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Abstract: The symbiotic relationship between macroorganisms, such as plants and animals, and
the microorganisms in their environment plays a crucial role in shaping their physiology and ecol-
ogy. Thus, many studies have examined microbial symbiosis in relation to plants, humans, and
insects. However, little is known about the microbial diversity associated with isopods. Hence, in
this study, we investigated the fungal diversity associated with two species of terrestrial isopods,
Armadillidium nasatum and A. vulgare. In this study, we used a metabarcoding approach to compare
fungal diversity between the two species for the first time. Our results indicated that A. nasatum had
significantly greater mycobiome alpha diversity than A. vulgare. In contrast, fungal communities (beta
diversity) did not differ significantly between hosts, except in beta dispersion of relative abundance.
The majority of fungi identified belonged to Ascomycota and Basidiomycota, phyla that are dominated
by saprotrophs. In conclusion, our findings shed light on the fungal communities associated with
Armadillidium species, providing valuable insight into the biology of terrestrial isopods.

Keywords: fungal diversity; isopods; metabarcoding; mycobiome; saprotrophic fungi; terrestrial
invertebrates

1. Introduction

Isopods, such as sea slaters, sow bugs, and pill bugs are a diverse group of crustaceans
found in both aquatic and terrestrial environments [1–3]. The Oniscidea, a taxon of the
Isopoda, comprises mostly terrestrial species, and its monophyly is well supported by
numerous morphological apomorphies. These terrestrial isopods, commonly known as
pill bugs or woodlice, are small crustaceans that play an important ecological role in many
terrestrial ecosystems [4]. There are approximately 4000 known species of terrestrial isopod
worldwide, inhabiting environments ranging from deserts to rainforests [2,3], and primarily
found under fallen leaves and rocks [5,6]. Despite their small size and inconspicuous
appearance, terrestrial isopods are incredibly important decomposers and nutrient recyclers
in many ecosystems. As detritivores, terrestrial isopods break down organic materials
from plants and fungal hyphae, facilitating the nutrient cycle in soil ecosystems [7–9].
In addition, isopods can be used in traditional medicines for their pharmacological and
physiological benefits (e.g., anti-inflammation and antioxidation) [10–12]. Furthermore,
they have great potential in food industry and agriculture as valuable food source for
humans and animals [13,14]. Thus, in addition to their role in ecosystem functioning,
isopods may also have valuable applications in various industries.

Since microorganisms influence the metabolism and evolution of their hosts [15–17],
describing microbial diversity is key to enabling an efficient understanding of this relation-
ship [18–22]. Although it has been investigated frequently in insect environments [23–26],
research on isopods has been relatively neglected, with only a few studies focusing on
bacteria [27–29]. Fungi are a major component of the soil microbial community and play
important roles in nutrient cycling and organic matter decomposition. They form mutu-
alistic associations with many terrestrial organisms, including plants, animals, and other
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fungi. Fungal communities associated with terrestrial isopods have received less atten-
tion compared to those associated with other soil organisms, such as plants and insects.
However, given the major role fungi play as symbionts and parasites, they are an im-
portant microbial taxon to examine [30–32]. Several fungal species have been identified
in isopods [33–36], and some produce compounds which possess pharmacological or
cosmetic applications [37–39]. Fungi associated with isopods can be categorized as en-
dosymbionts and foods. As endosymbionts, the isopods can have obligate gut symbionts
or parasites [33,34], whereas terrestrial isopods feed on leaves colonized by decaying
fungi or fungal mycelia [40,41], indicating that fungi detected in isopods is derived from
food sources.

In recent years, the development of high-throughput sequencing technologies has
revolutionized the study of microbial diversity and community composition at an unprece-
dented scale [42–44]. One such approach, metabarcoding, allows for the simultaneous
sequencing of multiple barcoded sequences to identify and quantify the microbial com-
munities present in a given sample. This method has been widely used to investigate
microbial diversity in various ecosystems, including soil, water, and the gut microbiota of
animals [43,45,46]. Compared to traditional culture-based methods, metabarcoding offers
several advantages, including the ability to detect a wide range of microorganisms and iden-
tify rare or uncultivable species. In the context of studying microbial diversity associated
with terrestrial isopods, the metabarcoding approach has the potential to provide a more
comprehensive and accurate picture of community composition than traditional methods,
and may reveal previously unknown interactions between isopods and microorganisms.

Armadillidium (family Armadillidiidae), a terrestrial isopod genus, is commonly known
as a pill bug or roly poly [4]. It is characterized by its unique ability to roll into a ball as a
defense mechanism. Armadillidium species are common and widespread and found in many
habitats, including urban and suburban areas, forests, and agricultural fields. The genus
Armadillidium includes over 100 species which have been the subject of extensive ecological
and evolutionary research due to their unique traits, such as their ability to survive in
diverse habitats, their role as decomposers, and their interactions with other organisms
in the soil ecosystem [2,3]. South Korea is home to three Armadillidium species, among
which Armadillidium nasatum and Armadillidium vulgare are the most common [47]. Previous
research on Korean Armadillidium species has focused mainly on taxonomic and population
genetics [47–49], with no study on microbial diversity associated with a terrestrial isopods.

Armadillidium vulgare is known to feed on decaying plant material and the microorgan-
isms growing on it, thus its gut microbiota is likely to include a higher diversity of fungi.
Some studies have investigated the fungal diversity associated with Armadillidium and
related species, these studies have mainly focused on culturable fungi. To the best of our
knowledge, studies investigating the fungal communities associated with Armadillidium
using a metabarcoding approach have not yet been performed. Hence, this study is the
first to investigate the diversity of fungi associated with A. nasatum and A. vulgare using a
metabarcoding approach. The objective of this study was to provide information on the
fungal diversity associated with the terrestrial isopod Armadillidium species. Specifically,
by using metabarcoding technology, we expected to discover more diversity of fungi in
isopods than previously known. We also hypothesized that fungal diversity and commu-
nity structure would differ among Armadillidium species, and compared the characteristics
of fungal communities between two Armadillidium species; A. nasatum and A. vulgare.

2. Materials and Methods
2.1. Sample Collection and DNA Extraction

All isopod samples were collected from Central Park, Gwacheon, South Korea (37.431 N,
126.995 E) in September, 2022. The sampling sites in the park contained a variety of vegeta-
tion, including broad-leaved trees (e.g., Platanus occidentalis and Prunus serrulate), coniferous
trees (e.g., Pinus spp.), and shrubs (e.g., Rhododendron spp.). Armadillidium species inhabit
areas behind fallen leaves and rocks, and isopod samples were collected from four sites
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per species. The isopod samples were identified morphologically based on the description
from previous studies [50,51]. One representative individual was randomly chosen from
each site, and a total of eight representative individuals were selected for DNA extraction
and amplicon sequencing. The surface of the samples was sacrificed and sterilized with
70% ethanol for 1 min and washed with sterilized distilled water for 1 min to remove soil
and plant debris. After sterilization, the distilled water that was used for washing (100 µL
× 3 replicates) was inoculated via a 90 mm PDA medium (BD Difco, Franklin Lakes, NJ,
USA) to confirm the surface sterilization status of the isopod samples. After culturing at
25 ◦C for 2 weeks, it was confirmed that none of the microorganisms grew on the medium.
We confirmed the death of the isopod samples by placing them in the freezer (−20 ◦C) for
5 min. One representative individual (c.a. 0.05 g) from each site was placed in a 2 mL tube
containing a steel bead and homogenized (Taco™ Prep Bead Beater, GeneReach, Taichung,
Taiwan). Genomic DNA was obtained from crushed samples using an AccuPrep DNA
extraction kit following the manufacturer’s protocol (Bioneer, Daejeon, South Korea). DNA
was stored in a freezer at −20 ◦C until further use.

2.2. Preparation for Illumina MiSeq

The fungal ribosomal internal transcribed spacer (ITS) region was amplified in two
steps using an AccuPower PCR PreMix kit (Bioneer, South Korea). First, the full ITS region
was amplified with ITS1Fngs and ITS4 primers [52,53] under the following conditions:
95 ◦C for 5 min; 35 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 40 s; and 72 ◦C for
5 min. Amplicons were confirmed using 1% gel electrophoresis and used for secondary
PCR amplification of the ITS1 region. The primers ITS1Fngs and ITS2ngs [54] were attached
to the MiSeq adapter, and the thermocycling conditions were as follows: 95 ◦C for 5 min;
15 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 40 s; and 72 ◦C for 7 min. Amplicons
were again confirmed with 1% gel electrophoresis and then purified using an Expin™ PCR
SV kit (GeneALL, Seoul, South Korea). For each sample, PCR was performed in triplicate
using SimpliAmp™ Thermal Cycler (Applied Biosystems, Waltham, MA, USA) and the
results were pooled together after measuring the DNA quantity using a Multiskan SkyHigh
Microplate Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Sequencing
was performed using Illumina MiSeq at Macrogen (Seoul, South Korea).

2.3. Bioinformatics and Statistics

Raw sequencing data were processed using the QIIME2 platform [55]. After de-
multiplexing and adapter trimming, sequence pairs were denoised and merged using
DADA2 [56]. VSearch was used to cluster the operational taxonomic units (OTUs) based
on 97% sequence similarity, and chimeric sequences were filtered [57]. Representative
sequences of each OTU were grouped into taxa using the Naïve Bayesian classifier against
NCBI RefSeq [58,59]. Before further analysis, all samples were normalized based on the
lowest number of sequences (34,000 reads). As alpha diversity indices, richness (number of
OTUs), diversity (Shannon diversity index), evenness (Pileu evenness index), and coverage
(Good’s coverage index) were calculated in QIIME2. Alpha diversity and community
structures were analyzed and visualized using the statistical packages ggplot2 [60], phy-
loseq [61], and vegan [62] in R version 4.1.2 [63]. After checking for normality using the
Shapiro–Wilk test, alpha diversity indices were compared using t-tests and visualized
with boxplots using ggplot2 package in R. A principal coordinates analysis (PCoA) was
performed on binary Jaccard dissimilarities for presence/absence data, Bray–Curtis dissim-
ilarities for abundance data, and a permutational multivariate analysis of variance using
adonis in the vegan package. Multivariate homogeneity of group dispersions was calculated
and tested using betadisper in the vegan package. Fungal trophic modes and traits were
analyzed in FUNGuild [64]. All sequences generated from this study were deposited in the
NCBI Sequence Read Archive under BioProject ID PRJNA905914.
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3. Results

The eight samples yielded 1,044,406 reads (average: 130,551 reads/sample), and af-
ter filtering out low-quality and non-fungal sequences, a total of 484,999 reads (average:
60,625 reads/sample) remained for further analysis. Good’s coverage values indicated a
sufficient number of sequences (0.999–1.000). Fungal diversity in the samples comprised
4 phyla, 15 classes, 38 orders, 65 families, 76 genera, and 153 OTUs. At the OTU level, a
total of 116 and 78 fungal OTUs were detected from A. nasatum and A. vulgare, respectively.
Among these, 41 OTUs were detected commonly in both Armadillidium species (Figure 1A).
Among all the OTUs, Ascomycota was the phylum with the highest number of OTUs
(100 OTUs), followed by Basidiomycota (50 OTUs). The top five classes with the most
OTUs included three classes in Ascomycota (Dothideomycetes, Eurotiomycetes, and Sor-
dariomycetes) and two classes in Basidiomycota (Agaricomycetes and Tremellomycetes).
Sordariomycetes had the largest number of OTUs (53 OTUs) followed by Agaricomycetes
(30 OTUs), Dothideomycetes (21 OTUs), Eurotiomycetes (18 OTUs), and Tremellomycetes
(11 OTUs) (Figure 1B). The alpha diversity indices calculated from the fungal communities
in two Armadillidium species differed significantly in terms of OTU richness (p = 0.009) and
diversity (p = 0.038), but not in evenness (p = 0.181) (Figure 2). The number of OTUs and
the Shannon–Weaver diversity index were significantly higher in A. nasatum compared to
A. vulgare.
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Figure 2. Alpha diversity of fungal communities in A. nasatum and A. vulgare. OTUs: number of
OTUs (richness measure), diversity: Shannon–Weaver diversity index, evenness: Pileu’s equitability
index, asterisk (*): p < 0.05, NS.: p > 0.05.

Ordination analysis for the presence/absence dataset based on binary Jaccard dis-
similarities showed that fungal communities did not differ significantly between hosts
(p = 0.067) (Figure 3A). Additionally, beta dispersion of the fungal community in A. vulgare
was relatively high, but there was no difference between hosts (p = 0.481) (Figure 3C).
Bray–Curtis dissimilarities on abundance data yielded similar results: fungal communities
did not differ significantly between hosts (p = 0.221) (Figure 3B), while beta dispersion was
significantly higher in A. vulgare samples (p = 0.012) (Figure 3D).

Major fungal phyla associated with A. nasatum and A. vulgare included Ascomy-
cota (33.8–65.1%) and Basidiomycota (34.9–66.2%) (Table 1; Figure 4A). The other phyla
(Chytridiomycota and Mucoromycota) were detected with very low abundance: less than
0.2% in all samples except for the An3 sample (Chytridiomycota, 4.1%). At the class
level, Agaricomycetes (28.9–66.0%) and Sordariomycetes (9.8–48.4%) were dominant in
most samples, except for one A. vulgare sample (Av3), where Dothideomycetes (48.5%)
was dominant. The two species differed in taxonomic-composition patterns (Figure 4B,
Supplementary Figure S1). Across all A. nasatum samples, dominant taxa were Acan-
thophysium (Stereaceae, Russulales), Aspergillus, (Aspergillaceae, Eurotiales), Penicillium
(Aspergillaceae, Eurotiales), Fusarium (Nectriaceae, Hypocreales), Trichoderma (Hypocre-
aceae, Hypocreales), and Purpureocillium (Ophiocordycipitaceae, Hypocreales). However,
dominant taxa differed within A. vulgare samples (Figure 4B, Supplementary Figure S1).
Penicillium and Phallus (Phallaceae, Phallales) were dominant on Av1; Ceratobasidium (Cera-
tobasidiaceae, Cantharellales), Fusarium, and Phallus on Av2; Leptospora (Dothideomycetes
incertae sedis) on Av3; and Acanthophysium on Av4. Given the trophic mode of fungal
communities, saprotrophs were dominant in all samples (55.8–78.9%) except for Av2, which
was dominated by pathotroph-saprotroph-symbiotrophs (54.0%) (Figure 5A). Among
saprotrophs, white rot (32.4–64.3%) and undefined saprotroph (34.0–45.2%) were the most
abundant traits (Figure 5B).
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Figure 3. Structures of fungal communities associated with A. nasatum and A. vulgare. PCoA
plots using (A) binary Jaccard and (B) Bray–Curtis dissimilarities. Beta dispersion values based on
(C) binary Jaccard and (D) Bray–Curtis dissimilarities.

Table 1. Abundance percentage of fungal genera in A. nasatum and A. vulgare.

Taxonomy Genus An1 An2 An3 An4 Av1 Av2 Av3 Av4

Phylum Ascomycota
unidentified; unidentified; unidentified unidentified <0.01 <0.01 <0.01 <0.01 0.75 <0.01 <0.01 <0.01
Dothideomycetes; Botryosphaeriales; Aplosporellaceae Aplosporella 5.49 <0.01 <0.01 0.20 <0.01 <0.01 <0.01 <0.01
Dothideomycetes; Cladosporiales; Cladosporiaceae Cladosporium 0.19 <0.01 0.99 0.68 0.45 0.05 5.31 <0.01
Dothideomycetes; Dothideales; Saccotheciaceae Aureobasidium <0.01 <0.01 <0.01 0.09 <0.01 <0.01 <0.01 <0.01
Dothideomycetes; Dothideomycetes_inc * Leptospora 0.02 1.86 0.35 <0.01 <0.01 <0.01 42.17 <0.01
Dothideomycetes; Mycosphaerellales; Mycosphaerellaceae Cercospora <0.01 <0.01 <0.01 <0.01 <0.01 5.00 <0.01 <0.01
Dothideomycetes; Mycosphaerellales; Teratosphaeriaceae unidentified 0.55 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Dothideomycetes; Pleosporales; unidentified unidentified 0.52 0.38 0.86 0.14 <0.01 <0.01 <0.01 <0.01
Dothideomycetes; Pleosporales; Amorosiaceae unidentified <0.01 0.73 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Dothideomycetes; Pleosporales; Didymellaceae unidentified <0.01 0.96 <0.01 <0.01 <0.01 <0.01 0.31 <0.01
Dothideomycetes; Pleosporales; Didymosphaeriaceae Paraphaeosphaeria 2.58 <0.01 <0.01 6.13 <0.01 <0.01 <0.01 <0.01
Dothideomycetes; Pleosporales; Nigrogranaceae Nigrograna 1.19 1.05 1.75 0.09 0.79 <0.01 0.69 <0.01
Dothideomycetes; Pleosporales; Phaeosphaeriaceae unidentified 3.02 <0.01 <0.01 0.11 <0.01 <0.01 <0.01 <0.01
Dothideomycetes; Pleosporales; Pleosporaceae Curvularia 0.77 0.80 <0.01 0.05 <0.01 <0.01 <0.01 <0.01
Dothideomycetes; Pleosporales; Pleosporales_inc Aaosphaeria 0.84 <0.01 <0.01 0.03 <0.01 <0.01 <0.01 9.31
Dothideomycetes; Pleosporales; Thyridariaceae Xenoroussoella <0.01 <0.01 0.94 <0.01 <0.01 <0.01 <0.01 <0.01
Eurotiomycetes; Chaetothyriales; Cyphellophoraceae Cyphellophora <0.01 0.36 1.48 <0.01 <0.01 0.09 <0.01 1.14
Eurotiomycetes; Chaetothyriales; Herpotrichiellaceae unidentified 0.94 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01
Eurotiomycetes; Chaetothyriales; Herpotrichiellaceae Exophiala <0.01 <0.01 <0.01 <0.01 0.82 <0.01 <0.01 <0.01
Eurotiomycetes; Eurotiales; unidentified unidentified <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Eurotiomycetes; Eurotiales; Aspergillaceae Aspergillus 1.99 2.06 1.10 6.41 <0.01 0.13 0.24 9.47
Eurotiomycetes; Eurotiales; Aspergillaceae Penicillium 7.31 17.26 13.21 10.90 19.02 0.93 3.75 4.04
Lecanoromycetes; unidentified; unidentified unidentified <0.01 <0.01 <0.01 0.01 <0.01 0.01 <0.01 <0.01
Lecanoromycetes; Lecanorales; Lecanorineae Xanthoparmelia <0.01 <0.01 <0.01 <0.01 <0.01 0.04 <0.01 <0.01
Leotiomycetes; Helotiales; unidentified unidentified 0.73 <0.01 <0.01 0.02 0.33 <0.01 <0.01 <0.01
Leotiomycetes; Leotiomycetes_inc; Myxotrichaceae Oidiodendron <0.01 <0.01 0.96 <0.01 <0.01 <0.01 <0.01 <0.01
Lichinomycetes; Lichinales; Lichinaceae Phylliscum 0.54 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
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Table 1. Cont.

Taxonomy Genus An1 An2 An3 An4 Av1 Av2 Av3 Av4

Sordariomycetes; unidentified; unidentified unidentified <0.01 <0.01 <0.01 <0.01 0.47 <0.01 <0.01 <0.01
Sordariomycetes; Coniochaetales; Coniochaetaceae Coniochaeta 1.67 <0.01 0.56 0.07 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Diaporthales; Gnomoniaceae Ophiognomonia <0.01 <0.01 <0.01 <0.01 0.09 0.01 <0.01 0.65
Sordariomycetes; Hypocreales; unidentified unidentified 0.18 <0.01 <0.01 <0.01 3.39 <0.01 <0.01 <0.01
Sordariomycetes; Hypocreales; Bionectriaceae Clonostachys 0.93 1.72 0.71 0.73 <0.01 0.43 2.80 6.37
Sordariomycetes; Hypocreales; Hypocreaceae Trichoderma 3.43 1.81 8.24 0.09 1.81 11.13 1.57 0.81
Sordariomycetes; Hypocreales; Hypocreales_inc Acremonium <0.01 0.21 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Hypocreales; Hypocreales_inc Xenoacrodontium <0.01 <0.01 <0.01 1.38 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Hypocreales; Nectriaceae unidentified 0.17 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Hypocreales; Nectriaceae Cosmospora <0.01 0.37 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Hypocreales; Nectriaceae Fusarium 3.58 7.95 4.01 3.67 2.59 20.23 <0.01 0.48
Sordariomycetes; Hypocreales; Nectriaceae Mariannaea 0.08 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Hypocreales; Niessliaceae Niesslia <0.01 0.73 <0.01 10.60 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Hypocreales; Ophiocordycipitaceae Purpureocillium 1.99 2.49 3.86 0.26 1.24 15.77 4.05 1.01
Sordariomycetes; Hypocreales; Ophiocordycipitaceae Tolypocladium 0.91 <0.01 1.14 6.75 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Hypocreales; Sarocladiaceae Sarocladium <0.01 <0.01 <0.01 <0.01 1.48 <0.01 <0.01 <0.01
Sordariomycetes; Microascales; Microascaceae Microascus 0.05 <0.01 <0.01 <0.01 0.58 <0.01 <0.01 <0.01
Sordariomycetes; Sordariales; Cephalothecaceae Phialemonium <0.01 0.23 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Sordariales; Chaetomiaceae unidentified <0.01 0.07 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Sordariales; Chaetomiaceae Chaetomium 0.73 <0.01 1.13 0.03 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Sordariales; Chaetomiaceae Collariella <0.01 <0.01 1.14 <0.01 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Sordariales; Chaetomiaceae Condenascus 0.51 10.93 <0.01 0.02 <0.01 0.18 4.18 <0.01
Sordariomycetes; Sordariales; Schizotheciaceae Schizothecium <0.01 <0.01 <0.01 <0.01 <0.01 0.56 <0.01 <0.01
Sordariomycetes; Sordariomycetes_inc; Phomatosporaceae Phomatospora 1.91 0.13 <0.01 0.08 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Xylariales; unidentified unidentified 0.63 <0.01 1.65 0.03 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Xylariales; Apiosporaceae Apiospora 0.27 <0.01 0.69 0.02 <0.01 <0.01 <0.01 0.53
Sordariomycetes; Xylariales; Diatrypaceae Peroneutypa <0.01 <0.01 <0.01 3.65 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Xylariales; Hypoxylaceae Daldinia 0.07 0.01 0.04 4.97 <0.01 0.01 <0.01 <0.01
Sordariomycetes; Xylariales; Sporocadaceae Discosia <0.01 <0.01 <0.01 <0.01 7.79 <0.01 <0.01 <0.01
Sordariomycetes; Xylariales; Sporocadaceae Pestalotiopsis 0.22 0.46 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Xylariales; Xylariaceae Biscogniauxia 0.26 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Sordariomycetes; Xylariales; Xylariaceae Nemania <0.01 1.73 <0.01 5.73 <0.01 0.04 <0.01 <0.01
Sordariomycetes; Xylariales; Xylariaceae Nodulisporium <0.01 <0.01 0.67 <0.01 <0.01 <0.01 <0.01 <0.01
Phylum Basidiomycota
unidentified unidentified 5.74 <0.01 <0.01 4.78 0.12 <0.01 <0.01 <0.01
Agaricomycetes unidentified <0.01 0.25 0.45 <0.01 <0.01 <0.01 3.43 <0.01
Agaricomycetes; Agaricales; unidentified unidentified <0.01 <0.01 <0.01 <0.01 <0.01 0.05 <0.01 <0.01
Agaricomycetes; Agaricales; Omphalotaceae Gymnopus <0.01 <0.01 <0.01 <0.01 3.42 <0.01 <0.01 <0.01
Agaricomycetes; Agaricales; Tricholomataceae Resupinatus <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 8.78 <0.01
Agaricomycetes; Cantharellales; Ceratobasidiaceae Ceratobasidium 0.78 0.50 0.27 0.82 0.32 22.59 <0.01 <0.01
Agaricomycetes; Corticiales; Corticiaceae Laetisaria <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.17 <0.01
Agaricomycetes; Hymenochaetales; Hymenochaetaceae Hydnoporia 0.14 <0.01 0.18 <0.01 <0.01 0.01 <0.01 <0.01
Agaricomycetes; Hymenochaetales; Tubulicrinaceae Tubulicrinis <0.01 <0.01 <0.01 <0.01 <0.01 0.03 <0.01 1.07
Agaricomycetes; Phallales; Phallaceae Phallus 13.98 1.34 0.34 1.90 17.02 20.41 <0.01 <0.01
Agaricomycetes; Polyporales; unidentified unidentified 0.14 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.47
Agaricomycetes; Polyporales; Dacryobolaceae Dacryobolus <0.01 <0.01 <0.01 <0.01 <0.01 0.05 <0.01 1.26
Agaricomycetes; Polyporales; Dacryobolaceae Spongiporus 1.18 6.63 <0.01 0.05 12.95 0.13 <0.01 <0.01
Agaricomycetes; Polyporales; Irpicaceae unidentified 1.12 1.40 <0.01 0.04 0.22 0.06 <0.01 <0.01
Agaricomycetes; Polyporales; Irpicaceae Efibula <0.01 <0.01 <0.01 1.71 <0.01 <0.01 <0.01 <0.01
Agaricomycetes; Polyporales; Irpicaceae Flavodon <0.01 1.79 <0.01 0.99 <0.01 0.03 0.15 0.66
Agaricomycetes; Polyporales; Irpicaceae Meruliopsis <0.01 <0.01 <0.01 <0.01 0.57 <0.01 <0.01 <0.01
Agaricomycetes; Polyporales; Meruliaceae Phlebia 0.25 <0.01 1.76 0.71 8.98 <0.01 4.91 <0.01
Agaricomycetes; Polyporales; Phanerochaetaceae Phaeophlebiopsis <0.01 <0.01 <0.01 <0.01 1.63 <0.01 <0.01 <0.01
Agaricomycetes; Polyporales; Phanerochaetaceae Phanerochaete <0.01 <0.01 <0.01 <0.01 <0.01 0.05 <0.01 1.55
Agaricomycetes; Polyporales; Steccherinaceae Cabalodontia <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 5.40 <0.01
Agaricomycetes; Russulales; Stereaceae unidentified <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.46 <0.01
Agaricomycetes; Russulales; Stereaceae Acanthophysium 31.95 28.99 38.49 22.66 12.24 1.72 9.04 61.03
Agaricomycetes; Trechisporales; Trechisporales_inc Sistotremastrum <0.01 0.29 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Cystobasidiomycetes; Cystobasidiales; unidentified unidentified <0.01 0.25 <0.01 0.20 <0.01 <0.01 <0.01 <0.01
Cystobasidiomycetes; Cystobasidiomycetes_inc; Symmetrosporaceae Symmetrospora 0.21 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Exobasidiomycetes; Golubeviales; Golubeviaceae Golubevia <0.01 <0.01 <0.01 2.69 <0.01 <0.01 <0.01 <0.01
Exobasidiomycetes; Microstromatales; Microstromatales_inc Jaminaea <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Malasseziomycetes; Malasseziales; Malasseziaceae Malassezia <0.01 3.25 <0.01 <0.01 <0.01 0.05 2.29 <0.01
Microbotryomycetes; Sporidiobolales; Sporidiobolaceae Rhodotorula <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.16
Tremellomycetes; Filobasidiales; Filobasidiaceae Naganishia <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01
Tremellomycetes; Tremellales; Bulleribasidiaceae Dioszegia <0.01 0.54 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Tremellomycetes; Tremellales; Bulleribasidiaceae Hannaella 0.29 0.26 <0.01 0.51 <0.01 <0.01 0.28 <0.01
Tremellomycetes; Tremellales; Rhynchogastremataceae Papiliotrema <0.01 <0.01 8.92 <0.01 <0.01 0.22 <0.01 <0.01
Tremellomycetes; Tremellales; Trimorphomycetaceae Saitozyma <0.01 <0.01 <0.01 <0.01 0.92 <0.01 <0.01 <0.01
Phylum Chytridiomycota
Chytridiomycetes; Rhizophydiales; Rhizophydiales_inc Operculomyces <0.01 <0.01 4.09 <0.01 <0.01 <0.01 <0.01 <0.01
Phylum Mucoromycota
Mortierellomycetes; Mortierellales; Mortierellaceae Mortierella <0.01 0.23 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Mucoromycetes; Mucorales; Mucoraceae Mucor <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01

* _inc: incertae_sedis.
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4. Discussion

In this study, we used metabarcoding techniques to investigate for the first time
fungal diversity associated with A. nasatum and A. vulgare. Previous culture-dependent
approaches have uncovered only a few symbiotic fungi, but our method showed that many
species have been overlooked. We detected a total of 153 fungal species in A. nasatum and
A. vulgare. Given the higher richness and diversity of fungi associated with A. nasatum,
most fungal OTUs from A. vulgare were also present in A. nasatum. Ordination analysis of
both presence/absence and abundance data confirmed the similarity in fungal communities
between the two species. One difference, however, was that the beta-diversity dispersion
quantified based on Bray-Curtis dissimilarities was significantly larger in the fungal com-
munity of A. vulgare. This outcome indicates that dominant taxa varied considerably within
A. vulgare-associated fungal communities. Further, our results suggest that A. vulgare may
be more of a generalist in diet and microhabitat, while A. nasatum is more likely to be
specialist. Hence, A. nasatum shares more dominant OTUs within fungal communities
associated with conspecific Armadillidium.

Dominant Armadillidium-associated fungi belong to Ascomycota (Dothideomycetes,
Eurotiomycetes, and Sordariomycetes) and Basidiomycota (Agaricomycetes). Fungi become
associated with terrestrial isopods either via endosymbionts (e.g., obligate gut symbionts
and parasites) or food [33–35]. While Asellariales and Harpellales (phylum Kickxellomy-
cota) are known to be obligate gut-inhabiting fungi previously found in isopods [33,35],
neither were detected in this study. Thus, the major source of fungi we detected likely
came from food. Although Armadillidium species are omnivorous, their major sources of
nutrients are wood debris and fallen leaves [65], with fungal hyphae in plant materials or
soil providing a key nutrient source [41].

The dominant fungi detected in Armadillidium are saprotrophic, with the majority
being white rot or undefined. Because their habitats are plant materials and organic
layers, they are abundantly consumed by terrestrial isopods [40,66,67]. Saprotrophic
fungi are known to have enzymes that degrade plant materials. For example, Aspergillus,
Acanthophysium, Phallus, Penicillium, and Trichoderma are high in β-glucosidase, cellulase,
chitinase, and proteases [68–70]. In addition, fungi (e.g., Aspergillus) associated with
marine isopods Limnoria lignorum and Sphaeroma serratum have higher cellulase activity
than bacteria from the same host [71]. Therefore, it is possible that fungal communities
associated with Armadillidium species may provide enzymes to degrade organic materi-
als and benefit host nutrition uptake. Some arthropods rely on microbial enzymes for
digestion [26,72]. Generally, the gut microbiome can play this role, but sometimes the host
ingests microorganisms for this purpose. However, the study did not test this hypothe-
sis, so it is more relevant that the saprotrophic fungi were detected in high abundance
in Armadillidium species because they decompose fallen leaves and isopods feed on the
decaying plant materials. The noteworthy distribution pattern of saprotrophic traits in
Armadillidium-associated fungal communities is the higher abundance of soft and white rots
as compared to other traits (e.g., brown rot). Previous research on the wood-boring marine
isopod, Limnoria lignorum, has revealed that the ingestion of wood fragments partially
decomposed by fungi and bacteria aids in the isopod’s nutrient consumption [73]. This
finding suggests that the decomposition of wood structures by fungi is crucial for effective
nutrient digestion and consumption by isopods. Lignin is a heterogeneous polymer of aro-
matic residues and cellulose, which is a challenging material to decompose [74]. Since white
rot and soft rot fungi are capable of degrading lignin [75], they assist isopods in extracting
nutrients, such as cellulose, from wood, making it easier for them to consume. Conse-
quently, Armadillidium likely prefer consuming wood degraded by white rot or soft rot
fungi, leading to a higher abundance of these saprotrophic traits in Armadillidium-associated
fungal communities.

While the results of this study provide important insights into the fungal diversity and
community composition associated with Armadillidium species, there are a few limitations.
First, it included a relatively small sample size and limited number of sampling sites.
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Only four individuals of each species were sampled from a single park in Gwacheon,
South Korea, which may not fully represent the overall fungal community associated
with Armadillidium. Second, the study was conducted within a specific geographic region,
therefore, the results cannot be generalized to other regions without further investigation.
Despite these limitations, this study provides valuable information on the fungal diversity
associated with Armadillidium and highlights the importance of considering terrestrial
isopod-associated fungi in biodiversity studies. Future studies with larger sample sizes
and more extensive sampling across multiple regions will advance our understanding
of the fungal communities associated with Armadillidium and other terrestrial isopods.
Additionally, incorporating other environmental variables, such as soil properties and
vegetation cover, will provide novel insights into the factors driving fungal community
composition and diversity in these systems.

5. Conclusions

In conclusion, we found diverse fungi associated with A. nasatum and A. vulgare,
most of which are saprotrophic. Fungal richness and diversity were significantly higher in
A. nasatum than in A. vulgare, while community structure generally did not differ between
the two species. One exception was in beta dispersion, suggesting that A. vulgare has a
wide range of niche breadths. The saprotrophic fungi detected in Armadillidium species are
thought to be either food for the isopods or a by-product of food consumption. However,
the enzymes from these fungi may also contribute to host nutrient uptake and digestion.
Further research on the diversity and functional traits of fungal communities will provide
valuable insight into the biology and ecology of terrestrial isopods.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d15040533/s1, Figure S1: Taxonomic composition of fungal
communities in A. nasatum and A. vulgare.
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