FTEHETUKA N CENEKUNA XKUBOTHbIX BaBrnoBcKuU XXypHan reHeTUKM 1 cenekumm. 2022;26(3):290-297

OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJGB-22-36

Original Russian text www.bionet.nsc.ru/vogis/

Molecular-genetic approaches to species identification
of platyhelminthes of the genus Ligophorus (Monogenea)
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Abstract. Mugil cephalus L., 1758 (flathead mullet) is a valuable commercial fish and a promising object of artificial
breeding in the Black Sea and the Sea of Azov, and the study of its parasite fauna is important for fishery and
mariculture. Monogeneans of the genus Ligophorus are common ectoparasites dwelling on the gills of mullets.
Two representatives of this genus parasitise flathead mullet in the Azov-Black Sea region, namely Ligophorus
mediterraneus Sarabeev, Balbuena et Euzet, 2005 and Ligophorus cephali Rubtsova, Balbuena, Sarabeev, Blasco-
Costa et Euzet, 2006. Morphological identification of these species requires spending much time and a high level
of experience in monogenean taxonomy. For quick and correct species identification of these parasites, we have
developed a genotyping approach based on the polymerase chain reaction of allele-specific gene sites for various
Monogenea species. A fragment of the 28S ribosomal gene, which includes conserved and variable sites, was
chosen as a genetic marker. Three approaches were used as follows: amplified fragment length analysis, allele-
specific PCR with endpoint detection and allele-specific real-time PCR using SYBR Green intercalating dye. The
first approach was by obtaining PCR products of different lengths that were specific either to L. mediterraneus or
to L. cephali. This approach was implemented due to the presence of several variable sites located at a distance
from each other. The PCR mixture contained three primers: one forward and two reverse. The forward primer
was complementary to the conserved site, which did not differ between species. Reverse primers were species-
specific and, for each species, they were complementary to different DNA regions located 100 bp apart. As a result,
L. mediterraneus was characterized by shorter amplicons than L. cephali. For the second and third approaches,
a pair of primers was designed according to the following principle: the forward primer was complementary to
both species, since it was selected for the conserved gene region. Reverse primers were species-specific and were
designed for the 28S variable region. The two parasite species were distinguished by three-point mutations. Thus,
one pair of primers was complementary to L. mediterraneus, the other, to L. cephali. The amplified fragment length
analysis and the allele-specific real-time PCR demonstrated 100 % coincidence of genotyping results compared
with Sanger sequencing. The developed genotyping protocols can be used not only to distinguish two species of
Ligophorus from flathead mullet in ecological studies and veterinary practice but also for further development of
similar approaches for other monogeneans, among which there are many pathogenic species.
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MoeRyIsIpHO-TeHeTnYeCKle MOAX0 bl K BUI0BOI
aeHTUGUKAILIUY ITapasUTNUeCKIX IJIOCKUX YepBeii
pona Ligophorus (Monogenea), oOuTarIxX Ha JiobaHe
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AunHoTauus. Mugil cephalus L., 1758 (no6aH) — LLleHHaA NPOMbICIOBasA pbiba 1 NEPCNEKTUBHDBIM O6BEKT pa3BefeHUs
B 6acceliHax YepHoro n A3oBckoro mopeit. MsyueHre ero napasutodayHbl KpaiiHe BaXKHO A1 pblGHOro npombicnia
1 MapuriKynbTypbl. OQHVMI 13 MAacCOBbIX SKTOMapPa3UTOB, OOUTAIOLMX Ha Kabpax Kedanesblx, ABMATCA MOHOre-
Hew popa Ligophorus. Ha no6aHe B A30Bo-YepHOMOPCKOM pervioHe NapasnTupyioT ABa NpefcTaBUTeNsA 3TOro poja:
Ligophorus mediterraneus Sarabeev, Balbuena et Euzet, 2005 u Ligophorus cephali Rubtsova, Balbuena, Sarabeev,
Blasco-Costa et Euzet, 2006. Mopdonorunyeckoe onpegeneHue 3Tvx BUAOB BECbMa TPYAOEMKO 1 TpebyeT BbICOKOro
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MaoeHTndrkauma napasmTmyeckmx Niockux Yepeen
Ligophorus (Monogenea) Ha nobaHe metogamu MLIP

YPOBHSA KBanuduKaumu. Ansa 66ICTPOro 1 TOYHOTO pasnnuns LByX Ha3BaHHbIX BUAOB NapasnToB HaMu pa3paboTaH
MeTof, OCHOBaHHbIN Ha MNLP BaprabenbHbIX y4acTKOB pub0COMHOro reHa 28S. [laHHbIN FeH LWWMPOKO UCMOoNb3yeT-
CA ANA MONeKynApHON TakcoHomumn pofa Ligophorus. B HacToAwen paboTe NpUMeHANNCh TPY NOAXofa: aHann3
LNViHBI aMnAndUUMPoBaHHbIX GparmeHToB, annenb-cneunduyHan MLUP ¢ getekureln B KOHEUHON TOUKe 1 ansienb-
cneuyundunyHas MNLP B peanbHOM BpemMeHM € NCnofib3oBaHMeM MHTepKanupyoLero Kpacutens SYBR Green. [MepBbii
noaxopA 3akntouancsa B nogbope npanmepos ana nonyyerus MNLUP-npoayKToB pasnnMyHom AfivHbl, KOTopble 6bin
xapakTepHbl ana L. mediterraneus nnw L. cephali. 9T0T nopxop 6bin ocyLlecTBeH 61arogapa HanMymio HECKOSTbKMX
BapurabenbHbIX JIOKYCOB, KOTOPblE HAXOAATCA Ha paccToAHUU Apyr oT gpyra. MLP-cmech copeprkana Tpu npanme-
pa: ofuH NpsAMoii 1 ABa o6paTHbIX. MpAMON Npaimep Gbin KOMMIEMeHTapeH KOHCEPBATUBHOMY YYacTKy, KOTOPbIV
He pasnuuanca mexgy Bugamu. O6paTHble npamepbl Obinv BUAOCneLMUYHbI, MPU 3TOM A KaXKAOro BUAA OHM
6bIN KOMMEMeHTapHbI pa3nnyHbIM yyacTkam [HK, koTopble pacnonoxeHbl Ha yaanenumn 100 n. H. Apyr oT Apy-
ra. B pesynbrate L. mediterraneus xapaktepur3soBanca 6onee KOPOTKUMM aMNIMKOHamu, yem L. cephali. Ana BTopo-
ro 1 TpeTbero Nnoaxopaa KOHCTPyMpoBanach napa npariMepos Mo cieaylowemMy NpuHUMNY: Npamor npaimep Obin
KOMMneMeHTapeH oboum BuAam, Tak Kak nogbupancsa K KOHCepBaTUBHOMY Y4acTKy reHa. O6paTHble npanimepbl
6b1n1 BrAocneundUYHbIMU 1 paspabaTbiBanunch K BaprabenbHOMyY yyacTKy 28S. Ha 3Tom yyacTke ABa BMAa napa-
3UTa pasnnyanucb Tpems ToYeUHbIMU My Taumamn. Takum o6pa3om, ofHa napa nparimepos Obifia KoMMeMeHTapHa
L. mediterraneus, BTopas — L. cephali. AHann3 pnviHbl aMnanouUMpoBaHHbIX GparMeHTOB 1 annenb-cneundryHan
MNUP B peanbHoM BpemeHy npogemoHcTpripoBanv 100 % coBrnafeHmne pesynbTaToB reHOTUNUPOBAHUA NPKU CpaB-
HeHUM ¢ Mopdonornyeckoi uaeHTdMKaLmein n cekseHmposaHviem no CaHrepy. PaspaboTaHHble MPOTOKOJbI FeHOo-
TUMMPOBAHMA MOTYT GbITb MCMOJNIb30BaHbI HE TOSbKO AJA pa3nmumsa obuTaroLwmx Ha nobaHe AByx Bugos Ligophorus
NPV SKOSTOTNYECKMX NCCNef0BaHNAX 1 B BETEPUHAPHON NPaKTUKe, HO 1 ANA nocneaytoLiel pa3paboTky NofgoOHbIX
METOLOB AJA APYTX MOHOTEHEe, Cpefin KOTOPbIX MHOTO NaTOreHHbIX BUAOB.

KntoueBble cnioBa: reHOTUNUpOBaHUe; annenb-cneundmryeckas MUP; Monogenea; Ligophorus; Mugil cephalus.
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Introduction
Monogenea (Platyhelminthes: Monogenea) are parasites,
mainly of fish, with a direct life cycle. Dozens of new taxa
of these parasites are described each year. Their diversity
has reached 5000 species (Vanhove, 2013), and many of
them are of epizootic importance (Cribb et al., 2002; Bakke
et al., 2007; Rubio-Godoy, 2007). The boundaries of most
species are established based on morphological criteria, and
for species identification, the shape and size of attachment
disc structures are mainly used (Yamaguti, 1963; Gusev et
al., 1985; Pugachev et al., 2009; Vignon, 2011; Strona et al.,
2014; Kalafi et al., 2016). However, these structures have high
intraspecific variability (Ergens, Gelnar, 1985; Caltran et al.,
1995; Dmitrieva, Dimitrov, 2002; Olstad et al., 2009; Mladi-
neo etal., 2013). The latter makes it very difficult to determine
the species identity of monogeneans and raises the question of
defining the framework of their intra- and interspecific vari-
ability. Appealing to real collection specimens to confirm the
determination is often difficult due to accessing collections
with type specimens. Comparison of organisms with many
“similar” species from different areas based on brief descrip-
tions and often inaccurate drawings does not always allow
reliable species identification. As a result, an increase in the
number of “false” and underestimation of “hidden” species
taxa can lead to misunderstanding of the phylogeny, diversity
and distribution of representatives of individual monogenean
groups (Poisot et al., 2011), and sometimes to problems in
determining the status of pathogenic species, as in the case
of Gyrodactylus salaris and G. thymalli (Fromm et al., 2014;
Mieszkowska et al., 2018).

Given the above, the development of approaches and meth-
ods allowing for the most accurate identification of monoge-
nean species remains an urgent task, both in theoretical and
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practical terms. One of the promising directions in molecular
genetic studies of parasites is the development of methods for
genotyping species and local intraspecific groupings, both for
biodiversity studies of individual taxa and for rapid diagnosis
of species and their populations (Tokarev et al., 2015). Such
works with relation to monogeneans are rare (Fromm et al.,
2013, 2014; Mieszkowska et al., 2018). A few papers address
the problems of DNA barcoding of monogenean species
(Littlewood, 2008; Vanhove, 2013). Molecular studies on
the genus Ligophorus Euzet et Suriano, 1977 are limited to
a few studies, with 135 ribosomal nuclear DNA sequences
deposited in the NCBI GenBank (as of 27.11.2021). The 18S,
ITS1, 5.8S and 28S fragments were obtained for 12 species
from the Mediterranean Sea and 2 species from the Black
Sea (Blasco-Costa et al., 2012; Rodriguez-Gonzélez et al.,
2015). For two species off the coast of Brazil, 18S, ITSI,
5.8S and 28S were sequenced (Marchiori et al., 2015), and
18S, 28S and ITS1 fragments were obtained for 14 species
from the Indian Ocean (Soo et al., 2015; Khang et al., 2016;
Pakdee et al., 2019). Several studies (Blasco-Costa et al.,
2012; Rodriguez-Gonzalez et al., 2015; Khang et al., 2016)
have compared morphological and genetic variability, show-
ing a greater degree of congruence between phylogenetic
reconstructions based on these data, suggesting that the use
of ribosomal cluster sequences for genotyping species of this
genus is promising.

The flathead mullet Mugil cephalus L., 1758 is a com-
mercial fish of the Black and Azov Seas and a promising
object of mariculture in the region; therefore, the study of its
parasitofauna is critical not only from the scientific but also
from the practical point of view. Monogeneans of the genus
Ligophorus, which parasitise on the gills of mullets, are one
of the ectoparasites for the flathead mullet. In the Azov-
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Black Sea region, L. mediterraneus Sarabeev, Balbuena et
Euzet, 2005 and L. cephali Rubtsova, Balbuena, Sarabeev,
Blasco-Costa et Euzet, 2006 have morphologically similar
attachment structures (Dmitrieva et al., 2009a, b), which
makes their identification difficult. At the same time, these
species have a good level of genetic divergence based on the
variability of 28S and ITS1 (Blasco-Costa et al., 2012). This
divergence is due to the single nucleotide substitutions char-
acteristic of L. cephali and L. mediterraneus. When assessing
the infestation of these species in large samples of fish, e. g.
in ecological or veterinary surveys, the use of morphological
characters is problematic, and sequencing followed by mo-
lecular taxonomy is costly and time-consuming. In addition,
up to eight Ligophorus species may parasite on one individual
mullet (Dmitrieva et al., 2012; Soo et al., 2015). This situa-
tion is not unique and occurs for species of the same genus in
many members of the family Dactylogyridae, which includes
Ligophorus.

With the appearance of real-time PCR, alternative ap-
proaches for genotyping based on allele-specific PCR that
allows rapid and reliable species identification have begun to
develop. However, for members of the family Dactylogyridae,
such approaches have not been used. Thus, this work aimed to
develop an express methodology to distinguish two monogenic
species L. cephali and L. mediterraneus parasitising on the
proboscis in the Azov-Black Sea region based on 28S gene
variability. Considering that there are many representatives
of epizootic importance among Dactylogyridae, the develop-
ment of inexpensive and straightforward methods for rapid
genotyping of species of this taxon to distinguish between
pathogenic and nonpathogenic species, including at the larval
stage, is also relevant in a practical sense.

Materials and methods

Sampling. The material for this work was 20 specimens of
monogeneans of the genus Ligophorus collected from the
gills of 3 individuals of Mugil cephalus in autumn 2019 in
the Black Sea off the coast of Crimea, in Balaklava Bay. The
worms were collected alive, a glycerol-gelatin preparation
(Gusev, 1983) was prepared from part of an individual for
species identification by the morphology of the attachment
disc structures, and another part of the same monogenean was
fixed in 96 % ethanol for molecular genetic studies.

Taxonomy identification. Species identification based on
the shape and size of the haptoral structures and male copula-
tory organ of monogeneans using an Olympus CX41 micro-
scope and phase-contrast optics at x800-2,000 magnification
according to the descriptions of Ligophorus species from
Black Sea mullet (Dmitrieva et al., 2009a, b). Measurements
and photographs were taken using CellSense digital image
processing software.

DNA isolation and genetic analyses. The isolation was
performed using a DNA-EXTRAN kit (Sintol Ltd., Russia).
Each individual was incubated in 100 pL of lysis buffer (Sin-
tol Ltd.) with 5 pL of proteinase K (Sintol Ltd.) and 1 uL of
2-mercaptoethanol at 56 °C for 3 hours. After lysis, samples
were shaken for 20 s and further DNA extraction was per-
formed according to the manufacturer’s recommendations.
DNA elution was performed in 30 pL. The isolated DNA was
stored at —20 °C.
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Identification of Platyhelminthes Ligophorus (Monogenea)
from the flathead mullet by PCR

For the molecular taxonomy of the species, the 28S ri-
bosomal gene, which is used in the analysis of this genus,
was chosen as a genetic marker (Blasco-Costa et al., 2012;
Soo et al., 2015; Pakdee et al., 2018). The 28S gene frag-
ment was amplified using primers U178 (5'-GCACCCGCT
GAAYTTAAG-3") and LSU1200R (5'-GCATAGTTCAC
CATCTTTCGG-3") (Littlewood et al., 2000; Lockyer et al.,
2003) according to the following protocol: pre-denaturation
at 95 °C for 3 min followed by 38 cycles (denaturation at
94 °C for 40 s, annealing at 56 °C for 30 s, and elongation at
72 °C for 45 s). Each PCR reaction was performed in 25 puL of
reaction mixture, containing 1-10 ng of matrix DNA, 0.4 uM
of each primer, 5x ScreenMix PCR mix with Taq polymerase
(Eurogen Ltd., Russia). Amplification products were detected
by electrophoresis in 1 % agarose gel, staining with ethidium
bromide and visualization under UV light. PCR products
were sequenced in both directions using a standard BigDye
Terminator Cycle Sequencing Ready Reaction Kit on an
ABI PRISM 3130 analyzer (Applied Biosystems Inc.). The
obtained 28S fragments were aligned in BIOEDIT software
(Hall, 1999), L. mediterraneus (JN996829, JN996828,
IN996827) and L. cephali (JN996830) were used as reference
sequences. All nucleotide sequences obtained in this study are
deposited in the GenBank: L. mediterraneus (MZ413895—
MZ413898) and L. cephali (MZ413887-MZ413893).

Selection of primers for genotyping L. mediterraneus
and L. cephali. Variability analysis of the 28S ribosomal gene
fragment showed no intraspecific variability for this genetic
marker. All nucleotide sequences for each monogenean species
parasitising on flathead mullet from both the Mediterranean
Sea (JN996829, IN996828, IN996827, IN996830) and the
Black Sea (this work) were identical. Seven sequences of the
28S fragment for L. mediterraneus and eight for L. cephali
were analysed. At the same time, several sites with mutations
typical for L. mediterraneus and L. cephali in the region of
450-480, 540570 and 680-705 bp were found (Fig. 1).

DNA regions that differed by at least 3 nucleotide substitu-
tions between the two species were selected for genotyping.
Primers flanking the polymorphic regions were designed using
the internet resource https://benchling.com/. All developed
primers are presented in Table 1.

All reverse primers were tested for their level of identity
to other species using the blastn algorithm against the NCBI
genetic database. Only the reverse primers were tested, as
they are responsible for identifying the species. The primers
CR450 and CR550 showed 100 % identity with 100 % cover-
age only to the species L. cephali. The MR450 primer, apart
from 100 % identity to L. mediterraneus, also showed the
same identity to L. saladensis (GenBank number KF442629).
This species occurs only off the coast of Brazil and inhabits
a different host, Mugil liza. The situation with primer CR650
is similar: in addition to 100 % identity with L. cephali, there
is also 100 % identity with L. heteronchus (GenBank number
JN996812). This parasite also inhabits another host, Planiliza
saliens. Thus, among all known flathead mullet parasites, the
developed primers allow identifying two species of L. mediter-
raneus and L. cephali, which makes it possible to use them
not only in the Azov-Black Sea basin.

Analysis of amplified fragment lengths. Two versions
of the primer mixture were selected for genotyping based
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ACGTGAAACCGATTGCAGGGAAGCTGGTGGAGT
ACGTGAAACCGATTGCAGGGAAGCTGGTGGAGT
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GCCGGTGCTAATGCTCTGTCCTGAGCGATCTA
GCCGGCGCTTATGCTCTGCCCTGAGCGATCTA
CR450

MR450

CR550

AACTGTGCTTTGGTGGGCCCTTGGCTTGCCGGGTG
AACTGCACTTTGGTGGGCCCTCGGCCTGCCGGGTG

GTGCAGTCCTCGGACCGCGCACCGCTCAGAA
GTGCGBGTCCTCGGACCGTGCECCGCTCAGAA

CR650

Fig. 1. Conserved and polymorphic regions of the 28S ribosomal gene for L. mediterraneus and L. cephali.

Table 1. Sequences of developed primers used for genotyping

Primer Nucleotide sequence, 5'-3’
mMcro0 AAACCGATTGCAGGGAAGCTGG
CR 4 50 ...................................... GGACAGAGCATTAG CACCGGC ....................
MR450 ..................................... GGGCAGAGCATAAGCGCCG ........................
@0 AGCCAAGGGCCCACCAMAGCA
CR 6 50 ...................................... GTGCG CG GTCCGAG GACT ...........................

Table 2. Primers for different genotyping methods

Annealing temperature, °C

Metod Forward Reverse Amplicon length, Species
primer primer bp
Ana | y SIS Ofamp |,ﬁ Ed fra g men t |engths ............ U178 .................. MR 450 ........................ 630 ........................................ L m ed,termn eus ..........................
CR 5 50 ......................... 750 ........................................ ,_ Cepha /, ......................................
U1 78 .................. MR 450 ........................ 630 ........................................ ,_ m ed,te,mn eus ..........................
CR 6 50 ......................... 880 ........................................ L Cepha ,, ......................................
A||e|e Sp ec,ﬁ c e ndp omt P CR ............................ U”S .................. MR 450 ........................ 630 ........................................ L m ed,termn eus ..........................
CR 4 50 ......................... 630 ........................................ L Cepha /, ......................................
A||e|espec|ﬁcrea|t|mePCR .............................. MCF3OO ............. MR450170 ........................................ Lmed,termneus ..........................
CR450170 ........................................ Lcepha/, ......................................

on the analysis of different amplicon lengths. In the first
case, the amplicon lengths specific to L. mediterraneus and
L. cephali differed by 120 nucleotides, and in the second,
by 250 nucleotides (Table 2). The essence of the approach
we developed is as follows. Three primers are added to the
PCR mix instead of two primers (as in traditional PCR). One
primer (forward, U178) is complementary to the conserved
region of 28S and will be annealed in both species accordingly.
The second primer (reverse primer) was designed for a site that
differs between the two species by several mutations. In this

FEHETUKA U CENTIEKUMA XXUBOTHDbIX / ANIMAL GENETICS AND BREEDING

mixture it is the MR450 primer, which is complementary to
the sequence specific to the L. mediterraneus. A third primer
(reverse, CR550 or CR650) was also developed for a site that
differs between the two species by several mutations, but it is
complementary to L. cephali.

Thus, depending on the DNA matrix, only one of the two
reverse primers will be annealed and the product will be pro-
duced. The reverse primers are chosen so that the product will
be 630 bp long when MR450 is annealed, but the amplicon will
be longer when the other reverse primer is annealed. So, with

293



E.A.Vodiasova, E.S. Chelebieva, O.V. Shikhat Identification of Platyhelminthes Ligophorus (Monogenea)
D.M. Atopkin, E.V. Dmitrieva from the flathead mullet by PCR

the CR550 primer the length will
be 750 bp and with the CR650 the
length will be 880 bp. By performing
a PCR reaction with the three prim-
ers, two Ligophorus species can be
distinguished based on the length of
the amplicons.

The PCR mixture and the ampli-
fication conditions were the same
in both variants. The volume of the
reaction mixture was 20 pL, and the
final concentration of each primer
(Eurogen, Russia) was 0.25 uM.
Fig. 2. Structures of the attachment discs of L. cephali (a) and L. mediterraneus (b) collected from the gills ~ The amplification was carried out
of Mugil cephalus in the Black Sea off the coast of Crimea. according to the following protocol:
pre-denaturation at 95 °C — 3 min
followed by 38 cycles (denaturation
at 94 °C — 40 s, annealing at 56 °C —
30s, elongation at 72 °C —45's). The
amplification products were detected
by electrophoresis in 1 % agarose
gel, staining with ethidium bromide
and visualization in UV light. Mono-
genea species were characterized
by their amplicon length, shown in
Table 1.

Allele-specific end-point and

20 21 2 20 21 P 16
U178 + MR450 + CR650 U178 + MR450 + CR550

L. mediterraneus L. cephali L. mediterraneus L. cephali . )
real-time PCR. Genotyping based
Fig. 3. Typing of DNA samples using amplified fragment length analysis. on allele-specific PCR with detec-
Here and in Fig. 4: the numbers of test specimens and the primer mixture used are shown at the top, while the tion at the endPOint, as in real-time,
species that were identified based on morphology and molecular taxonomy are shown at the bottom. was performed ina20 “L reaction

mixture. The final concentration of

each primer (Eurogen, Russia) was

0.2 uM. The primer pairs used for

each approach are listed in Table 2.
o5 2 Amplification with detection of
PCR product at the end-point was
performed according to the follow-
ing protocol: pre-denaturation at
95 °C -3 min followed by 38 cycles
(denaturation at 94 °C — 40 s, an-
nealing at 60 °C — 30 s, elongation
at 72 °C - 30 s).

Each sample was analysed in
three replicates when testing the ge-
notyping method by allele-specific
real-time PCR. The volume and
composition of the reaction mixture
were not changed, whereas the am-
plification conditions were changed:
pre-denaturation at 95 °C for 3 min
followed by 40 cycles (denaturation

at 95 °C for 10 s, annealing at 60 °C

l J l J for 10 s and synthesis at 72 °C for

L. mediterraneus L. cephali 30 s). In the end, a melting curve

analysis was performed to evaluate
the formation of primer dimers.

U178 + CR450

U178 + MR450

Fig. 4. Typing of DNA samples using allele-specific PCR with end-point detection.
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L. cephali

Fluorescence units

—

o
N
b

o

L. mediterraneus

Fluorescence units

o
N
b

o
o

Cycle number

Fig. 5. Typing of DNA samples by allele-specific real-time PCR.

On the ordinate axis, the values are given in logarithmic scale. Purple indi-
cates amplification curves for a mixture of primers MCF300+CR450, yellow for
MCF300+MR450.

Results and discussion

Morphological species identification

Among the 20 collected specimens, 2 species were identified
by morphology (Fig. 2): 9 specimens of L. cephali, sample
numbers 2, 3, 4, 6, 7, 10, 16, 17, 19, and 11 specimens of
L. mediterraneus, sample numbers 1, 5, 8, 11, 12, 13, 14, 15,
18, 20, 21.

Species identification

using different genotyping methods

Morphological analysis was performed for all 20 individu-
als, based on which the monogenic species were identified.
Analysis of the nucleotide sequences of the 28S ribosomal
gene fragment obtained by Sanger sequencing confirmed the
morphological identification of 11 individuals and allowed
us to distinguish between the two species (see Fig. 1). All
20 Ligophorus individuals were then subjected to the methods
described above for separating the two species by allele-
specific PCR to assess their performance.

The method of genotyping based on PCR product length
analysis is based on using two polymorphic regions of
the 28S ribosomal gene and has been described in detail
above. This approach separated L. cephali and L. mediter-
raneus species (Fig. 3). When both primer mixture variants
(U178+MR450+CR650 and U178+MR450+CR550) were
used, amplification of PCR products with only one reverse
primer, which had complete complementarity to the 28S re-
gion, was observed for all individuals.
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For genotyping based on allele-specific PCR with end-point
detection, two amplification reactions with different primer
compositions were performed for each sample. In one version,
the reverse primer was complementary to the 28S gene region
characteristic of L. mediterraneus (MR450); in the other,
it was complementary to the same 28S gene region specific
to L. cephali (CR450). The primers differed by 3 nucleotides.
Using this approach, it was not possible to select amplification
conditions that would not result in annealing of primers that
are not fully complementary. As a result, when detected in
an agarose gel at the end-point, PCR products were always
detected, although with different intensities (Fig. 4).

At the same time, using this approach, but with real-time
detection, allows the two species to be distinguished (Fig. 5).
It is due to the different accumulation rates of PCR products
when using fully and partially complementary primers. In this
approach, the direct primer has been replaced to obtain shorter
amplification products, which is recommended for real-time
PCR. Two amplification reactions are also performed for each
individual, and then the species is determined by the lower
Ct value (number of the cycle in which the fluorescence signal
crosses the threshold line). Accumulation of the products is
faster when the primer and the matrix of the tested DNA are
entirely complementary. 100 % concordance in identifica-
tion by allele-specific PCR with real-time detection with
morphological analysis and sequencing data was shown for
all individuals.

Conclusion

This work developed a molecular genetic approach to
rapidly distinguish between L. mediterraneus and L. cephali
inhabiting Mugil cephalus in the Azov-Black Sea basin. Of
the three approaches tested, two (amplified fragment length
analysis method and allele-specific real-time PCR) allowed
areliable distinction between these two monogenean species.
The use of allele-specific PCR with end-point detection of
amplification products is inefficient because annealing and
product accumulation occur for both primers complemen-
tary to L. mediterraneus and L. cephali. The approach using
a PCR mixture containing three primers proposed in this work
is the most cost-effective. The allele-specific real-time PCR
method can be considered as the fastest and most efficient,
the disadvantage of which is only its relatively high cost.
Nevertheless, the developed approach is much faster and more
cost-effective than sequencing the nucleotide sequences of the
28S ribosomal gene fragment.

The proposed genotyping methods can be used to rapid-
ly separate two flatworms of the genus Ligophorus when
assessing the degree of infestation of the flathead mullet
with these parasites in the Azov-Black Sea region. It should
also be noted that based on the data on 28S nucleotide
sequences for other parasites of this genus, our developed
primers have 100 % identity only with these two species of
all that inhabit the flathead mullet. It allows them to be used
in other parts of the world’s oceans as well. The developed
approach is vital when carrying out various works to study
these species, such as studying the distribution of these spe-
cies, changes in the ratio of two species on one host individual,
competition of these species, the influence of various factors
on their abundance, etc. In addition, the results obtained
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demonstrate the promise of developing such approaches to
estimate the abundance of other monogenic species, including
pathogens.
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