosity and activity of transposable elements
result in parthenogens with hybrid origin (Jaron et al. 2021). The
presence of palindromes and a high abundance of horizontally ac-
quired genes also can be found (Jaron et al. 2021).

Although sexual reproduction is the most common type of re-
production in earthworms (Annelida, Lumbricidae), 40% of
the species can reproduce by parthenogenesis (Casellato 1987;
Cosin et al. 2010). Parthenogenetic earthworms are automic-
tic and thelytokous (i.e., in absence of gamete exchange, fe-
males produce offspring with the same ploidy as themselves)
(Omodeo 1951; Muldal 1952; Omodeo 1952; Casellato and
Rodighiero 1972). This implies a premeiotic doubling of chro-
mosome number in the last oogonial division, followed by the
formation of chiasmatic bivalent and regular meiosis with re-
moval of the two polar bodies. By duplicating the chromosomes
and mating with their identical copy, this mode of reproduc-
tion is perfectly compatible with any ploidy, even odd ones. It
appears that this reproductive strategy is advantageous for
earthworms, as the majority of parthenogenetic species are cos-
mopolitan and abundant on a global scale (e.g., Aporrectodea
rosea (Savigny, 1826), Eiseniella tetraedra (Savigny, 1826), or
Aporrectodea trapezoides (Duges, 1828) (Cosin et al. 2010)). This
can be attributed to numerous advantages such as high colonis-
ing capacity and high reproductive potential, rapidly counter-
balancing mortalities (Hughes 1989). Also, several oligochaete
clones did not exhibit signs of senescence after being main-
tained for many generations, which also indicates an advantage
in the delay or prevention of senescence as somatic replicates are
generated from undifferentiated somatic cells (Hughes 1989).
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These characteristics make earthworms ideal organisms for
the study of parthenogenesis. In fact, there are some species,
like the dominant one in Mediterranean soils, Aporrectodea
trapezoides with sexual individuals identified in France, Spain,
and Algeria, which co-occur with parthenogenetic specimens
(Bouché 1972; De Sosa et al. 2017). The presence of both types of
reproduction in the same species makes A. trapezoides suitable
to explore the biological factor driving the evolutionary history
of both modes of reproduction by studying its gut microbiome
and genomic composition and structure. Our prediction is that
the imprint that parthenogenesis may leave on the genome in
this species, as it does in other metazoans (Jaron et al. 2021),
will be detected by using genomic approaches, comparing gen-
otypes of both types of reproduction. We will also seek proof
of whether the microbiome differs among the two reproductive
strategies, by studying its composition and potential function-
ality and how that could affect the reproductive strategy. In
this sense, our research scenario with individuals of A. trap-
ezoides exhibiting both modes of reproduction and coexisting
within the same locality facilitates the inference of associations
between the microbiome composition and function and the re-
productive strategy, in a natural setting. Our research opens a
new avenue in the study of the reproductive microbiome of this
ecologically important animal group.

2 | Materials and Methods
2.1 | Sample Collection

We collected 30 specimens of A. trapezoides between 2008 and
2012 in the three localities from which sexual (13 of sexual) and
parthenogenetic (12 of parthenogenetic) individuals (Table SI)
are known: Plasencia (Spain), Menorca (Spain), and Karkra
(Algeria) (Figure 1). We also collected five sexual specimens
from Collo (Algeria), where no parthenogenetic specimens were
found (Figure 1, Table S1). All individuals were collected by

manual sorting, washed in distilled water to remove soil rests,
fixed in 96% ethanol and stored at —20°C in the earthworm col-
lection of the Department of Biodiversity, Ecology and Evolution,
Complutense University of Madrid (UCM-LT). The morpho-
logical study was developed in a previous study by De Sosa
et al. (2017). Briefly, all the individuals were dissected to check
the morphology and unequivocally assign them to A. trapezoides
and also to check for parthenogenetic or sexual condition. This
was performed following Gates (1972): in a sexual individual,
spermathecae and male funnels are full of sperm, which are iri-
descent under a stereomicroscope; in parthenogens, spermathe-
cae are invariably empty, as are the male funnels. The presence
of spermatophores was also checked.

2.2 | DNA Extraction, Gene Amplification,
and Sequencing

We analysed two different tissue parts for each of the specimens:
a portion of the body wall for the phylogenetic analysis and nor-
malised genotyping-by-sequencing (nGBS) analyses and the gut
for the 16S amplicon sequencing analysis.

We extracted total genomic DNA from approximately seven
segments of the body wall using the Speedtools Tissue DNA Kit
(Biotools), following the manufacturer's protocol. To ensure the
reliability of the results, a phylogenetic analysis was conducted
to test the monophyly of the A. trapezoides samples. Thus, a frag-
ment of the cytochrome c oxidase subunit I (COI) was amplified
for six individuals (TKRA1 and TKRA2, TKRB1 and TKRB2,
and D3EL1 and D3EL2). The remaining samples were PCR neg-
ative. We used primers LepF1: 5-ATTCAACCAATCATAAA
GATATTGG-3' and LepR1l: 5-TAAACTTCTGGATGTCCA
AAAAATCA-3' (Hebert et al. 2004), following the PCR program
suggested in Marchan et al. (2021). All products were purified
using ExoSAP-IT reagent (ThermoFisher Scientific), sequenced
using the two primers mentioned above by Macrogen Spain Inc.
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FIGURE1 | Localities and number of sexual and parthenogenetic individuals sampled in Spain (Plasencia and Menorca) and Algeria (Collo and

Karkra) for the studied species.
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Sequences of 16S YRNA, 28S rRNA and H3 histone markers from
each individual were retrieved from GenBank (Table S2).

We also extracted total genomic DNA from the post-clitellum
gut tissue using soil content with DNeasy PowerSoil Kit
(QIAGEN) according to the protocol supplied by the manufac-
turer. A fragment of the V4 regionf of the 16S rRNA gene was
amplified using the universal primers 515-F (Parada et al. 2016)
and 806-R (Apprill et al. 2015), which amplify for both bacteria
and archaea. DNA amplification was always performed in du-
plicate under the following conditions: 98°C for 30s, followed
by 32cycles of 98°C for 95, 50°C for 1 min, 72°C for 1.5min, and
a final elongation at 72°C for 10min. PCR products were puri-
fied with Agencourt AMPure XP Beads (Beckman Coulter Inc.),
and libraries were prepared with the Nextera XT DNA Library
Preparation Kit (Illumina Inc.). Next-generation, paired-end se-
quencing was performed on the Illumina MiSeq platform at the
Genomic Unit of Complutense University of Madrid.

2.3 | Phylogenetic Analysis

Sequences were edited in Geneious Prime 2024.0.5, and mul-
tiple sequence alignments were run in MAFFT v.7 (Katoh and
Standley 2013). Maximum likelihood (ML) partitioned anal-
ysis of the concatenated dataset was run in raxmlGUI v2.0.7
(Edler et al. 2021) using the SYM + I+ G4m evolutionary model
using ModelTest-NG (Darriba et al. 2020). Bootstrap support
values were estimated using 1000 replicates. Sequences of
Aporrectodea rosea (Savigny, 1826), Aporrectodea tuberculata
(Eisen, 1874), Carpetania elisae (formerly Hormogaster elisae see
Marchan et al., 2020), Dendrobaena octaedra (Savigny, 1826),
Eisenia lucens (Vaga, 1857), Eiseniella tetraedra (Savigny, 1826),
Lumbricus terrestris (Linneo, 1758), Octodrilus complanatus
(Duges, 1828), Octolasion lacteum (Orley, 1881), Scherotheca
gigas (Bouché, 1972), and Xana omodeoi (Diaz Cosin, Trigo
& Mato, 1989) were retrieved from GenBank and used as out-
groups (Table S2).

2.4 | Genotype by Sequencing and Ploidy Analyses
2.41 | RAD Data Processing, SNP Calling and Filtering

nGBS libraries were generated using the DNA extracted from the
body wall by LGC Biosearch Technologies (Berlin, Germany).
100-200 ng of DNA was digested with 200 Units of MslI (NEB), fol-
lowed by adaptor ligation, purification with Agencourt XP beads
and amplification using MyTaq (Bioline) and standard Illumina
TrueSeq amplification primers (16 cycles). Libraries were pooled
and normalisation was done using Trimmer Kit (Evrogen). The
normalised library pool was reamplified using MyTaq (Bioline),
size selected on a LMP-Agarose gel (250-500bp), and sequenced
in Illumina NovaSeq 6000 V1.5 platform.

We conducted quality filtering and locus assembly on raw data
with Stacks v 2.55 (Catchen et al. 2013). RAD-tags were pro-
cessed using the “process_radtags” function with the feature
(-r) to recover minimally diverged barcodes and RAD-tags
(--barcode_dist=3; --adapter_mm=2). The “process_radtags”
trimming feature (-f) was used to trim the remaining reads to

135bp, in order to increase confidence in SNP calling. Reads
with ambiguous bases (-¢) and low-quality scores (-q) were dis-
carded for further analyses.

Parameters -m, -M, and -n in our dataset were the default ones
(ie., - m=3, -M=2, and -n=1), which were implemented in the
Stacks pipeline using all the individuals mentioned above. The
“populations” function was applied to retain only loci with
SNPs present in at least 80% of the individuals in a specific site
(-r=0.80). The dataset was then filtered by selecting the first SNP
at each locus using the option write-single-snp, to reduce the prob-
ability of linkage disequilibrium among loci, and only SNPs with
a minimum allele frequency of 0.05 (-min-maf>0.05) (Roesti
et al. 2012). We removed those loci that deviated from Hardy-
Weinberg equilibrium (HWE; p-value =0.05) present in at least
two sites and also those SNPs showing an excess of heterozygos-
ity (H,>0.5) (Hohenlohe et al. 2011). SNPs under selection were
searched using Arlequin v.3.5.2.1 (Excoffier and Lischer 2010)
and Bayescan v 2.1 (Foll and Gaggiotti 2008). Arlequin was ran
using “no hierarchical island model”, 100,000 simulations and
1000 demes per group; p-values were corrected using the “p.ad-
just” function in R with the “fdr” method, corresponding to the
‘BH’ in Benjamini and Hochberg (1995). Bayescan was run using
a total of 10,000 output iterations and 100 prior odds; we consid-
ered outlier SNPs to be those with a FDR corrected p-value (g-
value) > 0.05. No SNPs appeared to be under selection. The final
neutral SNPs dataset consisted of 2916 SNPs in 28 individuals.
Missing data values were calculated and visualised in https://
bmedeiros.shinyapps.io/matrix_condenser/. We obtained a total
of 16.20% of missing data but values per individual ranged from
24.75% to 6.33%. There was no correlation between missing data
values and the type of reproduction.

2.4.2 | Population Differentiation and Structure

We used two different approaches to assess the population
structure for A.trapezoides: STRUCTURE v 2.3.4 (Pritchard
et al. 2000) and discriminant analysis of principal components
(DAPC) as implemented in the R package adegenet v 2.2.10
(Jombart et al. 2010). We ran STRUCTURE with 100,000 MCMC
iterations following a burn-in of 50,000 iterations, using the ad-
mixture ancestry model and no sampling location as a prior, set-
ting a putative K from 1 to 6 in a total of 15 independent iterations
for each run (Falush et al. 2003). We used CLUMPAK (https://
tau.evolseq.net/clumpak/) to infer the most likely K value based
on the highest posterior mean log-likelihood (mean LnP(K)) and
to visualise the structure plots (Kopelman et al. 2015).

The population structure in DAPC was assessed by the func-
tion “snapclust.choose.k” used to infer the most likely number
of clusters with the Akaike information criterion (AIC) and the
Bayesian information criterion (BIC) using the k-means algo-
rithm (pop.ini = “kmeans”), allowing a maximum k (number of
clusters) of 8 (max=28) and a maximum number of iterations of
100 (max.iter=100) (Jombart et al. 2010). The optimal number
of genetic clusters was identified as the one with the lowest AIC
and BIC values (k=3 in both cases). After defining the optimal
number of clusters, the number of retained principal compo-
nents (PCs) axes and eigen-values were chosen using the cross-
validation “xvalDapc” function from the adegenet R package

40f 16

Molecular Ecology, 2025

858017 SUOWWIOD AIIea1D) 8|t dde au A peuienob ae Sapie YO 9sn JO SNl 10} AIq1T8UIUO A8]IM UO (SUORIPUOD-PUR-SLLIBI/ALICD"AB | 1M ARIq 1 Ul |uo//SdhY) SUORIPUOD pue S8 1 8y} 885 *[6202/60/20] U0 Ariq1Taulluo A8]iMm ‘2d esuein|dwoD pepsieAlun Aq 0TO0L 98W/TTTT OT/I0p/L0o" A3 1M ARIq Ul |uo//Sdny Wo1j pepeojumoq ‘9T ‘SZ0Z ‘XP62S9ET


https://bmedeiros.shinyapps.io/matrix_condenser/
https://bmedeiros.shinyapps.io/matrix_condenser/
https://tau.evolseq.net/clumpak/
https://tau.evolseq.net/clumpak/

with 1000 replicates (n.rep=1000). “xvalDapc” identifies the
lowest number of PCs retaining the maximum variance, which
is associated with the lowest mean squared error. The DAPC
function “assignplot” was used to plot the probabilities of assign-
ment of the different individuals to the different clusters, and the
function “scatter.dapc” was used to produce scatterplots of PCs
with eigenvalues as the inset.

We calculated the observed heterozygosity (H,) for each site
using the “populations” module in Stacks.

2.4.3 | Ploidy Analysis

The ploidy of the individuals was estimated in accordance with
the pipeline described in Viruel et al. (2023). As the genome of
A. trapezoides was not available, the genome of a nearby spe-
cies, A. caliginosa (Savigny, 1826) was retrieved from GenBank
(GCA_020284085.1) and used to map the data. We estimated
mean values of allele frequencies using nQuire (Weif3 et al. 2018).
In diploid samples, we expected a higher percentage of SNPs
with allelic ratios <2 and mean and median values below 2. On
the contrary, polyploid samples showed allelic ratios >2 (Viruel
et al. 2023). To test the polyploidy of each specimen, we used a
Gaussian mixture model (Viruel et al. 2019). When comparing
the three fixed models (diploid, triploid, and tetraploid), the
ploidy level that most accurately reflected the observed allelic fre-
quency distribution corresponded to the lowest delta value (for
more detail see https://github.com/clwgg/nQuire). However, it
is not currently feasible to determine the precise ploidy level of
tetraploids or higher. This is partly due to the inherent noise asso-
ciated with sequencing errors generated by HTS platforms, which
is achieved by removing low-frequency SNPs (Augusto Corréa
Dos Santos et al. 2017; Viruel et al. 2019). Thus, when tetraploidy
is detected, we can not determine whether it corresponds to real
tetraploidy or a higher ploidy (Viruel et al. 2019, 2023).

Although analyses were done for a total of 22 individuals
(Table S1), we decided to just plot one specimen per locality and
type of reproduction.

2.5 | Transcriptome Assembly and Annotation

RNA extraction from different tissues of a single specimen of
A.trapezoides brought to the laboratory for culturing (regener-
ated tail, pharynx, seminal vesicle, circulatory system, ganglia, ty-
phlosole, and body wall) was obtained from flash-frozen dissected
tissues using Tri-reagent (Ambion), following manufacturer's
instructions. The tail fragment excised for RNA extraction was re-
generated because a piece was previously used for COI barcoding.
Then, mRNA was purified with the Dynabeads mRNA purification
kit (Invitrogen, Carlsbad, CA). Concentration of all samples was
assessed by Qubit RNA BR assay kit (Thermo Fisher Scientific).
cDNA libraries were constructed in the Apollo 324 automated sys-
tem using the PrepX mRNA kit (Wafergen). Library quality and
size selection were checked in an Agilent 2100 Bioanalyzer (Agilent
Technologies) with the HS DNA assay. The samples were run using
the Illumina HiSeq 2500 platform with paired-end reads of 150bp
at the FAS Center for Systems Biology at Harvard University.

RNA-seq reads were trimmed using Cutadapt v2.9 (Martin 2011)
and de novo assembled using Trinity v2.11.0 (Grabherr et al. 2011).
Open reading frames (ORFs) were inferred with TransDecoder
v.5.5.0 (https://github.com/sghignone/TransDecode). Isoforms
in the protein mode were functionally annotated (i.e., Gene
Ontology (GO) terms were assigned to each isoform) with both
homology-based methods (eggNOG-mapper v2, Cantalapiedra
et al. 2021) and natural language processing ones (FANTASIA,
Martinez-Redondo et al. 2024).

2.6 | GO Enrichment of Loci Contributing
to Separation of Sexual vs. Parthenogenetic
Populations

In order to identify the loci contributing the most to the sep-
aration between sexual and parthenogenetic populations we
used the adegenet package. To do this, we selected the SNPs in
axis 1 that had a variable contribution (‘var.contrib’) threshold
>0.0010. This resulted in a total of 195 SNPs; the associated
FASTA sequences of these SNPs were then extracted using the
function populations in Stacks. These sequences were then
mapped onto the transcriptome, resulting in a total of 105 se-
quences having a hit on annotated transcripts. Then, mapping
the loci on the transcriptome built in 2.5 and then retrieving
the GO terms associated to the loci from the FANTASIA data-
set. We implemented these GO terms in REVIGO using default
settings (Supek et al. 2011) and applied a dispensability value of
0.4 (“tiny”) to obtain a treemap that was plotted in R.

2.7 | Microbiome Analysis
2.71 | Pipeline Analysis

Raw 16S rRNA gene sequences were processed separately using
the UPARSE pipeline (Edgar 2013). Briefly, primer sequences
were removed and overlapping paired reads were merged
using -fastq_mergepairs, allowing for a maximum of 15bp of
mismatches in the overlapping region. After quality check and
de-replication, unique read sequences were detected using the
fastx_uniques command. Denoising (error-correction) of am-
plicons was performed using unoise3 (Edgar 2016), which re-
moved chimeras, reads with sequencing errors, PhiX, and low
complexity sequences due to Illumina artefacts, and generated
ZOTUs (“zero-radius” Operational Taxonomic Units) with
100% identity sequences. Taxonomic assignment was done with
SINA v1.2.11 (Quast et al. 2012) using the SILVA 138.1 data-
base (https://www.arb-silva.de/documentation/release-1381/).
Sequences with low alignment quality (< 75%) or unclassified
as well as sequences identified as mitochondria or chloroplasts
were removed from the analysis. The initial ZOTU table under-
went rarefaction, with the minimum threshold being set at the
sample containing the fewest reads. This rarefaction process
was performed using the rrarefy function from the R package
vegan v2.5-6 (Oksanen et al. 2013). The rarefied ZOTU table was
subsequently employed for conducting alpha diversity analy-
ses. Moreover, a relative abundance ZOTU table was utilised for
characterising the microbial community and conducting beta
diversity analyses.
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Functional Annotation of Prokaryotic Taxa (FAPROTAX) database
(http://www.zoology.ubc.ca/louca/FAPROTAX/) was used to pre-
dict the ecological functions of the microbial communities (Louca
et al. 2016). The raw counts ZOTU table was used as input for the
collapse_table.py function with the -n columns_before_collapsing
option, which performs a TSS normalisation of the ZOTU table.

2.7.2 | Statistical Analysis

We conducted a distance-based multivariate analysis of the
worms’ microbial communities at the ZOTU level using the vegan
v2.5-6 package (Oksanen et al. 2013) in R (R Core Team). We
used a Bray-Curtis dissimilarity (BCD) distance matrix based on
the log2-transformed relative abundance ZOTU table to visualise
the patterns of microbial community structure between samples
in a principal coordinates analysis (PCoA) using the cmdscale
function of the vegan R package. A hierarchical clustering den-
drogram based on the BCD matrix was used to summarise the
relationship between samples. Homogeneity of dispersion be-
tween groups was checked using the permutest function of the
vegan R package prior to conducting non-parametric permu-
tational analysis of variance (PERMANOVA) using the adonis
function using 999 permutations and a significance cut-off for p-
values of 0.05. As factors, we first tested the effect of the sample
site on the structure of microbial communities and then, we cre-
ated separate subsets for each location to examine the influence
of the reproductive mode on each subset. For each sample site,
we calculated a Bray-Curtis dissimilarity distance matrix and vi-
sualised the ordinations through PCoAs, as described above. The

effect of reproduction (parthenogenetic vs. sexual) and gut mi-
crobiomes of A. trapezoides was tested using the adonis function
with the above mentioned parameters. Moreover, we performed
generalised linear models using the raw counts table in the R
package “EdgeR” v.3.26.8 (Robinson et al. 2010) to discern vari-
ations in the abundance of particular microbiome ZOTUs across
the two different reproductive modes. For this analysis, we used
a filtering threshold of minimum 0.05 of relative abundance in
at least one sample and a significance cut-off value of p=0.05.
A rarefied dataset was used to compute alpha diversity indices,
specifically Richness and Shannon, within the vegan package.
To show the disparities in alpha diversity across localities and
reproductive modes, we created boxplots employing ggplot2.
Furthermore, we conducted an analysis of variance (ANOVA)
followed by pairwise comparisons using TukeyHSD test to pin-
point significant differences in alpha diversity among localities
and reproductive modes.

3 | Results
3.1 | Phylogenetic Analysis

Final alignments were composed of partial sequences of the mi-
tochondrial 16S rRNA (438bp) and COI (445bp) and the nuclear
markers 28S rRNA (802bp) and H3 histone (292bp) from 17 speci-
mens. ML phylogenetic results showed that the Aporrectodea trap-
ezoides samples belong to a well-supported monophyletic clade
(Figure 2). However, some intraspecific diversity was observed,
with three distinct clades. The Algerian individuals are divided
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FIGURE 2 | ML phylogenetic hypothesis based on the concatenated sequences of the molecular markers COI, 16S rRNA, 28S rRNA and H3.
Numbers above branches indicate bootstrap support values (only BS >70% are indicated).
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into two paraphyletic distinct clades (Figure 2), the parthenoge-
netic (TKRB) appearing as the first branching clade, and then the
sexual clade (TKRA). Finally, the clade formed by the individuals
collected in Plasencia (D3EL) was monophyletic and appeared as a
sister group of the Algerian sexual clade (TKRA) (Figure 2).

3.2 | GBS and Transcriptome Analyses

STRUCTURE identified three different genetic clusters based
on the best K identified by CLUMPAK (Figure 3A, Figure S1A):
one grouping all individuals from Plasencia, regardless of their
reproductive strategy, another one grouping samples from sex-
ual localities of Algeria (TCOD and TKRA), and finally another
group containing individuals from Menorca and parthenoge-
netic specimens from Algeria (TALQ and TKRB). Discriminant
analysis of principal components (DAPC) showed similar re-
sults in three genetic clusters (Figure S1B,C), grouping the
same individuals as in the STRUCTURE analysis (Figure 3B).
Moreover, we studied the heterozygosity levels (observed het-
erozygosity) of all localities and types of reproduction and
only found significant results between Algerian earthworms,
where sexual individuals showed lower levels of heterozygosity
(Figure 3C). Overall, the heterozygosity levels were higher for
parthenogenetic forms when all populations were analysed to-
gether (Figure 3C).

Although no loci under selection were found, 195 loci were con-
tributing the most to the differentiation between sexual and par-
thenogenetic individuals from Karkra. These loci were mapped
against the annotated transcriptome of A. trapezoides using
FANTASIA, finding annotations in 105 of them. We then plotted
the Gene Ontology terms obtained in REVIGO for the category
biological process (Figure 4, Table S3). We found several GO terms
related to gamete production such as oocyte fate determination
(e.g., TRINITY_DN73284_c0_gl_il, TRINITY_DN51179_c0_g1_
il1) and flagellated sperm mobility (e.g., TRINITY_DN108777_
c0_gl_il, TRINITY_DN12654_c1_gl_i5) (Figure 4). In addition,
several other GO terms were involved in the processes mediating
associations with other organisms including symbiont-mediated
perturbation of host cell cycle GO/G1 transition checkpoint (e.g.,
TRINITY_DN44160_c0_gl1_i1, TRINITY_DN884_c3_gl_il) and
actin-dependent intracellular transport of virus towards nucleus
(e.g., TRINITY_DN23905_c0_g2_i1) (Figure 4).

All samples showed a wide range of genes with mean val-
ues of the allelic ratios greater than 2, indicating polyploidy
(Figure 5). Moreover, among the three fixed models (diploid,
triploid, and tetraploid), the ploidy level that best matched the
observed distribution of allelic frequencies is tetraploid or more
(see Section 2), as is the model with the lowest delta (Tables S1-
S6) value (Table 1). Interestingly, all individuals from all sites
showed a very similar ploidy level (Figure 5).

A. STRUCTURE analysis

Plasencia Menorca Collo Karkra Karkra
(S+P) (S+P) (S) (S) (P)
B. DAPC C. Heterozygosity levels
PCA eigenvalues
Reproduction . X
l‘ Sexual
Parthenogenetic
0.4
0.6
@ ‘ 0.3
2 2
g £
O B 4
0.1
DA eigenvalues
OPlasencia (S+P) 02 00
O Menorca (S+P) and Karkra (P) —
@ Karkra and Collo (S) Al populations D3EL D3EV TALQ3-8TALQ2-7 TCOD TKRA TKRB
Plasencia Menorca Karkra y Collo

FIGURE3 | Population structure and differentiation analyses based on the SNPs dataset. (A) STRUCTURE results with K= 3. (B) DAPC results:
Representation of the first (horizontal axis) and the second (vertical axis) PCA eigenvalues. (C) Observed heterozygosity (H,) levels for sexual (pink)

and parthenogenetic (green) individuals from each sample site. *Significant differences.
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FIGURE 4 | Gene Ontology treemap related to the category Biological Process found in REVIGO, for annotated differentially expressed loci be-
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FIGURE 5 | Box plot of ploidy analysis of the different localities sampled in sexual (pink) and parthenogenetic (green) specimens.

3.3 | Microbiome Analysis

3.3.1 | Overall Microbial Composition and Microbiome
Diversity and Structure

A total of 5297 ZOTUs (zero-radius Operational Taxonomic
Unit) were identified within the 23 samples of A. trapezoides
sequenced. Among them, we identified a total of 16 prokary-
otic phyla: Actinobacteriota was the most abundant phylum
in our samples (42.47%), followed by Firmicutes (29.05%) and
Proteobacteria (12.56%). At the class level, 22 different classes

were identified, with Actinobacteria (29.27%), Bacilli (21.24%),
and Thermoleophilia (9.84%) as the most dominant classes. No
significant differences were observed between sample sites or
reproduction types at these taxonomic levels (Figure 6A).

Alpha diversity values of A. trapezoides differed among sites.
Significant differences were found in Shannon (p<0.05) and
Richness indexes (p <0.01). The Tukey pairwise test showed sig-
nificant differences between Menorca and Karkra (p <0.05) for
the Shannon index and between Menorca and Karkra (p <0.05)
and Plasencia and Karkra (p<0.01) for the Richness index.
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TABLE1 | Statistical results of Gaussian mixture model.

Fee Dip Trip Tet d_dip d_trip d_tet
Sample

D3EL3 97,063.18 23,472.95 66,980.94 92,124.02 73,592.22 30,082.23 2939.16
D3EV5 98,582.38 25,478.31 69,343.77 95,394.47 73,104.06 29,238.60 3187.90
TALQ2 314,540.00 19,493.20 31,252.76 34,604.30 295,046.79 283,287.23 279,935.69
TALQS8 82,783.52 32,629.28 64,849.51 77,693.90 50,154.24 17,934.12 5089.62
TKRA4 255,539.17 79,156.76 122,764.70 222,722.61 185,382.40 132,774.46 32,816.56
TRKB5 464,078.95 132,057.64 240,255.96 410,694.74 332,021.31 223,822.99 53,384.20

Note: d_dip, diploid delta log-likelihood; d_tet, tetraploid delta log-likelihood; d_tri, triploid delta log-likelihood; dip, diploid fixed model maximised log-likelihood;
Fee, free model maximised log-likelihood; tet, tetraploid fixed model maximised log-likelihood; tri, triploid fixed model maxi-mized log-likelihood.

The Richness index suggested that the microbial community
of earthworms from Karkra was the most diverse (p <0.05). In
each site subset, significant differences between parthenoge-
netic and sexual earthworms were only observed in Karkra for
the Richness index (Figure 6B, Data S1).

The associations between microbiome samples were repre-
sented in a cluster dendrogram (Figure 6A) and in a principal
coordinate analysis (PCoA) plot (Figure 6C), both based on
the Bray-Curtis dissimilarity matrix of the microbial ZOTUs.
Both representations revealed that the majority of the sam-
ples grouped by the site, which was the factor explaining most
of the variation between samples (Data S1, Permanova: R%:
0.43, p-value <0.001). However, we detected differences in
dispersion between sampling sites using the permutest func-
tion (p-value<0.05). As shown in the cluster dendrogram,
two samples from Plasencia were highly differentiated from
the others, which can explain the differences in dispersion
(Figure 6A). Population and reproduction, as well as the in-
teraction of both factors, significantly explained the variation
between samples (Data S1). However, as population was the
factor explaining most of the variation (>40%) we chose to
analyse each location separately to test the effect of repro-
duction. Significant differences between parthenogenetic and
sexual individuals were only detected in Karka earthworms,
for which the reproductive mode explained almost 50% of the
microbiome variation (Permanova: R%: 0.49, p-value <0.05,
Data S1). In the cluster dendrogram, differentiation between
sexual and parthenogenetic forms in Karka exceeded 40%
(Figure 6A), and in the PCoA for this locality, both reproduc-
tive modes appeared clearly separated along the first PCoA
axis (Figure S3).

3.3.2 | Differential Abundance Analysis

Differential abundance analysis was conducted to identify spe-
cific ZOTUs associated to each type of reproduction in the dif-
ferent sites. Significant results were only found in the population
from Karkra, with a total of 754 differentially abundant (DA)
ZOTUs between parthenogenetic and sexual worms (Table S4).
From these DA ZOTUs, 314 ZOTUs were significantly more
abundant in sexual earthworms, whereas 440 ZOTUs were
significantly more abundant in parthenogenetic earthworms

(Table S4). For representative purposes, we used a filtered data-
set with a minimum abundance of 0.25% in at least two samples
(Figure 7A, Table S5).

According to this filtered dataset, in sexual earth-
worms the DA ZOTUs belonged to five different phyla
(Actinobacteriota, Crenarchaeota, Firmicutes, Proteobacteria,
and Verrucomicrobiota), which encompassed eight differ-
ent classes (Actinobaceria, Thermoleophilia, Rubrobacteria,
Nitrososphaeria, Bacilli, Alphaproteobacteria, and
Verrucomicrobiae) (Figure 7A). We found 19 different orders
(e.g., Solirubrobacterales, Rhizobiales, and Elsterales), 15 fami-
lies (e.g., Acidothermaceae, Bacillaceae, and Xanthobacteraceae),
and 14 different genera (e.g., Romboutsia, Acidothermus, and
Actinoallomurus) that were more abundant in sexual individu-
als (Table S5).

In contrast, in parthenogenetic individuals, and according to
the filtered data set, the DA ZOTUs were included in five dif-
ferent phyla (Actinobacteriota, Chloroflexi, Crenarchaeota,
Firmicutes, and Proteobacteria) which comprised six different
classes (Actinobacteria, Alphaproteobacteria, Bacilli, KD4-96,
Nitrososphaeria, and Thermoleophilia) (Figure 7A). We ob-
served 10 different orders (e.g., Bacillales, Nitrososphaerales,
and Corynebacteriales), 12 families (e.g., Bacillaceae,
Nitrososphaeraceae, and Methyloligellaceae), and 7 different iden-
tified genera (e.g., Gaiella, Mycobacterium, and Nocardiopsis)
(Table S5).

To perform the functional prediction of the microbial taxa, only
the annotated taxa could be used, which represented between
15% and 60% of relative abundance depending on the sample
(Figure S4). Relevant functional differences between sexual
and parthenogenetic individuals were only detected for Karkra
(Figure S2). In parthenogenetic individuals, taxa performing
dark oxidation of sulfur compounds, nitrate ammonification,
methanotrophy, oxygenic photoautotrophy, and photosynthetic
cyanobacteria were more abundant (Figure 7B, Figure S2). In
contrast, taxa performing nitrate reduction were more abun-
dant in sexual individuals consistently (Figure 7B, Figure S2),
including Rubrobacter, Haemophilus, Hamadea, and Aeromonas
(Table S6), and 3 out of 4 samples of sexual worms contained
more taxa involved cellulolysis, including Acidothermus and
Sorangium (Table S6).
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FIGURE 6 | Microbiome diversity in each locality and reproduction mode. (A) Cluster dendogram based on Bray-Curtis dissimilarity matrices of

microbial communities in the localities sampled. Each colour represents a reproductive mode and prokaryotic taxonomic composition at class level in

the localities sampled for A. trapezoides. A: Archaea; B: Bacteria. (B) Box plot showing alpha diversity measures of localities sampled of A. trapezoides

using Richness diversity index. (C) Principal coordinate analysis (PCoA) plot based on Bray-Curtis dissimilarity matrix of the microbial composition
across the different localities sampled of A. trapezoides (indicated by different shapes). Colours on the figure legend correspond to different reproduc-
tive modes. Variation explained by the first two axes is indicated as %. Statistical results are shown in Appendix S1.

4 | Discussion

Our results demonstrate that different sexual forms (sexual
and parthenogenetic) of the earthworm Aporrectodea trap-
ezoides host divergent microbiomes, potentially selected by
fine-tuning of the immune system at the genomic level, in-
volving genes mediating symbiont perturbations of host cell
cycle. The population differentiation also shows genes con-
tributing to the divergence of sexual and parthenogenetic

populations within Algeria, including important genes related
to gametogenic processes such as sperm capacitation and oo-
cyte fate determination. The following discussion places our
results in a broader evolutionary context that would help un-
derstand the emergence and maintenance of parthenogenetic
systems in earthworms.

Parthenogenetic earthworm species are typically polyploid
(Suomalainen et al. 1987). Indeed, a single morphological
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FIGURE 7 | (A) Heatmap of the filtered DA ZOTUs of sexual and parthenogenetic earthworms from Karkra. (B) Predicted functionality of the

prokaryotic taxa of Karka samples.

species may exhibit a range of ploidy levels. For instance,
Aporrectodea rosea (Savigny, 1826) exhibits a range of forms
with varying degrees of ploidy, from 3n to 10n (Omodeo 1952).
Some of these forms are sexual, while others are parthenoge-
netic. Our ploidy analysis determined that the studied individ-
uals of A. trapezoides were polyploid, potentially tetraploid or
with a higher ploidy (as the analysis is not able to distinguish
between both). While the most common form of this species
is triploid in other populations, both diploid (Onteniente and
Rodriguez Babio 2002) and tetraploid (Omodeo 1952; Casellato
and Rodighiero 1972) individuals have been identified in the
past. According to our results (Figure 5, Table 1) and since
there are no known cases of ploidy greater than 4n in A.
trapezoides (Omodeo 1952; Casellato and Rodighiero 1972;
Onteniente and Rodriguez Babio 2002), we assume that the
individuals included in this study are tetraploids. This may
provide a framework for an explanation as to why significant
differences between sexual and parthenogenetic samples are
only identified in all applied analyses between the Algerian
earthworms. An even ploidy level enables facultative par-
thenogenesis, and recent studies have demonstrated the oc-
currence of rare or cryptic sex in several species previously
considered to be obligately parthenogenetic (Boyer et al. 2021;
Freitas et al. 2023; Kuhn et al. 2021; Laine et al. 2022). It is
plausible that individuals from Spain are facultative parthe-
nogens. The absence of differences between the two reproduc-
tive types in these localities may be attributed to secondary
sexual contacts between these individuals. Conversely, the
Algerian earthworms would be obligate parthenogens, with-
out sexual contact, which would emphasise their genomic and
microbiome differences.

Parthenogenesis is predicted to have many consequences for the
evolution of the genome, resulting in high heterozygosity, high
abundance of horizontally acquired genes, low transposable el-
ement load, or the presence of palindromes (Jaron et al. 2021).
This is true for A. trapezoides in Algeria, where sexual and par-
thenogenetic specimens belonged to different genomic clusters
(Figure 3A,B). This strong separation without shared ancestry
may indicate a hybrid origin of the parthenogenetic forms (with
unsampled parental lineage). Moreover, parthenogenetic indi-
viduals also present higher levels of heterozygosity than sexual
ones in Algeria. This difference may also indicate that parthe-
nogenesis in A. trapezoides is of hybrid origin. Hybridisation-
induced parthenogenesis can result in the generation of a highly
heterozygous genome, contingent upon the divergence between
the parental sexual species prior to the hybridisation event
(Jaron et al. 2021).

Some of the biological processes of the earthworms contrib-
uting more to the differentiation between the two types of
reproduction were clearly related to potential differences be-
tween parthenogenetic and sexual forms of reproduction. For
example, oocyte fate determination or sperm motility and ca-
pacitation. Indeed, nitric oxide (NO) has been shown to pro-
mote human sperm motility via activation of the cyclic GMP/
protein kinase G signalling pathway (Miraglia et al. 2011).
In parthenogenesis, despite the presence of sperm in semi-
nal vesicles, they do not participate in the reproductive pro-
cess, as there is no exchange of gametes. It is plausible that
the levels of NO are insufficient to promote motility in the
sperm of parthenogenetic individuals, hampering the fertil-
isation process. We also detected virus-related processes in
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A. trapezoides. Interestingly, virus vaccinations are known to
trigger the process of parthenogenesis in birds (Ramachandran
and McDaniel 2018). Whether the virome may play a role in
parthenogenesis in A. trapezoides remains unknown, some-
thing that should be investigated in further studies.

Regarding the bacterial phyla found in the samples,
Actinobacteriota and Proteobacteria are two of the most com-
mon phyla found in the gut of worms (Yang et al. 2024; Aira
et al. 2022), while members of the genus Firmicutes often vary
between species (Aira et al. 2022).

The hypothesis that the intestinal microbiome of earthworms is
species-specific, with a strong phylogenetic component, has been
supported in the past (Thakuria et al. 2009; Nechitaylo et al. 2010;
Gomez-Branddn et al. 2011, 2012; Aira and Dominguez 2014).
Other authors, though, have proposed that the gut microbiota
is predominantly derived from the microbiota found in the soil
in which they live (Barois and Lavelle 1986; Zeibich et al. 2019;
Medina-Sauza et al. 2019). Our results demonstrate that both hy-
potheses can be compatible. When examining generic taxonomic
ranks, such as phylum or class (Figure 6A), no significant dif-
ferences were observed at the locality level. This suggests that
the gut microbiome possesses a robust phylogenetic component
and is species-specific, regardless of the soil where it is found.
However, this is not the case when we examine more specific tax-
onomic ranks specifically at the level of ZOTUs (Figure 7). Here,
we observed that microbial diversity is organised according to the
sample site, thereby supporting the hypothesis that the gut mi-
crobiome originates from the soil in which they reside. It seems
probable that, on a large scale, there is a phylogenetic component
in which each species selects the same group of microorganisms.
However, in each locality, the specific microorganisms are selec-
tively incorporated to each of the phylogenetic groups from the
soil where they live. In addition, we provide evidence of fine tun-
ing of the microbiome that diverges across lineages living within
the same site and is associated with the reproductive strategy.
This has been reported previously in the human gut microbiome
(Davenport 2016; Kolde et al. 2018; Spor et al. 2011), mouse lines
(Benson et al. 2011), and plant genotypes (Bouffaud et al. 2014;
Qian et al. 2018). Recent findings in the earthworm Eisenia an-
drei reveal the presence of antimicrobial peptides encoded in the
genome with demonstrated activity against bacteria, supporting
the idea that earthworms may actively shape their gut microbial
communities via immune modulation (Wu et al. 2023).

It is possible that this strong genomic and microbiome struc-
turing in Algerian earthworms is due to ecological factors.
Although both reproductive types coexist at the same sampling
site, they may occupy different microniches with different eco-
logical requirements and a different microbial composition in
the soil (Vos et al. 2013; Medina-Sauza et al. 2023). However,
although this possibility cannot be discarded, we collected in-
dividuals of both types of reproduction within a few square
meters, suggesting they inhabit an ecosystem with very similar
biotic and abiotic factors.

The considerable taxonomic, genetic, and metabolic diversity
of the microbiome presents a significant challenge to the task
of elucidating the mechanisms through which the microbiome

affects the host (Kuziel and Rakoff-Nahoum 2022). In our study,
following the pattern found at the genomic level, the only earth-
worms with a microbiome that differed according to whether
they were parthenogenetic or sexual were the Algerian individ-
uals. However, it is unclear whether a combination of microbial
taxa was behind the promotion of sexuality in earthworms or
only specific taxa were determinant for it. In fact, we did not
identify any endosymbiotic bacteria known to influence the re-
productive behaviour in other species, typically arthropods (e.g.,
Perlmutter and Bordenstein 2020; Aguin-Pombo et al. 2021;
Verhulst et al. 2023). In turn, we detected different taxa that
could be associated to the parthenogenetic and sexual strategies.
For instance, sexual earthworms showed more abundance of
bacteria from the genus Romboutsia, which are known to pre-
vent male infertility in rats (Sheng et al. 2023) and also play a
protective function in male infertility pathogenesis in humans
(Fu et al. 2023). Also, as said before, high levels of nitric oxide
could be beneficial for sperm quality (Miraglia et al. 2011), and
the fact nitrate reduction microbes were only found in sexual in-
dividuals of Algeria, might be linked to more production of NO
and therefore motile sperm in these sexual forms. In contrast,
the Methyloligellaceae family, differentially more abundant in
parthenogenetic individuals, promotes oestrogen (estrone and
estradiol) production through the steroid hormone biosynthesis
pathway in rats (Wang et al. 2024). In this sense, further exper-
imental (including microbial transplantation) and functional
studies should be conducted in order to test whether there is a
direct link between the reproductive mode and specific micro-
bial taxa in A. trapezoides.

5 | Conclusions

This study reveals the different molecular mechanisms in-
volved in parthenogenesis in the earthworm Aporrectodea
trapezoides. We hypothesize that facultative parthenogenesis
is occurring in the Spanish localities, which would explain
the lack of differences between genomic and microbiome-level
data between these separated localities. In contrast, obligate
parthenogenesis is postulated to occur only in the Algerian
earthworm population, since we find evidences of the biolog-
ical drivers related to each type of reproduction at the genomic
and microbiome levels. At the genomic level, we show strong
genomic differentiation between sexual and parthenogens and
also high levels of heterozygosity in the last ones, supporting
the hypothesis of a hybrid origin of parthenogenesis in A. trap-
ezoides. We also showed evidence that suggests that the micro-
biome has been subject to fine-tuning due to divergence in the
sexual and parthenogenetic individuals at the genomic level,
resulting in divergence in composition and function across
lineages inhabiting the same site. This highlights the intrigu-
ing relationship between the microbiome and the reproductive
process that occurs across metazoans. However, further exper-
imental studies, including antibiotic treatments or transplan-
tation experiments with living specimens, may help elucidate
the role of the microbiome in the reproduction of earthworms.
Additionally, directly quantifying microbial products, such as
nitric oxide or hormone-like compounds, could help to validate
functional predictions and clarify the mechanisms underlying
host-microbiome interactions.
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