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Interactions between fungi and tardigrades have scarcely been described. The few studies that address such
relationships suggest a primarily parasitic nature for various fungal taxa, including the infectious chy-
tridiomycetes. The aim of this study was to determine the identity of a fungus growing on a tardigrade of the
genus Diaforobiotus and if it could infect other tardigrade genera. Using morphological analysis and ITS bar-
coding, we identified a mold isolate belonging to the Trichoderma harzianum species complex and found that it
infected Diaforobiotus tardigrades, as well as animals in the eutardigrade genus Milnesium, and heterotardigrade

1. Introduction

Although a few tardigrade-specific fungal infections are described,
such relationships remain mostly undocumented. Earlier studies
mention tardigrade fungal infections (Murray, 1907; Marcus, 1929;
Morgan, 1977; Nelson, 1977), but the fungal taxa were not identified.
More recently Nelson et al. (2018) report that unidentified fungal in-
fections are common across the Eutardigrada class. The first tardigrade
fungal parasites identified belong to the order Enthomophthorales.
Reukauf (1912) described Macrobiotopthora vimariensis found in Mac-
robiotus lacustris (=Hypsibius dujardini) tardigrades, erecting the fungal
genus Macrobiotophthora. Drechsler (1951) then described Ballocephala
sphaerospora that infects tardigrades in the genus Macrobiotus. A second
Ballocephala species infecting Macrobiotus sp. tardigrades was described
by Richardson (1970), named B. verrucospora, that was later confirmed
by Hallas (1977) to infect Macrobiotus hufelandi. A third species,
B. pedicellata, was found parasitizing Diphascon pinguis and Hypsibius
dujardini tardigrades (Pohlad & Bernard, 1978). Dewel et al. (1985)
discovered and described a chytridiomycete in the order Blastocladiales,
exclusively parasitic to the tardigrade Milnesium tardigradum, known as
Sorochytrium milnesiopthora. The life cycle and zoospore structure were
described later (Dewel & Dewel, 1990). Saikawa et al. (1991) identified
a fungus in the order Hypocreales, Harposporium anguillulae, and an
Oomycete, Haptoglossa intermedia that infect Macrobiotus sp. tardigrades.
One of the most recent records in the order Orbiliales, Lecophagus ant-
arcticus, was found infecting Acutuncus antarcticus tardigrades and
Philodina sp. rotifers (McInnes, 2003). These studies suggest that fungal

infections are common amongst tardigrades.

The aim of this study was to identify a fungus infecting a tardigrade
of the genus Diaforobiotus and to test if it would infect other Diaforobiotus
individuals as well as tardigrades in the genera Viridiscus and Milnesium,
respectively representing both tardigrade classes the Heterotardigrada
and Eutardigrada.

2. Methods
2.1. Initial observations

Tardigrades were extracted from a Platydictya confervoides moss
growing on a concrete post by Lake Harris in Tuscaloosa, Alabama, U.S.
A. (33°16'12" N, 87°28'22"” W), using a custom Bauerman pan and
filtration system (Davison, 2015). Some tardigrades were mounted for
identification, and others dried on sterile Petri dishes. The dehydrated
tardigrades were examined under a surface-sterilized dissecting micro-
scope in a laminar flow hood, and fungal growth was observed on a
tardigrade belonging to the Diaforobiotus genus. A drop of deionized
water was placed on the tardigrade, and a surface-sterilized Irwin loop
used to transfer the tardigrade to a sterile Sabouraud dextrose agar plate.
After 4-5 days of incubation at room temperature and ambient light/
dark conditions, the mycelium of the fungus grew to the edges of the
plate, and conidiophores formed near the original inoculation site.
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Fig. 1. A) Two Viridiscus sp. tardigrades infected by mold at 10x. B) Septate hyphae stained with lactophenol cotton blue at 40x. C) Conidia and conidiophores at
40x. D) Milnesium sp. tardigrade infected by mold at 10x. E) Diaforobiotus sp. tardigrade infected by mold at 10x. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
2.2. Fungal isolation

Pure cultures of the mold were isolated by serial mycelial plug
transfers. Edges of the mold mycelium were transferred to four other
growth plates under sterile conditions. After 4-5 days of growth at room
temperature and ambient light/dark, hyphal tips from each plate were
transferred to new growth plates and this process was repeated twice
more.

2.3. Infectivity assays

Twenty-four Diaforobiotus sp. tardigrades were extracted from a moss
sample (Pylaisia polyantha), and twenty-four each of Milnesium sp. and
Viridiscus sp. tardigrades were extracted from a lichen sample (Xantho-
parmelia conspersa), near the original sampling site. Tardigrades, moss,
and the lichen were identified to genus, or species level using dichoto-
mous keys and taxon-specific literature (Pilato & Binda, 2010; Guidetti
et al., 2016; Gasiorek et al., 2019; Vitt & Buck, 2019; Tripp & Lendemer,
2020). Viridiscus sp. tardigrades were transferred to a Petri dish with
deionized water and immobilized by inducing a state of anoxybiosis (an
immobilized but still alive state due to low oxygen) by heating their
environment to 55 °C for 45 min (the other two tardigrade species did
not survive these conditions). For each of the three tardigrade genera
(Diaforobiotus, Milnesium, Viridiscus), a sterile Irwin loop was used to
place twenty-four active tardigrades of each species into three separate
petri dishes containing the growing fungus. Observations were made
after 1, 8 and 24 h of fungal growth at room temperature and ambient
light / dark conditions.

2.4. Fungal taxon identification

Once conidiophores appeared on fungal isolates, a slide mount of the
mycelium stained with lactophenol cotton blue was prepared, and
septate hyphae (Fig. 1B) were observed, suggesting a Trichoderma sp.
mold (Munoz et al. 1997). A wet mount of the conidiophores was pre-
pared and the morphological characteristics of the conidiophores and
conidia were consistent with those of Trichoderma spp. (Fig. 1C). We also
used standard ITS barcoding. Genomic DNA was extracted using 5%
Chelex® 100 resin (Bio-Rad Laboratories) with freeze/thaw cycles. DNA
extracts were standardized to 40 ng/ul, and 1 pl was used in polymerase
chain reaction (PCR) to amplify the ITS1, 5.8S, and ITS2 gene regions
using fungal primers (White et al. 1990). Each 50 pl PCR mixture con-
sisted of 1 pl DNA template, 10 ul 5X Green GoTaq Buffer (Promega), 1 pl
each of 25 pmol of ITS1F (5'-TCCGTAGGTGAACCTGCGG-3') and ITS4R
(5'-TCCTCCGCTTATTGATATGC-3') primers, 0.4 pul GoTaq DNA poly-
merase (Promega), 0.3 pl of 10 mM deoxynucleoside triphosphates, 4 ul
of 5% DMSO, and 32.3 pl of sterile water. Amplification was obtained
through an initial hold at 95 °C for 3 min followed by 30 cycles of 95 °C
for 45 s, 53 °C for 60 s, and 72 °C for 90 s followed by a final 5 min
extension at 72 °C. A positive control of Candida albicans and negative
control without DNA template was included. Amplification products
were separated and visualized by gel electrophoresis, purified with the
E.ZN.A Cycle Pure kit (Omega) and submitted for bidirectional
sequencing (Eurofins Genomics). Sequences were trimmed and aligned,
and BLAST (Altschul et al., 1990) was used to analyze sequence identity
from the consensus sequences compiled by Geneious Prime®
(v.2021.1.1. Biomatters Ltd.). Several BLAST parameters including Bit-
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BLAST results of bidirectional sequence consensus assemblies. Shown in the table are the BLAST hit data for T. simmonsii and T. harzianum for each of the four sub

cultures to show that we cannot distinguish between the two.

Subculture Hit number Bit score E value Grade Accession number Shortened Identity Description
1 2 1098.0 0.0 99.9% NR_137297 T. simmonsii
1 5 1098.0 0.0 99.9% MH865865 T. harzianum
2 2 1088.8 0.0 100% MN396598 T. simmonsii
2 4 1088.8 0.0 100% MK322687 T. harzianum
3 3 1090.6 0.0 99.8% NR_137297 T. simmonsii
3 6 1090.6 0.0 99.8% MK322687 T. harzianum
4 2 1092.5 0.0 99.9% NR_137297 T. simmonsii
4 5 1092.5 0.0 99.9% MK322687 T. harzianum

score, E Value and Grade were used to narrow down fungal identity.

3. Results

The Viridiscus tardigrades immobilized by anoxybiosis all reverted to
an active state within an hour, and all were either infected by the Tri-
choderma mold or the mycelium was observed to be growing towards
them. In all cases for the active tardigrades, the water droplet they were
transferred in dried-up within an hour, resulting in desiccation-resistant
tun formation. Twenty-four hours later, at least one individual from
each genus was revived upon addition of water. Each revived individual
had fungal hyphae growing inside of it. Within 48 h, the previously
revived tardigrades died from fungal infection despite their continued
presence in water (see Fig. 1 A, D, E).

The barcode sequences for the fungal isolates most closely matched
Trichoderma simmonsii or Trichoderma harzianum. Fungal identities are
similar across the replicates, indicating appropriate fungal isolation and
Trichoderma as the agent of infection (Table 1). While Table 1 suggests
T. simmonsii, T. harzianum cannot be excluded because Bit-scores, E-
values, and Grades were similar, 0, or above 97% respectively. These
results suggest that it is difficult to discern between T. simmonsii and
T. harzianum using the above-mentioned primers, despite coverage of
the entire ITS region, where amplicons were approximately 589 bp to
595 bp in length after bidirectional sequencing trimming and consensus
sequence assembly.

4. Discussion and conclusions

The ITS1, 5.8S, and ITS2 barcoding results point to either
T. simmonsii or T. hargianum. Chaverri et al. (2015) proposed that ITS
barcoding is not reliable in genetically identifying specific species within
the T. hargianum species complex and erected the T. simmonsii species
from the T. harzianum species complex using a secondary barcode, nuc
translation elongation factor 1-o (TEF1). As we did not perform TEF1
barcoding, we conclude that this mold is within the T. harzianum species
complex, but cannot determine which species exactly.

This is the third report of a fungus in the Ascomycota phylum
infecting tardigrades, following the report of Harposporium anguillulae
by Saikawa et al. (1991) and Lecophagus antarcticus by McInnes (2003).
The Ascomycota phylum of fungi currently comprises over 64,000 spe-
cies (Kirk et al. 2008), indicating that the potential for interactions be-
tween the Ascomycota and Tardigrada phyla is immense. One
Diaforobiotus tardigrade in this study was observed having hyphae
growing out of the back of its head, resembling a recurring phenomenon
of fungal-invertebrate interactions, such as the Ophiocordyceps unilater-
alis fungus that infects ants of the Camponotus and Polyrhachis genera
and grows out of the back of their heads (Mongkolsamrit et al. 2012). It
appears that this fungus takes advantage of tardigrades when immobi-
lized, either in a tun or anoxybiotic state, for initial infection. Once in-
side the tardigrades, it rapidly grows, even when the tardigrade is
revived to an active state.

Trichoderma harzianum has been used as a biocontrol agent against
root-knot nematodes that are damaging to a multitude of crops (Khan

et al., 1997; Sharon et al., 2001; Khosravi et al., 2014), but has never
been reported to infect tardigrades that occur in similar habitats. Our
study also demonstrated that this Trichoderma species isolate can infect
three different genera of tardigrades, suggesting Trichoderma may infect
tardigrades as a generalist rather than infecting specific taxa. Further
studies are needed to understand infection dynamics and whether Tri-
choderma infects tardigrades as a pathogen or opportunistically while
the tardigrades are in a tun state or state of anoxybiosis.
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