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Abstract: Tardigrades are microscopic invertebrates that can withstand complete desiccation,
but their interspecies interactions with prokaryotes and eukaryotes within their microhabitat remain
relatively unexplored. Here, I utilized combined metabarcoding of eukaryotes and prokaryotes to
simultaneously identify entire community structures within xeric and mesic mosses that harbor
tardigrades. The populations of organisms within the microecosystems were successfully determined
in 45 xeric moss samples and 47 mesic moss samples. Organismal composition was largely
consistent regardless of the moss/lichen substrate, but significantly varied in the two tested locations,
possibly because of the differences in environmental humidity. Xeric mosses containing xerophilic
tardigrades and other anhydrobiotic invertebrates tended to have significantly limited biological
diversity and prokaryotic population dominated by cyanobacteria, suggesting a selection due
to extreme desiccation. A combined metabarcoding approach to identify both eukaryotes and
prokaryotes can successfully elucidate community structures within microscopic ecosystems, and this
can be a potential approach to study the microecology of meiofauna, including tardigrades.
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1. Introduction

Upon dehydration of the habitat, the time required for migration to another hydrated environment
often exceeds the time it takes for the surroundings to dry up for limno-terrestrial meiofauna,
and sometimes the primary strategy for tolerating these adverse conditions is to stay dormant [1,2].
Many tardigrades are known to withstand almost complete desiccation through a mechanism called
anhydrobiosis [3,4]. Ecological studies of tardigrades thus far have been predominantly focused on
biogeographic scales [5-7], and studies on interspecies interactions and community structures within
the microenvironments of tardigrade habitats are still limited; however, factors within the tardigrade
habitat, such as humidity, food source, and the presence of antagonists, are suggested to play important
roles in determining tardigrade distributions, possibly more so than geographical or abiotic factors
such as altitude or substrate and plant type [8-10]. Humidity is also reported to sometimes affect the
reproductive traits of tardigrades [11].

Interspecies interactions between tardigrades and other organisms within the microhabitats,
such as xeric moss or lichens, have often been studied in detail for one or several specific counterparts.
Within tardigrades, negative associations between Milnesium and Minibiotus species have been
observed, which can possibly be explained by predation, or may be due to inverse substrate specificities
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for mosses or lichens, where significant interspecific associations between tardigrade species and
cryptogam substrates seems evident [12]. Similar interspecific associations have also been reported
and presumably linked to direct predation between Milnesium and Hypsibius species, and negative
associations were suggested to be as a result of competitive exclusion between Macrobiotus and
Hypsibius species [13]. Carnivorous tardigrades, including Milnesium and several Macrobiotus species,
prey on nematodes; therefore, the population density of predatory tardigrades and prey nematodes are
directly associated [14,15]. Likewise, the artificial addition of predatory arthropods that prey on both
tardigrades and nematodes have been shown to reduce the tardigrade population [16]. In laboratory
culture, eutardigrades are commonly fed microalgae, rotifers, or nematodes, and the availability of
such organisms would likely affect the size of the tardigrade population in a similar manner [17].
The rearing of heterotardigrades in the laboratory environment is still challenging, but those living
in moss are reported to feed on plant materials at least in laboratory settings, suggesting substrate
preferences for mosses [7].

Ecological interactions between tardigrades and microscopic organisms, including fungi, protists,
and microbes, remain mostly unexplored. Xerophilic tardigrades do not favor prolonged hydration of
their habitat [13], suggested to be partly due to an increase in fungi and their predation or parasitization
on tardigrades in high relative humidity environments, resulting in the reduction of the tardigrade
population [18]. Symbiotic microbes have been reported in the specialized cephalic vesicles of several
marine tardigrades of the family Halechiniscidae, and the protist Pyxidium tardigradum is known
as a specialist that selectively attaches to eutardigrades (see [19] for a comprehensive review on
this subject). Observations based on the isolation of specific organisms are, however, limited in the
analysis of the overall community structures within these microhabitats. Amplicon sequencing of DNA
barcodes, such as 165 rRNA for microbes and 18S rRNA for eukaryotes, allows for the investigation of
the comprehensive community structures of these organisms. This approach has been successfully
applied to study geographic and ecological distributions of tardigrades using clade-specific primers
to exclusively amplify DNA barcodes of eutardigrades and bdelloid rotifers from environmental
samples [20], and to observe microbial communities associated with tardigrades both in natural
habitats and in cultured environments, to find consistent and distinct microbiota associated with
tardigrades [21].

Xeric mosses, such as those that grow on concrete surfaces, are particularly intriguing as
microecosystems because they are partly self-contained, and each is separated by an almost
uninhabitable drained area. This microenvironment harbors the substrate moss plant, a variety
of meiofauna including tardigrades, nematodes, arthropods, and rotifers, and communities of fungi,
protozoans, and bacteria. To study such a complex ecosystem and to elucidate the ecology surrounding
tardigrades as recently being explored [21,22], I employed an amplicon sequencing approach using a
set of universal primers for both microbes and eukaryotes.

2. Materials and Methods

2.1. Sample Collection

Xeric mosses, including Bryum argenteum [23], were sampled at the type locality of Macrobiotus
shonaicus [24] in Otsuka-machi, Tsuruoka city, Japan (38°44’25” N, 139°48’26” E; 13 m asl) in June 2015,
from the side of a concrete fence base approximately 10 cm from the ground (Figure 1). A total of 48
samples were collected at approximately 50 cm intervals, where the mosses were separated by a bare
concrete surface. A small subset of the samples was inspected for tardigrades using a SZ61 stereo
microscope (Olympus), and the presence of the following species was confirmed: Echiniscus testudo,
Viridiscus perviridis [25], Milnesium inceptum [26], Macrobiotus shonaicus, and Hypsibius spp.
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Figure 1. Details of the sampling location. (a) Map of sampling location (above) and photos of the
sampling site (below). Site 1 is within Tsuruoka city, and site 2 is in the cedar forest of Mt. Haguro.
This map is based on the satellite image map published by the Geospatial Information Authority of
Japan. (b) Microscope images of five tardigrades morphologically identified in site 1: xeric moss.

Mesic mosses and lichens (species were not identified) on rock and tree surfaces were sampled in
the cedar forest at the foot of Mt. Haguro, Tsuruoka city, Japan (38°4221” N, 139°57°52” E; 114 m asl) in
June 2015; rock or pavement surfaces were approximately 10 cm from the ground. A total of 41 samples
were collected at approximately 2 m intervals. Additionally, eight samples of semi-xeric mosses on the
rock surfaces were collected from near the road just outside of the forest. Tardigrades were not found
on the mesic moss samples upon observation under a microscope, as generally coniferous forests have
less tardigrade diversity than hardwood forests. The samples collected at the above two locations were
immediately brought back to the lab, where they were kept at =20 °C for approximately one week
until they were processed for DNA extraction.

2.2. DNA Extraction and PCR Amplification

The basic protocol for DNA extraction and PCR amplification followed that of the Earth Microbiome
Project (EMP) [27]. DNA was extracted from about 1 cm? of moss samples with a PowerSoil DNA
Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA), following the manufacturer’s protocol
with a centrifuge-based method, and bead maceration was performed with a Multi-Beads Shocker
(Yasui Kikai, Osaka, Japan). After quality checking with a Qubit fluorometer (Life Technologies,
Grand Island, NY, USA) and TapeStation 2200 (Agilent Technologies, Santa Clara, CA, USA), the bacterial
16S rRNA region was amplified using EMP 16S V4 (515f-926r) amplification primers for Illumina
(http://press.igsb.anl.gov/earthmicrobiome/protocols-and-standards/16s/), and the eukaryotic 185
rRNA region was amplified using EMP Euk1391f-EukBr amplification primers (V9 hypervariable
region) for lllumina (http://www.earthmicrobiome.org/protocols-and-standards/18s/). As the majority
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of DNA was derived from the moss, amplification was performed using TKS Gflex polymerase
(Takara Bio, Shiga, Japan) with the addition of peptide nucleic acid (PNA) oligomers designed to
block the amplification of plant host plastids and mitochondrial 16S contamination, as described in the
literature [28]. Amplicons were then run through E-Gel EX (Life Technologies, Grand Island, NY, USA)
for electrophoresis, and bands corresponding to the target sizes (390 bp for 16S and 260 bp for 18S)
were cut out and purified using NucleoSpin Gel and PCR Clean-up Kit (Takara Bio, Shiga, Japan).

2.3. Sequencing and Analysis

Amplicons were quantified using a Qubit fluorometer (Life Technologies, Grand Island, NY, USA),
normalized and multiplexed, and sequenced on a MiSeq sequencer (Illumina, San Diego, CA, USA)
using a MiSeq Reagent Kit v3 (600 cycles) (Illumina, San Diego, CA, USA) with EMP sequencing primers.
Sequenced reads were demultiplexed using MiSeq Reporter (Illumina, San Diego, CA, USA) and then
taxonomically assigned with the UPARSE pipeline (USEARCH v.8.1.1861) with default options [29]
against the SILVA database (Release 123) [30], both for 16S and 18S sequences. Paired read merging
(-fastq_mergepairs), read quality filtering (-fastq_filter), length trimming (-fastq_truncate —trunclength
250), dereplication (-derep_fulllength -minseqlength 250), singletons discarding (-sortbysize —minsize
2), out (Operational Taxonomic Unit) clustering (-cluster_otus —relabel OUT -minsize 2, -usearch_global
-id 0.97, closed reference approach), and taxonomic identification of the OTUs was performed for each
sample by a BLAST search against the SILVA database (BLASTN, -e 1e-25). The top match of the
BLAST search may not always be accurate, but as the primary focus of this work is the classification
at the phylum level, the uncertainty in the OUT classification should be minimal. Tardigrade OTUs
were further confirmed by BLAST searches against the National Center for Biotechnology Information
(NCBI) GenBank database to assign them to a genus and species level. One sample from mesic
mosses (538) and three from xeric mosses (H8, H10, and H24) were discarded because of insufficient
sequenced reads (less than 100,000 raw reads; a strict criterion was set here because a sufficient number
of samples >48 was sampled in each location), but the raw data were available for the omitted samples
as well. Read counts were normalized by the total reads obtained for the compositional analyses
(Figures 2 and 3). The full list of identified OTUs are provided in Supplemental Data.
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Figure 2. Amplicon abundance ratios in xeric mosses. Relative abundances of amplicon reads within
OTUs assigned to moss/lichen, other Eukaryota, tardigrades, and bacteria are shown separately.
The moss samples were mostly from Bryum argenteum (Bryales), and as the sampled location was the
type locality of Macrobiotus shonaicus, we see several moss contained 18S amplicons from this species.
The majority of bacteria consisted of Cyanobacteria, Proteobacteria, and Bacteroidetes.
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Figure 3. Amplicon abundance ratios in mesic mosses. Relative abundances of amplicon reads

within OTUs assigned to moss/lichen, other Eukaryota, tardigrades, and bacteria are shown separately.
Forty samples were collected from mosses or lichens on rocks or tree surfaces within a cedar forest,
and eight samples were collected from semi-xeric mosses near the road just outside of the forest.
Moss species varied among samples, but lichen samples were dominated by the green algal genus
Asterochloris. Fungi was dominant in almost all of the samples among eukaryotes, and almost no
tardigrades were detected in the mesic samples. The largest bacterial clades were Proteobacteria and
Acidobacteria. The full list of OTUs is available in the Supplemental Data.

2.4. Statistics

All of the statistical analyses were performed on JMP 14.1.0, except for Simpson’s Diversity Index
calculated from bacterial abundances using a custom Perl script. Two-sided Student’s t-test was
performed for a comparison of the abundance ratios between xeric and mesic samples. For correlation
clustering, organism groups were clustered based on Pearson correlations between abundance ratios
among 45 xeric and 48 mesic samples. Principal component analysis (PCA) was performed using
all samples with OTUs appearing in more than ten samples (653 OTUs) using the Wide method.
Partial least squares modeling was performed for 45 xeric moss samples using a nonlinear iterative
partial least squares (NIPALS) algorithm, setting tardigrade abundance of each species as the response
variable. The initial modeling using all of the variables did not converge within 15 factors, therefore the
variables below variable importance for projection value of 0.8 were omitted from the model. After
variable selection, the model with six factors was tested to be significant (p < 0.01) by leave-one-out
cross validation with van der Voet T2.

2.5. Data Availability

The sequence data obtained in this work were deposited in the NCBI Sequence Read Archive
(SRA) under accession number PRJNA524973.

3. Results

Metabarcode sequencing produced a total of 45 xeric moss samples and 47 mesic moss samples
resulting in a sufficient number of reads (>100,000 reads), which successfully captured the diversity
of microecosystems, including moss/lichen substrates; eukaryotes, including fungi, arthropods,
nematodes, and tardigrades; and a variety of microbes (Figures 2 and 3). On average, 279 OTUs were
identified in each moss/lichen sample. The barcode sequence used in this study was relatively short



Diversity 2020, 12, 110 6 of 12

(390 bp for 16S and 260 bp for 18S), and in order to observe the overview of the microecosystem,
compositions were mainly analyzed at the phylum level. The reads classified to moss or lichen were
assigned to the closest matching families, but the accuracy of such taxonomic assignment was not
confirmed. However, in the xeric moss samples, tardigrade barcodes could be matched to each of the
five species identified by visual observation (Figure 2).

The population distribution of prokaryotes and eukaryotes within xeric or mesic moss samples
was mostly consistent regardless of the type of substrate (whether moss or lichen), but the samples
from different humidity conditions showed striking variations. This is confirmed by PCA as shown in
Figure 4. Figure 5 shows comparisons between the two humidity conditions in which the differences
were highly significant (p < 0.0001 with t-test). Firstly, xeric mosses were much less diverse in terms
of species diversity (Figure 5a), which is partly mirrored by the ratio of organellar DNA within the
prokaryotic barcodes (Figure 5b). A significant amount (up to approximately 50% on average) of
organellar DNA contamination remained in the xeric moss samples even though inhibitory peptide
nucleic acid (PNA) successfully suppressed organellar DNA in mesic moss samples, suggesting the
limited abundance of bacteria within the xeric samples. While different moss species could have
different numbers of organelles and thus influence the PNA effectiveness, the overall difference among
the xeric and mesic mosses was significant. Therefore, bacteria seem to be limited both in abundance
and diversity in extremely desiccated moss environments. For eukaryotes, fungi were strongly
overrepresented in the mesic samples (Figure 5c), and cyanobacteria dominated the prokaryotic
community in xeric moss (Figure 5d).
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Figure 4. Principal component analysis of all of the moss samples analyzed in this work (blue:
xeric mosses; green: semi-xeric mosses; red: mesic moss and lichens). Xeric and mesic mosses show
distinct clusters, and semi-xeric mosses tend to shift from the mesic mosses and lichens towards the
Xeric mosses.
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Figure 5. Comparisons between xeric and mesic and semi-xeric samples. (a) Simpson’s diversity
index distribution calculated for bacterial amplicon abundances. The xeric samples were much less

diverse than the mesic samples. (b) The xeric samples contained a large amount of organellar 165

rDNA (both from chloroplasts and mitochondria), with as much as 50% on average, even with the
presence of inhibitory PNAs. Together with the lower Simpson’s diversity, these results suggest a
limited bacterial population within xeric mosses. (c¢) Fungi was highly abundant in mesic samples,
whereas (d) Cyanobacteria was much more abundant in xeric mosses, and the mesic samples contained
more Proteobacteria and Acidobacteria. All of the comparisons between xeric and mesic samples were
significant (p < 0.0001) in two-tailed Student’s t-tests.

To observe the interspecies associations of tardigrades in more detail, barcode abundance profiles
for all organisms, including eukaryotes and prokaryotes, were used to observe the correlations between
the groups of organisms (Figure 6A) and to model the predicted abundance of each tardigrade
species (Figure 6B). Because of the predominance of M. shonaicus, data for other species may not have
been sufficient for such observations, but M. shonaicus had 36 profiles that were sufficient for these
analyses. In terms of correlations, M. shonaicus abundance was most correlated with the abundances of
Armatimonadetes, Bacteroidetes, Deinococcus—-Thermus, and Acidobacteria.
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Figure 6. Correlations between species abundances within mesic samples. (a) Pearson correlation
clustering of species abundances. Macrobiotus shonaicus is clustered with Armatimonadetes,
Bacteroidetes, Deinococcus-Thermus, and Acidobacteria butis negatively correlated with Cyanobacteria
and Rotifera. (b) Normalized coefficients for the partial least squares (PLS) model. Similar to the
Pearson correlation, Armatimonadetes has the highest positive coefficient for M. shonaicus, and Rotifera
has the highest negative coefficient.

4. Discussion

Simultaneous metabarcoding of the eukaryote and prokaryote community structure of the
tardigrade habitat was successfully performed by suppressing the amplification of moss-derived DNA
by the use of inhibitory PNA. This approach was effective as demonstrated by the high percentage of
non-organellar 165 barcode sequenced in the mesic samples. This sequence-based approach is useful to
identify the diversity of organisms and their compositions in the study of microscopic ecology, where
manual observations are difficult to reveal the entirety of the community [31]. The relatively high
frequency of M. shonaicus within the xeric moss samples is in agreement with manual observation at
this type locality of this species.

Taxonomic resolution and coverage is, however, likely limited in the current approach, especially
for eukaryotes. While the methods in this work followed the protocols and primers of the Earth
Microbiome Project (EMP), which was contributed by hundreds of international scientists [27,32],
the focus of EMP was in prokaryotes, and eukaryotic metabarcoding is less optimized in this
respect. Moreover, although the scientific community is slowly converging towards the use of the V9
hypervariable region of 185 rDNA used by EMP and in this work for eukaryotic metabarcoding, it still
underestimates the true number of metazoan species, and the resolution of taxonomic identification is
at its best at the genus level [31,33]. The optimization of the primers or the use of multiple markers
would be a possible future direction to better understand the microecosystems within mosses, but at
the least it was possible to identify all five genera of tardigrades morphologically identified in the xeric
moss samples. It should also be noted that the number of reads in eukaryotic metabarcoding does not
mirror the abundance of species, because of the diverse copy number of 185 rDNA genes (including
polyploidy and multinucleation), as well as the number of cells within an organism. However, it was
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also shown in a previous study that if the reads were normalized for the cell count and copy number of
genes, the V9 region of 185 rDNA actually shows a good correlation with species abundance in marine
plankton [34].

The main aim of this work is to test the feasibility of the simultaneous metabarcoding approach in
analyzing the tardigrade habitat, and the current data are too limited to discuss ecological implications
of the community structures. Nevertheless, the general eukaryotic and prokaryotic community
composition was highly consistent within the sampled location (xeric or mesic), representing a high
reproducibility of this approach. It is worth noting that the community composition was consistent
regardless of the moss/lichen substrate. Xeric mosses, mostly represented by the family Bryales,
contained a larger fraction of meiofauna barcodes, and 80% of the samples contained tardigrades. On the
other hand, tardigrades were rarely observed (2.5%) within the mesic moss/lichen samples, confirming
microscopic observations. It is unusual to have less tardigrade diversity in mesic mosses and lichens
than in xeric ones, but few tardigrade species have been reported from mosses or lichens on the bark of
coniferous trees [7], so the substrates may not have been appropriate for tardigrades. The horizontal
distribution of tardigrades that are reported to be important in tardigrade sampling is another factor to
be considered in future analysis [35]. Mirroring previous findings, xerophilic tardigrades Milnesium,
Macrobiotus, and Echiniscus species were found in the xeric environment, and hygrophilic tardigraes
Minibiotus and Paramacrobiotus species were found in the mesic environment [13]. The contrasting
population distribution in eukaryotes was predominantly represented by the significant dominance of
fungi within the high-humidity samples. Again, taxonomic coverage and resolution is limited by the
current approach with V9 primers, and while causation is not clear from the current data, there seems to
be a clear negative correlation between invertebrates (including tardigrades, but also other meiofauna)
and fungal abundance. Although the current analysis did not have the resolution to identify specific
parasites, several fungi are known to be parasitic on tardigrades [19], which may partly explain the
reason for the negative correlations. Fungal diversity is also known to be correlated sometimes with the
severity of the environment [36], and further studies covering multiple locations rather than the two
sites used in this work would provide further insights into the biological interactions between them.
Even within the xeric environment, Bryales moss samples corresponding to Bryum argenteum tended to
be extremely dry and contained an even lower fraction of fungi reads and inversely greater fractions of
nematodes and rotifers, which are known to be anhydrobiotic species. These results also support the
hypothesis that the severity of the environment results in less biological diversity [36]. This is actually
contradictory to the tardigrade diversity observed in this work, and to previous findings that there
is generally a higher tardigrade diversity in the mesic environment. This could be the result of the
small number of samples collected in the forest. Each of the xeric samples usually contain only one or
two species, displaying patchy distribution as previously suggested [37], so the species diversity was
nonetheless very low in the xeric samples tested in this work.

Prokaryotic diversity also showed contrasting variations among the two environments. As with
fungi, prokaryotes were significantly more diverse in the mesic samples (Figure 3). Moreover, the total
abundance of bacteria also seemed to have been limited in the xeric samples. While mesic mosses were
significantly enriched in Proteobacteria and Acidobacteria, reflecting the typical microbial composition
seen in soil environments [38], xeric mosses were dominated by Cyanobacteria. Cyanobacteria
colonizing mosses contribute up to 50% of the total nitrogen fixation within the microecosystem [39],
but more importantly, many Cyanobacteria are known to be highly resistant to desiccation [40,41]. In a
very dry environment, strong selection is exerted on the xeric moss environment, limiting the diversity
of the organisms dwelling within such microecosystems to desiccation-tolerant invertebrates, such as
xerophilic tardigrades, and desiccation-tolerant bacteria, such as cyanobacteria.

Inter-species association of tardigrades with other organisms needs further analyses to be
more informative, but in the partial least squares (PLS) fitting, the normalized contribution was
the most positive with Armatimonadetes and algae Klebsormidiales and the most negative with
Fungi, Amoebozoa, Acari, and Rotifera. Armatimonadetes are a diverse group of Gram-negative
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bacteria found in numerous metagenomic samples, and their desiccation-tolerance or biological
role in the moss environment is unknown. M. shonaicus can feed both on algae and rotifers in
laboratory culture [24], and M. inceptum exclusively feeds on rotifers in laboratory conditions [42];
however, the contribution was positive for M. inceptum, whereas it was negative for M. shonaicus.
Coupled with strong negative contributions of Fungi, Amoebozoa, and Acari, these data may suggest
interspecies interaction preferences of M. shonaicus. These data provide an ecosystem-wide perspective
on tardigrade inter-specific association, which could complement more detailed analyses on tardigrade
symbiosis [21,22].

5. Conclusions

To the best of my knowledge, this is the first work that simultaneously studied the abundance
of both eukaryotes and prokaryotes within xeric and mesic mosses through the use of two universal
barcodes and PNA inhibitors for organellar DNA. Although the number of sites was limited, a large
number of samples in each of the humidity conditions allowed for a statistical analysis of the interspecies
interactions, and humidity was shown to limit the diversity of both eukaryotes and prokaryotes,
selecting for desiccation-tolerant species.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/3/110/s1:
Data S1: full list of OTUs and corresponding FASTA sequences.
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