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Abstract In July 2012 new Allocreadium species
was isolated from Carassius gibelio caught in the
Arsenyevka River, Primorsky region, Russia. Analy-
ses on the morphometrics and internal organs’ topol-
ogy revealed that these worms are morphologically
closest with A. isoporum but both species are
independent according to high genetic distances based
on the 28S gene fragment (5.434+£0.0073%). Unlike
A. isoporum found earlier in Europe, the new species
named A. pseudoisoporum sp. nov. has a shorter body
length and the vitellarium not reaching the posterior
end of the body at some distance and its anterior border
is on the level of the ventral sucker. Allocreadium
pseudoisoporum sp. nov. differs from seven species
previously found in the Russian Far East with the
following features: smaller size of the body, suckers’
ratio, range values, and topology of internal structures.
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Newly localities in the Pavlovka River and the
Artyomovka River were discovered for A. khankaien-
sis. Morphological variability of the worms from the
Pavlovka River was observed in comparison with A.
khankaiensis from the Komissarovka River. Using
scanning electron microscope, we examined external
surfaces of three species (A. pseudoisoporum sp. nov.,
A. khankaiensis, A. hemibarbi) and observed struc-
tures reminiscent sensory receptors. This study was
aimed to describe species diversity of allocreadiids
inhabiting the south of Primorsky region, and to clarify
phylogenetic relationships between the species from
the genus Allocreadium Looss, 1900 using molecular
genetic methods. The phylogenetic Bayesian tree
based on the 28S gene showed a clear separation of
ten Allocreadium species and confirmed the validity of
A.  pseudoisoporum  sp. nov. Allocreadium
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pseudoisoporum sp. nov. is most similar to A. gotoi
(genetic distances — 3.578+0.0051% in 28S, and
18.777£0.0149% in coxl), and represented the earli-
est divergent lineage in Allocreadium clade on the
phylogenetic tree based on the 28S gene, thereby
indicating its proximity to the ancestral node. Also,
dichotomous keys for 25 Palearctic species of Allocre-
adium were prepared based on the morphology of the
adult worms.

Introduction

The genus Allocreadium Looss, 1900 (Trematoda:
Allocreadiidae) includes species infecting economi-
cally important freshwater fish, is widely distributed
throughout the world and possesses a high species
diversity compared to other genera within the family
Allocreadiidae. Many Allocreadium species have been
described in Holarctic, Oriental, and Ethiopian regions
(e.g., Roitman, 1963; Achmerov, 1960, 1961, 1963;
Gao et al., 2008; Shimazu, 2016; Chandra et al., 2019;
Vainutis, 2020; Dos Santos et al., 2021). In the most
recent phylogenetic works by Vainutis (2020) and Dos
Santos et al. (2021), two new species, A. khankaiensis
Vainutis, 2020 from Primorye, Russia, and A. apokryfi
Dos Santos, Gilbert, Avenant-Oldewage and Dumbo,
2021 from South Africa were described, the system-
atic position of A. hemibarbi Roitman, 1963 was
clarified, and the validity of eight species was
confirmed using molecular genetic methods. The type
species Allocreadium isoporum (Looss, 1894) Looss,
1902 was recorded in different localities of Ukraine,
Czech Republic, Lithuania, Poland, Germany, Turkey,
European and Asian parts of Russia (Looss, 1894;
Linstow, 1896; Shtein, 1957; Koval, 1957; Slusarski,
1958; Wishniewski, 1958; Achmerov, 1960; Roitman,
1963; Strelkov, 1971; Ermolenko, 1992; Moravec,
1992; Aydogdu et al., 2018). However, despite the
abundant data on morphology, molecular genetic data
(28S rRNA gene) for A. isoporum were obtained only
from the European part of Russia (Petkeviciate et al.,
2010, 2018).

The primary aim of the present study was to
describe the species diversity of allocreadiids inhab-
iting the south of Primorsky region, and to clarify the
phylogenetic relationships between the species from
the genus Allocreadium using molecular genetic
methods. New dichotomous keys for 25 Palearctic
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species of Allocreadium were prepared based on the
morphology of the adult worms.

In addition to classical morphological study, we
performed the comparison of external surfaces of 3
Allocreadium species using scanning electron micro-
scopy (SEM). To date, images obtained by the SEM
were provided for 33 species representing 12 genera of
the family Allocreadiidae: Bunodera (Lasee et al.,
1988; Caira, 1985; Choudhury & Ledn-Regagnon,
2005), Crepidostomum (Caira, 1985; Moravec, 2002;
7d’arskd & Nebesatova, 2003, 2004; Choudhury &
Ledn-Regagnon, 2005; Petkevicitite et al., 2018;
Faltynkova et al., 2020), Megalogonia (Caira, 1985),
Allocreadium (Gao et al., 2008; Aydogdu et al., 2018;
Dos Santos et al., 2021), Margotrema (Pérez-Ponce de
Leén et al., 2013), Auriculostoma, Paracreptotrema
(Pérez-Ponce de Leén et al., 2016), Paracreptotrema-
toides (Pérez-Ponce de Le6n et al.,, 2016), Pseu-
doparacreptotrema (Pérez-Ponce de Leon et al., 2016;
Pérez-Ponce de Ledn et al., 2020), Auriculostoma
(Razo-Mendivil et al., 2014; Hernandez-Mena et al.,
2016; Hernandez-Mena et al., 2019; Montes et al.,
2021), Wallinia (Hernandez-Mena et al., 2019), and
Creptotrema (Franceschini et al., 2021). Most of these
authors demonstrated SEM of anterior end of the body
and total view of the worms without the description of
the tegumental surface, except Gao et al. (2008), who
described muscular striations on the body surface of
Allocreadium danjiangensis. Zd’arska and Nebesdi-
ova (2003, 2004) created the ultrastructure of intra-
tegumental sensory receptors on the forebody of
Crepidostomum metoecus in detail. We focused on
the presence/absence of tegumental sensory organs
and their interspecific variation.

Materials and methods

Material collection

Seventeen adult Allocreadium samples were isolated
from the intestine of one gibel carp Carassius gibelio
(Bloch, 1782) caught in the Arsenyevka River (the
Ussuri River basin; 44°23/29.3"N 133°28'39.2"E), 44
samples of A. khankaiensis were isolated from the
intestine of 12 individuals of Rhynchocypris lagowskii
(Dybowski, 1869) from the Pavlovka River (the Ussuri
River basin), and two samples of A. khankaiensis were
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isolated from the intestine of Barbatula toni from the
Artyomovka River (Fig. 1). Collected samples were
defined to the genus level according to morphological
characteristics under a light microscope, rinsed in
saline, killed in hot distilled water, and stored in 70°
ethanol.

Morphological analyses

Seven samples of A. pseudoisoporum sp. nov. and 11
samples of A. khankaiensis for the morphological
study were overstained in alum carmine, dehydrated in
a graded ethanol series, cleared in clove oil, and
mounted in Canada balsam. All measurements are
given in millimeters (mm). The holotype and para-
types were deposited to the parasitological collection
of the Zoological Museum, Federal Scientific Center
of the East Asia Terrestrial Biodiversity, Far Eastern
Branch of the Russian Academy of Sciences (FSC of
Biodiversity FEB RAS), Vladivostok, Russia (e-mail:
petrova@ibss.dvo.ru. Deposition date: 10 December
2018).

Dichotomous keys (Table 1) to 25 Palearctic
species of Allocreadium were prepared in the brack-
eted variant according to Lobanov et al. (2013).

To explore additional distinguishing features in
morphology of Allocreadium species, we performed
SEM analysis of the tegumental surface of three
Allocreadium species: 3 samples of A. pseudoisopo-
rum sp. nov., 2 samples of A. khankaiensis, and 3
samples of A. hemibarbi. Worms were dehydrated in a
graded ethanol series and subjected to critical-point
drying in the air, then mounted on aluminum stubs,
carbon coated, and examined with a field-emission
electron microscope MERLIN (CARL ZEISS, Ger-
many) at the Center for Collective Use "Biotechnol-
ogy and Genetic Engineering” of the FSC of
Biodiversity FEB RAS.

DNA extraction, amplification, and sequencing

Genomic DNA was extracted from 12 adults of
Allocreadium using alkaline lysis method HotShot
(Truett, 2006). Fragment of 28S rDNA for 3 speci-
mens of A. pseudoisoporum sp. nov. was amplified
using forward primer Digl2 (5’-AAG CAT ATC ACT
AAG CGG-3’) and reverse primer 1500R (5'-GCT
ATC CTG AGG GAA ACT TCG-3') (Tkach et al.,
2003). New 9 sequences of A. khankaiensis were

obtained using forward primer U178 (5'-GCA CCC
GCT GAA YTT AAG-3’) and reverse primer L1642
(5-CCA GCG CCA TCC ATT TTC A-3’) (Lockyer
et al., 2003). Fragment of cox! mtDNA for 3
specimens of A. pseudoisoporum sp. nov. was ampli-
fied using forward primer JB3 (5'-TTT TTT GGG
CAT CCT GAG GTT TAT-3') (Morgan & Blair,
1998) and reverse primer CO1-R-trema (5'-CAA CAA
ATC ATG ATG CAA AAG G-3) (Miura et al., 2005).
PCR mixture contained 2X DreamTaq Green PCR
Master Mix (Thermo Scientific, USA), 0.5 puM
forward and reverse primers and 4 pL templates in
total volume of 20 pL.. The amplification protocol was
performed under the following conditions: for 28S
rDNA, 3 min denaturation hold at 95 °C, 30 cycles of
30sat95°C,30sat54°C,2minat 72 °C, and a 5 min
extension hold at 72 °C; for cox] mtDNA, 1 min
denaturation hold at 94 °C, 30 cycles of 15 s at 94 °C,
30 s at 50 °C, 2 min at 72 °C, and a 7 min extension
hold at 72 °C. Each PCR reaction included a negative
and positive controls, using both primers to detect
possible contamination. PCR products were directly
sequenced using the Bright Dye Terminator Cycle
Sequencing kit (Nimagen, The Netherlands) as
instructed by the manufacturer. Moreover, internal
sequencing  primers: 300F (5-AGGGTTC-
GATTCCGGAG-3'), 1200R (5-GGGCATCACA-
GACCTG-3"), 900F (5'-
CCGTCTTGAAACACGGACCAAG-3'), ECD2 (5'-
CCTTGGTCCGTGTTTCAAGACGGG-3') (Lockyer
et al., 2003) have been implemented in case with 28S
rDNA. The PCR products were read with an ABI 3500
genetic analyser at the FSC of Biodiversity FEB RAS.
In total, 15 sequences were submitted to the NCBI
database: three 28S sequences of A. pseudoisoporum
sp. nov. (accession numbers MK258685—
MK?258687), nine 28S sequences of A. khankaiensis
(accession numbers MZ448168-MZ448176) and three
cox] sequences of A. pseudoisoporum Sp. nov.
(accession numbers OM914849—-OM914851).

Alignment and phylogenetic analyses

Nine partial 28S rDNA sequences obtained in this
study were assembled with SeqScape v.2.6 software
and aligned using ClustalW in MEGA X software
(Kumar et al.,, 2018). All analysed sequences of
Allocreadium spp. were trimmed to the length of the
shortest sequence (1239 bp in 28S gene; 687 bp in
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Table 1 Dichotomous key to 25 Palearctic species of Allocreadium Looss, 1900, based on morphology of the adult worms

la
1b

2a
2b
3a
3b
4a
4b
Sa
5b
6a
6b
Ta
7b
8a

8b

9a

9b

10a

10b

11a

11b

12a

12b

13a

13b

14a

14b

15a
15b

16a

Vitelline fields in hindbody.

Anterior border of vitelline fields anterior to posterior margin of ventral
sucker.

Ventral sucker larger than oral sucker.

Ventral sucker smaller than oral sucker.

Anterior border of vitelline fields on the level of ventral sucker.
Anterior border of vitelline fields in forebody.

Excretory vesicle reaching posterior testis.

Excretory vesicle not reaching posterior testis.

Excretory vesicle reaching posterior testis.

Excretory vesicle not reaching posterior testis.

Genital pore anterior to intestinal bifurcation.

Genital pore at level of or posterior to intestinal bifurcation.
Testes ellipsoid.

Testes of irregular shape.

Testes rounded or ellipsoid. Seminal vesicle bipartite. Uterine loops
reaching posterior testis.

Testes of irregular shape, deeply indented. Seminal vesicle unipartite.
Uterine loops pretesticular.

Uterus strictly pretesticular or posterior uterine loops covering anterior
margin of anterior testis. Proximal part of cirrus pouch reaching
posterior margin of ventral sucker.

Uterus between ventral sucker and posterior testis. Proximal part of
cirrus pouch reaching anterior margin of ventral sucker.

Body elongate-oval. Testes slightly or deeply indented. Ovary oval or
three-lobed.

Body elongate. Testes of irregular shape, slightly indented. Ovary oval,
rounded, or irregular shape.

Intestinal bifurcation at level of anterior margin of ovary

Intestinal bifurcation at level of or anterior to ventral sucker.
Genital pore at level of intestinal bifurcation.
Genital pore posterior to intestinal bifurcation.

Proximal part of cirrus pouch slightly extending beyond anterior
margin of ventral sucker. Vitelline follicles not reaching ventral
sucker at short distance

Proximal part of cirrus pouch reaching the posterior margin of ventral
sucker. Vitelline follicles reaching posterior margin of ventral sucker.

Cirrus pouch preacetabular. Anterior border of vitelline follicles at
level of posterior margin of ventral sucker.

Cirrus pouch preacetabular. Anterior border of vitelline follicles at
level of ovary.

Cirrus pouch anterior to ventral sucker. Body length 2.56-2.90 mm.

Cirrus pouch extending to posterior border of ventral sucker. Body
length 4.71-4.73 mm.

Intestinal bifurcation at level of ventral sucker.

2
3

4
A. hemibarbi Roitman, 1963
5

O 0 3

10
11
12
13
14
A. tribolodontis Shimazu & Hashimoto, 1999

A. hasu Ozaki, 1926

A. khankaiensis Vainutis, 2020

A. carparum Odening, 1959

Junior synonym: A. papilligerum (Rees, 1968)
Moravec, 1984

A. japonicum Ozaki, 1926
15

A. pseudaspii (Achmerov, 1960) Bychovskaya-
Pavlovskaya, 1962

Synonym: A. elongatum (Achmerov, 1960)
Bychovskaya-Pavlovskaya, 1962 (preoccupied
name)

16
17
18
A. isoporum (Looss, 1894) Looss, 1902

A. pseudoisoporum sp. nov.

A. montanus Sidorov & Butenko, 1966

A. brevivitellatum Shimazu, 1992

A. aburahaya Shimazu, 2003
A. tamoroko Shimazu and Urabe, 2013
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Table 1 continued

16b
17a

17b

18a

18b

19a
19b
20a

20b

Intestinal bifurcation anterior to ventral sucker.

Cirrus pouch preacetabular. Anterior border of vitelline fields at level
of pharynx.

Proximal part of cirrus pouch posterior to anterior margin of ventral
sucker. Anterior border of vitelline fields posterior to pharynx.

Small auricular outgrowths on anterior margin of oral sucker. Anterior
border of vitelline follicles at level of intestinal bifurcation.

Perioral outgrowths absent. Anterior border of vitelline follicles at level
of anterior margin of ventral sucker.

Proximal part of cirrus pouch reaching midlevel of ventral sucker.
Cirrus pouch preacetabular.

Proximal part of cirrus pouch posterior to ventral sucker. Anterior
border of vitelline fields between pharynx and intestinal bifurcation.

Proximal part of cirrus pouch at midlevel of ventral sucker. Anterior
border of vitelline fields at level of anterior margin of ventral sucker.

A. tosai Shimazu, 1988
A. shinanoense Shimazu, 2003

20

A. erythroculteris (Achmerov, 1960) Bychovskaya-
Pavlovskaya, 1962

Junior synonym: A. maculati Achmerov, 1963
21

A. gobii Roitman, 1963
22
23

A. danjiangensis Gao, Wang, Xi, Yao, Nie, 2008

2la  Proximal part of cirrus pouch reaching midlevel of ventral sucker.

21b  Cirrus pouch preacetabular.

22a  Anterior border of vitelline fields at half distance between suckers.

22b  Anterior border of vitelline follicles at level of posterior margin of oral

sucker.
23a  Body relatively small (Ilength 2.4-3.3 mm), fusiform.
23b Body large, elongate-oval.

24a  Testes large (length 0.4-0.6 mm), irregular shape, entire.

24b  Testes relatively large (length 0.56-0.64 mm), irregular shape, slightly

indented.

. transversale (Rudolphi, 1802)

. gotoi (Hasegawa & Ozaki, 1926) Shimazu, 1988
. baueri Spassky et Roitman, 1960

. markewitschi Koval, 1949

e

A. gianweiensis Zhang, Yang, 1994
24

A. hypophthalmichthydis (Achmerov, 1960)
Bychovskaya-Pavlovskaya, 1962

A. conicum Wang, Jiang, 1985

cox] gene). Sequences used for the phylogenetic
reconstruction were represented in Table 2. Genetic
p-distances were estimated by including all substitu-
tion types in the MEGA X software. Four species of
the family Callodistomatidae (superfamily Gor-
goderoidea): Prosthenhystera obesa (NCBI Accession
number EF032690), P. oonastica (KM871182), P.
caballeroi (KM871186), and P. gattii (MF664223)
were chosen as outgroup taxa. The undescribed,
possibly cryptic, species from Ukraine and China
were designated as Allocreadium sp. 2 and Allocrea-
dium sp. 3, respectively. Phylogenetic analyses were
carried out with Bayesian Inference (BI) algorithm
(Huelsenbeck et al., 2001) with the GTR+G model
(chosen using the Bayesian information criteria (BIC))
+ gamma selected in jModeltest v. 2.1.5 software as
the best (Darriba et al., 2012). The MCMC algorithm
was performed using two independent runs and
400000 generations (the average standard deviation
of split frequencies was less than 0.01), 25% of
generations were discarded as burn-in in MrBayes v.

3.1.2 software (Huelsenbeck et al., 2001). Additional
phylogenetic tree for the same sampling was recon-
structed using maximum likelihood (ML) method
based on the same GTR+G model in the MEGA X
software, with 1000 bootstrap replicates.

Results

Morphological study of Allocreadium Looss, 1900

Phylum Platyhelminthes Gegenbaur, 1859

Class Trematoda Rudolphi, 1808

Order Plagiorchiida La Rue, 1957

Suborder Xiphidiata Olson, Cribb, Tkach, Bray &
Littlewood, 2003

Superfamily Gorgoderoidea Looss, 1901

Family Allocreadiidae Looss, 1902

Genus Allocreadium Looss, 1900
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Table 2 Information on the species, host, geographic origin for the partial 285 rDNA sequences used in the phylogenetic
reconstructions. Newly obtained sequences are in bold

Parasite species Host Locality Sequence Data Accn. Reference
28S coxl
Family
Allocreadiidae
Allocreadium
Allocreadium pseudoisoporum sp. nov. Carassius Russia,
carassius Primorsky
region,
Yakovlevsky MK?258685- OM914849-OM914851 This study
district, MK258687
Arsenyevka
River (near
Yablonovka
village)
Allocreadium Rhynchocypris Russia, Khankaysky district, MK211216, MW729428-  Vainutis,
khankaiensis lagowskii Komissarovka River MK211217 MW729429  2020;
Vainutis
et al., 2021
Esox reichertii - MW729430 Vainutis
et al., 2021
Rhynchocypris Russia, Chuguevsky district, MZ448170- - This study
lagowskii Pavlovka River (near Pavlovka MZ448176
village)
Barbatula toni Russia, Artyomovsky district, MZ448168- -
Artyomovka River MZ448169
Allocreadium Hemibarbus labeo  Russia, Khankaisky district, MK211220, - Vainutis,
hemibarbi Komissarovka River MK211221 2020
Allocreadium sp.  Phoxinus phoxinus Russia, Nadezhdinsky district, MK211209, MK818870- Vainutis
1 tributary of the River Nezhinka MK211210 MK818871 et al., 2021
(Razdolnaya River basin)
Allocreadium Labeobarbus South Africa, Vaal River MW907591- - Dos Santos
apokryfi aeneus MW907595 et al., 2021
Allocreadium Alburnus alburnus Russia, Karelia, Lake Oster GU462125, - Petkeviciute
isoporum GU462126 et al., 2010
Allocreadium Barbatula Russia, River II'd, upper Volga River MH143102 - Petkeviciute
isoporum barbatula basin et al., 2018
Allocreadium Pisidium amnicum  Finland, Siilaisenpuro River JF261142- - Petkeviciute
crassum JF261143 et al., 2012
Allocreadium Semotilus Maine, USA EF032693 — Curran et al.,
lobatum corporalis 2006
S. atromaculatus Tobacco Creek, Manitoba, Canada - KC899847 Martinez-
Aquino
et al., 2013
Allocreadium Hydroporus United kingdom, Cumbria, Lake JX977132 - Bray et al.,
neotenicum rufifrons District 2012
Allocreadium Pisidium Russia, Crimea, River Burulcha MH143103 - Petkeviciute
neotenicum casertanum et al., 2018
Allocreadium Pisidium Norway, Lake Takvatn MH143104 — Petkeviciute
neotenicum casertanum et al., 2018
Allocreadium Misgurnus Japan, Nagano, liyama, Midori LC215274 LC215273 Shimazu
gotoi anguillicaudatus et al., 2017
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Table 2 continued

Parasite species Host Locality Sequence Data Accn. Reference
28S coxl
Allocreadium sp. Sphaerium Ukraine, River Teterev GU462121 - Petkeviciute
2 corneum et al., 2010
Allocreadium sp.  Schizothorax China MN969626 - Unpublished
3 parvus
Schizothorax MN969627 -
yunnanensis
Crepidostomum
Crepidostomum  Salvelinus Russia, Primorsky territory, FR821406 - Atopkin,
metoecus leucomaenis Kuznetsovka River Shedko,
2014
Crepidostomum  Pisidium Lithuania, River Nedzinge MH159994 - Petkeviciute
oschmarini casertanum et al., 2018
Crepidostomum  Aplodinotus USA, Mississippi, Pearl River KF356361 - Tkach et al.,
affine grunniens 2013
Crepidostomum  Hiodon alosoides ~ USA, Polk Co. MN, Red Lake River HQ833705 - Curran et al.,
illinoiense 2011
Crepidostomum  Lepomis gulosus USA EF032695 - Curran et al.,
cornutum 2006
Crepidostomum  Aplodinotus USA, Mississippi, Pearl River KF250357 - Tkach et al.,
auritum grunniens 2013
Stephanophiala
Stephanophiala  Oncorhynchus Russia, Primorsky territory, FR821399 - Atopkin,
farionis masou Maksimovka River Shedko,
2014
Bunodera
Bunodera Gasterosteus Russia, Kamchatsky territory, MG262549 - Atopkin
mediovitellata aculeatus Kamchatka River et al., 2018
Bunodera Pungitius Russia, Magadan region, Chernoe MG262545 - Atopkin
vytautasi pungitius Lake et al., 2018
Bunodera Thymallus Russia, Karelia, Kamennaya River MG262544 - Atopkin
luciopercae thymallus et al., 2018
Bunodera Gymnocephalus Russia, Tvertsa River GU462122 - Petkeviciute
acerinae cernuus et al., 2010
Acrolichanus
Acrolichanus Acipenser Russia, Amur region, Amur River FR821371, - Atopkin,
auriculatus schrenkii (near Nikolaevsk-na-Amure city) FR821372 Shedko,
2014
Family
Callodistomidae
Prosthenhystera
Prosthenhystera  Hoplias sp. Peru AY?222206 - Olson et al.,
obesa 2003
Prosthenhystera  Ictalurus furcatus ~ USA, Mississippi, Pearl River KM871180 - Tkach,
oonastica Curran,
2015
Prosthenhystera  Astyanax aeneus Costa Rica, Guanacaste, Rio KM871183 - Tkach,
caballeroi Tampisquto Curran,
2015
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Table 2 continued

Parasite species Host Locality Sequence Data Accn. Reference
28S coxl
Prosthenhystera  Bryconamericus Argentina MF664223 - Montes et al.,

gattii ikaa

2020

Generic diagnosis. Perioral papillae absent. Body
surface smooth, without spines. Esophagus bifurcates
anterior or dorsally to ventral sucker. Ventral sucker
can be larger, equal to or smaller than oral sucker,
located between first and second thirds of body. Cirrus
pouch is sac-shaped, lateral to or anterior to ventral
sucker, genital pore anterior to ventral sucker. Testes
are tandem, their shape round, oval or irregular. Uterus
is pretesticular or reaching posterior testis. Anterior
border of vitellarium in anterior part of body or not
reaching ventral sucker, posterior border always filling
posttesticular space.

Synonyms: Creadium Looss, 1899 (nomen praeoc-
cupatum); Macrolecithus Ozaki, 1926; Neoallocrea-
dium Achmerov, 1960; Allocreadioides Yamaguti,
1971; Pseudoallocreadium Yamaguti, 1971.

Type species: Distomum isoporum Looss, 1894
(=Allocreadium isoporum (Looss, 1894) Looss 1902).

Type locality: Germany.

Distribution: The range of the genus is the most
extensive among other allocreadiid genera and
includes the rivers and lakes of Central Asia (Kaza-
khstan), East (Japan, China, South Korea), South
(India) and Western (Turkey) Asia, North (Morocco,
Sudan, Egypt), Central, West, and South Africa,
European and Asian regions of Russia, Western
(Germany, France, Switzerland, Great Britain) and
Eastern Europe (Czech Republic, Poland, Ukraine),
North (USA, Canada, Mexico) and South America
(Argentina).

Allocreadium pseudoisoporum sp. nov.
Taxonomic summary
Type host: Carassius gibelio (Bloch, 1782);

Cyprininae, Cyprinidae, Cypriniformes.
Localization: intestine.

@ Springer

Locality (type): Arsenyevka River, near the village
Yablonovka, Yakovlevsky district, Primorsky region,
Russia (44°39'04.2"N 133°32/39.8"E).

Type material: holotype (N° 311-1) and 6 paratypes
(N® 311-2-7) were deposited to the parasitological
collection of the Zoological Museum, Federal Scien-
tific Center of the East Asia Terrestrial Biodiversity,
Far East Branch of the Russian Academy of Sciences,
Vladivostok, Russia (e-mail: petrova@ibss.dvo.ru.
Deposition date: the 10" of December 2018).

The new species was registered in Zoobank
database under the number: urn:lsid:-
zoobank.org:act:09572997-72F2-4B96-81CF-
93FC9CSEC346.

Etymology: The species name pseudoisoporum is
given due to the high morphological affinity with
Allocreadium isoporum.

Sample size: 17 samples were found in the one
individual of Carassius gibelio.

Molecular genetic data: 28S rRNA gene -
MK258685-MK258687; cox]I mtDNA gene —
OM914849-0OM914851.

Morphological description

Adult (Fig. 2a, b, c; Table 3): Small trematodes, body
fusiform, unarmed. Tegument smooth, unarmed.
Widest part of body in ovarian region. Forebody
short, hindbody 2-3 times longer than forebody. Oral
sucker subterminal, round; perioral muscular papillae
absent. Eyespots absent. Prepharynx short, opening
into subspherical pharynx. Oesophagus long, bifur-
cating on level of posterior third of ventral sucker.
Caeca almost reaching posterior end of body. Ventral
sucker on border of anterior and middle thirds of body,
round, a little larger than oral sucker. Testes tandem in
mid-line of body, in posterior half of body, rounded,
almost equal in size. Cirrus pouch club-shaped, thin-
walled, posterolateral to ventral sucker, its proximal
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1/':1 Yakovlevsky
district

Type locality of
Allocreadium khankaiensis -
Komissarovka River,
Khankaysky District

~") . o Chuguevsky
f i district

rPavlovka _
village
B
By

Shkotovsky
district

Fig. 1 Map of the material collection localities. (1) Yakovlevsky district: the Arsenyevka River, near the Yablonovka village; (2)
Chuguevsky district: the Pavlovka River, near the Pavlovka village; (3) Shkotovsky district: the Artyomovka River, near the Shtykovo

village

part reaching posterior margin of ventral sucker;
containing seminal vesicle, prostatic part and short
cirrus. Seminal vesicle clavate, in proximal part of
cirrus pouch, slightly curved forming one loop in the
middle of cirrus pouch. External seminal vesicle
absent. Genital pore median, anterior to ventral sucker.
Ovary pretesticular, subspherical, its anterior margin
overlapping posterior margin of ventral sucker. Sem-
inal receptacle in dorsal part of body posterior to
ovary, flask-shaped. Laurer’s canal short, posterior to
ovary and seminal receptacle. Vitelline follicles
relatively large (37.5-62.5 um), extending in lateral
fields of body from posterior margin of ventral sucker
to posterior end of body, overlapping testes and caeca
in ventral and dorsal sides of body. Follicles not
reaching posterior end of body on distance

@ Springer

0.095-0.125 mm. Uterus between ventral sucker and
anterior testis, not crossing its anterior margin. Two-
nine eggs relatively large. Excretory vesicle Y-shaped,
reaching anterior margin of posterior testis. Excretory
pore terminal.

Remarks on morphology

Trematodes described in this study belong to the genus
Allocreadium by following features: the body is
fusiform, perioral muscular papillae are absent, vitel-
line follicles completely fill the posttesticular space,
lateral fields of vitellarium extending along the body,
without connecting on the dorsal side of the body, to
the posterior edge of the ventral sucker, or not
reaching it at some distance. Such characters were
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wrl 00g

wr 0001

Fig.2 Allocreadium pseudoisoporum sp. nov. from the Arsenyevka River (a, b, ¢) and A. khankaiensis from the Pavlovka River (d, e):
line drawings. a — Ventral view; b — Cirrus pouch; ¢ — Ovarian complex; d — Ventral view; e — Ovarian complex. Abbreviations: o —
ovary; od — oviduct; cvd — common vitelline duct; vd — vitelline duct; Lc — Laurer’s canal; sr — seminal receptacle; Mg — Mehlis glands;

ot — ootype

noted for the most Allocreadium species, among
which, for example: A. isoporum, A. lobatum, A. hasu,
A. japonicum, A. tribolodontis, A. brevivitellatum, A.
handiai, A. thapari, A. gobiosis, A hemibarbi, A.
heteropneustusius etc.

Allocreadium pseudoisoporum sp. nov. is very
similar to A. isoporum in some diagnostic features:
fusiform body, long esophagus bifurcating dorsally to
the ventral sucker, ventral sucker larger or equal to
oral sucker, vitelline follicles extending to posterior
edge of ventral sucker. Previously A. isoporum has
been noted in various localities including Russian Far
East, but the morphological description was given
only by a few authors (Looss, 1894; Koval, 1957;
Slusarski, 1958; Kozicka, 1956; Roitman, 1963;
Skrjabina, 1973; Moravec, 1984). According to the
morphometric data, the measurements of A. pseu-
doisoporum sp. nov. fall within the ranges of, or
smaller than those of A. isoporum of Koval (1957); A.
pseudoisoporum sp. nov. has smaller pharynx than A.
isoporum of Koval (1957) and Moravec (1984); the
body length and width of A. pseudoisoporum are much

smaller than those of A. isoporum (Looss, 1894; Liihe,
1909; Layman, 1933; Slusarski, 1958; Skrjabina,
1973; Moravec, 1984); the eggs of A. pseudoisoporum
are smaller than those of A. isoporum (Looss, 1894;
Liihe, 1909; Slusarski, 1958; Skrjabina, 1973; Mor-
avec, 1984); and the anterior border of vitelline
follicles of A. pseudoisoporum are on the level of
posterior margin of the ventral sucker, while those of
A. isoporum generally do not reach the ventral sucker
(Looss, 1894; Liihe, 1909; Layman, 1933; Koval,
1957; Slusarski, 1958).

In the aspect of both morphological and geograph-
ical criteria, A. isoporum from the Zeya River (Amur
Oblast) (Roitman, 1963) was the closest one to A.
pseudoisoporum sp. nov. with the extension of the
uterus and vitellarium, genital atrium opening, posi-
tion of the male and female gonads; the size ranges of
all body structures overlap in both species, but in A.
isoporum of Roitman (1963) the length of pharynx,
ventral sucker, and cirrus pouch were a little smaller
than the minimum values of A. pseudoisoporum sp.
nov. The differences between them are as follows:

@ Springer
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0.0062
0.0065
0.0058
0.0071
0.0072
0.0068
0.0073
0.0074
0.0064
0.0066

0.0054
0.0057
0.0048
0.0056
0.0058
0.0049
0.0050
0.0051
0.0011

0.0053
0.0055
0.0046
0.0053
0.0049
0.0049
0.0050
0.0049

0.0063
0.0062
0.0053
0.0053
0.0053
0.0058
0.0059

0.0061
0.0061
0.0053
0.0052
0.0056
0.0030

0.0055
0.0055
0.0045
0.0044
0.0050

0.0054
0.0052
0.0047
0.0026

0.0054
0.0052
0.0044

0.0026  0.0040
0.0044

3.578
3.581

Allocreadium gotoi

2
3

0.815

Allocreadium sp. 2 Ukraine

2.225
3.109
3.237

1.974
3.446
3.574
3.329
4.193
4.536

3.581

Allocreadium hemibarbi

2.180
2.639

4.578

Allocreadium sp. 1

5
6
7
8
9

0.853

4.791

Allocreadium khankaiensis

3.062
3.747

3.163 2313 2434
3914

4.026

4.550
5.434
5.770
4.627

Allocreadium crassum

1.143
3.671

3.281

3.163
3412

Allocreadium isoporum

4.018

3.617

4.539

Allocreadium sp. 3 China

2.905 3.247 3.075

2.905
5.689

3.192 3.489

3.365
6.250

3.500 2.646
2.817

3.675

3412

Allocreadium neotenicum

10
11

0.162
5.164

3.248

6.395

3.247
6.228

3.663

3.586
5.310

4.806
6.123

Allocreadium lobatum

5.345

6.208

4.978

5.306

Allocreadium apokryfi

12

*Length of fragment utilized for estimation is 1239 bp. Values of distances are in % (below diagonal), values of standard deviation are in upper diagonal

proximal end of cirrus pouch on level of the posterior
edge of the ventral sucker vs. slightly extends beyond
the anterior edge of the ventral sucker; ventral sucker
noticeably larger than the oral sucker vs. approxi-
mately equal to oral sucker (Table 3), which was also
noted for A. isoporum from other localities (Koval,
1966; Skrjabina, 1973; Moravec, 1984). In A. isopo-
rum of Roitman (1963), the most metric values of
internal body structures are smaller than those of other
isolates of A. isoporum (Koval, 1957; Slusarski, 1958;
Skrjabina, 1973; Moravec, 1984) and A. isoporum
macrorchis (Koval, 1957).

In addition, Moravec (1984) reported larger worms
of A. isoporum from Squalius cephalus and Barbatula
barbatula from the Czech Republic: eggs, body length
and width were larger than those of A. pseudoisopo-
rum sp. nov. and A. isoporum of Koval (1957) and
Slusarski (1958). The vitellarium of the worms from S.
cephalus does not reach the ventral sucker, while the
vitellarium of the worms from B. barbatula reaches
the posterior edge of the ventral sucker. The worms
from S. cephalus have larger metric values than those
from B. barbatula, but worms from both fish species
have uterine loops extending to the posterior testis,
that was not observed in A. pseudoisoporum sp. nov.
and A. isoporum described by Koval (1957) and
Slusarski (1958).

According to Looss (1894), Koval (1957, 1966),
Slusarski (1958), Skrjabina (1973), and Moravec
(1984) A. isoporum is characterized with high mor-
phological variability. Some of its morphoforms may
be the independent species. To confirm or refute this
assumption, it is necessary to obtain the molecular
data for this species from the localities where it was
reported by the aforementioned authors. Based on the
morphological analysis, A. isoporum reported from the
Arsenyevka and Amur rivers (Achmerov, 1961;
Roitman, 1963; Strelkov, 1971; Ermolenko,
1990, 1992) should be considered A. pseudoisoporum
Sp. nov.

The ratio of the suckers’ size of A. pseudoisoporum
Sp. nov. is in the lower range values than that of other
Allocreadium species from the Russian Far East
(Table 3). Allocreadium pseudoisoporum sp. nov. is
clearly distinguishable from the Allocreadium spp.
described in the Amur, Zeya and Komissarovka rivers:
A. elongatum, A. erythroculteris, A. hypoph-
thalmichthydis, A. maculati, A. gobii, A. hemibarbi,
A. khankaiensis (Achmerov, 1960, 1963; Roitman,
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1963; Vainutis, 2020) with the features as follows: the
size of the body and internal structures is smaller in A.
pseudoisoporum sp. nov. (Table 3); the esophagus of
A. erythroculteris, A. hypophthalmichthydis, A. mac-
ulati, and A. hemibarbi is shorter and bifurcates
anterior to the ventral sucker; the uterus of A.
elongatum, A. erythroculteris, A. hypophthalmichthy-
dis and A. maculati is located between the posterior
testis and the ventral sucker, and the vitelline follicles
of A. elongatum, A. erythroculteris, A. hypoph-
thalmichthydis, A. maculati and A. gobii extend to
the posterior edge of the pharynx or intestinal bifur-
cation; in particular, A. pseudoisoporum sp. nov.
differs from A. hemibarbi by body fusiform vs.
cylindrical; ventral sucker is larger than or equal to
oral sucker vs. ventral sucker is smaller than oral
sucker.

Most of the maximum values of A. pseudoisoporum
sp. nov. overlap with the minimum values of A.
khankaiensis recently described from the Komis-
sarovka River (Vainutis, 2020), and much smaller
than the ranges of A. khankaiensis described from the
Pavlovka River (Table 3). Allocreadium pseudoiso-
porum sp. nov. differs from the latter as follows:
anterior border of vitellarium is on the level of
posterior margin of ventral sucker vs. on the level of
ventral sucker or anterior to it; ellipsoid testes vs. large
testes of irregular shape; proximal part of cirrus pouch
reaches back to the posterior margin of ventral sucker
vs cirrus pouch reaches to mid-line of ventral sucker.

Allocreadium khankaiensis Vainutis, 2020

Taxonomic summary

Type host: Rhynchocypris oxycephalus Sauvage et
Dabry de Thiersant, 1874; Cyprinidae, Cypriniformes.

New host recorded: Rhynchocypris lagowskii
(Dybowski, 1869); Cyprinidae, Cypriniformes.

Localization: intestine.

Type locality: Komissarovka River, Khankaysky
district, Primorsky region, Russia.

Type specimens: Holotype (No. 309-1) and 9
paratypes (No. 309-2-10).

New locality: Pavlovka River (Ussuri River basin),
near the village Uborka, Chuguevsky district, Pri-
morsky region, Russia (44°24'04.4"N 134°13/28.6"E).

New specimens: 11 new voucher specimens (No.
312-1 — 312-11) from the Pavlovka River were
deposited to the parasitological collection of the

Zoological Museum, Federal Scientific Center of the
East Asia Terrestrial

Biodiversity, Far East Branch of the Russian
Academy of Sciences, Vladivostok, Russia (e-mail:
petrova@ibss.dvo.ru. Deposition date: the 11"™ of
March 2021).

Prevalence: 71% (12/17).

Mean intensity: 3 (range: 1-6).

Molecular genetic data: 28S rRNA gene -
MZ448170-MZ448176; cox] mtDNA gene —
MW729428-MW729429.

Morphological description (amended)

Adult (Fig. 2 d, e; Table 3): Relatively small trema-
todes. Body elongate-fusiform, widest at ovarian
level. Tegument smooth, unarmed. Forebody short,
narrow on anterior end. Hindbody long, evenly
tapering to posterior end of body, 62.3-67.3% of
body length. Posterior end of body subconical. Eye-
spots absent. Oral sucker subterminal, rounded. Peri-
oral muscular papillae absent. Ventral sucker rounded
on border of first and second fourth of body, larger
than oral sucker. Pharynx small, elliptical. Oesopha-
gus short, straight, bifurcating at level of middle or
anterior third of ventral sucker. Caeca long, reaching
posterior extremity of body. Testes two, large, tandem,
in mid-line of body, adjoining each other; anterior
testis oval to irregular; posterior testis subspherical.
Cirrus pouch small, saccate; its proximal part reaching
posterior third of ventral sucker. Cirrus pouch contains
internal seminal vesicle, prostatic part, and short
unarmed cirrus. External seminal vesicle absent.
Internal seminal vesicle large, slightly curved. Genital
pore opening anteriorly to ventral sucker, median or
dextral. Ovary rounded, approximately half to 3/4 of
testes size (42-76.4%), sinistral. Seminal receptacle
behind the ovary, dextral, flask-shaped, approximately
half to equal size to ovary. Laurer’s canal posterior to
ovary and seminal receptacle. Uterus extending
between ventral sucker and anterior margin of anterior
testis surrounding ovary and seminal receptacle
mostly dextrally. Eggs medium-sized, oval, numerous
(~200). Vitelline follicles ellipsoid or spherical, size
nearly equal to that of eggs, extending from mid-line
or posterior third of ventral sucker to posterior
extremity of body, closely surrounding testes on both
sides, overlapping caeca, and confluent in post-testic-
ular region, ending at some short distance from
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posterior end of body. Excretory ducts connecting
each other at level of anterior third of posterior testis.
Excretory vesicle Y-shaped. Excretory pore terminal.

Remarks on morphology

Size ranges of most organs of A. khankaiensis from the
Pavlovka River matched the maximum values of A.
khankaiensis in the original description from the
Komissarovka River (Vainutis, 2020), except for the
maximum values of body length, forebody length and
ventral sucker, which are a little higher in newly
observed specimens (Table 3). In contrast, A.
khankaiensis from the Pavlovka River was a little
smaller in egg size than A. khankaiensis from the
Komissarovka River. Meanwhile, the ratios of the
body length to width, forebody to whole body length,
and oral to ventral sucker length/width of A.
khankaiensis from both localities coincided with each
other. In total, worms from both rivers had similar
morphological characteristics as follows: body widest
at ovarian level; intestinal bifurcation dorsal to ventral
sucker, on mid-level of latter; cirrus pouch dextro-
dorsral to ventral sucker, its proximal part reaching
posterior margin of ventral sucker; relatively large
tandem testes in relation to body width; relatively
large body size. In addition, the distribution of
vitelline follicles varied between worms from both
rivers: the anterior border of vitellarium at the mid-
level of the ventral sucker or anterior to its anterior
margin in worms from the Pavlovka River vs. the
vitellarium strictly at the level of anterior margin of
ventral sucker in worms from the Komissarovka
River. The excretory vesicle of A. khankaiensis from
the Pavlovka River is Y-shaped as well as in A.
khankaiensis from the Komissarovka River (Vainutis,
2020).

SEM analysis

Scanning electron microscopy of the tegument of
Allocreadium pseudoisoporum sp. nov. (Fig. 3a), A.
khankaiensis (Fig. 3b), and A. hemibarbi (Fig. 3c)
revealed that it was covered with the structures
reminiscent of small sensory receptors reported from
Crepidostomum metoecus (Zd’4rskd & Nebesdiova,
2003, 2004). The size of the receptors varied in the
range of 1.0 — 1.6 um depending on the species: 1.56
um in A. pseudoisoporum sp. nov.; 1.0 — 1.42 um in A.

@ Springer

khankaiensis; 1.20 — 1.33 pm in A. hemibarbi.
Receptors were distributed on the ventral surface of
the worms’ body: on forebody, between ventral sucker
and oral sucker (Fig. 4a, c, e), mostly on postacetab-
ular region (Fig. 4d, f), less on lateral parts, and absent
on the dorsal surface. Unlike A. pseudoisoporum sp.
nov., the postacetabular uterine region of A.
khankaiensis and A. hemibarbi was densely covered
with numerous receptors (Fig. 4d, f). Each species had
unique shape of receptors (Fig. 3a-c): A. pseudoiso-
porum sp. nov. had elongate receptors, A. khankaien-
sis — elongate-fusiform, and A. hemibarbi club-
shaped. Small, dome-like papillae, reported for all
allocreadiids for which the SEM studies have been
done, were observed only on the oral sucker of A.
pseudoisoporum sp. nov., which has three papillae of
4.21 pm length on each side (Fig. 4b).

Genetic data
Genetic analysis using the 28S rRNA gene

The 28S sequences of three A. pseudoisoporum sp.
nov. individuals were identical. The level of genetic
differentiation of A. pseudoisoporum sp. nov. in
relation to A. isoporum was rather high
(5.434%=0.0073). Genetic distances between closely
related A. pseudoisoporum and A. hemibarbi and
between A. pseudoisoporum and A. gotoi were
3.581%+0.0054 and 3.578%=0.0051, respectively.
Genetic distances (Table 4) between all studied
species of Allocreadium varied in the range of
0.162£0.0011 — 6.39540.0074%.

Both BI and ML phylogenetic trees maintained the
same branch topology (Fig. 5). Species were divided
into two clades of which first (basal) was formed by
outgroup — the family Callodistomidae and the second
consisted of inner group — the family Allocreadiidae.
Allocreadiidae split into seven highly supported
subclades, representing 5 genera and including 24
species. Genus Acrolichanus formed subclade I;
subclade II included two species of the genus
Stephanophiala; single species Crepidostomum
chaenogobii belonged to the subclade III; subclade
IV incorporated four species of the genus Bunodera;
subclade V — three species of the genus Crepidosto-
mum and its sister subclade VI included four species of
North American Crepidostomum sensu lato. Subclade
VII was formed with nine species of the genus
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Allocreadium and branched into eight separate groups:
a, b, ¢, d, e, f, g, h. Group a belonged to A.
pseudoisoporum sp. nov. Group b included A. gotoi
from Japan and Allocreadium sp. 2 from Ukraine.
Group ¢ was presented with the single species A.
hemibarbi. Group d included A. khankaiensis from
three localities and Allocreadium sp. 1 — both from
Primorsky region, Russia. Group e included European
species A. isoporum and A. crassum. Group f consisted
of the single species Allocreadium sp. 3 from China,
which is the sister group of A. neotenicum/A. lobatum
group (Group g) and African species A. apokryfi
(Group h).

Genetic analysis using the cox] mtDNA gene

Three identical sequences (843 bp length) were
obtained for Allocreadium pseudoisoporum sp. nov.
Genetic distances distinguishing A. pseudoisoporum
sp. nov. from A. gotoi, A. khankaiensis, Allocreadium
sp. 1, A. lobatum were in the range
18.78+0.015-22.27+0.016% (Supplementary
Table 1). Intraspecific genetic distances of the
Allocreadium species — 0-0.15£0.0014%. In general,
interspecific ~ genetic  distances varied from
15.7240.013 to 22.27+£0.016%.

Discussion

This study supplemented the cycle of works dedicated
to the investigation of the type genus of the family
Allocreadiidae. Morphological and molecular studies
of the Allocreadium species, based both on the original
and literature data, allowed us to clarify the taxonomic
position of the newly collected Allocreadium worms.

Scanning microscopy

To date, images of scanning electron microscopy were
provided for 33 species representing 12 genera of the
family Allocreadiidae (e.g. Caira, 1985; Lasee et al.,
1988; Moravec, 2002; Zd’4rskdi & Nebesdiova,
2003, 2004; Choudhury & Leoén-Regagnon, 2005;
Gao et al.,, 2008). It was demonstrated that the
tegument of allocreadiid worms on the ventral surface
of the forebody and on both suckers is smooth with
normal tissue striation and only small dome-like
papillae (more than 4 pm in diameter). Gao et al.

(2008) showed that the surface striations on hindbody
of Allocreadium danjiangensis are much denser, but
shallower than on forebody, and normally the tegu-
ment contains round tubercles, which are larger than
the papillae. Our SEM sample preparation technique
was slightly updated to compress the tegument of
worms, leading to release of numerous receptors on
the body surface. Thus, only in this study and in
studies performed by Moravec (2002) and Zd’arskd
and Nebesarova (2003, 2004) the intra-tegumental
sensory receptors were examined in allocreadiids.
Rohde and Watson (1989) were first who classified
sensory receptors (sensilla) in aspidogastrean trema-
tode Lobatostoma manteri and divided them into nine
types — ciliate and nonciliate, i.e., bulbs with deep
tegument invaginations. Later Zd’arska and Nebesaf-
ova (2003, 2004) described another five types of
sensory receptors in Crepidostomum metoecus, but
only few of them coincide with sensilla determined by
Rohde and Watson (1989). The main problem is
inconsistency between existed classifications that
should be further resolved; in this study we followed
the classification of Zd’arskd and Nebesafova (2003).

According to latter authors, apical part of type I and
type II ciliate receptors is represented by a single
cilium partially submerged in the tegument, having the
ability to protrude above the tegument surface.
Comparing receptors of our samples with those of
Crepidostomum metoecus from Zd’rskd and Nebe-
sarova (2003, 2004), the receptors of A. pseudoisopo-
rum and A. khankaiensis (Fig. 3 a,b) similar in shape
with type I — elongate ciliate receptors, while the
receptors of A. hemibarbi (Fig. 3 c) similar to type II —
lobed and broader at the apical part ciliate receptor.
Unfortunately, the image and diagrams of lobes of
type II sensory receptors provided by Zd’4rskd and
Nebesarova (2003) are not visible enough to compare
with club-shaped lobed bulbs of A. hemibarbi. Struc-
tures similar in shape to A. hemibarbi receptors were
found on the tegument surface of Stephanostomum
egypticum, but less than 1 pm in size (Abdou &
Ashour, 2000). Probably, with the preparation of
histological sections and the use of transmission
electron microscopy, it will be possible to describe
the structures of A. hemibarbi as a new receptor type.
In aspect of systematics, receptor morphology has a
possibility to serve external diagnostic features, for
example genus specific, in addition to the extension of
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a

Fig. 3 Scanning Electron Microscopy of the ventral surface of the forebody between oral and ventral suckers in three Allocreadium
species: A. pseudoisoporum sp. nov. (a), A. khankaiensis (b), A. hemibarbi (c). White arrows show some of the presumable sensory

receptors represented with the numerous small white spots

J

Fig. 4 Scanning Electron Microscopy of the different tegumental regions of three Allocreadium species: ventral surface of the
forebody between oral and ventral suckers in A. pseudoisoporum (a); anterior end of the body in A. pseudoisoporum (b); ventral surface
of the forebody between the suckers in A. khankaiensis (c); ventral side of the postacetabular region in mid-body in A. khankaiensis (d);
ventral surface of the forebody between the suckers in A. hemibarbi (e); ventral side of the postacetabular region (the level of uterine
region) in mid-body in A. hemibarbi (f). White arrows show the aggregations of the presumable sensory receptors represented with the

numerous small white spots. Abbreviation: os — oral sucker; vs — ventral sucker; p — small papillae

small papillae on the ventral surface of the forebody of
allocreadiids (family specific feature).

Phylogenetic analysis
Genetic divergence

Genetic variation among A. pseudoisoporum sp. nov.
individuals was 0% according to both 28S and cox/
genes, confirming the affiliation of all the isolates from
the Arsenyevka River to one species. Molecular
genetic analysis based on the 28S rRNA gene showed
that A. pseudoisoporum sp. nov. is independent in
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relation to previously described A. khankaiensis and A.
hemibarbi (Vainutis, 2020), and A. apokryfi (Dos
Santos et al., 2021). Also, A. pseudoisoporum sp. nov.
is well distinguished genetically (5.43% in 28S)
(Fig. 5; Table 4) and geographically isolated from
the type European A. isoporum. Considering the
values noted in the previous studies, the genetic
distances (Supplementary Table 1) estimated using
coxl gene revealed interspecific-level divergence of A.
pseudoisoporum sp. nov. in comparison with A. gotoi,
A. lobatum, A. khankaiensis, and Allocreadium sp. 1
(Urabe et al., 2020; Vainutis et al., 2021).
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Prior to the results of this study, A. gotoi was the
earliest divergent species in the genus Allocreadium
(Petkevicitte et al., 2018; Vainutis, 2020), but high
nodal support on BI and ML (1/86) reconstructions
confirmed the closest position of A. pseudoisoporum
Sp. nov. to the ancestral node in relation to the sister
groups of Allocreadium spp. (Groups b — h, Fig. 5).
Japanese species A. gofoi was genetically closest
(3.58% in 28S and 18.78% in coxl) to East Asian A.
pseudoisoporum sp. nov. These data indirectly con-
firmed the statements of Lindberg (1955) about the
Eurasian and Japanese fauna exchange in Eopleis-
tocene (2.58 — 0.76 million years ago), when the Sea of
Japan was a freshwater reservoir. Indeed, nowadays
relict fish (Tribolodon brandtii, Parahucho perryi,
Acipenser mikadoi) inhabit the Sea of Japan

(Zimmerman et al., 2012; Vdovin et al., 2015;
Koshelev & Kolpakov, 2020), of them 7. brandtii
and its relatives 7. hakonensis and T. sachalinensis are
infected with Allocreadium tosai, A. japonicum, and
A. tribolodontis in Japan (Shimazu, 1988, 2016).
Probably the ancestors of all modern lineages of
Allocreadium spp. originated somewhere in East Asia
in the interglacial periods of eopleistocene. Then, they
could migrate from North East Asia to the North
America through the Bering land bridge (Bogatov &
Vainutis, 2022). In the Middle Pleistocene, the
migration of Allocreadium spp. ancestors using the
freshwater fish could be interrupted due to the glacial
events in the Central Beringia and adjacent mainland
areas. These events could probably be the Nome River
glaciation in Alaska (Kaufman et al., 1991) and Late
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Glacial period in the central Bering Land Bridge
(Lozhkin et al., 2011). The following submergence of
the most part of the Central Beringia led to the
separation of the Eurasian and American parasite
fauna. Subsequently, Asian Allocreadium spp.
diverged and speciated in the inland waters of
Northeast Asia, i.e. Russian Far East, Japan, China,
and Korea.

According to the values of 28S genetic distances
(Table 4), two detected cryptic species, Allocreadium
sp. 2 and Allocreadium sp. 3, could be considered as
independent compared to each other and to nine valid
species analyzed: 0.815 — 5.306% and 3.075 — 6.395%
respectively. Interestingly, in spite of geographic
isolation Allocreadium sp. 2 showed high degree of
gene convergence with A. gotoi. It is possible that
Allocreadium sp. 2 was recently introduced from the
fresh waters of Japan or neighboring mainland coun-
tries to Europe (particularly Ukrainian fresh waters)
through the fish hosts, e.g. Misgurnus anguillicauda-
tus. For example, A. gotoi was recorded in China from
loaches M. anguillicaudatus (Okino et al., 2004)
which was introduced into Europe during human
activity, that fact has already been confirmed by
genetic data (Belle et al., 2017).

The Chinese species Allocreadium sp. 3 was sister
to the groups g and & (Fig. 5) and genetically closer to
European A. neotenicum (3.08%) and American A.
lobatum (3.25%); however, Allocreadium sp. 3 is
relatively distant from African A. apokryfi (6.395%)
(Table 4). Presumably, after the colonization of water
bodies in Europe by Allocreadium spp., ancestors of
Allocreadium sp. 3 undergone repatriation to North
East Asia with further divergence in China.

The remarks on the origin

Based on the previous phylogeographic studies (Man-
ter, 1963; Vainutis, 2020; Dos Santos et al., 2021;
Bogatov & Vainutis, 2022) and including genetic data
for nine Allocreadium species into phylogenetic
analysis, we hypothesize about the origin of the genus
Allocreadium. Affiliation of five species (A. pseu-
doisoporum sp. nov., A. gotoi, A. hemibarbi, A.
khankaiensis, Allocreadium sp. 1) to the East Asian
region presumes that the ancestral representatives of
the genus settled in this region in the past, and then
divided into the several phyletic lines (groups a-d,
Fig. 5). In the Palearctic region, at least four species
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are known to have the same morphology as type
species A. isoporum (vitelline fields in hindbody, not
reaching ventral sucker at short distance; ventral
sucker larger than oral sucker or the same size; testes
ellipsoid): A. montanus Sidorov, Butenko, 1966, A.
tribolodontis Shimazu and Hashimoto, 1999, A. bre-
vivitellatum Shimazu, 1992, and A. pseudoisoporum
sp. nov. Recently described A. apokryfi (Dos Santos
et al., 2021) revealed anatomy similar with A.
isoporum. Particularly, in the aspect of oldest origin
of A. pseudoisoporum sp. nov., we suppose that the
lack of perioral papillae on the oral sucker, the
extension of vitellarium in hindbody, the position of
the intestinal bifurcation on the level of the ventral
sucker, cirrus pouch anterior to the ventral sucker
(exception is A. pseudoisoporum sp. nov.) could be
considered plesiomorphic, characteristic for the com-
mon ancestor of Allocreadium spp.

Manter (1963) listed 24 valid species, of which 12
are from India, four from Europe, five from North
America, two from Africa, and one from Japan.
Manter suggested that the genus Allocreadium orig-
inated in South Asia and, following the cyprinids,
spread to Eurasia, North America, partially to Africa,
but not to South America. Nowadays, the number of
Allocreadium species is known to exceed the number
indicated by Manter (1963). For instance, species
richness in India is about 3.5 times higher than that in
the Amur basin (32 and 9 species, respectively). Based
on this fact, South Asian origination of the genus
Allocreadium could be assumed. The taxonomic status
of only a small number of Allocreadium spp. has been
supported with genetic data, the status of the rest needs
to be confirmed in future studies. In our study, we
suggest the reconsideration of Manter’s hypothesis and
supplement it according to the newly accumulated
data on biogeography and genetics of the genus
Allocreadium.

The origination of Allocreadium spp. could be
associated with their fish hosts (Bogatov & Vainutis,
2022). Stated by Vainutis (2020) the divergence of
Allocreadium sp. 1 and A. khankaiensis occurred
between Late Pliocene and Early Pleistocene periods
after the separation of the Razdolnaya River and
Paleo-Amur. The origination of their hosts (the genus
Rhynchocypris) is estimated to occur nearly 10 Ma
(Cheng et al., 2022). The first cypriniform fish, the
definitive hosts of Allocreadium spp., appeared about
95 Ma ago in the Late Cretaceous period (Near et al.,
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2012). Thus, the key divergence events in the genus
Allocreadium occurred before the Pleistocene -
between 95 and 10 Ma, in the Paleo-Amur region.
This is additionally indicated by the origin of another
allocreadiid genus Margotrema (about 6.53 million
years ago), which is younger than the genus
Allocreadium.

Two parasitophyletic rules can help in explaining
the events of anagenesis and cladogenesis between
Allocreadium spp. and their hosts: Fahrenholz’s and
Szidat's. Fahrenholz's rule is a direct consequence of
Szidat's rule and concludes that the anagenesis and
cladogenesis of hosts are paralleled by the anagenesis
and cladogenesis of their parasites (Brooks & McLen-
nan, 1993). Cypriniform fishes, mainly Cyprinidae are
infected with numerous Allocreadium species world-
wide excluding Australia that has been confirmed with
multiple studies since Looss (1894). There were single
cases of finding Allocreadium in other fishes, for
example, salmonids (Shimazu, 1988) which could be
considered accidental. It is likely that Allocreadium
originated in Southeast Asia, because this region
possessed the richest diversity of Cyprinidae and was
their speciation center (Saitoh et al., 2011). This
statement is still difficult to confirm due to the lack of
molecular genetic data for the South Asian and
Southeast Asian species of Allocreadium.

Conclusion

For divergence time estimation, corresponding
methodology should be used, considering assumptions
relating to clock models, substitution rates and cali-
brations of node ages. We require the genetic data of
larger number of allocreadiid species, and their hosts
to analyze the co-phylogenetic relationships and host-
parasite associations. The description of the new
species Allocreadium pseudoisoporum expands our
knowledge on the biodiversity of Allocreadium spp. in
Russian Far East. Based on the comparative morpho-
logical analysis, it was confirmed that A. isoporum
previously found in the rivers of Amur basin belongs
to the species A. pseudoisoporum. We found out that
A. khankaiensis is much more widespread in the
Primorsky region. Settling of the Artyomovka River
by this species can be explained with the natural
introduction through minnows extensively inhabiting
the entire Amur basin (Berg, 1949; Chereshnev, 1998)

including both habitats of A. khankaiensis — the
Komissarovka and Pavlovka rivers. Shape and size of
ciliate tegument receptors provided by SEM can be
served as additional diagnostic features, useful in
distinguishing Allocreadium species.
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