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Abstract
The freshwater isopod Asellus aquaticus is an important decomposer of leaf
detritus, and its diverse gut microbiome has been depicted as key contribu-
tors in lignocellulose degradation as of terrestrial isopods. However, it is not
clear whether the individual-level microbiome profiles in the isopod digestive
system across different habitats match the implied robust digestion function
of the microbiome. Here, we described the bacterial diversity and abun-
dance in the digestive system (hindgut and caeca) of multiple A. aquaticus
individuals from two contrasting freshwater habitats. Individuals from a lake
and a stream harboured distinct microbiomes, indicating a strong link
between the host-associated microbiome and microbes inhabiting the envi-
ronments. While faeces likely reflected the variations in environmental
microbial communities included in the diet, the microbial communities also
substantially differed in the hindgut and caeca. Microbes closely related to
lignocellulose degradation are found consistently more enriched in the hind-
gut in each individual. Caeca often associated with taxa implicated in endo-
symbiotic/parasitic roles (Mycoplasmatales and Rickettsiales), highlighting
a complex host–parasite–microbiome interaction. The results highlight the
lability of the A. aquaticus microbiome supporting the different functions of
the two digestive organs, which may confer particular advantages in fresh-
water environments characterized by seasonally fluctuating and spatially
disparate resource availability.

INTRODUCTION

Bacterial symbionts represent one of the key drivers
that can shape the ecology and evolution of their hosts
and may ultimately coevolve with their hosts. Plant-
derived low-nutrient diets of shredders and detritivores
require specialized adaptations to regulate handling
and feeding, excretion and nutrient assimilation and the
production of digestive enzymes (Fenoy et al., 2020).
Degradation of plant polysaccharides involves a large
number of Carbohydrate-Active enZymes (CAZymes)
and no animal can achieve efficient digestion of
plant materials with solely its endogenous enzymes

(Kaoutari et al., 2013). For detritivorous invertebrates,
symbiont-mediated CAZyme production appears a
common strategy for acquiring sufficient nutrients from
their complex dietary repertoire (Bredon et al., 2018;
Colman et al., 2012; Warnecke et al., 2007). In terres-
trial ecosystems, termites, millipedes and terrestrial iso-
pods are known important decomposers with
complementary enzymatic functions provided by their
microbiome (Joly et al., 2015; Ni & Tokuda, 2013;
Zimmer, 2002).

Isopods, originating from marine environments and
successfully colonizing the aquatic and terrestrial envi-
ronments, represent a potentially excellent study
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system for examining the role of microbiome in facilitat-
ing a detritivorous diet (Bouchon et al., 2016; Bredon
et al., 2018, 2019; Lafuente et al., 2021; Zimmer, 2002;
Zimmer & Topp, 1998). Even though the discovery of
endogenous cellulolytic enzymes in marine and terres-
trial isopods (King et al., 2010; Kostanjšek et al., 2010)
confounds the precise role of the isopod-associated
microbiome, metagenomic studies have shown that the
microbiota found in the digestive system, especially in
the hindgut, of terrestrial and aquatic isopods are
closely linked to the CAZymes production (Bredon
et al., 2018, 2020). The complexity of the bacterial com-
munities associated with the isopod digestive system,
especially in the caeca, further suggests a functional
role of the microbiome. Two potential nutritional bacte-
ria Candidatus Hepatoplasma crinochetorum and Can-
didatus Hepatincola porcellionum were often found in
various terrestrial isopod species but not in marine
ones (Fraune & Zimmer, 2008; Kostanjšek et al., 2002,
2004; Wang, Stingl, Anton-Erxleben, Geisler,
et al., 2004; Wang, Stingl, Anton-Erxleben, Zimmer,
et al., 2004). Moreover, Ca. Hepatoplasma was sug-
gested to increase its host survival on a cellulosic low-
quality diet (Fraune & Zimmer, 2008), and the recently
published genome of this bacterium indicates its poten-
tial in producing lignocellulose-degrading enzymes
(Bredon et al., 2020; Leclercq et al., 2014). Wang et al.
(2007) showed the presence of four proteobacterial
genera Rhodobacter, Burkholderia, Aeromonas, and
Rickettsiella in the caeca of freshwater isopods. Except
Rickettsiella, these bacteria are putatively associated
with degradation of plant polymers, phenolic com-
pounds or polycyclic aromatic hydrocarbons. In addi-
tion to certain vertically acquired bacteria like
Wolbachia (Bouchon et al., 2008) and Rickettsiella
(Cordaux et al., 2007), a considerable fraction of the
bacterial diversity in isopod digestive system derives
from the environment (Dittmer et al., 2016; Horv�athov�a
et al., 2016). Hindgut and caeca form different micro-
habitats for the environmentally acquired microbes
(Dittmer et al., 2016). Given the different roles of these
two organs in digestion, proliferation of the beneficial
microbial communities, if any, should support their cor-
responding functions and many of these host-
associated enriched microbes should be key players in
the decomposition of complex organic matter, including
lignocellulose.

The interaction between isopods and environmental
microbes is complex, and extensive studies on terres-
trial isopods have shown that diet significantly influ-
ences the diversity and abundance of the gut
microbiota, and host-associated microbiota and envi-
ronmental microbes largely overlap (Dittmer
et al., 2016). Thus, consolidating the role of the gut
microbiome in nutrition and digestion in isopods
requires further individual-level studies in natural

habitats. This is because available microorganisms dif-
fer significantly across habitats, and environmental
microbes within the digestive system can be transient
passengers acting as food resources (Horv�athov�a
et al., 2015; Ihnen & Zimmer, 2008), or become stably
associated with a host. Individual-level robustness of
such associations is a likely signature of continued
enzymatic activities for processing food (Hassall &
Jennings, 1975; Horv�athov�a et al., 2016; Horv�athov�a &
Bauchinger, 2019). However, the impacts of the resi-
dent microbes can also be pathogenic or beneficial in
other aspects. Individual-level microbiome studies in
different habitats are therefore important for under-
standing whether the hypothesized convergent selec-
tion on the microbiota with lignocellulose degradation
functions exists, and varies, across different individuals
in different habitats.

The isopod Asellus aquaticus (Linnaeus 1758)
(Asellota: Asellidae) is one of the most common fresh-
water detritivorous crustaceans and is widely distrib-
uted throughout Europe (Sket, 1994; Verovnik
et al., 2005; for review, see Lafuente et al., 2021).
Aquatic invertebrates such as A. aquaticus (Reiss
et al., 2010), but also many Gammarus spp.
(Nelson, 2011), contribute significantly to the decompo-
sition and cycling of energy and organic matter. How-
ever, unlike its terrestrial relatives though having a
similar digestive system (Figure 1; Bronn et al., 1859),
A. aquaticus can only digest these plant detritus with
enzymes provided by hosted microbes or ingested
enzymes along with the food (Zimmer &
Bartholmé, 2003) and the microbiota produces more
CAZymes to degrade plant polysaccharides than the
host itself (Bredon et al., 2020). Previous studies into
the A. aquaticus microbiome have either been
restricted by experiment methods (low microbial diver-
sity detected) or conducted on pooled samples, obscur-
ing the digestive system enzymatic and microbiota
profiles at the individual level.

This study used 16S rRNA amplicon sequencing to
characterize the diversity and abundance of micro-
biota in different digestive organs of the aquatic
isopod species, Asellus aquaticus, originating from
two contrasting freshwater environments, a lake and a
stream. The hindgut and the caeca were dissected
and collected separately for each individual and to
investigate the relationship between host-associated
microbiota and environmental microbes, faecal
samples were also collected for each individual.
Individual-level analyses were conducted to assess
(i) the tissue-specific and habitat-specific diversity and
composition of the bacterial communities, (ii) the
presence and abundance of possible mutualistic sym-
bionts in hindgut and caeca, and (iii) the individual-
level variation of the host-associated microbiota within
and across habitats.

2 LIAO ET AL.
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RESULTS AND DISCUSSION

We reconstructed the microbiome with zero-radius
OTUs (ZOTUs or amplicon sequence variant [ASV])
with an additional 97% clustering (see Supplementary
Information S1 more details). After rarefaction, 2465
ZOTUs assigned to 29 phyla, 78 classes, 130 orders,
228 families and 338 genera remained in the sample
dataset. Diversity of bacteria found in the collective
digestive system of A. aquaticus was notably high
(>300 genera). Moreover, the microbiome of the stud-
ied A. aquaticus is more diverse than that of the terres-
trial isopods at all taxonomic levels (Bouchon
et al., 2016; Bredon et al., 2018; Dittmer et al., 2016;
Horv�athov�a et al., 2016). For example, while micro-
biome of the terrestrial isopods is predominantly occu-
pied by Proteobacteria (approximately 85%) at the
phylum level, the freshwater isopod microbiome con-
sists of approximately 58% Proteobacteria, 27% Bac-
teroidetes, 10% Tenericutes, 1% Actinobacteria, 1%
Firmicutes, 1% Cyanobacteria and 1% other phyla.

Individuals from the lake and stream shared 50% of
the bacterial ZOTUs, which accounted for 97% of the

total bacterial abundance (Figure 2A); 744 ZOTUs
which comprised 94.67% of the total abundance were
shared by the faeces, caeca and hindgut (Figure 2B).
Nonetheless, ZOTU richness (Chao1) and Shannon
Diversity varied in the three sample types from lake and
stream individuals (Figure S2.1, Table S3.1). We identi-
fied the host habitat as the most important factor asso-
ciated with the difference in microbiota composition
(Figure S2.4). Dissimilarity of the tissue-specific bacte-
rial communities from the lake and stream individuals
was highest in the faecal samples, intermediate in the
hindgut and became least dissimilar in the caeca
(PCoA based on unweighted UniFrac distance matrix,
Figure 2C). The dominant source of microbial commu-
nities observed in the faecal samples presumably is the
environment and the bacteria consumed with plant
materials. Although most of the bacterial taxa were
shared between the two habitats, the composition of
the faecal microbiomes still demonstrates a strong
habitat-specific pattern, pointing to significantly different
assemblage of prevailing bacteria in different habitats.
PCoA based on weighted UniFrac distance matrix
showed that the three sample types clustered

F I GURE 1 Digestive system of the Asellus aquaticus (Source: adapted from Bronn et al., 1859).Ingested food is mechanically processed in
the foregut (oesophagus and stomach). The majority of food processing takes place in the hindgut, and the caeca are responsible for both
digestion and absorption. These tube-like glands secrete digestive fluids to the stomach and process liquids, as well as fine particles from the
hindgut.

INDIVIDUAL ASELLUS MICROBIOME 3
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differently for each individual (Figure 2D). The isopods
in this study were starved for 24 h before the digestive
organs were sampled, to isolate most of the ingested
microbiota in the faecal samples and to reveal the sta-
ble, or resident, part of the host gut microbiota. The fae-
cal and hindgut samples clustered separately in
ordination analyses, showing that starvation was effec-
tive in most cases in separating the more stable gut
communities from the ingested bacteria. The overlap
between the digestive organ microbiome and the faecal
microbiome among the lake and the river habitat, and
the variation among individuals within habitat strongly
suggests that the host environment shapes the

community composition of the microbes found in the
digestive system, especially in the hindguts. Consump-
tion of biofilms along with plant tissues by A. aquaticus
may explain the observed habitat-associated variation
in microbial community structure in the digestive tis-
sues, and is supported by studies on other detritivorous
invertebrates (Bredon et al., 2018; Colman et al., 2012;
Dittmer et al., 2016). Patterns seen in the PCoA plots
are supported by a significant interaction of Tissue and
Habitat reported in the permutational multivariate
ANOVA (PERMANOVA) analysis based on unweighted
and weighted UniFrac distance matrix (Table 1). PCoA
and the associated PERMANOVA statistics showed

F I GURE 2 (A) ZOTU distribution and the corresponding abundance in lake and stream individuals. (B) ZOTU distribution and the
corresponding abundance in caeca, hindguts, and faeces samples. Within the bracket shows the percentage of the overall abundance and the
corresponding abundance. (C) PCoA based on unweighted UniFrac distance matrix showing differences in bacterial community composition
between different habitats in different sample types. (D) PCoA based on weighted UniFrac distance matrix showing differences in bacterial
community composition among samples from different individuals. Each dot represents a sample, and the number label shows which individual
the sample is from. C, caeca; F, faeces; H, hindgut
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similar patterns when only common ZOTUs (n = 744)
shared among the three sample types were included
(Figure S2.2, Figure S2.3; Table S3.2, Table S3.3).

Bacterial composition in hindguts differed signifi-
cantly from the composition in caeca both on the indi-
vidual and on the population (habitat) levels (Figure 3,
composition plotted at order level). Both caeca and
hindguts shared many abundant Proteobacteria and
Tenericutes (assessed by the DESeq2 calculated base
mean value, padj >0.05). Bacteroidetes were highly
abundant in hindgut samples (DESeq2, base
mean = 43,595, log2FoldChange = 2.51, padj <0.001),
while caeca microbiome comprised more abundance of
Actinobacteria (DESeq2, base mean = 973, log2Fold-
Change = 1.48, padj <0.05) and Firmicutes (DESeq2,
base mean = 758, log2FoldChange = 3.36, padj
<0.001). The 10 most abundant orders in the host
tissues (hindgut and ceaca) were Flavobacteriales,
Burkholderiales, Mycoplasmatales, Cytophagales,
Neisseriales, Aeromonadales, Pseudomonadales,
Rickettsiales, Sphingobacteriales and Rhodobacterales
(Figure 3). These highly predominant bacteria
(accounting for 61% of the bacterial abundance in the
host tissues) may constitute towards the potential host-
associated core microbiome. DESeq2 analysis indi-
cated that 17 bacterial orders were differentially
enriched in either hindguts or caeca (Figure 4). The
orders Flavobacteriales, Pseudomonadales, Desulfo-
bacterales and PeM15 were more abundant in the hind-
gut microbiome. Pseudomonadales are considered the
primary symbiont group in many terrestrial isopod
populations (Bredon et al., 2019; Dittmer et al., 2016;
Dittmer & Bouchon, 2018; Zimmer, 2002). Flavobacter-
iales was indicated as one of the largest contributors to
lignocellulose-degrading CAZymes in A. aquaticus
populations (Bredon et al., 2020) and were found in
high abundance in each individual in this study. Desul-
fobacterales is a group of anaerobic bacteria often

found in termites and cockroaches and implicated in lig-
nocellulose digestion (Ni & Tokuda, 2013). These bac-
teria require complex morphological structures in the
hindgut to proliferate (Kostanjšek et al., 2004), suggest-
ing that their consistent detection, albeit at low abun-
dances, may indicate their role in the resident
functional microbiome, rather than transient passen-
gers. Other highly abundant bacteria like Mycoplasma-
tales are often found in termite hindguts, where they
are shown to participate in depolymerizing cellulose
and hemicellulose (Yang et al., 2005). These differen-
tially enriched bacteria and predominant bacteria are
prime candidates in support of the robust digestive
functions in the hindgut.

While the hindgut microbiome was relatively consis-
tent in its composition across different individuals in the
two habitats, the variation in the caeca microbiome
among individuals from the same habitat, as well as the
variation between habitats, was large (Figures 3 and 4).
Although Burkholderiales, Neisseriales, Mycoplasma-
tales and Rickettsiales species were highly abundant in
some caeca samples, they were not found in every indi-
vidual. Micrococcales and Burkholderiales are known
to contribute significantly to polymer degradation
(Bredon et al., 2020), but the individual level variation in
their dominance and abundance between caeca sam-
ples suggests that the significance of their role in diges-
tion is unclear. Recently, it was shown that it is hindgut
microbiome rather than caeca microbiome that contrib-
utes significantly to the lignocellulose degradation
(Bredon et al., 2020). Our results support this view, as
no specific bacteria in the caeca was found as “obli-
gate” for the host and to be known to participate in cel-
lulose digestion. Nonetheless, composition of the
caeca microbiome was more stable and convergent
across the two habitats (less variance explained by
habitat) than the hindgut and faecal samples
(Figure 2C). Meanwhile, caeca harboured the largest

TAB LE 1 Results of permutational multivariate analysis of variance (adonis function)

Df Sums Sqs Mean Sqs F.Model R 2 Pr (>F)

Unweighted UniFrac Distance Matrix Habitat 1 0.8867 0.88673 4.2699 0.0985 0.00001***

Tissue 2 1.8353 0.91763 4.4186 0.2039 0.00001***

Habitat:Tissue 2 0.6707 0.33536 1.6148 0.0745 0.01299*

Residuals 27 5.6072 0.20767 0.623

Total 32 8.9999 1

Weighted UniFrac Distance Matrix Habitat 1 0.3452 0.34519 3.3659 0.0756 0.00108**

Tissue 2 0.9984 0.49921 4.8678 0.2188 0.00001***

Habitat:Tissue 2 0.4511 0.22555 2.1993 0.0988 0.00389**

Residuals 27 2.769 0.10255 0.6067

Total 32 4.5637 1

Note: Test is based on either unweighted or weighted UniFrac distances and 99,999 permutations.
*P ≤ 0.05.
**P ≤ 0.01.
***P ≤ 0.001.
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number of tissue-specific ZOTUs (n = 455, only
detected in a given tissue type), although these unique
ZOTUs were of low abundance (Figure 2B). Piphillin
metagenome reconstruction and prediction of the func-
tional profile of the bacterial communities implied that
the caeca microbiome was richer in genes that are
involved in lipid metabolism, glycan biosynthesis and
metabolism, and other digestive system-related path-
ways, compared to the metagenome inferred from hind-
guts (Table 2). The analysis does indirectly hint at an
accessory role for the caeca microbiome functions, rel-
ative to the hindgut; however, the functional profile pre-
diction must be interpreted with caution, as only
368 KEGG pathways were assigned.

Caeca, though not having a consistent microbiome
profile, were often associated with taxa implicated in
endosymbiotic/parasitic roles. Notably, Wolbachia
(order Rickettsiales) was more abundant in lake caeca,
while Ca. Hepatoplasma (order Mycoplasmatales) was
more enriched in stream caeca (Table S3.4). Two indi-
viduals carried relatively more Ca. Hepatoplasma in
caeca (95.1% and 4.3% of the caeca microbiomes,
C14 and C23 in Figure 3 respectively) and one individ-
ual was infected by Wolbachia (order Rickettsiales),
which dominated the microbiome of this individual
(41.1% of caeca microbiome, C22 in Figure 3). In total,
Wolbachia was present (>50 reads after rarefaction) in
samples from three individuals (C22, H22, C23, F12),

F I GURE 3 Composition of bacterial communities (relative abundance) in caeca and hindguts. The order of taxa in the legend follows the
order of taxa in the community bar (from top to bottom). The 20 most abundant bacterial orders are specified in the legend. Samples are
clustered based on unweighted UniFrac distance matrix. C, caeca; F, faeces; H, hindgut

6 LIAO ET AL.
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Ca. Hepatoplasma from three individuals (C14, C22,
C23) and Ca. Hepatincola (order Rickettsiales) from
three individuals (F19, F21, C23) (Table S3.5).

It is suggested that Ca. Hepatoplasma is environ-
mentally transmitted (Fraune & Zimmer, 2008), but no,
or few Ca. Hepatoplasma (0 or <50 reads) were found
in the faecal samples in this study. The near-absence
from faeces microbiome may reflect ecological con-
strains, or that Ca. Hepatoplasma environmental trans-
mission may occur more readily in high-density
populations or during juvenile stages. To confirm on the
transmission routes, further experimental work will be
required. Detection of both Ca. Hepatoplasma and Ca.
Hepatincola in individual 23 in our study (>50 reads

after rarefaction) suggests higher lability of the Asellus
microbiome as no individual in the previous studies on
terrestrial isopods were found infected with both bacte-
ria simultaneously (Bouchon et al., 2016; Fraune &
Zimmer, 2008; Wang et al., 2007). Considering the
widespread occurrence of these bacteria, and their
monopoly in the glands of some isopods, further func-
tional investigations based on metatranscriptomics will
be necessary to confirm and validate the specific func-
tional contributions of these bacteria in the caeca if
there are any.

Structuring the microbiome profile on the individual
level also allows us to identify individuals co-infected by
both Ca. Hepatoplasma and Wolbachia (individual

F I GURE 4 Normalized counts of differentially enriched bacterial orders in hindgut and caeca and the corresponding log2FoldChange
(hindgut vs. caeca). Only bacterial orders with adjusted p value <0.05 and estimated base mean > 30 are considered as differentially enriched
taxa. Unidentified taxa at order level are marked with asterisk. C, caeca; H, hindgut

TAB LE 2 KEGG pathways differentially represented in hindguts and caeca

Pathway Caeca Hindgut Related biological process

ko00062 7.69 ± 1.54 4.96 ± 1.81 Lipid metabolism*

ko00571 11.71 ± 0.97 9.86 ± 1.13 Glycan biosynthesis and metabolism**

ko03050 8.97 ± 1.56 6.80 ± 1.28 Folding, sorting and degradation**

ko04916 8.41 ± 1.73 5.13 ± 1.53 Endocrine system***

Note: Abundance is log2 transformed. Asterisks indicate the range of adjusted p values: *padj ≤ 0.05; **padj ≤ 0.01; ***padj ≤ 0.001.

INDIVIDUAL ASELLUS MICROBIOME 7
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22, 23; >50 reads after rarefaction). Wolbachia are
facultative intracellular symbionts (Zug & Hamm
erstein, 2012), Terrestrial isopod populations are
mostly infected by the vertically acquired Wolbachia B
group (inducing feminization or cytoplasmic incompati-
bilities), and its presence influences the microbial com-
munities in the isopod populations (Bouchon
et al., 1998; Dittmer & Bouchon, 2018). While the pres-
ence of Ca. Hepatoplasma promotes host survival on
lignocellulose-rich diet, the nutritional role of Wolbachia
and its interactions with other endosymbionts are
unknown. Further studies focused on measuring the
prevalence of Wolbachia in larger sample sizes and
diverse A. aquaticus populations may be interesting for
understanding its role in mediating eco-evolutionary
feedbacks between the holobiont and isopod host
(Lafuente et al., 2021).

Our study provides the first individual level isopod
microbiome data, which will enable further studies on
the interactions between the host, parasites, and the
microbiome. The A. aquaticus caeca and hindgut
microbiomes at individual level have shown both flexi-
bility and consistency, which underlies the importance
of a functional core microbiome in a wide range of detri-
tivorous isopods. Our study further confirms that caeca
and hindgut form two different microhabitats for bacte-
ria and contain tissue-specific microbial communities.
While predominant and differentially enriched taxa in
the hindgut support the robust digestive function, a
more diverse microbiome is found in caeca aligning
with the miscellaneous functions of the organ.

A relatively stable caeca microbiome was detected,
suggesting that selective enrichment system may exist
in the caeca to generate a specific microbiome compo-
sition and functionality. The detection of Wolbachia and
Ca. Hepatoplasma reveals a more complicated interac-
tion between the host and the microbial communities in
the caeca than between the host and the hindgut micro-
biome. Questions regarding the role of the microbiome
in facilitating the spread of the isopod populations,
enabling the high polymer degradation activity, and
helping the host to cope with different stressors remain
to be answered. The complexity and variation of the
A. aquaticus microbiome on the individual level uncov-
ered in this study further emphasizes freshwater iso-
pods as excellent model organism for studying the
ecology and evolution of host–microbiome interactions
(Lafuente et al., 2021; O’Callaghan et al., 2019).
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