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A B S T R A C T

Data on sessilinasis from Procambarus clarkia are limited. This study investigates sessilid diversity in Hubei
Province, China in 2016. Procambarus clarkia pereopods were covered by two sessilid morphotypes in April and
May, and the gills were adhered by one of these two morphotypes (morphotype I) in January. Identifying the two
morphotypes according to their morphological characters through live observations and protargol-stained
method is difficult. Both morphotypes show almost identical morphological characteristics: zooids present vase-
shaped, the length-to-width ratio is 2:1, the semicircle-shaped peristomial disk is evidently above the peristomial
lip, single contractile vacuole is located below the peristomial lip, and the oral infraciliature shows identical
arrangement which can be distinguished from other Epistylis. However, the morphometric data of the two
morphotypes are significant different: body size of morphotype I is 78.9–103.8× 32.1–54.6 μm, whereas that of
morphotypes II is 136.7–171.5×60.9–88.0 μm. To further identify the two morphotypes, molecular regions
including small subunit ribosomal DNA (SSU rDNA) sequences, large subunit ribosomal DNA (LSU rDNA) se-
quences, and ITS1-5.8S-ITS2 sequences were used. Results supported that the two morphotypes are single
species of genus Epistylis rather than distinct species based in their distinct size ranges and temporal presence
events. We assigned it the name E. semiciculus n. sp. with respect to the semicircular peristomial disk. Overall,
these findings emphasized the importance of using molecular data to solve the identification confusion caused by
ontogenetic processes. This study is the first morphological and molecular characterization of a sessilid isolated
from P. clarkia under aquaculture conditions.

1. Introduction

Red swamp crayfish, Procambarus clarkia is a high-quality source of
protein for human and plays an increasingly important role in world-
wide aquaculture for global food supplying (FAO, 2018). Procambarus
clarkia was artificially cultured in the United States at 1950's decade
(Hobbs, 1989; Gherardi, 2006). In the 1990s, P. clarkia culture started
to be highly valued in China (Chen et al., 2008). Currently, the P.
clarkia accounts for the largest part of the freshwater crustacean
aquaculture in China, as P. clarkia production reached 1,129,708 tons
in 2017 (Xu and Lv, 2018). With the rapid development of intensive
culture, the risk of infectious diseases of P. clarkia has increased, re-
sulting in so far unknown economic losses (Van and Viljoen, 1984;
Overstreet, 1987; Pádua et al., 2013; Wang et al., 2017b).

One of the most common diseases is caused by sessilids that belong
to a highly diversified group of peritrichs. The order Sessilida Kahl,

1933 is characterized by a trophont stage attached onto a substrate
through a lorica, scopula, or stalk (Lynn, 2008). Sessilid identification
was traditionally based on morphological methods that use in vivo
observation, protargol staining, and electron microscopy (Lynn, 2008).
Molecular identification methods were used to validate traditional
taxonomy which been under debate. Numerous morphological char-
acteristics used to distinguish families or species have been queried by
recent molecular studies (Utz et al., 2010; Sun et al., 2012; Jiang et al.,
2016). However, revising a proper taxonomy is difficult because of
lacking corresponding molecular data (Lynn, 2008; Gao et al., 2017).
Sessilids can firmly stick to the gill and the exoskeleton of crustacean
via the stalk (Hunn, 1966; Villarreala and Hutchingsb, 1986). The at-
tachment of sessilids may result in tissues necrosis, respiratory re-
tardation and mortality for crustaceans (Villarreala, 1986). Despite
their potential impact on crustaceans, reserch on therapeutic treatment
of sessilinasis is still at an early stage because sessilids have different
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sensitivities to drug and preferences for adhesion sites (Van, 1984;
Vogelbein and Thune, 1988; López-Téllez et al., 2009; Wang et al.,
2016). Thus, taxonomic identification of sessilids on crustacean is re-
quired for research on resistance to aquaculture disease.

This study aimed to provide insights into the diagnosis of potential
pathogens for crustacean and taxonomic revision for sessilids by de-
scribing two morphotypes of sessilid ciliates isolated from Procambarus
clarkia. Morphotype I and morphotype II adhered onto the pereopods in
April and May, whereas morphotype I adhered onto the gills in January.
Morphological characteristics based on in vivo specimens and silver
protargol staining, as well as the results of phylogenetic analyses based
on SSU rDNA sequences and ITS1-5.8S-ITS2 sequences, were provided.
Both morphotypes were identified as conspecific of a new species of
Epistylis Ehrenbeg (1830) based on almost morphological character-
istics and molecular data, although the size ranges are distinct. This
work provided the first and the most comprehensive record on sessilids
isolated from P. clarkia and strengthened the importance of molecular
data used in species identification.

2. Materials and methods

2.1. Identification and staining of specimens

Two Epistylis morphotypes adhered onto different aquaculture
Procambarus clarkia. Morphotype I adhered onto the pereopods (sample
number: 15) in Qianjiang City, Hubei Province, China (30°15′ N;
112°47′ E) on 28th April, 2016 and adhered onto the gills (sample
number: 14) in Xiaogan City (31°01′ N; 113°50′ E) on 9th January,
2019. Morphotype II attached onto the pereopods of P. clarkia (sample
number: 10) at the same pond of morphotype I in Qianjiang City
(30°15′ N; 112°47’ E) on 8th May, 2016. Both morphotypes were
treated by using the same methods as follows.

Life zooids were detached from the surface of hosts by using glass
micropipettes under a dissecting microscope with the methods de-
scribed by Wang et al. (2017a, b). The zooids were washed five to six
times with distilled water to remove the salts. Observations of live
specimens were conducted with bright-field and differential inter-
ference contrast microscopy (Olympus BX53F, Japan) at 200× to
1,000× magnifications. Images were captured by using a digital
camera mounted to a microscope (Olympus DP73, Japan). The mor-
phometric data were measured with a calibrated ocular attached to an
optic microscope.

Protargol staining and silver nitrate methods (Foissner, 2014) were
used to reveal infraciliature and pellicle striations respectively. Illus-
trations of live and stained specimens were drawn based on micro-
graphs with Photoshop CS6 Extended (Adobe Systems Inc).

2.2. DNA extraction, polymerase chain reaction (PCR), and sequencing

Genomic DNA was extracted by using the TransDirect Animal Tissue
PCR Kit (Trans, Beijing, China). The small subunit (SSU) rDNA, large
subunit (LSU) rDNA and ITS1-5.8S-ITS2 were amplified, which were
important maker for species identification used in sessilids (Jiang et al.,
2016; Utz et al., 2010; Wang et al., 2017a, b). Small subunit (SSU)
rDNA and large subunit (LSU) rDNA with the primers Euk A & Euk B
(Medlin et al., 1988) and 28S–1F & 28S-3R (Moreira et al., 2007). The
cycling parameters were as follows: 10min initial denaturation at 95 °C,

followed by 30 cycles (30 s at 95 °C for denaturation, 30 s at 55 °C for
primer annealing and 1min at 72 °C for extension) and a final extension
step at 72 °C for 5min. The entire ITS1-5.8S-ITS2 region was amplified
with the primers ITSF and ITSR (Yi et al., 2009). The PCR program
began with an initial denaturation step of 5min at 95 °C, then followed
by 30 cycles (1min at 94 °C for denaturation, 30 s at 56 °C for an-
nealing, 1 min at 72 °C for extension) and extension step of 72 °C for
7min.

The PCR products were purified by using a High-Pure PCR Product
Purification Kit (Cwbio, Beijing, China). High-pure fragments were in-
serted with pMD-19T-vector (Takara, Dalian, China), subsequently
transforming target fragments into cells of Escherichia Trans-5α com-
petent cells (Trans, Beijing, China). The samples were sequenced with
an ABI PRISM® 3730 DNA sequencer (Applied Biosystems Inc., Foster
City, CA, USA) by using the same primers as that for PCR.

2.3. Phylogenetic analysis

The genetic distances were performed by using MEGA. A blast
search of the sequences of the two morphotypes and telotrochs was
performed at https://blast.ncbi.nlm.nih.gov/Blast.cgi. Highly matched
sequences were acquired from GenBank and aligned by using MAFFT
v7.245 (Katoh and Standley, 2013). The alignment of SSU rDNA se-
quences and ITS1-5.8S-ITS2 sequences was trimmed by using
GBLOCKS. The final alignment that was used for subsequent phyloge-
netic analyses included 1,579 sites for the SSU rRNA gene sequences
and 156 sites for the ITS1-5.8S-ITS2 sequences. Phylogenetic trees were
constructed by using Bayesian Inference (BI) and Maximum Likelihood
(ML) methods. Bayesian analysis was performed with MrBayes 3.1.2.
Markov chain Monte Carlo chains of SSU rDNA sequences and ITS1-
5.8S-ITS2 sequences with default heating parameter for 1,000,000
generations, and trees were sampled every 100 generations with a burn-
in of 2,500. Maximum likelihood (ML) trees were constructed with
software PhyML 3.0 software under the best selected evolutionary
model. Bootstrap percentages were obtained after 1000 replicates.

The best model (GTR + I + G) of nucleotide evolution analysis was
selected by using the AIC criterion in jModeltest 2.1.10. The parameters
of SSU rDNA sequences were as follows: nucleotide frequencies
(A = 0.2949, C = 0.1801, G = 0.2437, T = 0.2813); substitution Rate
matrix ([AC] = 1.3905, [AG] = 3.3688, [AT] = 1.7799,
[CG] = 0.8711, [CT] = 5.6826, [GT] = 1.0000); proportion of in-
variable sites (I) = 0.3440; gamma distribution shape para-
meter = 0.5170. Furthermore, the best model for the ITS1-5.8S-ITS2
sequences was (GTR + I + G) with the following programmers: nu-
cleotide frequencies (A = 0.3359, C = 0.1815, G = 0.1831,
T = 0.2995); substitution rate matrix ([AC] = 1.6034, [AG] = 4.4271,
[AT] = 2.0330, [CG] = 0.5475, [CT] = 5.3357, [GT] = 1.0000);
proportion of invariable sites (I) = 0.281; gamma distribution shape
parameter = 0.511.

3. Results

Genus Epistylis Ehrenberg, 1830.
Epistylis semiciculus n. sp.
Host and site: pereopods and gills of Procambarus clarkia.
Prevalence and sampling sites: shown in Table 1.
Diagnosis. Extended zooids vase-shaped. Macronucleus C-shaped

Table 1
Sample information of two morphotypes.

Data sample number morphotypes attachment-site rate intensity

28th April, 2016 15 I pereopods 100% >100
8th May, 2016 10 II pereopods 100% >100
9th January, 2019 14 I gill 7% 20
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Fig. 1. Epistylis semiciculus n. sp. in vivo. A. Morphotype I stick to the gill of P. clarkia, double arrow shows Carchesium sp., arrow shows the zooids of Poulation I. B.
Morphotype II stick to the pereopods of P. clarkia, arrow shows the zooids of Poulation II. Uncontracted zooids of morphotype I. C. Colony of morphotype I. D. Colony
of Morphotype II. E. Uncontracted zooids of Morphotype II. F. Stalk, arrow shows the transverse striation. G, H. Macronucleus. I. Transverse striations on pellicle.
ATB, aboral trochal band; CV, Contractile vacuole; Ma, macronucleus; PD, peristomial disk; PL, peristomial lip. Scale bars: A=200 μm; B=3mm; C=40 μm;
D=400 μm; E, F, G, H, I= 20 μm.

Table 2
Morphometric data of Epistylis semiciculus n. sp. (all measurements in μm).

Characters Population n Min Max Mean SD CV P

zooid length, in vivo I 13 78.9 103.8 87.6 7.05 8.05 0
II 18 136.7 171.5 153.8 10.05 6.39

Zooid Width I 13 32.1 54.6 42.1 5.96 13.97 0
II 18 60.9 88.0 73.6 6.04 8.45

Stalk Width Ⅰ 7 9.6 14.5 11.9 1.76 14.78 0.966
II 12 9.0 13.9 11.6 1.52 13.11

Secondary stalk length I 10 34.3 50.0 42.5 5.48 12.88 0
II 10 2048.1 2424.1 2278.5 135.25 5.93

Peristomial Disk diameter I 10 17.8 21.7 19.7 1.39 7.06 0
II 10 30.2 37.9 33.3 2.12 6.36

Peristomial Disk height I 10 5.0 9.2 7.2 1.48 20.67 0
II 10 9.6 13.9 11.1 1.62 14.57

Peristomial Lip diameter I 10 30.8 35.5 41.1 6.85 16.5 0
II 10 54.3 62.5 57.1 2.75 4.82

Peristomial lip height I 10 8.2 11.6 9.6 1.14 11.89 0.001
II 10 10.3 15.5 13.1 1.65 12.59

Silver line I 10 152 195 172 12.69 7.38 0.88
II 12 177 238 196 18.70 9.50

I, morphotype I collected on April 28th, 2016 and 9th January, 2019; II, morphotype II collected on May 8th, 2016; n, number of specimens measured; Min,
Minimum; Max, Maximum; Mean, arithmetic mean; SD, standard deviation; CV, coefficient of variation in %; P, P value.
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with variable orientation. One contractile vacuole ventrally located
below peristomial lip. Number of silverlines 152–238 from peristome to
scopula. Three rows of P1 equaled in length. Three rows of P2 terminate
at same level. The inner row of P3 shorter than other the two rows.

3.1. Type locality

Morphotype I was found in freshwater crayfish pond in Qianjiang
City (30°15′ N; 112°47′ E) and Xiaogan City (31°01′ N; 113°50’ E),
Hubei Province, China.

Morphotype II was found in freshwater crayfish pond in Qianjiang
City (30°15′ N; 112°47’ E), Hubei Province, China.

Type material: The protargol-stained slide containing the holotype
specimen and the silver nitrate strained slide containing the paratype
have been deposited in the National Zoological Museum of China,
Institute of Zoology, Chinese Academy of Sciences, Beijing, China, with
registration number HB2016001 and HB2016002. Three protargol-
stained slides have been deposited in the Department of Aquatic Animal
Medicine, College of Fisheries, Huazhong Agricultural University,
Wuhan, China, with registration number zt201604281, zt201604282
and zt201604283.

Etymology: The species-group name Epistylis semiciculus refers to
the semicircular peristomial disk.

3.2. Description

Morphotypes I detected adhering onto the pereopods and the gills of
Procambarus clarkia (Fig. 1A). Colonies consisted of 4–6 zooids (Figs. 1C
and 4A) with extremely short secondary stalks (mean length 43 μm)
(Fig. 1C). Zooids measured 80–105×30–55 (average 87.6× 42.6) μm
with length-to-width radio of 2:1 (Fig. 1C). Secondary stalk average
42.5 μm in length (Fig. 1C). Peristomial lip average 9.6 (8.2–11.6) μm
in thickness and 41.1 (30.8–35.5) μm in diameter. Peristomial disk 19.7
(17.8–21.7) μm in diameter, and evidently elevated above peristome at
a height of 7.2 (5.0–9.2) μm (Table 2). Numerous granules were dis-
tributed uniformly in the zooids (Fig. 1C).

Morphotype II adhered onto the pereopods of Procambarus clarkia
(Fig. 1B). Colonies approximately consisted of 90 zooids (Figs. 1D and
4B). The expanded zooids measured 135–170×60–90 (153.8×73.6)

μm (Figs. 1E and 4C) with average length-to-width radio of 2:1. Sec-
ondary stalk averaged 2278.5 μm in length (Fig. 1D). Peristomial lip,
measured 57.1 (54.3–62.5) μm in diameter and 13.1 (10.3–15.5) μm in
thickness (Fig. 1E). Peristomial disk measured 33.3 (30.2–37.9) μm in
diameter with an average height of 11.1 (9.6–13.9) μm (Table 2). The
cytoplasm near the scopula was darker than that of the other regions
because of different density of gray granules (Fig. 1E).

Despite the morphometry and granules, the two morphotypes pre-
sented congruent morphological characteristics. Zooids presented a
vase-shaped body (Fig. 1C, E). Peristomial disk revealed semicircle-
shaped and evidently elevated above peristomial lip (Fig. 1G and H).
Shallow longitudinal and obvious transverse striations visible on stalk
surface (Fig. 1F). Single contractile vacuole dorsally located blow
peristomial lip (Fig. 1E). C-shaped macronucleus located at anterior
body with longitudinal (48% zooids, Fig. 1G) or transverse (52%
zooids, Fig. 1H) orientation. Transverse striations were clearly visible
on pellicle at ×1000 magnification (Fig. 1I).

Zooids detected leaving stalk and transforming free-swimming form
(telotrochs). Body shape of telotrochs slightly similar to that of mobilids
in morphology (Fig. 2A). C-shaped macronucleus oriented at center
zooids (Fig. 2E and F). Oral infraciliature (Fig. 2B and C) and transverse
striations detected on oral region at ×1000 magnification (Fig. 2D).
Individual telotroch can swim by using cilia (Fig. 2A).

Macronucleus presented C-shaped with transverse or longitudinal
orientation after protargol strained (Fig. 3B and C) and silver im-
pregnated (Fig. 3I). Aboral trochal band revealed at anterior 65% of
zooid length (Fig. 3C). Oral infraciliature of the two morphotypes was
identical after protargol straining (Figs. 3A and 4D). Polykinety (P)
turned 1.5 times around peristomial disk with the hapokinety (H).
Germinal kinety emerged at distal end of polykinety and hapokinety
(Figs. 3A and 4D). Polykinety transformed into infundibular poly-
kinetids 1–3 (P1–3) within infundibulum (Fig. 3A). Three rows of P1
equaled in length (Fig. 3A, D). Three rows of P2 terminated at same
level (Fig. 3E and F). Inner row of P3 shorter other equal two rows
(Fig. 3E and F). After dry silver impregnated, transverse silverlines
(Fig. 3G and H, 4E) and pores (Figs. 3G and 4E) detected on pellicle.
The average numbers of silverlines from peristome to scopula 172
(morphotype I) and 196 (morphotype II).

Fig. 2. Telotrochs of morphotype II of
Epistylis semiciculus n. sp. in vivo. A. Apical
view of telotroch. B. Oral of telotroch
(arrow). C. Oral infraciliature (arrow). D.
Transverse striations on oral pellicle
(arrow). E.Macronucleus and infraciliature.
F. Macronucleus (arrow). ATB, aboral tro-
chal band; CV, Contractile vacuole; Ma,
macronucleus; P, polykinety. Scale
bars= 10 μm.
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3.3. Sequence and phylogenetic analysis

Four SSU rDNA sequences of Epistylis semiciculus n. sp. were col-
lected as follows: S1.1, S1.2 (from morphotype I, GenBank accession
number: XXXX, XXXX), S2 (from morphotype II, GenBank accession
number: XXXX), and S3 (telotrochs of morphotype II, GenBank acces-
sion number: XXXX). The length of all sequences was 1732 bp. Four
sequences were aligned with each other and other available sequences
in GenBank. The BLAST results and genetic distance were showed in
Table 3. The identities between the two morphotypes (99.7–99.9% over
1730 bp) were higher than other sequences of single species (E. plica-
tilis, 99.6% over 1049 bp). The most similar available species was E.
portoalegrensis (KT358502, 99.0–99.2% over 1612 bp) based on BLAST
results. The ML and BI trees based on SSU rDNA sequences were almost
congruent with respect to topologies. Thus, a single tree was shown
based on the topology of BI tree with node support from both analyses
revealed on the branches (Fig. 5). The phylogenetic tree revealed that
the four sequences of E. semiciculus n. sp. grouped together within a
well-supported clade (100ML, 100BI), and clustered with major Epis-
tylis that encompassed species of E. portoalegrensis (KT358502), E.
chrysemydis (KM096378, AF335514), E. chlorelligerum (KM096377,
KM096375), E. wenrichi (AF335515) and E. urceolata (AF335516). The

clade of Epistylidae was sister to part species of Zoothamnium, such as Z.
sinca (DQ190469), Z. duplicatum (DQ662851), Z. nii (DQ662852), Z.
arcuatum (KM887953), and Z. grossi (KM887954).

Four ITS1-5.8S-ITS2 sequences were obtained as follows: I1 (from
morphotype I, GenBank accession number: XXXX), I2.1, I2.2 (from
morphotype II, GenBank accession number: XXXX, XXXX), and I3 (from
telotrochs of morphotype II, GenBank accession number: XXXX). The
length of all sequences was 495bp. BLAST results and genetic distances
showed in Table 4. Blast results showed that similarities between the
two morphotypes (99.8–100% over 495 bp) were higher than some
different sequences of single species (E. portoalegrensis, 99.8% over 531
bp). Bayesian Inference (BI) and Maximum Likelihood (ML) trees based
on ITS1-5.8S-ITS2 sequences provided consistent and strong supported
topologies, and the congruent tree reconstructed together based on BI
trees. Four sequences of E. semiciculus n. sp. clustered in a well-sup-
ported clade (96ML, 100 BI), further nested with E. portoalegrensis
(KT358504), E. chrysemydis (AF429887, GU586187), E. urceolata
(AF429891) and E. wenrichi (AF429892), which clustered into a clade
within Epistylididae (Fig. 6).

Collected LSU rDNA sequences were as follows: L1.1, L1.2 (from
morphotype I, GenBank accession number: XXXX, XXXX), L2 (from
morphotype II, GenBank accession number: XXXX), L3 (from telotrochs

Fig. 3. Microphotographs of stained Epistylis semiciculus n. sp. with protargol stain (A–F) and silver nitrate (G–I). A. Pattern of infraciliature. B. Macronucleus with
transverse orientation. C. Macronucleus with longitudinal orientation. D, E, F. Terminate of infundibular polykineties 1–3. G, H. Silver nitrate impregnated
transverse striations, arrow shows the pores. I. Macronucleus after silver nitrate impregnated. ATB, aboral trochal band; G, germinal kinety; H, haplokinety; P,
polykinety; P1–3, infundibular polykineties 1–3. Scale bars: A, B, C, H, I= 20 μm; D, E, F=10 μm; G=5 μm.
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of morphotype II, GenBank accession number: XXXX). Sequences length
was 1843 bp, and the variant of different morphotypes was as follows:
L1.1 differed from L1.2, and L3 by 2 substitutions (99.9% over 1843bp),
2 substitutions (99.9% over 1843bp), and 3 substitutions (99.8% over
1843 bp). L2 differed from L1.2, and L3 by 2 substitutions (99.9% over
1843 bp) and 5 substitutions (99.7% over 1843 bp). Phylogenetic tree
was not constructed based on LSU rDNA sequences because only few
sequences in GenBank were available.

4. Discussion

The present study presented morphological and molecular data of
two sessilid morphotypes isolated from Procambarus clarkia, which will
provide a reliable basis for pathogenic diagnosis. In addition, we de-
monstrated the two morphotypes are actually a single species based on
almost similar morphological characteristics and molecular data, al-
though the smaller and larger morphotypes showed distinct size ranges
and granules. The species in the present study were identified as new
species in genus Epistylis.

4.1. Expanded list of pathogenic ciliates on crustacean

Sessilids have repeatedly been reported adhering to edible crusta-
cean during the late-20th century, causing potential damage to host
health (López-Téllez et al., 2009). Many sessilids species were detected
adhereing to crustacean in China, American, and Mexico, such as
Zoothamunium, Vorticella and Epistylis (Hunn, 1966; Song et al., 1991;
Hongwei and Overstreet, 2006; Liao et al., 2018). In the present study,
we detected sessilids adhering onto intermolt period Procambarus
clarkia tissues. Morphotype I and morphotype II were detected sticking
to P. clarkia pereopods in spring (April and May), forming a filamentous
layer over the surface, which may influence the movement of the host
(Hunn, 1966; Villarreala and Hutchingsb, 1986). Moreover, morpho-
type I and Carchesium sp. firmly adhered onto the gills in winter (Jan-
uary), which was thought to reduce the effective respiratory surface
area and increase respiratory stress for host in aquaculture condition
(Overstreet, 1973). Considering the variable impact on different tissues,
we suggested that the attachment-site preference under different en-
vironments should be carefully considered for the treatment of sessili-
nasis. To our best knowledge, this study is the first to describe sessilids
isolated from P. clarkia, which may help aquaculturists for pathogenic

Fig. 4. Epistylis semiciculus n. sp. drawing from vivo
and stained specimens. A. Morphotype I of Epistylis
semiciculus n. sp. in vivo. B, C. Morphotype II of
Epistylis semiciculus n. sp. in vivo. D. Oral infra-
ciliature Oral. E. Transverse striations. G, germinal
kinety; H, haplokinety; P, polykinety; P1–3, in-
fundibular polykineties 1–3. Scale bars: A=20 μm;
B=400 μm; C=20 μm.

Table 3
SSU rDNA gene sequences genetic substitutions/genetic distance in bracket (lower triangle) and identities/nucleotides (upper triangle) among Epistylis species.

1 2 3 4 5 6 7 8 9

1. S1.1 99.8%/1732 99.7%/1732 99.8%/1732 99.0%/1612 98.8%/1727 98.9%/1732 97.4%/1048 97.4%/1052
2. S1.2 4/0.002 99.9%/1732 100%/1732 99.2%/1612 99.0%/1727 99.1%/1732 97.7%/1048 97.7%/1052
3. S2 5/0.003 1/0.001 99.9%/1732 99.1%/1612 99.0%/1727 99.0%/1732 97.7%/1048 97.7%/1052
4. S4 4/0.002 0/0.000 1/0.001 99.2%/1612 99.0%/1727 99.1%/1732 97.7%/1048 97.7%/1052
5. E. portoalegrensis KT358502 17/0.011 13/0.008 14/0.009 13/0.008 99.50%/1612 99.4%/1613 97.1%/1051 97.1%/1055
6. E. chrysemydis AF335514 21/0.011 17/0.009 18/0.009 17/0.009 8/0.005 99.5%/1729 97.2%/1051 97.2%/1051
7. E. chlorelligerum KM096375 20/0.012 16/0.009 17/0.010 16/0.009 9/0.005 8/0.005 97.5%/1051 97.5%/1051
8. E. plicatilis HM627236 23/0.025 24/0.022 24/0.022 24/0.022 31/0.027 30/0.026 26/0.023 99.6%/1050
9. E. plicatilis HM627235 27/0.024 24/0.021 24/0.021 24/0.021 31/0.026 30/0.025 26/0.022 4/0.003

Kimura 2 was used to calculate genetic distances.
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diagnosis and improve our understanding of the species diversity of
sessilids isolated from crustaceans.

4.2. Comparison within conspecific

The two morphotypes in the present study were assigned to genus
Epistylis based on their morphological characteristics, such as the
colony without contractile stalks and the obvious peristomial lip.
Morphologically, the two morphotypes both possessed a vase-shaped
body, a semicircular peristomial disk, apically positioned contractile
vacuole, variable macronucleus, and the same oral infraciliature, which
are widely recognized as discriminating characteristics with obvious
interspecies variations (Foissner et al., 1992; Jiang et al., 2016).
However, number of zooids in colony, morphometric data and granules
between the two morphotypes were significant different.

To solve the morphological conundrum above, molecular regions,
including SSU rDNA, LSU rDNA, and ITS1-5.8S-ITS2 sequences were
used for further identification. The result showed that the two mor-
photypes present very similar sequences with only 1 to 5 substitutions
(SSU rDNA sequences, genetic distances: 0.06% to 0.29%), 2 substitu-
tions (LSU rDNA sequences, genetic distances: 0.11%), and 0 to 1
substitution (ITS1-5.8S-ITS2 sequences, genetic distances: 0% to

0.20%) from each other. These molecular variations varied less than the
other described conspecific morphotypes of Epistylis and other sessilids,
with genetic distances ranging from 0.13% to 0.92% (Wu et al., 2011;
Sun et al., 2012; Jiang et al., 2016). For example, the SSU rDNA se-
quences of E. chrysemydis vary 8 substitutions (genetic distances 0.53%,
AF335514 vs. KY675178) and SSU rDNA sequences of E. plicatillis vary
5 substitutions (genetic distances 0.38%, HM627236 vs. HM627235).
Moreover, phylogenetic analyses based on SSU rDNA sequences and
ITS1-5.8S-ITS2 sequences both revealed that the two morphotypes be-
longed to a well-supported clade, which separate from other Epistylis
species. Considering the similarities in molecular sequences and the fact
that intraspecific morphological variation is common in peritriches
(Jiang et al., 2016; Kühner et al., 2016; Marcotegui et al., 2018), the
two morphotypes were identified to be conspecific. The morphological
differences may be attributed to ontogenetic changes.

The commonly accepted morphological taxonomy within genus
Epistylis and other sessilids include the following characteristics: body
shape and size, infraciliature, silverlines, macronucleus, contractile
vacuole, and granules (Lynn, 2008). However, precise identification of
sessilids only based on morphology is quite difficult because of in-
traspecific morphological variations (Jiang et al., 2016; Kühner et al.,
2016). In the present study, granules and body size were significantly

Fig. 5. Consensus tree constructed from both trees generated by phylogenetic analyses of nuclear SSU rDNA sequences. The sequences investigated in the present
study are formatted in bold. Numbers at nodes of branches indicate the posterior probability (BI) and bootstrap (ML) values, respectively. 1 and 2, morphotype I; 3,
morphotype II; 4, Telotrochs of morphotype II.

Table 4
ITS1-5.8S-ITS2 rDNA gene sequence substitutions/genetic distance (lower triangle) and identities/nucleotides (upper triangle) among Epistylis species.

1 2 3 4 5 6 7 8

1. I1 99.8%/495 100%/495 99.6%/495 95.6%/481 95.8%/481 97.40%/194 97.9%/194
2. I2.1 1/0.002 99.8%/495 99.4%/495 95.4%/481 95.6%/481 96.70%/194 97.4%/194
3. I2.2 0/0.000 1/0.002 99.6%/495 95.6%/481 95.8%/481 96.40%/194 97.9%/194
4. I3 2/0.004 3/0.006 2/0.004 95.2%/481 95.4%/481 96.90%/194 97.4%/194
5. E. portoalegrensis KT358504 21/0.039 22/0.041 21/0.039 23/0.044 99.8%/531 98.4%/248 98.0%/249
6. E. portoalegrensis KT358503 20/0.037 21/0.039 20/0.037 22/0.041 1/0.002 98.4%/248 98.0%/249
7. E. chrysemydis AF429887 5/1.008 5/1.008 5/1.008 6/0.977 4/0.977 44/0.038 98.7%/385
8. E. wenrichi AF429892 4/0.993 5/0.993 4/0.993 5/0.963 5/0.008 5/0.008 5/0.008

Kimura 2 was used to calculate genetic distances.
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different between the two morphotypes, which is consistent with pre-
vious studies, such as variable granules in cytoplasm of E. chorelligerum,
and significant different body size of E. wuhanensis and E. portoalegrensis
(Jiang et al., 2016; Kühner et al., 2016; Wang et al., 2017b). Moreover,
the orientation of macronucleus of both morphotypes was variable in
different zooids. These findings further verified the deficiency of some
morphological characteristics used in species identification, such as
body size and granules (Jiang et al., 2016; Wang et al., 2017b). These
results highlighted the importance of molecular data for sessilid iden-
tification and pathogenic diagnosis (Miao et al., 2004; MartínCereceda
et al., 2007; Gentekaki et al., 2017; Liao et al., 2018). The present study
acted as a case for precise identification of sessilids from Procambarus
clarkia: more data, especially comprehensive molecular data, should be
considered when morphological identifying getting into dilemma.

4.3. Comparison with other Epistylis

The present species shows the typical morphological characteristics
of the genus Epistylis and can be distinguished from other sessilid genera
by the following typical morphological characteristics: noncontractile
stalk, well-defined peristomial lip, and oral ciliary rows circling for less
than two turns around peristomial disk (Lynn, 2008).

The present Epistylis can be distinguished from other Epistylis species
by the following morphological characteristics: (1) body shape of sev-
eral species is not vase shape, such as E. aselli Stiller, 1941, E. gammari
Precht, 1935, E. helicostylum Vavra, (1962) and E. hentscheli Kahl,
(1935) (vs. body shape of the present Epistylis is vase shape (Vavra,
1962; Foissner et al., 1992; Shen and Gu, 2016); (2) peristomial lips of
several species are double layer, such as E. chrysemydis Bishop and
Jahn, 1941 and E. clampi Hongwei and Overstreet, 2006 (vs. peristo-
mial lip of the present Epistylis is single layer) (Hongwei and Overstreet,
2006; Jiang et al., 2016); (3) contractile vacuoles of several species are
on the ventral wall of infundibulum, such as E. acuminata Song, 1986, E.
chlorelligerum Shen, 1980 and E. nympharum Engelmann, 1862 (vs.

contractile vacuole of the present Epistylis is on the dorsal wall of in-
fundibulum) (Song, 1986; Foissner et al., 1992; Jiang et al., 2016); (4)
peristomial disks of several Epistylis species are gradient, such as E.
chlorelligerum and E. vaginula Stokes, 1884 (vs. peristomial disk of
present Epistylis is semicircular) (Jiang et al., 2016; Shen and Gu, 2016)
(5) contractile vacuole of several species are above peristomial lip, such
as E. acuminata, E. aselli, E. clampi, E. harpaticola Kahl, 1933, E. plicatilis
Ehrenberg, 1838 and E. vaginula (vs. contractile vacuole of the present
Epistylis is below peristomial lip) (Song, 1991; Hong and Overstreet,
2006; Shi et al., 2014; Shen and Gu, 2016; (6) macronuclei of several
species are J-shaped or band-shaped, such as E. elongata Stokes, 1889
and E. nympharum (vs. macronucleus of the present Epistylis is C-
shaped) (Kahl, 1935; Foissner et al., 1992). Detailed comparisons are
presented in Table 5.

The BLAST results show that the present Epistylis is most similar to
E. chlorelligerum (KM096375, SSU rDNA sequences) and E. chrysemydis
(GU586187, ITS1-5.8S-ITS2 sequences), which can be morphologically
distinguished from the present Epistylis (see above). Phylogenetic ana-
lyses based on SSU rDNA sequences and ITS1-5.8S-ITS2 sequences both
revealed that the present Epistylis obviously separates from other
Epistylis species. Therefore, we identified the present Epstylis as a new
species based on both morphological and molecular comparisons. We
assigned it the name Epistylis semiciculus n. sp. with respect to the shape
of its peristomial disk.

5. Conclusion

We presented morphological and molecular data of sessilids isolated
from Procambarus clarkia for the first time. The comprehensive de-
scriptions, including in vivo morphology, oral infraciliature, silverlines,
and molecular data, will provide a reliable basis for pathogenic diag-
nosis. These results re-evolved the validity of some morphological
characteristics as taxonomic criterion within sessilid, which highlighted
the importance and convenience of molecular data on precise

Fig. 6. Consensus tree constructed from both trees generated by phylogenetic analyses of nuclear ITS1-5.8S-ITS2 sequence. The sequences investigated in the present
study are in bold. Numbers on branches indicate the posterior probability (BI) and bootstrap (ML) values, respectively. 1, morphotype I; 2 and 3, morphotype II; 4,
Telotrochs of morphotype II.
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pathogenic diagnosis.
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