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Morphological characterization
and genetic diversity of a new
microsporidium, Neoflabelliforma
dubium n. sp. from the adipose
tissue of Diaphanosoma dubium
(Crustacea: Sididae)
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We reported a new microsporidium Neoflabelliforma dubium n. sp. from the
adipose tissue of Diaphanosoma dubium in China. The infected daphnids generally
appeared opaque due to the presence of numerous spore aggregates located in
the adipose tissue. All developmental stages were in direct contact with the host
cell cytoplasm. Multinucleate sporogonial plasmodia developed into uninucleate
sporoblasts by rosette-like fashion. Mature spores were pyriform and
monokaryotic, measuring 4.02 + 0.24 (3.63-4.53) um long and 2.27 + 0.15 (2.12-
2.57) um wide (N = 40). The polaroplast was bipartite with a tightly packed anterior
lamellae and a loosely aligned posterior lamellae. Isofilar polar filament was coiled
9-11 turns and arranged in 2-3 rows. The phylogenetic analysis based on the
obtained SSU rDNA sequence indicated that the N. dubium n. sp. clustered with the
freshwater oligochaete-infecting N. aurantiae to form an independent
monophyletic group, positioned at the base of Clade 4. In addition, we analyzed
the genetic diversity in three N. dubium n. sp. isolates based on the rDNA (SSU
rDNA, ITS and LSU rDNA) and Rpbl gene. The genetic variation among the rDNA
sequences was not distinct, however, high nucleotide diversity could be observed
in Rpbl gene, and a wide variety of Rpbl haplotypes were identified within each
isolate. Genetic recombination detected in the Rpbl sequences presumes cryptic
sexual process occurring in N. dubium n. sp. Statistical evolutionary analyses
further indicated that the purifying selection eliminated mutations in the
Rpbl gene.
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1 Introduction

Microsporidia are a group of ubiquitous intracellular unicellular
eukaryotic parasites that can infect most animal taxa (Cali and
Takvorian, 2014). The origin of microsporidia remained enigmatic
with a long history, but it is widely accepted that microsporidia are
either a basal branch or sister group of fungi (Keeling, 2014;
Wijayawardene et al., 2020; Corsaro, 2022). More than 1600 species
assigned to about 220 genera have been described worldwide, among
which about half genera were reported from aquatic organisms
(Stentiford et al., 2013a; Liu et al.,, 2020). However, the diversity of
aquatic microsporidia is still severely underestimated, especially based
on evidence from environmental DNA analysis (Dubuffet et al., 2021;
Chauvet et al., 2022). Crustaceans are the common hosts for
microsporidia, and more than 64 genera have been reported to
infect crustaceans, among which about 38 genera were described
from zooplankton crustaceans (Stentiford and Dunn, 2014; Vavra
et al., 2016; Simakova et al., 2018; Vavra et al., 2018; Vavra et al., 2019;
Bass et al,, 2021). Interestingly, a recently phylogenetic analysis
indicated that Mitosporidium daphniae isolated from Daphnia
magna was positioned at the root of Microsporidia, indicating that
ancestral microsporidia probably originated from aquatic
environment (Haag et al., 2014). Elucidating the diversity of aquatic
microsporidia should facilitate the understanding of evolutionary
biology of microsporidia and explore their potential ecological roles.

The genus Daphnia represents a major group of freshwater
zooplankton that play an important role in aquatic food chains
(Marinho et al., 2018; Toyota et al., 2021) and the important host
of aquatic microcrustacean-infecting microsporidia. To date, more
than 40 microsporidia belonging to 16 genera have been reported
from daphnids (Vavra et al., 2017; Simakova et al., 2018; Vavra et al,
2018; Vavra et al, 2019). However, most of the daphnid-infecting
microsporidia were reported solely based on morphological and
ultrastructural features (Larsson et al., 1996), with a lack of
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molecular data, which means that the accurate taxonomy of these
microsporidia is still unclear due to the unreliability of morphological
and ultrastructural features as taxonomic criteria (Stentiford et al.,
2013b; Weng et al., 2021a; Liu et al., 2022). In China, only one species,
Agglomerata daphniae was reported from the hypoderm of Daphnia
magna (Weng et al., 2020). To further enrich the knowledge of species
diversity of aquatic microsporidia in China and figure out the
accurate taxonomy of daphnid-infecting microsporidia, we
investigated the diversity of daphnid-infecting microsporidia in the
middle and lower reaches of the Yangtze River. In present study, a
novel daphnid-infecting microsporidian species, Neoflabelliforma
dubium n. sp. was described with morphological, ultrastructural,
and molecular characteristics. The genetic diversity of this
microsporidian was also analyzed referring from the sequence
comparison of the rDNA and Rpb1 genes.

2 Materials and methods

2.1 Collection of specimens and
microscopical observation

Zooplankton samples were collected from three different locations
in the middle and lower reaches of Yangtze River (Figure 1). In detail,
the samples were collected from a eutrophic pond in Huangshi city,
Hubei province (30° 17 46.49" N, 114° 448.53" E) in June 2019,
Yanlong Lake in Yancheng city, Jiangsu province (33°200.43 N, 120°
139.65 E)in July 2019, and Jinyin Lake in Wuhan city, Hubei province
(30° 382135 N, 114° 1128.64" E) in October 2020. Specimens were
transported immediately to the local laboratory for the preliminary
parasitological examination. Daphnids were morphologically identified
and screened under Olympus SZ51 microscope. Specimens with
opaque coloration were used to make wet mount preparations.
Infected cladocerans were preserved in 95% ethanol for further
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FIGURE 1
Map of partial China, showing geographical locations of sample sites.
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molecular characterization and in 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (PH 7.4) for electron microscopic observation,
respectively. Formalin-fixed spores were used to capture spore images
using an Olympus BX 53 microscope equipped with an Olympus DP72
digital camera (Olympus, Japan). The spores were measured based on
capture images by Adobe photoshop CS6 (Adobe System, San Jose, CA,
USA), and measurements were presented as Mean + SD.

2.2 Transmission electron microscopy (TEM)

Glutaraldehyde-fixed cladocerans were washed with sodium
cacodylate buffer twice. Cladocerans were pos-fixed with 1%
osmium tetroxide (OsO4) for 1h, samples were dehydrated in a
gradual ascending series of ethanol and propylene oxide, and
embedded in Spur resin. Ultrathin sections (70-90 nm) were
examined using a Hitachi HT-7700 TEM after being mounted on
an uncoated copper grid. Sections were stained with uranyl acetate
and lead citrate. Sections of two infected cladocerans were examined
using a Hitachi HT-7700 TEM.

2.3 DNA extraction, PCR, and sequencing

Ethanol-fixed daphnids were rinsed with distilled water 2 times to
get rid of ethanol residues. The daphnids and 400 ml ATL (Qiagen)
were added to Lysing Matrix B FastPrep® tubes, which were then
homogenized using a FastPrep cell disrupter (2 min at 6.0 m/s). The
homogenate was used for genomic DNA extraction using the Qiagen
DNeasy Blood & Tissue Kit (Qiagen, Germany) following the
manufacturer’s instructions. The primer sets used for rDNA and
Rpbl gene amplification were shown in Table 1. PCR was carried out
in a 50 UL reaction system, containing PCR buffer, 200 mM dNTP, 2
mM MgCl,, 1.25 units Taq polymerase, 20 pmol each primer, and 2
UL DNA template. The partial SSU rDNA was amplified using the
primer pair V1f/1492r and the PCR reaction conditions consisted of
an initial denaturation step at 95°C for 4 min, followed by 35 cycles at
95°C for 1 min, 50°C for 30s, 72°C for 2 min, and a final extension at
72°C for 10 min. The 3’ terminal partial SSU rDNA, complete ITS and
the partial LSU rDNA sequence was amplified using the primer pair
HGA4F/ILSUR and the PCR cycle included by an initial denaturation

TABLE 1 The primers used for amplifying and sequencing microsporidia
rDNA and Rpbl.

Primer Sequcence (5-3') References
V1F CACCAGGTTGATTCTGCCTGAC (Nilsen, 2000)
1492r GGTTACCTTGTTACGACTT (Nilsen, 2000)
HG4F GCGGCTTAATTTGACTCAAC (Gatehouse and
Malone, 1998)
ILSUR ACCTGTCTCACGACGGTCTAAAC (Tsai et al., 2002)
NaRPB1_IF CG(A/G)AAGTGTGTGTTTTTATTG (Ironside, 2007)
NaRPB1_3R = GTTTCTGCAGTTTTAATAGCTGTATC (Ironside, 2007)
NAF CACCACCAGCAGTGCGACC Herein
NAR TCTCCCCAACCAACCTC Herein
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step at 95°C for 4 min, followed by 35 cycles of denaturation at 95°C
for 30s, annealing at 53°C for 30s, elongation at 72°C for 2 min, and a
final extension at 72°C for 10 min. For amplification of the largest
subunit of RNA Polymerase II (Rpbl), the primer pair RPB1-F1/
RPBI1-R1 was used to obtain preliminary sequence which was then
used as the template to design specific primers using Primer Premier
5.0. Rpbl was secondly amplified using the primer pairs NAF/NAR.
The amplification was performed under the following conditions: an
initial denaturation for 4 min at 94°C, 35 cycles of 30s at 94°C, 30s at
46°C, 1 min at 72°C, and a terminal extension of 10 min at 72°C. The
PCR products were excised from an agarose gel and purified using a
PCR purification kit (CWBiotech, Beijing, China) and cloned into a
PMD-18 T vector system (Takara, Tokyo, Japan). Five positive clones
were randomly selected to sequence in both directions with the ABI
BigDye Terminator v3.1 Cycle Sequencing Kit and an ABI 3100
Genetic Analyzer.

2.4 Molecular characterization

The obtained sequences fragments were assembled by BioEdit
(Hall, 1999) and the consensus sequences were verified as a
microsporidium by a BLAST search. Sequences with high similarity
and those of our interest were retrieved from the GenBank database.
A total of 65 sequences were aligned with Clustal X by the default
setting (Thompson et al., 1997). This alignment was corrected
manually using the alignment editor function within MEGA 6.0
(Tamura et al.,, 2013). Basidiobolus ranarum (D29946) and
Conidiobolus coronatus (AF296753) were used as outgroups.
Pairwise genetic distances/similarities were calculated using the
Kimura-2 parameter model distance matrix for transitions and
transversions. Phylogenetic analysis was conducted using the
Bayesian inference (BI) in MrBayes 3.2.4. The optimal evolutionary
model was determined to be GTR + I + G by ModelTest 3.7 using
Akaike information criteria. Two independent runs were conducted
with four chains for one million generations. Phylogenetic trees were
sampled every 100 generations. The first 25% of the samples were
discarded from the cold chain (burninfrac = 0.25). Tree was initially
examined in Figtree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/),
edited, and annotated in Adobe Illustrator (Adobe System, San Jose,
CA, USA).

Nucleotide diversity at synonymous and nonsynonymous sites
was estimated by means of the m (Nei, 1987) and 6y (Watterson,
1975), applying the Jukes and Cantor correction (Jukes and Cantor,
1969) as implemented in DnaSP 6.0 (Rozas et al., 2017). Tajima’s D
(Tajima, 1989) and Fu’s Fs (Fu, 1997) statistics were calculated in
DnaSP 6.0 and Arlequin 3.5 (Excoffier and Lischer, 2010),
respectively. Genetic differentiation index (Fst) and the
corresponding gene flow (Nm) were estimated with DnaSP 6.0. The
analysis of molecular variance (AMOVA) (Excoffier et al., 1992) was
conducted with Arlequin 3.5. Haplotype networks were performed
with Network 10 (https://www.fluxus-engineering.com/sharenet.
htm) using the Median Joining (MJ) method.

The recombination events were analyzed with RDP4 (Martin
et al,, 2015) and SimPlot (Lole et al., 1999). First, the recombination
analysis was implemented in the RDP4 by using the available 7
methods (RDP, 3Seq, GENECONYV, BoostScan, MaxChi, Chimaera,
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and SiScan). Default parameters were used. Detected events
supported by at least three of the 7 methods were considered as
recombination. The recombination events detected by RDP4 were
further analyzed in SimPlot. The final recombination events were
determined after considering both the SimPlot and RDP4 results.

3 Results
3.1 Light microscopy

During sampling, four cladocerans including Diaphanosoma
dubium, Daphnia magna, Daphnia carinata, and Moina micrura
were collected. Among them, microsporidian infection was only
found in the adipose tissue of Diaphanosoma dubium. Under light
microscopy, the infected D. dubium generally appeared opaque due to
numerous microsporidian spore aggregates distributed in the
adipocytes of the host (Figure 2A). The prevalence of infection was
1.1% (20/1835) in Huangshi, 2.3% (8/350) in Yancheng and 2.7% (25/
925) in Wuhan, respectively. Fresh spores isolated from different
locations were oval and the dimension of the spore is identical with
4.02 + 0.24 (3.63-4.53) pm long and 2.27 + 0.15 (2.12-2.57) um wide
(N = 40) (Figure 2B).

3.2 Electron microscopy

Transmission electron microscopy showed that the developmental
stages of this microsporidium isolated from different locations were
similar. The earliest stages observed were multinucleate sporogonial

FIGURE 2

Microscopic observation of Neoflabelliforma dubium n. sp. (A) Infected Diaphanosoma dubium appears opaque, scale bar = 100 um. (B) Fresh spores
liberated from infected D dubium, scale bar = 10 um. (C) Multinucleate sporogonial plasmodia developed into sporoblasts by rosette-like budding, scale
bar = 2 um. (D) The magnification of the electron-dense tubular projections on the cell plasma membrane, scale bar = 1 um. (E) Five irregular
sporoblasts were direct contact with the host cell cytoplasm, scale bar = 100 um.

10.3389/fcimb.2023.1125394

plasmodia which resided in direct contact with the host cell cytoplasm
(Figure 2C). Multinucleate sporogonial plasmodia developed into 4-8
uninucleate sporoblasts by rosette-like fission (Figure 2C). At this stage,
electron-dense tubular projections were visible on the surface of
multinucleate sporogonial plasmodia (Figure 2D). Early sporoblasts
were of irregular shape and possessed a large nucleus and some free
ribosomes (Figure 2E). Electron-dense tubular projections could be
observed on the surface of sporoblasts (Figures 3A, 3Ai). In late
sporoblast, the cytoplasm was denser, and the precursor of polar
filament and exospore were seen (Figures 3B, C). Typical spore
organelles were observed within the spores, including anchoring disk,
polar filaments, polaroplast, the trilaminar spore wall, and posterior
vacuole. Mature spores were pyriform and resided in direct contact
with the host cell cytoplasm (Figures 3D, G). The bipartite polaroplast
consisted of a tightly packed anterior lamellae and a loosely aligned
posterior lamellae (Figure 3E). Isofilar polar filament coiled 9-11 turns
and arranged in 2-3 rows. The polar filament measured 112-153 nm in
diameter, and exhibited six discontinuous density concentric circles
(Figure 3F). The spore wall consisted of a 50-59 nm wide layered
exospore, and electron-lucent endospore 97-132 nm wide (Figure 3F).
The exospore contained two layers, including the electron-moderate
layer and electron-dense coat of tubular projections (Figure 3H). Spore
organelles were surrounded by a plasma membrane of 8-12 nm wide.

3.3 Molecular characterization

The SSU rDNA sequences of the microsporidia infecting D.
dubium collected from 3 different locations were deposited in
GenBank under accession numbers OP859151-OP859153. Their
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FIGURE 3

scale bar = 100 nm.

concatenated partial SSU, complete ITS and partial LSU was assigned
with accession numbers OP881373-OP881375. Sequence analysis
showed that SSU sequences obtained from the daphnids collected
from different locations were of high identity (with 99.41%-99.85%
identity) (Table 2). Therefore, based on the morphological and high
SSU sequence identity, these microsporidia belong to the same
species. BLAST searches using the obtained SSU rDNA sequences
indicated that the closest relative to our finding was Neoflabelliforma
aurantiae, a freshwater oligochaete-infecting microsporidium (with
96.42%-96.79% identity). The pairwise distances/similarities
calculated by Kimura 2-parameter model between SSU rDNA

TABLE 2 Percentage of sequence similarity of the rDNA of the
Neoflabelliforma dubium n. sp. isolated from different geographical
locations.

Locations

HS vs WH 99.85 97.83 99.31
HS vs YC 99.41 97.83 99.27
WH vs YC 99.56 100 99.44

HS, Huangshi, WH, Wuhan, YC, Yancheng.

Frontiers in Cellular and Infection Microbiology

Electron microscopy of Neoflabelliforma dubium n. sp. (A) An early sporoblasts contained a large nucleus, scale bar = 1 um. (Ai) The magnification of the
electron-dense tubular projections on the surface of sporoblasts, scale bar = 500 nm. (B) A sporoblasts with denser cytoplasm, scale bar = 500 nm.

(C) A late sporoblasts showed the polar filaments and an oval nucleus, scale bar = 1 um. (D) Mature spores contained a mushroom-shaped anchoring
disc, isofilar polar filament, a vacuole, a bipartite polaroplast, a large nucleus, and a trilaminar spore wall, scale bar = 1 um. (E) The magnification of
bipartite polaroplast showing narrow lamellae and wide lamellae, scale bar = 500 nm. (F) Magnification of transverse section of polar filaments showing
six discontinuous concentric circles, spore wall including an electron-dense exospore and an electron-translucent endospore, scale bar = 100 nm.

(G) Mature spores residing in direct contact with the host cell cytoplasm, scale bar = 5 um. (H) Magnification of the exospore showing two distinct layers,

10.3389/fcimb.2023.1125394

sequences of this novel and 9 other related microsporidia ranged
from 0.0038/99.62% (between the new microsporidium collected
from Huangshi OP859151 and the novel microsporidium collected
from Wuhan OP859152) to 0.4371/56.29% (between N. aurantiae
GQ206147 and Anncaliia meligethi AY894423) (Table 3). To further
explore the possible genetic variation among 3 isolates of the novel
microsporidium, their full ITS and partial LSU rDNA sequences
comparison analysis were performed. Results indicated that the
between-isolates genetic variation among the ITS and LSU
sequences was not distinct (Table 2). The phylogenetic analysis
based on the obtained SSU rDNA sequence indicated that these 3
isolates of the novel microsporidium clustered firstly with N.
aurantiae, and then formed a sister group with an unidentified
microsporidium from the soil, which collectively formed a solitary
basal branch of the clade 4 (Figure 4).

3.4 Genetic diversity

To further explore the genetic diversity of the present species,
Rpb1 gene sequences were successfully amplified for all 3 isolates, and
the obtained sequences were deposited in GenBank under accession
numbers OP852430-OP852444. Five sequences per isolate were
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obtained, with 15 sequences totally. The alignment of the 15
sequences revealed 89 polymorphic sites, among which included 88
transitions and 10 deletions (Figure 5). To explore the relationship
between sequences and isolates, a haplotype network was constructed.
Results clearly indicated that haplotypes isolated from the same
isolates did not cluster together (Figure 6). The Rpbl gene
displayed high level of synonymous variation. The pooled pairwise
nucleotide diversity at synonymous sites (7;) was 8.94 (Table 4).
Differences among different populations were small, indicating that
there are no differences of genetic variation among N. dubium n. sp.
populations. The pooled 75 value was 0.47, twenty times lower than
that observed at synonymous sites.

The pooled D at synonymous sites (Ds) was 0.14. The estimates of
D at synonymous sites (Ds) of different isolates were different, but no
significant difference was observed among different populations. The
pooled D at non-synonymous sites (D,) was -1.85 (p < 0.05),
suggesting an excess of low frequency mutations (Table 4). D values
at nonsynonymous sites of different isolates were also negative, but no
statistically significant differences were observed. Fu’s F neutrality test
was positive for the different isolates, indicating that the population
expansion may not occur (Table 4). In order to further explore the
possible population expansion, we performed a mismatch analysis.
Result indicated that the population showed a multi-peak model
rather than a single peak, demonstrating that there is no population
expansion for N. dubium n. sp. (Figure 7).

The overall F;; and Nm of all isolates were 0.06974 and 6.67,
respectively, suggesting low genetic differentiation and high gene flow
of Neoflabelliforma dubium n. sp. among different populations.
Hangshi isolates and Yancheng isolates had the highest Fst
(0.14781), while Hangshi isolates and Wuhan isolates had the
lowest Fst (-0.00553) (Table 5). The gene flow was the largest
among Wuhan and Yancheng isolates (9.93) and the smallest
among Wuhan and Huangshi isolates (-90.96) (Table 5).

The analysis of molecular variance showed that the major
variance occurred within isolates, up to 93% of the variance.

10.3389/fcimb.2023.1125394

Whilst, the difference among isolates was not significant, which
accounted for 7% of the total variance (Table 6).

Only one recombination event supported by the SiScan and
Chimaera as well as 3Seq methods was detected with RDP4. A
recombination event that occurred between OP852434 and
OP852444 led to the generation of recombinant OP852439. A
SimPlot of this recombination event is presented in Figure 8, in
which the sequences OP852444 and OP852434 were used as the
major and minor parental sequences, respectively.

Taxonomic summary

Name: Neoflabelliforma dubium n. sp.

Genus: Neoflabelliforma

Type host species: Diaphanosoma dubium (Crustacea: Sididae)

Type locality: Eutrophic ponds of Huangshi city, Hubei province,
China (30° 17'46.49 N, 114° 448.53" E), Jinyin Lake of Wuhan city,
Hubei province (30° 3821.35" N, 114° 1128.64  E), and Yanlong
Lake of Yancheng city, Jiangsu province, China (33° 20'0.43 N, 120°
139.65 E).

Site of infection: Adipose tissue.

Sporogony: Uninucleate sporont was not observed, multinucleate
sporogonial plasmodia with isolated nuclei. Sporoblasts are formed by
rosette-like budding of sporogonial plasmodia.

Spore: Oval spores are uninucleate, 4.02 + 0.24 (3.63-4.53) pum
long and 2.27 £ 0.15 (2.12-2.57) um wide. Isofilar polar filaments coil
13-17 turns and arrange in 2-3 rows. The polaroplast is bipartite with
narrow anterior lamellae and loose posterior lamellae. The spore wall
consists of a 50-59 nm thick electron-dense exospore and a 97-132
nm thick electron-lucent endospore. The exospore consisted of two
layers, including the electron-moderate layer and electron-dense layer
of tubular projections.

Type material: Syntype specimens of TEM resin blocks were
deposited in the Museum of Hydrobiological Sciences, Institute of
Hydrobiology, Chinese Academy of Sciences with accession number
of MTR20221001.

Etymology: The species name relates to host species name.

TABLE 3 Pairwise nucleotide sequence identity (upper right) values and evolutionary distances (left bottom) among Neoflabelliforma dubium n. sp.
isolates and 9 other microsporidium species with high sequence similarity by Kimura-2 Parameter analysis based on SSU rDNA sequences.

Species

1. Neoflabelliforma dubium n. sp. OP859151 99.62 99.31 96.40 72.53 69.25 68.12 65.81 64.50 62.32 57.18 56.70
2. Neoflabelliforma dubium n. sp. OP859152 0.0038 99.54 96.72 72.66 69.14 68.01 65.97 64.65 62.48 57.58 57.06
3. Neoflabelliforma dubium n. sp. OP859153 0.0069 0.0046 96.32 72.66 69.01 67.88 65.97 64.54 62.34 57.16 56.87
4. Neoflabelliforma aurantiae GQ206147 0.0360 0.0328 0.0368 72.31 69.35 68.22 66.66 64.12 62.53 56.57 56.29
5. Naidispora caidianensis OL583677 0.2747 0.2734 0.2734 0.2769 69.69 68.83 69.80 71.34 70.28 60.08 59.06
6. Hamiltosporidium tvaerminnensis GQ843833 0.3075 0.3086 0.3099 0.3065 0.3031 99.01 63.20 63.73 63.96 60.28 59.19
7. Hamiltosporidium magnivora AJ302319 0.3188 0.3199 0.3212 0.3178 0.3117 0.0099 62.07 62.77 62.74 59.26 57.80
8. Bryonosema plumatellae AF484692 0.3419 0.3403 0.3403 0.3334 0.3020 0.3680 0.3793 79.59 82.02 64.86 62.05
9. Bacillidium branchilis ON054959 0.3550 0.3535 0.3546 0.3588 0.2866 0.3627 0.3723 0.2041 84.30 64.75 59.06
10. Bacillidium vesiculoformis AJ581995 0.3768 0.3752 0.3766 0.3747 0.2972 0.3604 0.3726 0.1798 0.1570 62.96 62.92
11. Tubulinosema acridophagus AF024658 0.4282 0.4242 0.4284 0.4343 0.3992 0.3972 0.4074 0.3514 0.3525 0.3704 73.90
12. Anncaliia meligethi AY894423 0.4330 0.4294 0.4313 0.4371 0.4094 0.4081 0.4220 0.3795 0.4094 0.3708 0.2610
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FIGURE 4
The SSU rDNA-inferred phylogenetic tree of Neoflabelliforma dubium n. sp.
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Posterior probabilities were shown on branch nodes. The present species was indicated in bold.

Clade 3

and the other aligned microsporidian species by Bayesian Inference method.

Gene sequences: Depositing in GenBank under accession
numbers of OP859151-OP859153, OP881373-OP881375 and
OP852430-OP852444.

4 Discussion

The morphological features of the novel microsporidium are
similar to the diagnostic characteristics of the genus
Neoflabelliforma, isolated nuclei in life stages, isofilar polar filament
arranging in several rows in the middle of the spore and one row at
posterior, multilayered exospore, lamellar polaroplast, and the
precursor of exospore associating with the dense tubular secretions
on the surface of sporogonial plasmodia (Morris and Freeman, 2010).
Only one Neoflabelliforma species has been reported previously, i.e.

Frontiers in Cellular and Infection Microbiology

N. aurantiae infecting the Tubifex tubifex and hyperparasitising the
concurrent Aurantiactinomyxon-type myxosporean released from
Tubifex tubifex (Morris and Freeman, 2010). The morphological
comparison between the present species with N. aurantiae is
summarized in Table 7. N. dubium n. sp. can be easily
differentiated from N. aurantiae by its greater size (4.02 x 2.26 vs.
3.4 x 1.9), different number of polar filament coils (9-11 vs. 15), and
different number of exospores layers (2 vs. 3). Moreover, N. dubium n.
sp. possesses a bipartite polaroplast with tightly packed anterior
lamellae and a loosely aligned posterior lamellae, rather than
packed lamellar polaroplast, as in the case of N. aurantiae. In
addition, the development of N. dubium n. sp. was in direct contact
with the host cell cytoplasm, rather than within sporophorous vesicles
which was the one of the diagnostic characteristics of the genus
Neoflabelliforma. Similar phenomenon has been found in the genus
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FIGURE 5
Haplotypes of the Rpbl fragment of Neoflabelliforma dubium n. sp. showing only the polymorphic sites.

Liebermannia (Sokolova et al., 2009), Neoperezia (Issi et al., 2012) and
Ovipleistophora (Weng et al., 2021b), suggesting that presence of
sporophorous vesicles referred from the type species maybe not be the
reliable taxonomic criterion of these genera due to
morphological plasticity.

The average levels of synonymous diversity () of N. dubium n.
sp. were about 8% at the Rpb1 gene, which was much higher than all
previously reported species, such as Vairimorpha apis (1.68%) and V.
ceranae (1.58%) (Maside et al., 2015; Tokarev et al., 2020), suggesting
that N. dubium n. sp. possesses substantial variation at this locus.
Compared to high level diversity at synonymous sites, non-
synonymous variation was much lower. The similar findings were
previously reported in some invertebrates-infecting species based on

10.3389/fcimb.2023.1125394

the same molecular marker, such as V. apis, V. ceranae (Maside et al,
2015; Tokarev et al., 2020), and N. bombycis (Ironside, 2013). These
results demonstrated that amino acid mutations can be removed in
these species, revealing that Rpbl gene is maintained by
purifying selection.

Though the Ds values among different populations were not
significantly negative, the pooled Ds value reached a statistically
significant negative, reflecting that N. dubium n. sp. may have
undergone recent population expansion, as previously reported in
V. ceranae (Maside et al., 2015; Tokarev et al., 2020). However, Fu’s Fg
test produced a positive value, which means that N. dubium n. sp. has
not experienced population expansion. The lack of population
expansion is also demonstrated by the multi-peak model of the

H_15

O Huangshi
O Wuhan
© Yancheng

FIGURE 6

Median-joining haplotype network of Rpbl sequences from Neoflabelliforma dubium n. sp. isolates. Yellow, blue and green circles represent haplotypes
obtained from different locations (Huangshi, Wuhan and Yancheng, respectively). Red circle indicates median vectors.
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TABLE 4 Nucleotide diversity, Tajima’'s D, and Fu's Fs based on Rpbl of Neoflabelliforma dubium n. sp.

Synonymous Non-synonymous
Bws Bwa
HS 5 9.28 9.19 -0.38 ‘ 0.51 0.58 -0.89 0.78
WH ‘ 5 8.89 ‘ NA 0.03 ‘ 0.51 NA -1.16 0.65
YC ‘ 5 7.42 ‘ NA -0.18 ‘ 0.63 NA -0.95 0.53
Total ‘ 15 8.94 ‘ NA 0.14 ‘ 0.47 NA -1.85* 0.65

N, number of sequences; HS, Huangshi, WH, Wuhan, YC, Yancheng; 7, and 14, pairwise nucleotide diversity at synonymous and nonsynonymous sites expressed as percentage, respectively; Oys and
Oy, nucleotide site variability based on the number of synonymous and nonsynonymous segregating sites expressed as percentage, respectively; Ds and Dy, Tajima’s D at synonymous and

nonsynonymous sites, respectively; NA, not available; statistical significance of Tajima’s D, *P<0.05.

Mismatch analysis. Taken together, it can be concluded that no
population expansion occurred in N. dubium n. sp. Based on the
present result, we found that Fu’s Fg is a more sensitive indicator of
population expansion than Tajima’s D, which is consistent with
previous report in V. ceranae based on the multi-loci sequences
analysis (Roudel et al., 2013; Tokarev et al., 2020).

The low Fst indices and high Nm suggested the lack of population
divergence among N. dubium n. sp. isolates from different locations.
Moreover, the analysis of molecular variance revealed that the major
variance occurred within isolates, rather than among isolates, which
further reinforced this finding on population relatedness. A similar
finding was previously reported in V. ceranae based on multiple
molecular markers, such as PTP2, PTP3 and RPB1 (Gomez-Moracho
et al., 2015; Maside et al., 2015; Tokarev et al., 2020). The recent
worldwide expansion is the reason to explain the lack of genetic
divergence of N. ceranae. Frequent gene flow among there studied
isolates of the novel species from the same watershed can partially
explain why there is no population divergence among N. dubium n.
sp. isolates.

Interestingly, the genetic recombination was detected in N.
dubium n. sp., suggesting that N. dubium n. sp. may undergo a
meiotic phase in the life cycle. However, ultrastructural observations
showed that isolated nuclei were found throughout the sporogony of
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N. dubium n. sp., and no diplokaryotic cells were observed, indicating
that the meiotic process was not proven by cytological observations.
Similar results have also been reported in some daphnia-infecting
microsporidian species, such as Berwaldia schaefernai (Gonzalez-
Tortuero et al,, 2016) and Hamiltosporidium magnivora (Haag
et al,, 2013). The presence of meiotic spores in the secondary host
may be the possible reason for the lack of the meiotic stage in daphnia
hosts. The presence of meiosis and sexual reproduction has been
reported in the definitive hosts of microsporidian species with multi-
host lifecycles, such as Amblyospora spp. (Sweeney et al., 1990) and
Hyalinocysta spp. (Andreadis and Vossbrinck, 2002). N. aurantiae,
the type species of the genus Neoflabelliforma, which infects the
oligochaete Tubifex tubifex and Aurantiactinomyxon-type
myxosporean (Morris and Freeman, 2010). Thus the infection of N.
dubium n. sp. in the daphnid Diaphanosoma dubium extended the
host range of Neoflabelliforma species, suggesting that
Neoflabelliforma spp. possibly have a multi-host lifecycle. Therefore,
further studies are required to disclose the lifecycle of the
Neoflabelliforma species. Studying the genetic diversity of
populations is essential for understanding how species evolve.
Although high genetic diversity has been reported in Microsporidia,
especially for some insect-infecting species (Gomez-Moracho et al.,
2015; Hassan et al., 2020), little is known about the genetic diversity in
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Mismatch distributions of Neoflabelliforma dubium n. sp. population based on the Rpbl gene.
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TABLE 5 Pairwise genetic differentiation (Fst: left bottom) and gene flow
(Nm: upper right) among Neoflabelliforma dubium n. sp. isolates based on
Rpbl gene.

Region ) WH YC
HS - -90.96 2.88
WH -0.00553 - 9.93
YC 0.14781 0.05639 -

HS, Huangshi, WH, Wuhan, YC, Yancheng.

aquatic microsporidian species. In the present study, we proved the
high level of genetic diversity of Rpbl sequences of N. dubium n. sp.
isolates, which is coincident with previously reported species, such as
Vairimorpha apis (Maside et al., 2015), V. ceranae (Gomez-Moracho
et al,, 2014; Tokarev et al,, 2020) and N. bombycis (Ironside, 2013).
However, the mechanisms underlying the presence of high genetic
diversity of the single copy gene within isolates remain unknown. The
presence of diploidy or polyploidy in these species was one of the
possible factors to explain it. Pelin et al. (2015) found that the high
genetic diversity within isolates resulted from the presence of
polyploidy in V. ceranae. In addition, Watson et al. (2015) found
that high level of single nucleotide polymorphism is because
Trachipleistophora hominis is diploid at some stage of its lifecycle.
Though the developmental stages of N. dubium n. sp. are uninucleate,
several unikaryotic microsporidia has been proved to be diploid, such
as Hamiltosporidium tvaerminnensis (Haag et al., 2013), Nematocida
parisii (Cuomo et al., 2012), and Encephalitozoon cuniculi (Selman et
al., 2013). The occurrence of recombination in N. dubium n. sp.
further proves its possible diploidy or polyploidy. Therefore, the high
genetic diversity in N. dubium n. sp. isolates could be due to the
presence of diploid nuclei and recombination events.

In terms of the phylogenetic position of the genus
Neoflabelliforma, the previous analysis indicated that
Neoflabelliforma aurantiae formed a solitary branch between the
identified clades (Dubuffet et al., 2021; Park and Poulin, 2021).

100

10.3389/fcimb.2023.1125394

TABLE 6 Analysis of molecular variance (AMOVA) of Neoflabelliforma
dubium n. sp. based on Rpb1 gene.

Source of variation

Among isolates ‘ 30.93 0.84 ‘ 6.97 ns
Within isolates ‘ 12 ‘ 135.00 11.25 ‘ 93.03 ns
Total 14 ‘ 165.93 12.09 ‘

d.f,, degrees of freedom; SS, sum of squares; VC, variance components; % var, percentage of
variation; P, probability of a random variance component value < observed value; ns, non-
significant.

Recent phylogenetic analysis showed that N. aurantiae clustered
firstly with Hamiltosporidium magnivora, and then formed a sister
group with a late evolutionary branch consisting of Astathelohania
contejeani and Areospora rohanae, which collectively formed an
independent branch (Bojko et al., 2022). So, the natural
phylogenetic position of Neoflabelliforma spp. remains unresolved.
The present phylogenetic analysis indicated that two available
Neoflabelliforma species clustered with Microsporidium sp. isolated
from the soil to form a solitary basal branch of clade 4 defined by
Vossbrinck and Debrunner-Vossbrinck (2005), which was consistent
with the previous report (Ardila-Garcia et al,, 2013). So, our result
supports that that the genus Neoflabelliforma is monophyletic. Given
the low sequence similarity (less than 80%) between Neoflabelliforma
spp. and the reported microsporidian species, and the closest
sequence of Neoflabelliforma spp. isolated from the soil sampled in
the Pacific Northwest, it can be suspected that high diversity of
microsporidian species in this branch waits to be uncovered. Taken
together, considering the special phylogenetic position of the genus
Neoflabelliforma in the microsporidian systematics and high diversity
of aquatic microsporidia, it can be supposed that Neoflabelliforma
spp. could represent an independent clade among the
microsporidian taxonomy.

Ribosomal DNA genes have been widely used for species
identification and phylogenetic reconstruction of the Microsporidia
for it is highly conserved. However, recent research showed that the
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TABLE 7 Morphological comparison of Neoflabelliforma dubium n. sp. with Neoflabelliforma aurantiae.

Characters
Host Diaphanosoma dubium

Infected site Adipose tissue

Neoflabelliforma dubium n. sp.

Neoflabelliforma aurantiae
Tubifex tubifex Aurantiactinomyxon-type myxosporean

Various tissue of oligochaete, binucleate cells of myxosporean

Spore shape Ovoid

Ovoid

Spore size (um) 4.02 x 2.26

34x19

Polar filament type, number Isofilar, 9-11 coils
Polaroplast
Exospore Two-layered

Parasite-host interface Direct contact with host cell cytoplasm

Closely packed anterior and wider posterior lamellae

Isofilar, 15 coils
Closely packed lamellae
Three-layered

Presence of sporophorous vesicle

References (Herein)

(Morris and Freeman, 2010)

ribosomal DNA genes are highly variable in some microsporidian
species (O'Mahony et al., 2007; Sagastume et al., 2011; Liu et al,
2013). In the present study, we found that the rDNA (including SSU,
ITS and LSU) sequences are highly conserved in all three N. dubium
n. sp. isolates, which are similar to some daphnid-infecting
microsporidian species (Vavra et al., 2018), rather than some
insect-infecting microsporidian species (Sagastume et al., 20115 Liu
et al, 2013). The conservative rDNA may be the result of the
concerted evolution for these microsporidia species (Ironside,
2013). These results indicate that SSU, ITS and LSU rDNA are
suitable molecular markers for the identification of N. dubium n. sp.

In summary, we characterized a novel microsporidian species,
nominated as Neoflabelliforma dubium n. sp. from the adipose tissue
of Diaphanosoma dubium in the middle and lower reaches of the
Yangtze River. Genetic analysis referring from Rpbl sequences
indicated that sexual reproduction possibly occurred in N. dubium
n. sp., and its life cycle possible involve several hosts.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbinlm.nih.gov/
genbank/, OP859151-OP859153; https://www.ncbinlm.nih.gov/genbank/,
OP881373-OP881375; https://www.ncbi.nlm.nih.gov/genbank/,
0OP852430-OP852444.

Author contributions

MW and XZ collected samples, performed parasitological
examination, data analysis and helped write the manuscript; ZX, SX,
QZ, and AL performed morphological comparisons and helped write
the manuscript. JZ designed this study and drafted the manuscript. All
authors contributed to the article and approved the submitted version.

Frontiers in Cellular and Infection Microbiology

Funding

This study was supported by the National Natural Science
Foundation of China (32173019), Young experts of Taishan
Scholars in Shandong Province (tsqn201909133), Initiative grant for
high-level personnel recruitment in Qingdao Agricultural University,
JSPS Bridge Fellowship (BR221304) awarded to JZ and the “First
Class Fishery Discipline” programme in Shandong Province, China;
the Talent plan “One Thing One Decision (Yishi Yiyi) in Shandong
Province, China.

Acknowledgments

We thank Yuan Xiao and Zhenfei Xing (Institute of
Hydrobiology, Chinese Academy of Sciences) for assistance with
transmission electron microscopy analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://doi.org/10.3389/fcimb.2023.1125394
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Weng et al.

References

Andreadis, T. G., and Vossbrinck, C. R. (2002). Life cycle, ultrastructure and molecular
phylogeny of Hyalinocysta chapmani (Microsporidia: Thelohaniidae), a parasite of
Culiseta melanura (Diptera: Culicidae) and Orthocyclops modestus (Copepoda:
Cyclopidae). J. Eukaryot. Microbiol. 49 (4), 350-364. doi: 10.1111/j.1550-
7408.2002.tb00382.x

Ardila-Garcia, A. M., Raghuram, N., Sihota, P., and Fast, N. M. (2013). Microsporidian
diversity in soil, sand, and compost of the pacific Northwest. J. Eukaryot. Microbiol. 60 (6),
601-608. doi: 10.1111/jeu.12066

Bass, D., Rueckert, S., Stern, R, Cleary, A. C,, Taylor, J. D., Ward, G. M, et al. (2021).
Parasites, pathogens, and other symbionts of copepods. Trends. Parasitol. 37 (10), 875—
889. doi: 10.1016/j.pt.2021.05.006

Bojko, J., Reinke, A. W., Stentiford, G. D., Williams, B., Rogers, M. S. J., and Bass, D.
(2022). Microsporidia: A new taxonomic, evolutionary, and ecological synthesis. Trends.
Parasitol. 38 (8), 642-659. doi: 10.1016/j.pt.2022.05.007

Cali, A., and Takvorian, P. (2014). “Developmental morphology and life cycles of the
microsporidia,” in Microsporidia: Pathogens of opportunity. Eds. B. J. Becnel and L. M.
Weiss (Chichester: John Wiley & Sons), 71-133.

Chauvet, M., Debroas, D., Mone, A., Dubuffet, A., and Lepere, C. (2022). Temporal
variations of microsporidia diversity and discovery of new host-parasite interactions in a
lake ecosystem. Environ. Microbiol. 24 (3), 1672-1686. doi: 10.1111/1462-2920.15950

Corsaro, D. (2022). “Insights into microsporidia evolution from early diverging
microsporidia,” in Microsporidia. Eds. L. M. Weiss and A. W. Reinke (Switzerland:
Springer), 71-90.

Cuomo, C. A,, Desjardins, C. A., Bakowski, M. A., Goldberg, J., Ma, A. T., Becnel, J. J.,
et al. (2012). Microsporidian genome analysis reveals evolutionary strategies for obligate
intracellular growth. Genome. Res. 22 (12), 2478-2488. doi: 10.1101/gr.142802.112

Dubuffet, A., Chauvet, M., Mone, A., Debroas, D., and Lepere, C. (2021). A
phylogenetic framework to investigate the microsporidian communities through
metabarcoding and its application to lake ecosystems. Environ. Microbiol. 23 (8), 4344-
4359. doi: 10.1111/1462-2920.15618

Excoffier, L., and Lischer, H. E. (2010). Arlequin suite ver 3.5: A new series of programs
to perform population genetics analyses under Linux and windows. Mol. Ecol. Resour. 10
(3), 564-567. doi: 10.1111/j.1755-0998.2010.02847.x

Excoffier, L., Smouse, P. E., and Quattro, J. M. (1992). Analysis of molecular variance
inferred from metric distances among DNA haplotypes: Application to human
mitochondrial DNA restriction data. Genetics 131 (2), 479-491. doi: 10.1093/genetics/
131.2.479

Fu, Y. X. (1997). Statistical tests of neutrality of mutations against population growth,
hitchhiking and background selection. Genetics 147, 915-925. doi: 10.1093/genetics/
147.2.915

Gatehouse, H. S., and Malone, L. A. (1998). The ribosomal RNA gene region of Nosema
apis (Microspora): DNA sequence for small and large subunit rRNA genes and evidence
of a large tandem repeat unit size. J. Invertebr. Pathol. 71, 97-105. doi: 10.1006/
jipa.1997.4737

Gomez-Moracho, T., Bartolome, C., Bello, X., Martin-Hernandez, R., Higes, M., and
Maside, X. (2015). Recent worldwide expansion of Nosema ceranae (Microsporidia) in
Apis mellifera populations inferred from multilocus patterns of genetic variation. Infect.
Genet. Evol. 31, 87-94. doi: 10.1016/j.meegid.2015.01.002

Gomez-Moracho, T., Maside, X., Martin-Hernandez, R., Higes, M., and Bartolome, C.
(2014). High levels of genetic diversity in Nosema ceranae within Apis mellifera colonies.
Parasitology 141 (4), 475-481. doi: 10.1017/S0031182013001790

Gonzalez-Tortuero, E., Rusek, J., Maayan, L, Petrusek, A., Pialek, L., Laurent, S., et al.
(2016). Genetic diversity of two daphnia-infecting microsporidian parasites, based on
sequence variation in the internal transcribed spacer region. Parasitol. Vectors. 9 (1), 293.
doi: 10.1186/s13071-016-1584-4

Haag, K. L., James, T. Y., Pombert, J. F., Larsson, R., Schaer, T. M. M., Refardt, D., et al.
(2014). Evolution of a morphological novelty occurred before genome compaction in a
lineage of extreme parasites. Proc. Natl. Acad. Sci. U.S.A. 111, 15480-15485. doi: 10.1073/
pnas.1410442111

Haag, K. L., Traunecker, E., and Ebert, D. (2013). Single-nucleotide polymorphisms of
two closely related microsporidian parasites suggest a clonal population expansion after
the last glaciation. Mol. Ecol. 22 (2), 314-326. doi: 10.1111/mec.12126

Hall, T. (1999). BioEdit: A user-friendly biological sequence alignment editor and
analysis program for windows 95/98/NT. Nucleic. Acids Symp. Ser. 41 (41), 95-98.
doi: 10.1021/bk-1999-0734.ch008

Hassan, W, Nath, B. S., Ponnuvel, K. M., Mishra, R. K., and Pradeep, A. N. R. (2020).
Evolutionary diversity in the intracellular microsporidian parasite Nosema sp. infecting
wild silkworm revealed by IGS nucleotide sequence diversity. J. Mol. Evol. 88 (4), 345-360.
doi: 10.1007/500239-020-09936-2

Ironside, J. E. (2007). Multiple losses of sex within a single genus of microsporidia.
BMC. Evolutionary. Biol. 7 (1), 48. doi: 10.1186/1471-2148-7-48

Ironside, J. E. (2013). Diversity and recombination of dispersed ribosomal DNA and
protein coding genes in microsporidia. PLoS. One 8 (2), e55878. doi: 10.1371/
journal.pone.0055878

Issi, I. V., Tokarev, Y. S., Seliverstova, E. V., and Voronin, V. N. (2012). Taxonomy of
Neoperezia chironomi and Neoperezia semenovaiae comb. nov. (Microsporidia,

Frontiers in Cellular and Infection Microbiology

12

10.3389/fcimb.2023.1125394

aquasporidia): Lessons from ultrastructure and ribosomal DNA sequence data. Eur. J.
Protistol. 48 (1), 17-29. doi: 10.1016/j.ejop.2011.09.003

Jukes, T. H., and Cantor, C. R. (1969). Evolution of protein molecules (New York:
Academic Press).

Keeling, P. (2014). “Phylogenetic place of microsporidia in the tree of eukaryotes,” in
Microsporidia: Pathogens of opportunity. Eds. B. J. Becnel and L. M. Weiss (Chichester:
John Wiley & Sons), 195-202.

Larsson, J. I, Ebert, D., Vévra,, J., Voronin, T., and Yang, V. N. (1996). edescriptjon of
Pleistophora intestinalis chatton 1907, a microsporidian parasite of Daphnia magna and
Daphnia puiex, with establishment of the new genus Glugoides (Microspora, glugeidae).
Eur. J. Protistol. 32 (2), 251-261. doi: 10.1016/s0932-4739(96)80024-1

Liu, H. D,, Pan, G. Q, Luo, B, Li, T., Yang, Q., Vossbrinck, C. R,, et al. (2013).
Intraspecific polymorphism of rDNA among five Nosema bombycis isolates from different
geographic regions in China. J. Invertebr. Pathol. 113 (1), 63-69. doi: 10.1016/
j.jip.2013.01.008

Liu, X. H,, Stentiford, G. D., Ren, S. S,, Yuan, X. P, Song, R,, Yu, J. B,, et al. (2022).
Naidispora caidianensis n. gen. n. sp. infecting coelomocytes of oligochaete Branchiura
sowerbyi (Oligochaeta: Naididae) in China. J. Invertebr. Pathol. 191, 107768. doi: 10.1016/
1.jip.2022.107768

Liu, X. H,, Wen, M. Q,, Zhao, Y. L,, Li, A. H,, and Zhang, J. Y. (2020). Morphological
and molecular characterization of a new freshwater microsporidium, Jirovecia sinensis sp.
n. (Microsporidia) infecting the coelomocytes of Branchiura sowerbyi (Oligochaeta:
Naididae) in China. J. Invertebr. Pathol. 173, 107368. doi: 10.1016/.jip.2020.107368

Lole, K. S., Bollinger, R. C., Paranjape, R. S., Gadkari, D., Kulkarni, S. S., Novak, N. G.,
et al. (1999). Full-length human immunodeficiency virus type 1 genomes from subtype c-
infected seroconverters in India, with evidence of intersubtype recombination. J. Virol. 73,
152-160. doi: 10.1128/JV1.73.1.152-160.1999

Marinho, M. C,, Lage, O. M., Catita, J., and Antunes, S. C. (2018). Adequacy of
planctomycetes as supplementary food source for Daphnia magna. Antonie. Van.
Leeuwenhoek. 111 (6), 825-840. doi: 10.1007/s10482-017-0997-1

Martin, D. P., Murrell, B., Golden, M., Khoosal, A., and Muhire, B. (2015). RDP4:
Detection and analysis of recombination patterns in virus genomes. Virus. Evol. 1 (1),
vev003. doi: 10.1093/ve/vev003

Maside, X., Gomez-Moracho, T., Jara, L., Martin-Hernandez, R., de la Rua, P., Higes,
M,, et al. (2015). Population genetics of Nosema apis and Nosema ceranae: One host (Apis
mellifera) and two different histories. PLoS. One 10 (12), e0145609. doi: 10.1371/
journal.pone.0145609

Morris, D. J., and Freeman, M. A. (2010). Hyperparasitism has wide-ranging
implications for studies on the invertebrate phase of myxosporean (Myxozoa) life
cycles. Int. J. Parasitol. 40 (3), 357-369. doi: 10.1016/j.ijpara.2009.08.014

Nei, M. (1987). Molecular evolutionary genetics (New York: Columbia University
Press).

Nilsen, F. (2000). Small subunit ribosomal DNA phylogeny of microsporidia with
particular reference to genera that infect fish. J. Parasitol. 86, 128-134. doi: 10.2307/
3284922

O'Mahony, E. M., Tay, W. T., and Paxton, R. J. (2007). Multiple rRNA variants in a
single spore of the microsporidian Nosema bombi. J. Eukaryot. Microbiol. 54 (1), 103-109.
doi: 10.1111/j.1550-7408.2006.00232.x

Park, E.,, and Poulin, R. (2021). Revisiting the phylogeny of microsporidia. Int. J.
Parasitol. 51 (10), 855-864. doi: 10.1016/j.ijpara.2021.02.005

Pelin, A., Selman, M., Aris-Brosou, S., Farinelli, L., and Corradi, N. (2015). Genome
analyses suggest the presence of polyploidy and recent human-driven expansions in eight
global populations of the honeybee pathogen Nosema ceranae. Environ. Microbiol. 17
(11), 4443-4458. doi: 10.1111/1462-2920.12883

Roudel, M., Aufauvre, J., Corbara, B., Delbac, F., and Blot, N. (2013). New insights on
the genetic diversity of the honeybee parasite Nosema ceranae based on multilocus
sequence analysis. Parasitology 140 (11), 1346-1356. doi: 10.1017/S0031182013001133

Rozas, J., Ferrer-Mata, A., Sanchez-DelBarrio, J. C., Guirao-Rico, S., Librado, P.,
Ramos-Onsins, S. E., et al. (2017). DnaSP 6: DNA sequence polymorphism analysis of
Large data sets. Mol. Biol. Evol. 34 (12), 3299-3302. doi: 10.1093/molbev/msx248

Sagastume, S., Del Aguila, C., Martin-Hernandez, R., Higes, M., and Henriques-Gil, N.
(2011). Polymorphism and recombination for rDNA in the putatively asexual
microsporidian Nosema ceranae, a pathogen of honeybees. Environ. Microbiol. 13 (1),
84-95. doi: 10.1111/j.1462-2920.2010.02311.x

Selman, M, Bohumil, S., Kva¢, M., Farinelli, L., Weiss, L. M., and Corradi, N. (2013).
Extremely reduced levels of heterozygosity in the vertebrate pathogen Encephalitozoon
cuniculi. Eukaryot. Cell. 12, 496-502. doi: 10.1128/EC.00307-12

Simakova, A. V., Tokarev, Y. S., and Issi, I. V. (2018). A new microsporidium
Fibrillaspora daphniae g. n. sp. n. infecting Daphnia magna (Crustacea: Cladocera) in
Siberia and its taxonomic placing within a new family fibrillasporidae and new
superfamily tubulinosematoidea (Opisthosporidia: Microsporidia). Parasitol. Res. 117
(3), 759-766. doi: 10.1007/s00436-018-5749-2

Sokolova, Y. Y., Lange, C. E., Mariottini, Y., and Fuxa, J. R. (2009). Morphology and
taxonomy of the microsporidium Liebermannia covasacrae n. sp. from the grasshopper
covasacris pallidinota (orthoptera, acrididae). J. Invertebr. Pathol. 101 (1), 34-42.
doi: 10.1016/j.jip.2009.02.004

frontiersin.org


https://doi.org/10.1111/j.1550-7408.2002.tb00382.x
https://doi.org/10.1111/j.1550-7408.2002.tb00382.x
https://doi.org/10.1111/jeu.12066
https://doi.org/10.1016/j.pt.2021.05.006
https://doi.org/10.1016/j.pt.2022.05.007
https://doi.org/10.1111/1462-2920.15950
https://doi.org/10.1101/gr.142802.112
https://doi.org/10.1111/1462-2920.15618
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1093/genetics/131.2.479
https://doi.org/10.1093/genetics/131.2.479
https://doi.org/10.1093/genetics/147.2.915
https://doi.org/10.1093/genetics/147.2.915
https://doi.org/10.1006/jipa.1997.4737
https://doi.org/10.1006/jipa.1997.4737
https://doi.org/10.1016/j.meegid.2015.01.002
https://doi.org/10.1017/S0031182013001790
https://doi.org/10.1186/s13071-016-1584-4
https://doi.org/10.1073/pnas.1410442111
https://doi.org/10.1073/pnas.1410442111
https://doi.org/10.1111/mec.12126
https://doi.org/10.1021/bk-1999-0734.ch008
https://doi.org/10.1007/s00239-020-09936-2
https://doi.org/10.1186/1471-2148-7-48
https://doi.org/10.1371/journal.pone.0055878
https://doi.org/10.1371/journal.pone.0055878
https://doi.org/10.1016/j.ejop.2011.09.003
https://doi.org/10.1016/s0932-4739(96)80024-1
https://doi.org/10.1016/j.jip.2013.01.008
https://doi.org/10.1016/j.jip.2013.01.008
https://doi.org/10.1016/j.jip.2022.107768
https://doi.org/10.1016/j.jip.2022.107768
https://doi.org/10.1016/j.jip.2020.107368
https://doi.org/10.1128/JVI.73.1.152-160.1999
https://doi.org/10.1007/s10482-017-0997-1
https://doi.org/10.1093/ve/vev003
https://doi.org/10.1371/journal.pone.0145609
https://doi.org/10.1371/journal.pone.0145609
https://doi.org/10.1016/j.ijpara.2009.08.014
https://doi.org/10.2307/3284922
https://doi.org/10.2307/3284922
https://doi.org/10.1111/j.1550-7408.2006.00232.x
https://doi.org/10.1016/j.ijpara.2021.02.005
https://doi.org/10.1111/1462-2920.12883
https://doi.org/10.1017/S0031182013001133
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1111/j.1462-2920.2010.02311.x
https://doi.org/10.1128/EC.00307-12
https://doi.org/10.1007/s00436-018-5749-2
https://doi.org/10.1016/j.jip.2009.02.004
https://doi.org/10.3389/fcimb.2023.1125394
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Weng et al.

Stentiford, G. D., Bateman, K. S., Feist, S. W., Chambers, E., and Stone, D. M. (2013b).
Plastic parasites: Extreme dimorphism creates a taxonomic conundrum in the phylum
microsporidia. Int. J. Parasitol. 43 (5), 339-352. doi: 10.1016/j.ijpara.2012.11.010

Stentiford, G. D., and Dunn, A. M. (2014). “Microsporidia in aquatic invertebrates,” in
Microsporidia: Pathogens of opportunity. Eds. B. J. Becnel and L. M. Weiss (Chichester:
John Wiley & Sons), 579-604.

Stentiford, G. D., Feist, S. W., Stone, D. M., Bateman, K. S., and Dunn, A. M. (2013a).
Microsporidia: diverse, dynamic, and emergent pathogens in aquatic systems. Trends.
Parasitol. 29 (11), 567-578. doi: 10.1016/j.pt.2013.08.005

Sweeney, A., Doggett, S., and Piper, R. (1990). Life cycle of Amblyospora indicola
(Microspora: Amblyosporidae), a parasite of the mosquito Culex sitiens and of Apocyclops
sp. copepods. J. Invertebr. Pathol. 55, 428-434. doi: 10.1016/0022-2011(90)90087-M

Tajima, F. (1989). Statistical method for testing the neutral mutation hypothesis by
DNA polymorphism. Genetics 123, 585-595. doi: 10.1093/genetics/123.3.585

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGAG6:
Molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30 (12), 2725-2729.
doi: 10.1093/molbev/mst197

Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F., and Higgins, D. G. (1997).
The CLUSTAL_X windows interface: flexible strategies for multiple sequence alignment
aided by quality analysis tools. Nucleic. Acids Res. 25 (24), 4876-4882. doi: 10.1093/nar/
25.24.4876

Tokarev, Y. S., Huang, W. F., Solter, L. F., Malysh, J. M., Becnel, J. J., and Vossbrinck, C.
R. (2020). A formal redefinition of the genera Nosema and Vairimorpha (Microsporidia:
Nosematidae) and reassignment of species based on molecular phylogenetics. J. Invertebr.
Pathol. 169, 107279. doi: 10.1016/j.jip.2019.107279

Toyota, K., Sato, T., Iguchi, T., and Ohira, T. (2021). Methyl farnesoate regulatory
mechanisms underlying photoperiod-dependent sex determination in the freshwater
crustacean Daphnia magna. J. Appl. Toxicol. 41 (2), 216-223. doi: 10.1002/jat.4035

Tsai, S. J., Kou, G. H,, Lo, C. F,, and Wang, C. H. (2002). Complete sequence and
structure of ribosomal RNA gene of Heterosporis anguillarum. Dis. Aqua. Org. 49, 199-
206. doi: 10.3354/da0049199

Vavra, ], Fiala, I, Krylova, P., Petrusek, A., and Hylis, M. (2018). Molecular and
structural assessment of microsporidia infecting daphnids: The "obtusa-like"
microsporidia, a branch of the monophyletic agglomeratidae clade, with the
establishment of a new genus Conglomerata. J. Invertebr. Pathol. 159, 95-104.
doi: 10.1016/1.jip.2018.10.003

Frontiers in Cellular and Infection Microbiology

13

10.3389/fcimb.2023.1125394

Vavra, J., Fiala, I, Krylova, P., Petrusek, A., and Hylis, M. (2019). Establishment of a
new microsporidian genus and species, Pseudoberwaldia daphniae (Microsporidia,
opisthosporidia), a common parasite of the Daphnia longispina complex in Europe. J.
Invertebr. Pathol. 162, 43-54. doi: 10.1016/j.jip.2019.02.004

Vavra, J., Hylis, M., Fiala, I, and Nebesarova, J. (2016). Globulispora mitoportans n. g.,
n. sp., (Opisthosporidia: Microsporidia) a microsporidian parasite of daphnids with
unusual spore organization and prominent mitosome-like vesicles. J. Invertebr. Pathol.
135, 43-52. doi: 10.1016/j.jip.2016.02.003

Vavra, J., Hyli§, M., Fiala, I., Sacherova, V., and Vossbrinck, C. R. (2017).
Microsporidian genus Berwaldia (Opisthosporidia, microsporidia), infecting daphnids
(Crustacea, branchiopoda): Biology, structure, molecular phylogeny and description of
two new species. Eur. J. Protistol 61 (Pt A), 1-12. doi: 10.1016/j.¢jop.2017.07.005

Vossbrinck, C. R., and Debrunner-Vossbrinck, B. A. (2005). Molecular phylogeny of
the microsporidia: ecological, ultrastructural and taxonomic considerations. Folia.
Parasitologica. 52, 131-142. doi: 10.14411/fp.2005.017

Watson, A. K., Williams, T. A., Williams, B. A., Moore, K. A., Hirt, R. P, and Embley,
T. M. (2015). Transcriptomic profiling of host-parasite interactions in the microsporidian
Trachipleistophora hominis. BMC. Genomics 16, 983. doi: 10.1186/s12864-015-1989-z

Watterson, G. A. (1975). Number of segregating sites in genetic models without
recombination. Theoretical. Population. Biol. 7, 256-276. doi: 10.1016/0040-5809(75)
90020-9

Weng, M. Q,, Liu, X. H,, Zhao, Y. L, Xie, D. R,, Zhang, Q. Q,, Sato, H,, et al. (2020).
Morphological and molecular characterization of a new species, Agglomerata daphniae n.
sp. from the hypoderm of Daphnia magna (Crustacea: Daphniidae). . Invertebr. Pathol.
177, 107501. doi: 10.1016/j.jip.2020.107501

Weng, M. Q,, Xie, D. R,, Zhang, Q. Q., Li, A. H., and Zhang, J. Y. (2021b). First report of
Ovipleistophora ovariae and O. diplostomuri in China provides new insights into the
intraspecific genetic variation and extends their distribution. Parasitology 149, 314-324.
doi: 10.1017/s0031182021001852

Weng, M. Q,, Zhang, J. Y., Li, A. H,, Zhang, Q. Q., and Sato, H. (2021a). Morphological
and molecular characterization of a new microsporidium, Janacekia tainanus n. sp. from
the adipose tissue of Kiefferulus tainanus (Diptera: Chironomidae) in China. J. Invertebr.
Pathol. 182, 107578. doi: 10.1016/j.jip.2021.107578

Wijayawardene, N. N., Hyde, K. D., Al-Ani, L. K. T., Tedersoo, L., Haelewaters, D., and
Rajeshkumar, K. C. (2020). Outline of fungi and fungi-like taxa. Mycosphere 11 (1), 1160
1456. doi: 10.5943/mycosphere/11/1/8

frontiersin.org


https://doi.org/10.1016/j.ijpara.2012.11.010
https://doi.org/10.1016/j.pt.2013.08.005
https://doi.org/10.1016/0022-2011(90)90087-M
https://doi.org/10.1093/genetics/123.3.585
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1093/nar/25.24.4876
https://doi.org/10.1093/nar/25.24.4876
https://doi.org/10.1016/j.jip.2019.107279
https://doi.org/10.1002/jat.4035
https://doi.org/10.3354/dao049199
https://doi.org/10.1016/j.jip.2018.10.003
https://doi.org/10.1016/j.jip.2019.02.004
https://doi.org/10.1016/j.jip.2016.02.003
https://doi.org/10.1016/j.ejop.2017.07.005
https://doi.org/10.14411/fp.2005.017
https://doi.org/10.1186/s12864-015-1989-z
https://doi.org/10.1016/0040-5809(75)90020-9
https://doi.org/10.1016/0040-5809(75)90020-9
https://doi.org/10.1016/j.jip.2020.107501
https://doi.org/10.1017/s0031182021001852
https://doi.org/10.1016/j.jip.2021.107578
https://doi.org/10.5943/mycosphere/11/1/8
https://doi.org/10.3389/fcimb.2023.1125394
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Morphological characterization and genetic diversity of a new microsporidium, Neoflabelliforma dubium n. sp. from the adipose tissue of Diaphanosoma dubium (Crustacea: Sididae)
	1 Introduction
	2 Materials and methods
	2.1 Collection of specimens and microscopical observation
	2.2 Transmission electron microscopy (TEM)
	2.3 DNA extraction, PCR, and sequencing
	2.4 Molecular characterization

	3 Results
	3.1 Light microscopy
	3.2 Electron microscopy
	3.3 Molecular characterization
	3.4 Genetic diversity

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


