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N o G

Abstract: During an epidemiological survey following a mortality event of freshwater mussels in
2018 in the Embarrass River, Wisconsin, USA, we identified a novel microsporidian parasite in the
ovaries of mucket (Actinonaias ligamentina), plain pocketbook (Lampsilis cardium), and fatmucket
(Lampsilis siliquoidea) (Unionidae). Histopathology showed round-to-oval microsporidian spores in
the cytoplasm of oocytes in 60% (3/5) of female mucket, 100% (4/4) of female plain pocketbook, and
50% (1/2) of female fatmucket. Using transmission electron microscopy, we found that mature spores
were round-to-oval and measured 4.13 + 0.64 um (3.14-5.31) long by 2.88 &+ 0.37 um (2.36-3.68)
wide. The spores had a thin electron-dense exospore with a spiky “hairy” coat, a thick electron lucent
endospore, diplokaryotic nuclei, a polar vacuole, and 27-28 polar filaments arranged in 1-3. Sequenc-
ing of the small subunit rRNA produced a 1356 bp sequence most similar to that of Pseudonosema
cristatellae (92%), and phylogenetic analysis grouped it within the freshwater Neopereziida. Genetic,
morphological, and ultrastructural characteristics did not closely match those of other Pseudonosema
spp., and a new genus and species, Hirsutonosema embarrassi n. gen. n. sp., were designated. Addi-
tional studies could evaluate host susceptibility, distribution, seasonality, transmission, and lethal or
sub-lethal effects of this parasite on freshwater mussels.

Keywords: Actinonaias ligamentina; freshwater mussel; Hirsutonosema embarrassi n. gen. n. sp.;
histopathology; Lampsilis cardium; Lampsilis siliquoidea; microsporidia; Neopereziida; TEM; unionid

1. Introduction

North America is home to the richest freshwater mussel fauna in the world, having
302 of the documented 1200 worldwide species [1,2]. In North America, approximately
two thirds of freshwater mussel species are considered threatened or near-threatened [2].
Explanations for the causes of mussel declines in the United States have often included
pollution and habitat destruction or alteration, as well as the introduction of invasive
species, overharvesting, lack of fish hosts, climate change, predation, genetic change,
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endocrine disruptors, and disease [3,4]. There are 53 native mussel species in Wisconsin [5],
five of which are listed as federally endangered [6], 11 as state-endangered [7], eight as
state-threatened [7], five as species of special concern [8], and two as extirpated [8]. A 2019
statewide survey of 99 sites from 21 watersheds conducted by the Department of Natural
Resource’s Wisconsin Mussel Monitoring Program showed 39 species with fatmucket
(Lampsilis siliquoidea), spike (Eurynia dilatata), plain pocketbook (Lampsilis cardium), and
giant floater (Pyganodon grandis) observed most frequently [9].

Snuffbox (Epioblasma triquetra) has been listed as a federally endangered species since
2012 and has experienced an 83% historical decline from its former range in the Wolf
River System, Wisconsin [9]. At the end of September 2018, the Wisconsin Department of
Natural Resources documented unusually high mortality of mussels, including snuffbox
(E. triquetra), during an annual survey in the Embarrass River, Wisconsin, USA [9]. As a
result of the mortality event, a mussel health investigation was initiated. Here, we describe
a novel microsporidian parasite, Hirsutonosema embarrassi n. gen. n. sp., infecting the
ovary of mucket (Actinonaias ligamentinag), plain pocketbook (L. cardium), and fatmucket
(L. siliquoidea), identified during this health survey.

Microsporidia are obligate spore-forming parasites of animals, including humans,
and microeukaryotes classified within Opisthosporidia (Eukaryota: opisthokonta) in three
groups defined by environment (Aquasporidia, Marinosporidia, and Terresporidia) [10].
There are an estimated 1600 species [10], which proliferate by merogony and undergo
sporogony to produce an infective spore that is transmitted vertically, horizontally, or by
both routes [11]. Life cycles may be direct or indirect [12].

2. Results
2.1. Histopathology

Round-to-oval microsporidian spores were observed in the cytoplasm of oocytes from
wild mucket (A. ligamentina), plain pocketbook (L. cardium), and fatmucket (L. siliquoidea).
Only a few acini were infected in some mussels, while large numbers were infected in
others (Figure 1A). Large numbers of microsporidia filled the cytoplasm of mature oocytes
in the acinar lumen and of immature oocytes attached to the acinar wall (Figure 1B).
Infected oocytes were occasionally observed within ciliated gonadal ducts (Figure 1C).
While infected oocytes were not observed in the gills of any of the examined sections, it is
possible that they could be found here as the infected egg travels to the marsupium. In some
mussels, spores were free within the ovary, especially in those mussels with degenerating
acini (Figure 1D). In these instances, hemocytes were occasionally observed, but we do
not know if they were responding to the microsporidian spores or the degenerating acini.
Microsporidia were not observed within testes. With Brown and Hopps staining, mature
spores stained blue while immature spores stained red (Figure 1E). Giemsa stained the
nuclei of the proliferative stages blue (Figure 1F). Mature spores were acid-fast-positive
with a Ziehl-Neelsen stain while immature spores did not stain (Figure 1G). The polar cap,
at the anterior end of spores, stained magenta with the periodic acid-Schiff (PAS) technique
(Figure 1H).

Microsporidian spores were present in the ovaries of 100% of plain pocketbook
(L. cardiumy), 60% of mucket (A. ligamentina), 50% of fatmucket (L. siliquoidea), and in no
fragile papershell (Potamilus fragilis), pink heelsplitter (Potamilus alatus), or deertoe (Truncilla
truncata; Tables 1 and S1). Of the female mussels, 100% of fatmucket (L. siliguoidea), 80%
of mucket (A. ligamentina), 50% of plain pocketbook (L. cardium) and deertoe (T. truncata),
25% of pink heelsplitter (P. alatus), and no fragile papershell (P. fragilis) were gravid (Table 1).
Of the gravid females, 100% of plain pocketbook (L. cardiumt), 50% of mucket (A. ligamentina)
and fatmucket (L. siliquoidea), and no pink heelsplitter (P. alatus) or deertoe (T. truncata)
were infected (Table 1).
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Figure 1. Photomicrographs from the ovaries of mucket (Actinonaias lignmentina) and plain pocket-
book (Lampsilis cardium) collected from the Embarrass River, Wisconsin, USA. (A) Low magnification
of the ovary of a mucket (A. ligamentina) showing multiple acini with microsporidial-infected oocytes
(asterisk; hematoxylin and eosin [H&E]); (B) an ovarian acinus of a mucket (A. ligamentina), with
microsporidial-infected mature oocytes in the lumen (asterisk) and infected immature oocytes at-
tached to the acinar wall (arrowhead; H&E); (C) an infected oocyte (asterisk) present in the lumen of
a ciliated gonadal duct of a mucket (A. ligamentina; H&E); (D) microsporidia are free within the ovary
of this plain pocketbook (L. cardium) and within the cytoplasm of an oocyte (asterisk) in a ciliated
gonadal duct (H&E); (E) mature spores stained blue while immature spores stained red with Brown
and Hopps staining; (F) Giemsa stained the nuclei of the proliferative stages blue; (G) mature spores
stained magenta with Ziehl-Neelsen staining; (H) the polar cap stained magenta with the periodic
acid-Schiff (PAS) technique.
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Table 1. Number of freshwater mussels collected from the Embarrass River, Old Mill Park, Wisconsin,
USA, on 5 October 2018 infected with Hirsutonosema embarrassi n. gen. n. sp. by sex and species.

Number of Males (M),

Species Females (F), Infected Prevalence in Gravid Females Pre\falence mn
. Females Gravid Females
Undetermined (U)
Actinonaias ligamentina 4M 5F 3/9 60% (3/5) 4/5 50% (2/4)
Lampsilis cardium 4F 4/4 100% (4/4) 3/4 100% (3/3)
Potamilus fragilis 1F 1U 0/2 0% (0/1) 0/1 NA

Lampsilis siliquoidea 1M 2F 1/3 50% (1/2) 2/2 50% (1/2)
Potamilus alatus 4F 0/4 0% (0/4) 1/4 0% (0/1)
Truncilla truncata 5M 2F 0/7 0% (0/2) 1/2 0% (0/1)
Totals 10M 18F 1U 8/29 44% (8/18) 11/18 55% 6/11

2.2. Transmission Electron Microscopy

Transmission electron microscopy (TEM) of a formalin-fixed paraffin-embedded sam-
ple from a mucket (A. ligamentina) showed various stages of merogony and sporogony
(Figure 2A). Cell division occurs in the proliferative stage, called merogony. Meronts
have few organelles other than the cisternae of endoplasmic reticulum and numerous
ribosomes [13]. The surface of meronts may vary from a thin membrane to an electron-
dense coat, which may be surrounded by cisternae of host endoplasmic reticulum in late
merogony [13,14]. Meronts observed in the cytoplasm of the oocytes had a thin membrane
surrounded by cisternae of rough endoplasmic reticulum, and diplokaryotic nuclei with
multiple nucleoli (Figure 2B). In sporogony, sporonts divide into sporoblasts and then
mature to spores. At the end of merogony, electron-dense material is deposited on the
plasma membrane [14]. This stage was not observed. Sporonts are differentiated from
meronts by an electron-dense surface coat on the plasma membrane [15]. In the mussel,
sporonts had a moderately dense plasma membrane with a short spiky “hairy” coat and
diplokaryotic nuclei surrounded by rough endoplasmic reticulum (Figure 2C). Sporoblasts
undergo morphogenesis to form spores [15]. The early sporoblasts had a thin electron-dense
exospore with a spiky “hairy” coat, diplokaryotic nuclei surrounded by rough endoplas-
mic reticulum, and 14 polar filaments arranged in one-two rows (Figure 2D). The late
sporoblasts had undulating walls with a thin electron-dense exospore with a spiky “hairy”
coat, a thin developing electron-lucent endospore, diplokaryotic nuclei surrounded by
rough endoplasmic reticulum, and 27-28 polar filaments arranged in 1-3 rows (Figure 2E).
The mature spores measured 4.13 £ 0.64 um (range = 3.14-5.31) long by 2.88 & 0.37 um
(range = 2.36-3.68) wide (n = 14) with a 0.13 £ 0.04 um (range = 0.1-0.28) wall (1 = 14).
Tissue processing involved the use of ethanol for dehydration and could have induced
spore shrinkage, so the actual spore size could have been larger than reported. Fresh spores
were not available for measurements. The spores had a thin electron-dense exospore with a
spiky “hairy” coat, a thick electron-lucent endospore, diplokaryotic nuclei, a polar vacuole,
and 27-28 polar filaments arranged in 1-3 rows (Figure 2F).

2.3. Molecular Identification

We sequenced a 1356 bp sequence of small subunit (SSU) rRNA for H. embarrassi n.
gen. n. sp. from the type host A. ligamentina (GenBank accession number: PP777264).
While not identical to any entries in GenBank, the closest BLAST results were as follows:
Pseudonosema cristatellae (AF484694.1; 92.36%; e-value = 0; host: the freshwater bryozoan
Cristatella mucedo), Microsporidia sp. (MT622752.1; 88.79%; e-value = 0; host: the freshwater
dipteran Kiefferulus barbatitarsis), Microsporidia sp. (MT622753.1; 88.72%; e-value = 0;
host: the freshwater dipteran K. barbatitarsis), and Janacekia tainanus (MW537817.1; 88.72%;
e-value = 0; host: the freshwater dipteran Kiefferulus tainanus). Other BLAST results sharing
lesser similarities were microsporidians with hosts from the phyla annelida, mollusca,
nematoda, arthropoda, and bryozoa (Table 2). Our sequence shared 87.03% identity with
Knowlespora clinchi (OL117026.1; e-value = 0; host: the freshwater mussel Actinonaias
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pectorosa). The sequence obtained for H. embarrassi n. gen. n. sp. from L. cardium (GenBank
accession number: PP777265) was identical to the sequence obtained from the type host,
except a couple of ambiguous base pairs were present. Samples obtained from L. siliquoidea
were confirmed as being positive for H. embarrassi n. gen. n. sp. using the newly developed
qPCR assay.

Figure 2. Transmission electron micrographs of the ovary of a wild mucket (Actinonaias ligamentina)
collected from the Embarrass River, Wisconsin, USA: (A) various stages of merogony (m) and
sporogony (s) within the cytoplasm of an oocyte; (B) meront surrounded by an endoplasmic reticulum
(arrowheads) with diplokaryon (N) with multiple nucleoli (n); (C) sporont with a moderately dense
plasma membrane (arrowhead) with a short spiky “hairy” coat (arrows), and diplokaryon (N)
surrounded by rough endoplasmic reticulum (RER) (r); (D) early sporoblast with a thin electron-
dense exospore (arrowhead) with a spiky “hairy” coat (arrows), one nucleus of the diplokaryon (N)
surrounded by RER (r), and 14 polar filaments (carets) arranged in 1-2 rows; (E) late sporoblast with
undulating wall with a thin electron-dense exospore (arrowhead) with a spiky “hairy” coat (arrows),
thin developing electron-lucent endospore (asterisk), diplokaryotic nuclei (N) surrounded by RER (r),
and 27-28 polar filaments (carets) arranged in 1-3 rows. Inset: higher magnification of endospore
(asterisk); (F) mature spore with a thin electron dense exospore (arrowhead) with a spiky “hairy” coat
(arrows), thick electron-lucent endospore (asterisk), diplokaryotic nuclei (N), polar vacuole (p), and
27-28 polar filaments (carets) arranged in 1-3 rows.
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Table 2. Closest BLAST results to Hirsutonosema embarrassi n. gen. n. sp. with an e-value of 0 by
species and GenBank accession, percent identity, host and phylum, tissue infected, spore shape, spore

size in um, number of polar filament coils and rows, and exospore layers. The asterisk indicates

measurement is an approximation from the publication figure.

. Polar
Spec1es/G?nBank Percent Host Tissue Spore .Sha.p € Filament Exospore c
Accession . and Size in . Publication
Identity (Phylum) Infected Coils and Layers
Number um
Rows
Actinonaias
ligamentina,
Hirsutonosema Lampszlzs Round-to- 27-28 ‘1 W},t h a ” .
. 100 cardium, Ovary oval spiky “hairy”  This paper
embarrassi o 1-3
Lampsilis 4.1 x 2.88 coat
siliquoidea
(Mollusca)
Pseudonosema Cristatella Epithelial Broadly 930
cristatellae 92.36 mucedo cells of body pyriform 1 1 [16,17]
AF484694.1 (Bryozoa) wall 73 x 5.1
Microsporidia sp. Kiefferulus .
MT622752.1, Sggz barbatitarsis At‘iislg’lj’ese NA NA NA NA
MT622753.1 ’ (Arthopoda)
Janacekia tainanus 88.72 IZEJZ ZZ{:S Adipose Oval 13-17 f}l}?;l i[:r [18]
MW537817.1 ’ tissue 6.1 x 3.7 1 .
(Arthropoda) secretions
Jirovecia branchilis 88.49 Branchiura Rod-lik Manubrium 1in a polar
OP234512.1, 0840 sowerbyi Glands ) 606 y 168 NA u salc’o [19]
0OP234513.1 ’ (Annelida) ’ ’
Bacillidium . . - . 1 covered in
. . Nais simplex Intestinal Cylindrical Manubrium .
vesiculoformis 87.85 (Annelida) hemocvtes 122 % 16 NA spherical [20]
AJ581995.1 y S granules
Knowlespora Actinonaias Round-to- 13-14
clinchi 87.03 pectorosa Gonad oval 1 1 [21,22]
OL117026.1 (Mollusca) 4.6 x 3.7
Bac.lllzdlym Bm”d””.m Rod-like Manubrium
sinensis 87.18 sowerbyi Coelomocytes 159 x 25 NA 16 [23]
ON054957.1 (Annelida) ’ ’
Nematocenator Desmodora Pyriform 35
marisprofundi 84.63 marci Muscle ~8}; 07 1 1 [24]
JX463178.1 (Nematoda) ’ )
Jirovecia sinensis Branchiura s . .
MN752318.1, Sg§2 sowerbyi Coelom Rlo;lxhge Ma“f\llk:lum lina f/"’lar [25]
MN752317.1 : (Annelida) sacss
Bacillidium Branchiura
branchilis 87.35 sowerbui Coelomocytes Rod-like Manubrium ’ [23]
ONO054958.1, 86.98 ( Anneli(}:/la) y 9.8 x 1.7 NA
ONO054959.1
Microsporidim Dorogostaiskia
sp. BPAR4 86.38 pafasi tica NA NA NA NA NA
FJ756101.1 (Arthropoda)
Sc.hroeder.a Plumatella Cells of body Ovoid 37-38
airthreyi 87.39 sp. wall 87 x 5.8 12 2 [26]
AJ749819.1 (Bryozoa) ' ’
N?Op erezia Chironontus Adipose Wide oval 24-27
chironomid 86.98 plumosus tissue 6.1 x 3.4 1-3 1 [27]
HQ396519.1 (Arthropoda) ’ ’
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. Polar
Spec1es/G?nBank Percent Host Tissue Spore .Sha_p € Filament Exospore -
Accession . and Size in . Publication
Identity (Phylum) Infected Coils and Layers
Number pum
Rows
Trichonosema Pectinatella Elongated 25 1 with
pectinatellae 86.89 magnifica Coelomic cell pyriform 1-3 surface [16]
AF484695.1 (Bryozoa) 9.5 x 4.5 spikes
Neop erezia Chironomus Adipose Wide oval 17-32
semenovaiae 86.27 plumosus tissue 6.0 x 3.5 14 2 [27]
HQ396520.1 (Arthropoda) ’ ’
Bryonosema
plumatellae 86.29 Plumatella Coelomic quadly <33
AF484692.1, 85.62 (B?”ens 2 cells I;i“iogg 1-3 ! (o]
AF484691.1 yozo s
Neoperezia
semenovaiae 86.27 NA NA NA NA NA NA
MN512230.1
Neoperezia
semenovaiae 86.15 NA NA NA NA NA NA
MN512229.1
Trichonosema Pectinatella . . . 1 with
algonquinensis 86.13 magnifica Epz’;}heshal ngflj 4 2(1):23 finger-like [28]
AY582742.1 (Bryozoa) ’ ’ processes
1 with
Schroedera Plumatella .
plumatellae 84.50 fungosa Testes . 20 Zaé 0 2%:33 k;i?gg(l)ﬁ: [29]
AY135024.1 (Bryozoa) ’ ’
near poles
Janacekia Odagoamia
debaisieuxi 84.00 ornuta NA NA NA NA [30]
AY090070.1 (Arthropoda)
Janacekia . SJ:ZZI’ZHQ
debaisieuxi 83.88 N NA NA NA NA [31]
AJ252950.1 (Arthropoda)
ey Lumbriculus
Bacillidium sp. Long-slender =~ Manubrium
AF104087.1 83.82 ( Aniepl'i da) Coelomocytes 54 75 » 3.2 NA NA (321
2.4. gPCR

The qPCR assay appeared sensitive and exhibited low variability. Both intra-assay
and inter-assay variation appeared low, with coefficients of variation (CV) of <3% down
to 10 copies per reaction (Table 3). The assay’s limit of detection (LOD) was determined
to be 10 copies as the assay could detect all replicates (20 of 20) containing 100 copies,
20 of 20 replicates containing 10 copies, and 5 of 20 replicates (25%) containing 1 copy.
Similarly, the limit of quantification (LOQ) was determined to be 10 copies because the
starting quantity (SQ) CV in replicate reactions containing more than 10 copies was <20%
and increased to 34.64% in reactions containing 1 copy (Table 4).



Parasitologin 2024, 4

191

Table 3. qPCR inter and intra-assay variation. The table shows average quantification cycle (Cq),
standard deviation (SD), and coefficient of variation values (CV) of triplicate quantitative polymerase
chain (qPCR) reactions of the gBlock® standard curve composed of 10-fold dilutions ranging from
107 to 1 copy per reaction. Reactions containing one copy exhibited insufficient amplification for
determination (NA).

gBlock® Copies Cq Mean Cq Mean SD Cq CV (%)

Intra-assay

10,000,000 17.37 0.28 1.60

1,000,000 20.30 0.13 0.63

100,000 23.73 0.29 1.21

10,000 26.98 0.36 1.32

1000 30.19 0.28 0.94

100 34.07 0.27 0.78

10 37.31 0.72 1.93

1 39.50 NA NA
Inter-assay

10,000,000 17.16 0.35 2.02

1,000,000 20.17 0.22 1.08

100,000 23.65 0.31 1.31

10,000 26.83 0.40 1.49

1000 30.16 0.30 0.99

100 33.87 0.37 1.10

10 37.20 0.66 1.77

1 39.91 0.79 1.97

Table 4. gPCR limit of quantification (LOQ). The LOQ was determined by running eight replicates
of a standard curve of gBlock® (107 to 1 copy per reaction). Standard values were assigned to four
replicates, and the remaining replicates were used to calculate the mean starting quantity (SQ),
standard deviation (SD), and coefficients of variation (CV).

gBlock® Copies SQ Mean SQ SD SQ CV (%)
10,000,000 11,935,000.00 948,063.82 7.94
1,000,000 1,063,125.00 78,387.16 7.37
100,000 80,337.50 11,217.60 13.96
10,000 6697.50 468.25 6.99
1000 530.50 29.02 5.47
100 44.56 8.81 19.77
10 26.24 1.92 7.34
1 1.47 0.51 34.64

2.5. Taxonomic Description
2.5.1. Higher Taxonomy

Superphylum: Opisthosporidia [33].

Phylum: Rozellomycota [34], including the Microsporidia [35].

Class: Aquasporidia [36].

Order: Neopereziida [10].

Family: Neopereziidae [37].

Genus: Hirsutonosema Knowles, Leis, Richard, Standish, Bojko, Weinzinger, Waller 2024.

Genus description: Species belonging to the genus Hirsutonosema should be 90-100%
similar to the SSU gene sequence available for the type species (Hirsutonosema embarrassi:
GenBank PP777264) of this genus. Phylogenetically, candidate species should clade with
the type species using SSU phylogenetics. Phenotypic plasticity is known to occur within
Microsporidia, increasing the chance of variability within genera; however, similar devel-
opmental characteristics (lack of a sporophorous vesicle) and morphological features [spiky
“hairy” exospore coat; polar filament coils (1 = >27); and nuclei count (n = 2)] increase
taxonomic confidence. The host range for this genus includes molluskan bivalve hosts.
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Species: Hirsutonosema embarrassi n. gen. n. sp. Knowles, Leis, Richard, Standish,
Bojko, Weinzinger, Waller.

Species description and diagnosis: Organisms within the Hirsutonosema embarrassi
species should be 98-100% similar at the SSU gene (GenBank PP777264) and group phy-
logenetically with the type species. This species includes microsporidian parasites that
infect oocytes of freshwater bivalves, particularly those in the Lampsilini tribe Ihering, 1901
including A. ligamentina, L. cardium, and L. siliquoidea. A histologic examination showed
round-to-oval spores that partially or completely filled the cytoplasm of immature and
mature oocytes. Merogony and sporogony occur in direct contact with the cytoplasm of
the host. With transmission electron microscopy, mature spores measured 4.1 um long and
2.9 um wide with a 0.17 um thick spore wall. There was a minimum of 27 polar filaments
and a diplokaryotic mature spore.

2.5.2. Taxonomic Summary

Type host: A. ligamentina (Mucket).

Other hosts: L. siliquoidea (Fat Mucket); L. cardium (Plain Pocketbook).

Site of infection: Cytoplasm of oocytes.

Type locality: Embarrass River, Wisconsin, USA (44.739844° N; 88.798594° W).
Prevalence in type host: three of five females.

Specimens deposited: Hapantotype slides of stained gonadal tissue were

deposited in the Smithsonian National Museum of Natural History (Washington, DC, USA)
under accessions USNM 1607135 (host: A. ligamentina), USNM 1607136 (host: L. cardium),
and USNM 1607137 (host: L. siliguoidea).

Etymology: This genus name is in regard to morphology as the Latin word hirsute means
“hairy”, which describes the appearance of the exospore coat. The species name is in
reference to the type locality.

DNA sequences: Partial SSU rRNA genes were submitted to GenBank under Accessions
PP777264 (host: A. ligamentina; 1356 bp) and PP777265 (host: L. cardium; 1206 bp).

2.5.3. Remarks upon the Taxonomic Summary

The microsporidian observed in the ovary of three unionid mussel species in the
Embarrass River, Wisconsin, USA clearly belonged to a novel genus. The spores of H.
embarrassin. gen n. sp. were round to oval and generally similar in size to those of K. clinchi,
a species previously described from the gonads of pheasantshell mussels (A. pectorosa) in
the Clinch River, USA [21,22]. However, the two species were not similar genetically (~87%
with SSU rRNA gene) and can easily be separated morphologically, as the latter species
lacks a spiky “hairy” coat on the exospore and has fewer polar filament coils (Table 2).
While exospore adornments are useful in separating Hirsutonosema n. gen. and Knowlespora,
exospore adornments have also been reported in the following genetically similar taxa: J.
tainanus, Bacillidium vesiculoformis, Trichonosema algonquinensis, and Schroedera plumatellae.
Hirsutonosema embarrassi n. gen. n. sp. can be separated from these through differences
observed in genetics, host species, tissue tropism, spore morphology, and the number of
polar filament coils (Table 2). This new species represents the second described genus and
species known to infect the reproductive tissues of freshwater mussels.

2.6. Phylogeny

A maximum-likelihood phylogeny using the SSU sequence from H. embarrassi n. gen.
n. sp. places it within the Neopereziida order and within the “freshwater” cluster of
this order (Figure 3). This novel isolate clades most closely with P. cristatellae with strong
bootstrap support (100%); however, the bootstrap support of the topology above this
grouping was low (68%). A second freshwater mussel microsporidian (K. clinchi) also
branches closely to this new isolate but is represented by its own distinct branch at low
support (68%). Another known mussel microsporidian (Steinhausia sp.; marine) clades
within Enterocytozoonida, a different order from the one in which H. embarrassi n. gen. n.
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sp. presents in our topology. The differences between these three mussel-infecting species
are also represented by low levels of sequence similarity, where K. clinchi is 87% similar
overall to the new isolate, and Steinhausia is 71% similar.
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Figure 3. A maximume-likelihood phylogenetic tree comprising > 100 microsporidian species, repre-
senting all currently classified genera, following the phylogeny presented in Bojko et al. [10], with
the addition of Hirsutonosema embarrassi n. gen. n. sp. (this study), Steinhausia sp. (OP221266)
from an alternative study [38], and several microsporidian sequences within 10% similarity of the
H. embarrasi SSU. The phylogeny included 4631 comparable columns and was compared using the
best-fitting GTR + F + I + G4 model, according to the Bayesian Information Criterion. The tree was
produced using IQ-Tree [39] and visualized and annotated using FigTree v.1.4.4. In addition to the
phylogeny, a demarcation plot is provided, comparing similar sequences and other microsporidians
from molluskan hosts.

3. Discussion

Historically, microsporidian taxonomy was based on lifecycle, morphology, host range
and tissue tropism, but expanded molecular and genomic information has allowed for
revised species identification and phylogeny [10]. Phylogenetically, H. embarrassi n. gen. n.
sp. is most closely related to P. cristatellae (92.36%) and falls within the group freshwater
Neopereziida (Figure 3). Neopereziida encompasses 29 characterized species that occur
predominantly in terrestrial or freshwater environments of the Northern Hemisphere,
infecting bryozoans, crustaceans, insects, oligochaetes, and mammals [10]. Infections may
be systemic or localized to adipose tissue, gonads, lymphoid or blood cells, and muscle.
There is wide variation in spore size, morphology, and transmission.
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Three species of Microsporidia are known to infect bivalves. Infections with the
microsporidian Steinhausia sp. have been reported in the ovaries of marine bivalves,
with Steinhausia mytilovum first observed in Mytilus edulis [40], and Steinhausia ovicola first
observed in Ostrea edulis [41]. Ovarian Steinhausia- and Steinhausia-like infections have been
described in the Baltic clam (Macoma balthica) [42], the clam Venerupis corrugata (synonym:
Venerupis pullastra) [43], the Sydney rock oyster (Saccostrea glomerata; synonym: Saccostrea
commercialis) [44], the common cockle (Cerastoderma edule) [45,46], and oysters (Crassostrea
tulipa; synonym: Crassostrea gasar) in Brazil [47]. There was a single report of a gonadotropic
microsporidian parasite, K. clinchi, in the freshwater mussel A. pectorosa (Unioinidae) [21,22].
The only available sequence data for Steinhausia spp. are from that of S. mytilovum from
a Mediterranean mussel (Mytilus galloprovincialis) [38], which shares 71% identity with H.
embarrassi n. gen. n. sp. Hirsutonosema embarrassi n. gen. n. sp. shares only 87% similarity
to K. clinchi., the only known microsporidian of freshwater mussels.

While the BLAST matches for H. embarrassi n. gen. n. sp. (Table 2) were only reported
in a single-host species, three of the six mussel species examined in our study were infected
with H. embarrassi n. gen. n. sp. The host range of most microsporidians is narrow, and
they typically infect only one or closely related host species or species within a group or
clade; however, a few species such as Enterocytozoon bieneusi are generalists with broad
host ranges [48]. In marine bivalves, S. mytilovum and S. ovicola infect bivalves belonging
to the families Mytilidae and Ostreidae, respectively [38]. All mussels in this study fall
within the Lampsilini tribe, but only three of the six were infected. It is possible that
additional sampling could reveal that all of these species are infected with H. embarrassi
n. gen. n. sp. Host range can also be broader when the host is immunocompromised [48],
and this may warrant further investigation in mussels from this river. Some host species
can be infected with multiple microsporidia, as seen with the oligochaete worm, Branchiura
sowerbyi (Table 2). The microsporidians in this study shared the same tissue tropism with
infections occurring within the ovary in the three infected species. Of the closest matches,
only S. plumatellae was found in the gonads (testes), while other matches were found in
epithelial cells, adipose tissue, glands, hemocytes, coelomocytes, and muscle (Table 2).

While the microsporidians in this study were round-to-oval, similar to those of K. clinchi,
the spore shape of the closest matches varied from pyriform to oval to rod-like to cylindrical to
slender. The spore sizes of the matches varied widely from 4.6-27.2 um x 1.5-5.8 um with the
size of H. embarrassi n. gen. n. sp. being most closely related to K. clinchi. In comparison to
H. embarrassi n. gen. n. sp. with 27-28 polar filament coils in 1-3 rows, the number of polar
filament coils and rows in the matches varied from 3-38 and 1-4, respectively, with some
spores lacking polar filament coils and instead having a manubrium. The number of layers
in the exospore varied widely with some spores having only one layer while Bacillidium
sinensis showed sixteen. Hirsutonosema embarrassi n. gen. n. sp. had only one layer in
its exospore, but the exospore had a spiky “hairy” coat similar to that of Trichonosema
pectinatellae. Exospore adornments in the form of tubular secretions, spherical granules,
finger-like processes, and bubble-like extensions were present in J. tainanus, B. vesiculoformis,
T. algonquinensis, and S. plumatellae, respectively. While P. cristatellae shared the highest
sequence similarity to H. embarrassin. gen. n. sp., the tissue tropism, spore shape, spore size,
and exospore differed morphologically. This highlights the importance of using phenotypic
and ecological data together with genomic data for microsporidian taxonomy.

Lastly, while an infection with H. embarrassi n. gen. n. sp. was not likely the cause
of the high mortality observed in the Embarrass River, Wisconsin, USA, in 2018, which
has not recurred, it was likely a stressor in this population, and intense infections could
be contributing to low recruitment in this population, which includes the federally en-
dangered snuffbox (E. triquetra). While the route of transmission is not known, as for
other microsporidia, transmission may occur horizontally when spores are released from
eggs or vertically from an infected mussel to its progeny [11]. There is a link between
transmission and virulence with horizontal transmission showing a higher parasite burden
and pathogenicity and vertical transmission with a lower virulence, which favors female
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host survival [12]. However, vertical transmission can result in the death of males or
feminization, which affects population sex ratios [12]. In the Embarrass River, horizontal
transmission may be occurring between different species. Even if vertical transmission
does not occur with H. embarrassi n. gen. n. sp., as observed with some species of fish, the
degenerating, infected eggs could be a source of infection for viable glochidia in the mar-
supium [13]. The thick spore wall allows for environmental persistence even when hosts are
not present [12], which could affect restoration efforts. If infected adult mussels are used for
propagation efforts in hatcheries, the hatchery itself can become infected and progeny used
in restoration efforts could be a source of infection for previously uninfected populations.
Additional studies to evaluate host range, distribution, seasonality, transmission, and lethal
or sub-lethal effects on freshwater mussels may be warranted.

4. Materials and Methods
4.1. Experimental Design and Field Sampling

During October of 2018, we sampled adult mucket (A. ligamentina), plain pocket-
book (L. cardium), fragile papershell (P. fragilis), fatmucket (L. siliquoidea), pink heelsplitter
(P. alatus), and deertoe (T. truncata) from a single site (44.739844° N; 88.798594° W) in
the Embarrass River near Pella, Wisconsin, USA, as part of an epidemiological survey
investigating an ongoing mortality event in freshwater mussels. During the investigation,
we non-lethally collected hemolymph from mussels to assess the virome and microbiome,
and we selected a subset of these mussels for histopathology. Nine A. ligamentina, four L.
cardium, two P. fragilis, three L. siliquoidea, four P. alatus, and seven T. truncata were collected
for histopathology and molecular assays. At the time of collection, mussels were covered
with wet paper towels, sealed in plastic bags, and stored on ice in a cooler for transportation
to the laboratory.

4.2. Tissue Processing

Mussels were transported to the U.S. Geological Survey Upper Midwest Environmen-
tal Sciences Center (La Crosse, WI, USA) and placed in an aerated tank with flow-through
water at 12 °C for 24-72 h for depuration. The posterior portion of the mussel was placed
in 10% neutral buffered formalin (NBF) and allowed to fix for at least 24 h. The anterior
portion of the mussel was stored frozen at —80 °C for molecular analyses. Formalin-fixed
tissues were washed in water, transferred to 70% ethanol, and shipped to the U.S. Geo-
logical Survey’s National Wildlife Health Center (Madison, WI, USA). A single oblique
cross section which included gonad was taken through the visceral mass and placed in 10%
NBF before processing at the Wisconsin Veterinary Diagnostic Laboratory as previously
described [21]. Select tissues were stained with Gram (Brown and Hopps), Giemsa, and
Ziehl-Neelsen stains, and the periodic acid-Schiff (PAS) technique and examined with
an Olympus BX43 microscope (Evident Scientific, Inc., Waltham, MA, USA) to visualize
microsporidian spores.

4.3. Transmission Electron Microscopy

A paraffin block from a mucket (A. ligamentina) infected with microsporidium was
processed for transmission electron microscopy at the University of Wisconsin’s School of
Medicine and Public Health (Madison, WI, USA) using previously described methods [21].

4.4. Molecular Identification

Ovaries from mussels histologically identified as infected with microsporidia were
sampled from tissues stored at —80 °C. The tissue was placed in a microcentrifuge tube and
the DNA was extracted using a DNeasy Blood and Tissue Kit (Qiagen; Hilden, Germany).
The extracted DNA underwent amplification of the SSU rRNA gene using the primers V1F
and 1492R [21,49]. Successful PCR reactions were sequenced by Eton Biosciences (Newark,
NJ, USA), and the sequences were edited and de novo assembled in Geneious [50]. BLAST
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searches in GenBank of the resulting contiguous sequences were used to identify similar
species [51,52].

4.5. gPCR Development

Reactions (25 uLs) contained 12.5 puL of PrimeTime Gene Expression Mastermix (IDT;
Coralville, IA, USA), 500 nM of the forward primer 5'-GCGGCTTAATTTGACTCAACG-3/,
500 nM of the reverse primer 5'-TTCTGTATTATCTTGGGAATCCTCTC-3/, and 350 nM of
the probe 5-FAM/ACATTCGGC/ZEN /CCTGGTAAGTTGTCC/IABKFQ-3'. The probe
contained an Iowa Black® fluorescent quencher (IDT), an FAM fluorophore, and a ZEN
internal quencher. Reactions were conducted with the following cycling parameters: 95 °C
for 5 min, followed by 45 cycles of 95 °C for 15 s and 55 °C for 1 min.

4.6. Phylogenetics

The SSU sequences for representative microsporidian species from known genera were
collected [10], with the addition of newly reported species (e.g., Steinhausia sequence data)
and the addition of the new microsporidian sequence to provide a maximum-likelihood
phylogenetic tree. The SSU sequences were first aligned using MAFFT (via the CIPRES
web server) and then uploaded to IQ-Tree [39], where an evolutionary model was de-
fined using the Bayesian Information Criterion, and a tree topology was estimated using
1000 bootstraps.
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/ /www.mdpi.com/article/10.3390/parasitologia4020016/s1, Table S1: Freshwater mussels collected
from the Embarrass River, Wisconsin, USA, by accession number, collection date and location, species,
health status, sex, gravidity status, and microsporidia status.
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