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Introduction

Tapeworms (Cestoda)
flatworms  (Platyhelminthes:

Neodermata)  with

Abstract

Khawia species are significant pathogens causing khawiasis in cyprinids, leading to
substantial economic losses in aquaculture. Current literature suggests that Khawia
sinensis represents a complex of multiple distinct species. To resolve this taxonomic
ambiguity, we examined 93 parasite samples from three Cyprinus carpio populations
in eastern Tirkiye using an integrated morphological and molecular approach.
Phylogenetic relationships were inferred using Maximum Likelihood, Bayesian
Inference, and species delimitation analyses based on COX1 mtDNA, NAD3, and 18S
rDNA. A new species, Khawia anatolica n. sp., is described from Karakaya, Keban, and
Hazar Lakes, exhibiting high phylogenetic divergence at COX1 (~14—64%) compared to
other Khawia species. Distinguishing morphological features, including a less wavy
scolex and unique internal anatomy, separate K. anatolica n. sp. from previously
described taxa. Species delimitation analyses confirmed that K. sinensis comprises
multiple distinct species and that K. anatolica n. sp. forms a separate evolutionary
branch. The mean abundance, intensity, and prevalence of K. anatolica n. sp. in C.
carpio were 1.55 (1.1-2.4), 6.64+3.56 (2—15), and 23.33% (15—35%), respectively. This
study advances understanding of parasitic diversity in Eastern Anatolian water
resources and highlights the need to re-evaluate the taxonomic status of the K. sinensis
complex.

(C. carpio) is one of the most important fish in Central
Europe and Asia and stands as the most widely
rich group of cultivated  freshwater  fish  worldwide,  with
approximately four-fifths of all production farmed in

approximately 5000 species parasitizing all vertebrates,
approximately 1000 species parasitizing elasmobranchs,
and approximately 500 species becoming adults in
teleosts (Scholz & Kuchta, 2017; Scholz et al., 2021).
Although there is some controversy regarding the
higher-level classifications of some orders of tapeworms
(Mariaux et al.,, 2017), tapeworms are currently
classified into 19 orders, and seven orders of these
flatworms parasitize adult freshwater and marine
teleosts (Scholz et al., 2021).Among these, Caryophyllids
include the parasitic species affecting Cyprinus carpio, a
temperate freshwater fish in Europe and Asia (Scholz &
de Leon, 2021; Scholz & Oros, 2017). The common carp
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China and Indonesia (FAO, 2020). Despite recent reports
on the various features of caryophyllidean tapeworms,
the phylogeny and evolution of this parasite group are
still not well understood (Orosova & Oros, 2012; Scholz
et al., 2011). Some species of these tapeworms (such as
Atractolytocestus huronensis, K. japonensis, K. sinensis,
and Caryophyllaeus fimbriceps) have been found in their
original regions and colonized new continents (Scholz et
al., 2018; Scholz et al., 2011).

Khawiasis causes serious infections in fish. In the
intestinal lumen, obstructions and necrotic foci form in
areas where the parasite's scolex is in contact. Growth
retardation is observed in infected fish and can cause
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serious problems in 1- to 2-month-old juveniles,
including death during severe infections (Williams &
Jones, 1994). K. sinensis, a parasite that causes
khawiasis, is an important pathogen that can cause
significant economic losses in the farming of fish (Feng
et al., 2017). Although C. fimbriceps and K. sinensis are
known as important pathogens that cause death in carp
offspring (Bauer et al., 1973), the effect of K. japonensis
on its host has not yet been determined (Scholz et al.,
2018).

In recent years, significant advances have been
made in terms of the rationale, methodology, and
application of molecular taxonomy (Hanelt et al., 2015).
Mitochondrial sequences can be used to determine
whether small differences in more conserved gene
sequences represent intraspecific variation or the
presence of additional species. In eukaryotes, the
mitochondrial cytochrome c oxidase subunit 1 (COX1),
nicotinamide dehydrogenase subunit Ill (NAD3), and
small subunit ribosomal RNA (18S rDNA) genes are
commonly used to examine diversity, identify species,
and discover new species (Stoeck et al., 2010). The COX1
gene region has been used in thousands of studies to
identify and discover animal species. Therefore, COX1 is
the region of genes most closely related to the animal
kingdom. Additionally, most DNA barcoding studies
published to date have treated this gene region solely as
an identification tag (Pentinsaari et al., 2016). It has
been proposed that if the difference in protein-coding
mtDNA sequences between closely related species
differs by ~10%, it is questionable whether they are truly
conspecific (Blouin, 2002). The mitochondrial COX1,
NAD3 (Fu et al., 2021), and 18S rDNA (Orosova et al.,
2010) gene fragments have been widely used to
examine diversity and identify new species of
Caryophyllidea cestodes in fish.

In parasitological studies conducted on Keban Dam
Lake, Tirkiye, where our study was conducted, the
presence of K. sinensis (Kavak & Seker, 2017) and K.
armeniaca (Aksoy, 1996; Dorucu & Ispir, 2005; Oktener,
2014; Ozdemir & Sarieyylpoglu, 1993) was
demonstrated by morphology. However, in-depth
molecular studies have not been conducted on Khawia
species. To determine the distribution of the Khawia
genus of C. carpio across the Eastern Anatolian region of
Tirkiye, we collected extensive samples from three
representative water bodies. Our study provides a
critical molecular and morphological reassessment of

the K. sinensis species complex, leading to the discovery
of a new species, K. anatolica n. sp. As a distinct basal
evolutionary branch, this new species offers a unique
and essential perspective on the phylogeny, global
distribution, and evolutionary history of caryophyllidean
tapeworms.

Materials and Methods
Sample Collection and Morphological Analysis

This study was conducted on C. carpio specimens
caught by fishermen using gill nets in Karakaya Dam
Lake, Hazar Lake, and Keban Dam Lake (Eastern
Anatolia, Tiirkiye). A total of 60 fish, with 20 from each
lake, were examined. Post-mortem, Khawia species
were identified and collected from the fish intestines,
washed in physiological saline (0.9% sodium chloride
solution), and then assessed for internal and external
morphological features using a Nikon SMZ745T
stereomicroscope (Nikon Corporation, USA). The
samples were fixed in 70% ethanol and stored at 4°C.
Preserved specimens were cleared in lactophenol for 30
minutes to allow for a detailed examination of their
external and internal features, followed by the creation
of morphological images and representative drawings of
the type specimens. The morphological data of Khawia
specimens were characterized for identification
purposes based on the works of Bychovskaya-
Povlovskaya et al. (1964) and Scholz et al. (2011).

Genomic DNA Isolation

Genomic DNA was extracted from Khawia
specimens collected from C. carpio in the three different
water bodies studied. The Khawia samples were
carefully pressed onto sterile blotting paper and washed
at least 5 times with 1x PBS to remove any residual
ethanol. Genomic DNA was isolated using the Qiagen
DNeasy Tissue Kit (Valencia, CA, USA) according to the
protocol provided.

PCR Amplification and Sequencing

Amplification of the COX1, NAD3, and 18S rDNA
gene regions was performed using the primers and
thermal cycling conditions summarized in Table 1. PCR
reactions were carried out in a total volume of 25 l

Table 1. List of primers and PCR conditions used for the amplification of different gene regions

Gene Primer Sequence (5'-3')

Thermal Cycling Profile Reference

LCO1490 GGTCAACAAATCATAAAGATATTGG

95°C/5 min; 30 cycles of (94°C/35s,

COX1 11002198 TAAACTTCAGGGTGACCAAAAAATCA 50°C/30s, 72°C/60s); 72°C/7 min (Folmer et al., 1994)
CFCYT1L GCAGGTTACTTTGATATAG . N . (Scholz et al., 2011);

NAD3  CFCYT2 ACTAAGTGTTTTCAAAA 92 OES;BL”%? g)’géi;‘;fz(?éfﬁis’ (Bazsalovicsova et al.,
CRCYT2 CCAAAAAACCAACAT ' ' 2011)

185 WormA GCGAATGGCTCATTAAATCAG 94°C/5 min; 30 cycles of (94°C/30s, (Littlewood & Olson,
WormB CTTGTTACGACTTTTACTTCC 55°C/30s, 72°C/45s); 72°C/10 min 2001)
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comprising 1X PCR buffer, 2.5 mM MgCI2, primers (1.25
pmol forward and 1.25 pmol reverse), 50 uM dNTPs, Hot
FIREPol Taq polymerase (5 U/ul, Solis BioDyne, Tartu,
Estonia), 50 ng of purified DNA sample, and 15 ul of
ddH20.

To confirm the amplification success, agarose gel
electrophoresis with ethidium bromide (1%) in 1x TAE
buffer, run at 90V for 45 minutes, was used to assess
band quality. The electrophoretically separated PCR
products were then visualized under ultraviolet (UV)
light. The PCR bands of interest were excised and
purified using a QlAquick Gel Extraction Kit (Qiagen,
Hilden, Germany). DNA sequencing was performed at
BM Laboratory Systems (Ankara, Tirkiye) using an ABI
3730XL Sanger sequencer (Applied Biosystems, Foster
City, CA) and a BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA).

Phylogenetic Analysis

The DNA sequences of Khawia samples were
analyzed using FinchTV 1.4.0 (Geospiza, Inc., Seattle,
Washington, USA) (https://digitalworldbiology.com/
FinchTV). The sequence ends were trimmed to a final
length and compared with published sequences using
BLAST searches (http://www.ncbi.nlm.nih.gov/BLAST/).
Mitochondrial (NAD3 and COX1) and nuclear (18S rDNA)
gene regions obtained from Khawia samples were
compared with GenBank sequences for all known
Khawia species, and phylogenetic trees were generated
from samples collected from the respective type
localities. The final NAD3, COX1, and 18S datasets
included 18 (four new sequences), 25 (10 new
sequences), and 34 (15 newly derived) termini,
respectively (Table 2). The sequences of each gene
region were aligned using ClustalW Multiple Alignment
in BioEdit v7.2.5 (Hall, 1999). Phylogenetic analyses
were performed using maximum likelihood (ML),
maximum parsimony (MP), neighbor-joining (NJ), and
Bayesian inference (Bl) methods, with L. intestinalis as
the outgroup. The sequences were evaluated in MEGAX
v11 using the Akaike information criterion (AIC) and the
Bayesian information criterion. Phylogenetic trees were
generated with statistical model support for the
Tamura-Nei model through 1,000 bootstrap replicates
(Tamura & Nei, 1993).

The phylogenetic trees of the combined data
(morphology [Supplementary File-1, Table S1], NAD3,
COX1 mtDNA, and 18S rDNA) were inferred using
Bayesian inference (BI). All analyses were performed
with two independent runs of 1,000,000 generations,
using a relative burn-in fraction of 25%, a sampling
frequency of 100, and a diagnostic frequency of 1,000 in
MrBayes v3.2.6 (Ronquist et al., 2012). After discarding
the burn-in, 2,304 trees were sampled to assess
posterior probabilities. Consensus trees were visualized
and annotated using Figtree v1.4.2
(http://tree.bio.ed.ac.uk/software/figtree).

Species Delimitation Analysis

To determine if the Khawia n. sp. identified in this
study represents a new species, we analyzed data from
the COX1 and NAD3 mtDNA gene regions, as well as
combined datasets (COX1 + NAD3). Three species
delimitation programs were employed: The multirate
Poisson Tree Processes (mPTP) (Kapli et al., 2017),
Automated Species Assembly by Partitioning (ASAP)
(Puillandre et al., 2021), and General Mixed Yule
Coalescent (GMYC) (Fujisawa & Barraclough, 2013).
mPTP  (https://species.h-its.org/ptp/) and  ASAP
(https://bioinfo.mnhn.fr/abi/public/asap/) analyses
were conducted via web servers, while BEAST v2.7.5
(Bouckaert et al., 2019) was used for GMYC analysis.

For the mPTP analysis, the maximum likelihood
(ML) tree obtained in MEGA v11 was used as the input
tree. mPTP analysis was run for 500,000 MCMC
generations using default settings for the COX1, NAD3,
and combined datasets. The bounding results for the
COX1 and NAD3 datasets were based on the maximum-
likelihood partition, whereas those for the combined
dataset were based on the Bayesian partition. The
aligned data for both COX1 and NAD3, as well as the
combined dataset, were uploaded to the ASAP webpage
and tested separately using the Jukes-Cantor (JC69),
Kimura (K80), and Simple Distance (p-distances)
methods. The row with the lowest ASAP score,
indicating the most statistically supported result, was
used for evaluation.

For GMYC analysis, data in Fasta format were
aligned using BioEdit v7.2.5 (Hall, 1999). The best-fit
model was determined using the Maximum Likelihood
approach in MEGA v11. An XML input file was generated
using BEAUti v2.7.5 with the HKY-Gamma substitution
model. An ultrametric tree was estimated in BEAST
v2.7.5 (Bouckaert et al., 2019) using a lognormal relaxed
molecular clock and an HKY Gamma-distributed model
with a birth-death speciation process ratio. An arbitrary
UPGMA tree was used as the starting tree for MCMC
searches. The dataset was run for 7 million generations,
sampling every 1,000 generations. Tracer v1.7.2
(Rambaut et al., 2018) was used to ensure effective
sample sizes (ESS) exceeded 200. Output trees were
summarized in TreeAnnotator v2.7.5 (Bouckaert et al.,
2019) to produce a maximum clade credibility tree with
10% burn-in. GMYC analyses were performed in RStudio
(Paradis, 2012) using the R packages “ape”, “paran”,
“rncl”, and “splits”.

Haplotype Network Analysis

Haplotype analysis was conducted using known
sequences of Khawia species from Tirkiye and
worldwide. Population diversity indices, neutrality tests,
and Fu and Li's D and F tests were calculated using
DnaSP v6 (Rozas et al., 2017). Networks were
constructed using the TCS criteria method (Clement et
al., 2000), which allows for the cascading connection
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and edge joining of clusters via PopART v1.7 software
(Leigh & Bryant, 2015). While the haplotype networks at
the local scale were constructed using the 10 COX1 DNA
sequences obtained in this study, the global haplotype
network was constructed using a total of 24 sequences,
incorporating 14 sequences retrieved from GenBank
(Table 2).

Parasitism of Khawia anatolica n. sp.

The mean abundance (MA), mean intensity (Ml)
and prevalence (P), which are parasite infection indices
of K. anatolica n. sp. determined in the common carp, C.
carpio, were calculated using the following formulas
according to Bush et al. (1997): MA is the total number
of individuals of a particular parasite species in a sample
of a particular host species divided by the total number
of hosts of that species examined (including both
infected and not infected hosts); Ml is the total number
of parasites of a particular species found in a sample
divided by the number of hosts infected with that
parasite; and P is the number of hosts infected with one

or more individuals of a particular parasite species (or
taxonomic group) divided by the number of hosts
examined for that parasite species.

Results
Description

The new species is off-white in colour, with a mean
body length of 58.60+18.11 mm (range: 35 to 90 mm)
and a width of 2.18+0.14 mm (range: 1.9 to 2.4 mm)
(Figure 1, 2). The scolex is clove-shaped, forming deep
festoons with slight folds (up to 0.3 mm long), usually 3—
5 in number on the anterior edge, and wider than the
neck. The scolex and neck lengths are 2.59+£0.16 mm
(range: 2.2 to 2.8 mm) and 1.19+0.17 mm (range: 0.9 to
1.4 mm), respectively (Figure 1A, 2A). Numerous testes,
estimated at 400-670, are oval (145-165 x 120-155 um),
medullary, starting 4.0 to 7.5 mm from the anterior end,
and extending 0.5 to 1.2 mm behind the first vitelline
follicles to the anterior margin of the cirrus sac (Figure 1,
2B, C). The cirrus sac is thin-walled, widely oval to

Table 2. Locality information and GenBank accession numbers used in the phylogenetic analyses of Khawia anatolica n. sp

Taxon Specimen Host Location Coordinates Elevation Accession No
Cod (meters) NAD3 COX1 18S
EE C. carpio OK318469 OK334515 OK324147
. K2 C. carpio - OK334511 O0OK324143
;'a’"ato"w n- K4 C. carpio 'EfekaTy jra?/:’ 3388;2%266715172 676 ; OK334512 0K324144
S2 C. carpio ! - - MW405927
S6 C. carpio - - MW405931
DD C. carpio 0OK318468 O0OK334514 O0OK324146
H4 C. carpio - - 0K324142
K. anatolica n. HC1 C. carpio Keban Dam 38.654435 N 81 - 0OK334510 -
sp. KE3 C. carpio Lake, Turkiye 39.524246E - 0K334513 0K324145
S3 C. carpio - - MW405928
sS4 C. carpio - - MW405929
H2 C. carpio 0OK318471 OK334508 0OK324140
EK C. carpio 0K318470 O0OK334516 -
K. anatolica n. H1 C. carpio Hazar Lake, 38.476232 N 1240 - OK334507 OK324139
sp. H3 C. carpio Turkiye 39.361301E - OK334509 O0K324141
S1 C. carpio - - MW405926
S5 C. carpio - - MW405930
K. sinensis GenBank C. carpio Japan JNO04242  JNO04231  JN0OO4253
K. sinensis GenBank C. carpio Slovakia JNO04239  JN004228  JN004250
K. sinensis GenBank C. carpio China JNO04243  JN0O04232  JN0O0O4254
K. sinensis GenBank C. carpio China KR676560 KR676560 -
K. sinensis GenBank C. carpio China KY486753  KY486753 -
K. sinensis GenBank C. carpio Czech Republic - - AF267287
K. sinensis GenBank C. carpio Czech Republic - - MW027430
K. sinensis GenBank C. carpio England - - EU343746
K. rossittensis GenBank Carassius auratus Slovakia JN004238  JN004227  JN004249
K. rossittensis GenBank C. auratus Japan JNO04237  JN004226  JN004248
K. japonensis GenBank C. carpio Japan JNO04236  JNO04225  JN004247
K. japonensis GenBank C. carpio Slovakia - KP790243 -
K. armeniaca GenBank  Coregonus lavaretus Armenia JNO04235  JN0O04224  JN0O0O4246
K. cf. armeniaca  GenBank  Luciobarbus bocagei Portugal JNO04241  JNO04230  JN004252
K. armeniaca GenBank Capoeta capoeta Armenia - - MWO027428
K. parva GenBank C. auratus Russia JNO04245  JN0O04234  JN0O04256
K. saurogobii GenBank Saurogobio dabryi China JN004240  JNO04229  JN004251
K. abbottinae GenBank  Abbottina rivularis China - - JX661270
K. abbottinae GenBank A. rivularis China - - JX661269
K. abbottinae GenBank A. rivularis China - - JX661268
L. intestinalis GenBank MW602520 MW602520 KY552783
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spherical, and difficult to observe (1.13-1.36 x 0.71- 2.06 mm in length and 0.35 to 0.71 mm in width
0.94 mm) (Figure 1B, 2B). The H-shaped anterior arms of (Figure 1B, 2B). The vagina is tubular and S-shaped,
the ovary are equal to or shorter than the posterior binding proximally to the uterus to form the
arms, with a total length of 2.84-3.26 mm and a width uterovaginal canal, which opens into the genital atrium.
of 1.65-2.24 mm. The lateral arms range from 1.76 to The seminal receptacle, located dorsal to the ovarian

A B

0.5 mm

vi —fe

1 mm
’_0.
O
.

Figure 1. Khawia anatolica n. sp. A) Anterior region; B) posterior region. C) Cross-sectional view of testis and vitelline follicles. cs,
cirrus sac; ec, excretory canals; e, eggs; ga, genital atrium; Im, longitudinal muscle; o, ovary; s, scolex; t, testes; ug, uterine glands;
u, uterus; vf, vitelline follicles.

A B

1 mm

700 um

Figure 2. Khawia anatolica n. sp. A) Anterior part and scolex; B) posterior end. C) Cross-sectional view of testis and vitelline follicles.
cs, cirrus sac; e, eggs; o, ovary; s, scolex; t, testes; u, uterus; vf, vitelline follicles.
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isthmus, measures 270-510 x 110-250 pm. The oval
vitelline follicles (110-127 x 87—-99 um) start anterior to
the first testes, 3.2-5.9 mm from the anterior extremity,
and extend posteriorly up to the first third of the cirrus
sac. Preovarian follicles are cortical, while postovarian
follicles are wide and generally cortical, with some in the
medulla. Postovarian follicles number 160-175 (n=10),
located close to the posterior extremity and covering
the posterior region up to the lower parts of the
posterior arms of the ovary (Figure 1B, C; 2B, C). The
uterus is sinuous, and the intrauterine eggs are oval,
operculate, unembryonated, and measure 51-58 x 30—
35 um (see Supplementary File-1, Table S2).

Based on morphological and genetic criteria, we
propose the official nomenclature for a new species,
Khawia anatolica n. sp. (LSID: urn:lsid:zoobank.org-
:act:8E23AEAF-8F57-40F4-BBA1-542D7E48F368), for
parasite samples collected from the intestinal tract of C.
carpio in eastern Anatolia.

Etymology

The specific epithet “anatolica” refers to the
Anatolia region (Turkiye), where the new species was
discovered and is currently known to occur.

Type Host

Common carp, Cyprinus carpio Linnaeus, 1758
(Cyprinidae).

Type Locality

Karakaya Dam Lake, Baskil, Elazig, Turkiye
(38.482611 N, 38.466757 E). Other localities: Keban
Dam Lake, nearby icme, Elazig, Tiirkiye (38.654435 N,
39.524246 E) and Hazar Lake, Sivrice, Elazig, Turkiye
(38.476232 N, 39.361301 E).

Type Material

The holotype was collected from the intestinal
tract of C. carpio in Karakaya Dam Lake on March 20,
2017. Paratypes were obtained from Keban Dam Lake
on April 17, 2017, and Hazar Lake on May 21, 2017.

Specimen Deposits

Parasite specimens were deposited in the Firat
University Fisheries Faculty Collection (FUSUM) as
follows: Holotype: FUSUM-HCO01 (entire specimen,
mounted) from Karakaya Dam Lake. Paratypes: FUSUM-
HC002, FUSUM-HC003, and FUSUM-HC004 (three
specimens, mounted) from Karakaya Dam Lake; FUSUM-
HC005, FUSUM-HC006, and FUSUM-HCO07 (three
specimens, mounted) from Keban Dam Lake; and
FUSUM-HC008, FUSUM-HC009, and FUSUM-HCO010
(three specimens, mounted) from Hazar Lake.

Remarks

K. anatolica n. sp. is included in the Khawia genus
because it possesses the identification characteristics
described by Scholz et al. (2011), such as a straight
anterior-edged scolex without apical structures
(afossate), the presence of cortical vitelline follicles, a
relatively long uterine structure, and a medium distance
between the cirrus sac and the ovary. The phylogenetic
placement of the new species within the genus Khawia
is strongly supported by molecular data based on the
COX1, NAD3, and 18S gene regions.

K. sinensis was first identified by Hsu (1935) in C.
carpio from China. Although a detailed description was
provided, the details of the scolex—one of the species'
most diagnostic features—were not illustrated. The
most comprehensive descriptions of the K. sinensis
scolex were later provided by Scholz et al. (2011), who
reported a festoon-like, deeply folded scolex
significantly wider than the neck. The scolex of K.
anatolica n. sp. features 3-5 folds measuring up to 0.3
mm, which are fewer and shorter than those observed
in K. sinensis (7-12 folds, up to 0.6 mm). The scolex
morphology varies significantly among other congeners:
it is bulbate with an oval anterior end in K. armeniaca;
features fimbriae or small lobes on the front edge in K.
japonensis; is cuneiform and laterally extended in K.
parva; and triangular or cuneiform in K. rossittensis
(Scholz et al., 2011). Furthermore, it is afossate and
truncated cuneiform-flabellate in K. saurogobii (Xi et al.,
2009)and widely bulbate to almost cuneiform in K.
abbottinae (Xi et al., 2013). The scolex width of K.
anatolica n. sp. is greater than that of other Khawia
species.

While all Khawia species contain numerous testes,
the count is species-specific. The number of testes in K.
anatolica n. sp. is approximately equal to that of K.
sinensis and K. armeniaca, yet nearly double that of
other species. The cirrus sac is oval to nearly spherical in
all congeners; however, in K. anatolica n. sp., it is thin-
walled, similar to K. sinensis, K. armeniaca, and K. parva,
whereas in K. japonensis, it is thick-walled.

Phenotypically, the studied K. anatolica n. sp.
samples exhibit internal variation (Figures 1A-C and 2A—
C) but can be distinguished from relatives by several
factors. Specifically, K. anatolica n. sp. is similar in length
to K. armeniaca and K. parva, but shorter than K.
sinensis and longer than K. abbottinae, K. japonensis, K.
rossittensis, and K. saurogobii (see Supplementary File-
1, Table S2).

Genetic Divergence and Phylogenetic Relationships

The population structure of K. anatolica n. sp. was
quite shallow among the samples collected, showing
only ~0-0.7% divergence in COX1 (Table 3). While K.
sinensis is represented in GenBank by five DNA
sequences for the COX1 gene region, K. anatolica n. sp.
is represented by 10 unique sequences in this study
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(Figure 3). Our results show that K. anatolica n. sp. is
~99% similar to a Slovakian specimen (JN004228)
previously identified as K. sinensis, but it differs
significantly (14.42-31.05%) from sequences of
specimens collected in the species' original range in
Japan (JNO04231) and China (JN004232, KR676560,
KY486753). Furthermore, K. anatolica n. sp. exhibits
substantial genetic divergence (19% to 64%) from other
congeners, including K. saurogobii, K. parva, K.
rossittensis, K. japonensis, and K. armeniaca (Table 3).
These high divergence values, especially compared to
the original Asian isolates of K. sinensis, provide robust
evidence for the status of K. anatolica n. sp. as a distinct
species.

Phylogenetic analyses using the NAD3 gene region
yielded congruent results. All sequences of K. anatolica
n. sp. were 100% identical to each other. Similar to the
COX1 data, the Slovakian isolate (JN0O04239) was 99.7%
similar to our samples, whereas Chinese and Japanese K.
sinensis sequences showed significant differences (~17-
43% at NAD3). Divergence from other Khawia species at
this locus remained high, ranging from ~28% to 66%
(Table 4).

Across all phylogenetic methods (ML, MP, and NJ),
K. anatolica n. sp. consistently formed a unique and
distinct basal branch (Figure3-4 and Supplementary
File- 1, Figures S1-S4). While there is notable confusion
regarding the branching of K. sinensis in global datasets
(see Supplementary File-1, Figures S5-S7), the clear
separation of the Turkish isolates from the original Asian
K. sinensis clades supports the description of a novel
taxon. At the 18S rDNA locus, divergence was
expectedly limited (0.1-2.6%) (Supplementary File-2),
yet our species clustered consistently within its own
clade (Supplementary File-1, Figure S8).

Finally, the Bayesian Inference analysis—
combining morphological data with multi-gene
sequences (COX1, NAD3, and 18S)—placed our samples
on a distinct basal branch alongside the Slovakian
sample, clearly separated from the Asian K. sinensis
clades (Figure 5). These combined results confirm the
evolutionary uniqueness of K. anatolica n. sp. within the
genus.

Species Delimitation of Khawia

An analysis of GenBank data highlights the
complexity of K. sinensis when considering the COX1 and
NAD3 gene regions. Notable dissimilarities and distinct
basal branches were evident in both the phylogenetic
trees and the distance matrix. Species delimitation
analyses concluded that K. anatolica n. sp. from Tirkiye
is a distinct species, clearly differentiated from global K.
sinensis specimens, particularly those from China. These
findings underscore the cryptic nature and
morphological complexity within the K. sinensis
complex.

The partition with the lowest ASAP score yielded
the most statistically supported result for the COX1 gene

region, identified as 9/2.0 (1) in Figure. 6A. For NAD3,
the best ASAP result was 10/1.5 (1) in Figure 6B.
Analyses of both gene regions independently and in
combination clearly indicate that K. anatolica n. sp.
represents a novel taxon. Even with increased ASAP
partition thresholds, K. anatolica n. sp. consistently
emerged as a distinct species.

The results of the three different delimitation
analyses combining COX1 and NAD3 mtDNA data are
shown in Figure 7. The optimal partition for the merged
dataset according to the ASAP method was 8/2.5 (1),
where K. anatolica n. sp. was again identified as a new
species (Figure 7A). In the GMYC (Figure 7B) and mPTP
(Figure 7C) trees, K. anatolica n. sp. exhibited
independent branches confirming its status as a new
species. All three approaches conclusively revealed that
K. anatolica n. sp. is a distinct evolutionary lineage.
Furthermore, the mPTP algorithm supported the
distinction of K. anatolica n. sp. from other Khawia
species with a solid confidence interval (P<0.001).

Khawia anatolica n. sp. Populations and the
Haplotype Network

Two haplotypes and three polymorphic sites were
detected in the COX1 mtDNA sequence of K. anatolica
n. sp. from Tirkiye, comprising 42% (10/24) of the total
isolates in GenBank. The nucleotide diversity (per site)
was Pi=0.00244+0.00109. The haplotype (gene)
diversity (Hd) was 0.356+0.159, with a variance of
0.02532. The overall neutrality indices, including
Tajima’s D (0.02107), Fu and Li’s F (FLF) (0.89833), Fu
and Li’s D (FLD) (1.15417), and Fu’s Fs (2.338) (P>0.10),
were not significant. When evaluating results by
geographical region, Haplotype-1 of K. anatolica n. sp.
was present in all study areas, including Karakaya Dam
Lake, Keban Dam Lake, and Hazar Lake. Haplotype-2 was
found in Karakaya Dam Lake and Keban Dam Lake. The
global haplotype network of Khawia species showed a
tree-like structure attached to the main trunk (Figure 8).

Parasitism of Khawia anatolica n. sp.

Twenty-three parasites were collected from four
fish in Karakaya Dam Lake, 22 from three fish in Keban
Dam Lake, and 48 from seven fish in Hazar Lake. The
abundance (A) of K. anatolica n. sp. in C. carpio varied
between 1.10 and 2.40. The mean intensity (Ml) ranged
from 5.75+3.30 (2-10) to 7.33+4.04 (3-11), depending on
the water source. The prevalence (P) of this tapeworm
in C. carpio ranged from 15% to 35%, with an average of
23.33%. The lowest A and P values for common carp (C.
carpio) were observed in Keban Dam Lake, while the
highest was in Hazar Lake. The lowest MI was in
Karakaya Dam Lake, and the highest was in Keban Dam
Lake (Table 5).
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Table 3. Pairwise distance matrix of the Khawia specimens.

the Tamura-Nei model

The numbers are divergence values within a 720-bp fragment of the cytochrome c oxidase subunit 1 (COX1) locus determined using

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
1 Seql-H1 -
2 Seq2-H2 0.00 -
3 Seq3-H3 0.00 0.00 -
4 Seq4-HC1 0.00 0.00 0.00 -
5 Seq5-K2 0.00 0.00 0.00 0.00 -
6 Seq6-K4 0.43 0.43 043 043 043 -
7 Seq7-KE3 0.00 0.00 0.00 0.00 0.00 0.43 -
8 Seq8-DD 0.70 0.70 0.70 0.70 0.70 0.00 0.70 -
9 Seq9-EE 0.00 0.00 0.00 0.00 0.00 0.45 0.00 0.70 -
10 Seql0-EK 0.00 0.00 0.00 0.00 0.00 0.43 0.00 0.70 0.00 -
11 K. sinensis-KR676560 30.99 30.99 30.99 31.15 31.15 30.96 31.28 30.88 31.00 30.99 -
12 K. sinensis - KY486753 22.15 22.15 22.15 22.04 22.04 22.45 22.18 20.20 22.44 22.15 30.91 -
13 K. sinensis JN0O04232 22.30 22.30 22.30 22.30 22.30 22.58 22.30 20.20 22.30 22.30 32.40 0.45 -
14 K. sinensis JN0O04228 0.15 0.15 0.15 0.15 0.15 0.60 0.15 0.70 0.15 0.15 31.48 22.58 22.54 -
15 K. sinensis JN004231 15.55 15.55 15.55 15.55 15.55 15.79 15.55 14.42 15.55 15.55 33.19 18.88 18.85 15.76 -
16 K. rossittensis-JIN0O04227 41.66 41.66 41.66 41.66 41.66 41.66 41.66 41.66 41.66 41.66 46.24 44.00 44.36 42.01 41.50 -
17 K. rossittensis-JIN004226 42.25 42.25 42.25 42.25 42.25 42.25 42.25 42.19 42.25 42.25 47.12 44.18 44.54 42.59 43.29 7.21 -
18 K. japonensis-INO04225 44.99 44.99 44.99 44.99 44.99 44.99 44.99 47.53 44.99 44.99 49.45 45.28 45.64 45.35 44.38 38.02 38.39 -
19 K. japonensis-KP790243 44.49 44.49 44.49 44.49 44.49 44.49 44.49 46.04 44.49 44.49 47.96 44.07 44.42 44.85 42.33 37.70 39.48 1.37 -
20 K. armeniaca-JN004224 59.71 59.71 59.71 59.71 59.71 61.36 59.71 64.05 59.71 59.71 59.96 58.99 59.08 60.16 60.44 51.26 54.34 55.56 56.63 -
21 K. cf. armeniaca-JNO04230 55.99 55.99 55.99 55.99 55.99 57.00 55.99 58.75 55.99 55.99 56.88 54.16 54.67 56.43 59.87 54.41 55.26 52.96 53.85 45.50 -
22 K. parva-JIN004234 38.87 38.87 38.87 38.87 38.87 38.10 38.87 39.94 38.87 38.87 45.11 36.39 37.08 39.20 42.47 29.31 30.95 35.23 36.27 55.21 51.18 -
23 K. saurogobii-JN004229 22.15 22.15 22.15 22.15 22.15 22.42 22.15 19.25 22.15 22.15 31.73 9.97 9.75 22.39 24.90 49.40 45.94 48.17 47.79 64.89 54.36 43.17 -
24 L. intestinalis MW602520  49.00 49.00 49.00 49.48 49.48 49.13 49.55 48.49 50.84 49.00 54.58 48.74 51.75 51.22 52.63 57.30 55.76 66.94 65.60 67.01 75.88 51.77 53.14 -
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Discussion

This study provides a comprehensive molecular
and morphological reassessment of the K. sinensis
species complex, resulting in the discovery and
description of a new species, K. anatolica n. sp., from
freshwater ecosystems in Tiirkiye. The study combined
morphological data with detailed molecular analyses to
address persistent taxonomic uncertainties in the K.
sinensis  species complex and advance our
understanding of the genus Khawia. The findings relied
on multiple approaches to accurately identify species at
the molecular level and to improve our understanding
of parasite biodiversity.

The relatively larger size (except for K. sinensis) of
K. anatolica n. sp., its unique clove-like scolex consisting
of a few scallops with slight folds, and internal anatomy
(e.g., tubular and S-shaped vagina, relatively long
sinuous uterus, preovarian follicle cortical, postovarian
follicle extensive, usually cortical, few solitary vitelline
follicles located around the cirrus sac not reaching
uterine folds) are distinguishing features of this
previously undescribed Khawia species. These
morphological features distinguish K. anatolica n. sp.
from other described Khawia species (Hsl, 1935; Oros
et al,, 2015; Scholz et al., 2011; Xi et al., 2013).

Comparative analysis revealed significant genetic
divergence between Khawia anatolica n. sp. and other
Khawia species, particularly in the mitochondrial COX1
(~14-31%) and NAD3 (~19-64%) gene regions.
Morphologically, the unique clove-shaped scolex, the

Seq1-H1
Seq2-H2
Seq3-H3
Seq4-HC1
Seq5-K2
Seq7-KE3
Seq9-EE
Seq10-EK

89

100

1 | seq6-K4

Seq8-DD

99

100

99

JN0O04228 Khawia sinensis Slovakia

[ —

0.20

smaller number of scolex folds, and the distinct
reproductive structures of K. anatolica n. sp.
differentiate it from its closest relatives, such as K.
sinensis and K. armeniaca. While K. anatolica shares
some similarities with K. sinensis in terms of body size
and general structure, its distinct phylogenetic position
suggests significant evolutionary divergence.

The mtDNA (COX1 and NAD) and nuclear (18S
rRNA) gene regions are sufficient for identifying
helminth species and perform well for parasite
identification. The use of multiple genetic markers has
also been highlighted (Chan et al., 2021). In this context,
similar gene regions (COX1, NAD3, and 18S rRNA) were
selected for the molecular and phylogenetic
identification of Khawia samples collected from C.
carpio in our study. According to previous studies,
compared to nuclear small subunit ribosomal DNA (e.g.,
18S rDNA), mitochondrial DNA (e.g., COX1 and NAD)
gene regions evolve faster. Consequently, this approach
results in greater sequence variation, making it a
valuable tool for identifying genetic markers at lower
taxonomic levels (Allio et al., 2017; Blouin, 2002; Le et
al., 2000). In this study, the regions of the mtDNA genes
(COX1 and NAD3) that encode proteins were more
informative than the nuclear gene region (18S rDNA) in
distinguishing K. anatolica n. sp. from other Khawia
tapeworms, as reflected in its distinct placement within
the ML and MP phylogenetic trees. These results were
similar to those of a study that used helminths to
compare mtDNA and 18S rDNA gene regions (Chan et
al., 2021).

Khawia anatolica n. sp.

JN004231 Khawia sinensis Japan
JN004229 Khawia saurogobii China
KY486753 Khawia sinensis China
100! JNO04232 Khawia sinensis Japan
KR676560 Khawia sinensis China
JN004224 Khawia armeniaca Armenia
JNO04230 Khawia cf. armeniaca Portugal
100 | JNO04225 Khawia japonensis Japan
KP790243 Khawia japonensis Slovakia
JN004234 Khawia parva Rusia
JN0O04227 Khawia rossitensis Slovakia
100 — JNO04226 Khawia rossitensis Japan
MWE602520 Ligula intestinalis ] Qutgroup

Figure 3. Maximum Likelihood analysis of COX1 mtDNA haplotypes (663 total positions) of Khawia spp. The tree was drawn to
scale, with branch lengths measured as the number of substitutions per site.
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Table 4 Pairwise distance matrix of the Khawia specimens. The numbers are divergence values within a 347-bp fragment of the
NADH dehydrogenase subunit 3 (NAD3) locus determined using the Tamura-Nei model

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

DD -

EE 0.00 -

EK 0.00 0.00 -

H2 0.00 0.00 0.00 -
JN004239_Khawia_sinensis_Slovakia 0.29 0.29 0.29 0.29 -

KR676560_Khawia_sinensis_China
KY486753_Khawia_sinensis_China
JN004243_Khawia_sinensis_China
JN004242_Khawia_sinensis_Japan
JN004238_Khawia_rossittensis_Slovakia
JN004237_Khawia_rossittensis_Japan
JN004236_Khawia_japonensis_Japan
JN004235_Khawia_armeniaca_Armenia
JN004241_Khawia_cf._armeniaca_Portugal
JN004245_Khawia_parva_Rusia
JN004240_Khawia_saurogobii_China
MW602520_Ligula_intestinalis

42.74 42.74 42.74 42.74 42,62 -

23.15 23.15 23.15 23.15 23.54 46.14 -

24.14 24.14 24.14 24.14 24.54 47.30 0.59 -

16.56 16.56 16.56 16.56 16.92 44.04 22.17 21.23 -
48.16 48.16 48.16 48.16 48.00 49.14 49.79 48.33 41.48 -
45.73 45.73 45.73 45.73 45.57 45.77 43.30 43.29 39.54 8.06 -

42.55 42.55 42.55 42.55 42.45 42.99 46.98 47.71 42.90 30.23 30.38 -

59.84 59.84 59.84 59.84 59.78 71.37 75.73 74.51 58.31 60.94 57.77 61.75 -

65.55 65.55 65.55 65.55 64.80 73.27 69.70 70.53 71.91 72.50 67.99 69.64 43.92 -

41.46 41.46 41.46 41.46 41.32 42.74 45.00 43.55 40.29 33.14 34.81 36.36 58.67 65.42 -

27.79 27.79 27.79 27.79 27.37 45.73 10.50 9.81 25.82 48.46 43.25 47.23 72.56 73.96 43.39 -
68.90 68.90 68.90 68.90 69.67 64.11 56.01 56.82 72.42 73.61 67.17 67.74 71.68 67.24 74.43 61.56 -

DD

EE

EK Khawia anatolica n. sp.
H2

JN004239 Khawia sinensis Slovakia

JN004240 Khawia saurogobii China

93 KY486753 Khawia sinensis China

98 ! JN004243 Khawia sinensis China

JNO04242 Khawia sinensis Japan

40

19

98 — JN004235 Khawia armeniaca Armenia
[ JN004241 Khawia cf. armeniaca Portugal

35 [ JN004236 Khawia japonensis Japan
65 JN004245 Khawia parva Rusia
45 JN0O04238 Khawia rossittensis Slovakia

94 - JN004237 Khawia rossittensis Japan
—— KR676560 Khawia sinensis China
MW602520 Ligula intestinalis | outgroup

—_
0.50

Figure 4. Maximum Likelihood analysis of NAD3 mtDNA haplotypes (345 total positions) of Khawia species. The tree was drawn
to scale, with branch lengths measured in the number of substitutions per site.

Although K. sinensis (Kavak & Seker, 2017) and K.
armeniaca (Dorucu & Ispir, 2005) have been reported
from common carp at Keban Dam Lake, Karakaya Dam
Lake, and Hazar Lake, our morphological and molecular
data did not match those of the Khawia parasites. In a
study conducted on an updated checklist of common
carp parasites in Turkiye, the K. armeniaca tapeworm
detected in carp in Keban Dam Lake was considered a
possible misidentification of K. sinensis (Vilizzi et al.,
2015). According to the morphological character matrix
revised by Scholz et al. (2011), K. anatolica n. sp. was
only 64.71% similar to K. sinensis, while it showed
47.05% similarity to K. armeniaca. There were also
differences between K. sinensis and other Khawia
species, ranging from 9.75% to 64.89%. In addition,

there was a molecular difference of 14.42-31.28%
between K. anatolica n. sp. and K. sinensis samples
(except for Slovakia- JN004228) and a difference of
19.25-64.05% between other Khawia species (Table 3).
Based on these differences, species confusion may arise
solely from morphological studies. The clearest example
of this confusion in the Khawia genus is the redefinition
of the species previously known as K. baltica as
Caryophyllaeus balticus (Barcak et al., 2017). These
findings further support the view that morphological
and molecular methods should be considered together
and evaluated across multiple gene regions for the
definitive identification of parasites (Perkins et al.,
2011).
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K. sinensis is a pathogenic intestinal monozoic
tapeworm first identified in C. carpio in China (Hsd,
1935). However, although studies have shown that this
parasite is also found in European and Western Asian
countries, most of them lack molecular support (Chubb
& Yeomans, 1995; Oros & Hanzelova, 2009; Oktener,
2014). Molecular studies on K. sinensis have shown that
this species belongs to an important complex (Feng et
al., 2017; Liet al., 2017; Orosova & Oros, 2012; Scholz et
al., 2011), but further detailed molecular analyses are
needed. Maximum likelihood and Bayesian inference
analyses yielded trees with concordant topologies and
strong support for K. anatolica n. sp. as a basal branch
of the Khawia tapeworms (see Figure 3-5). However, the
phylogenetic tree generated from the DNA sequences
obtained in our research also revealed that the GenBank
data contain some inconsistencies. Only one haplotype
of K. parva and K. saurogobii, two haplotypes of K.
anatolica n.sp., K. armeniaca, K. japonensis and K.
rossittensis, and four haplotypes of K. sinensis were
evaluated. The network of K. sinensis haplotypes
consisted of four nodes arranged in a star-shaped
configuration, with three central haplotypes separated
from the others by 1-2 mutational steps. K. anatolica n.
sp. shows a significant difference from the COX1
(JNO04231, JN004232, KR676560, and KY486753) and
NAD3 (JN004242, INO04243, KR676560, and KY486753)
mtDNA gene regions obtained from full-genome studies
in the GenBank database on samples from China and Far
East countries where K. sinensis was first identified

100
65
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100
EE

100
EK

1R

100

0.2

(Fengetal., 2017; Li et al., 2017; Scholz et al., 2011). This
substantial molecular difference confirms that K.
anatolica n. sp. is a new species.

The discovery of K. anatolica n. sp. in the intestines
of C. carpio in the freshwater ecosystems of Eastern
Anatolia, Turkiye, expands the known diversity of
Khawia tapeworms. Morphological and molecular
analyses unequivocally distinguish K. anatolica n. sp.
from K. sinensis and other species. The molecular
divergence (~14-31% in COX1) between K. anatolica n.
sp. and other Khawia species, particularly compared to
sequences from regions where K. sinensis was first
described, further supports its status as a distinct
species. This study highlights the need for integrative
approaches combining morphology and multi-gene
molecular data to accurately identify and classify
helminth species (Perkins et al., 2011).

In this study, the prevalence (23.33%; 15-35%) of
K. anatolica n. sp. detected in the C. carpio from
Karakaya and Keban reservoirs was approximately 3.5—
14 times higher than the prevalence of Khawia species
determined in fish species belonging to the carp family
in the same reservoirs (Barata & Dorucu, 2014; Gun &
Dorucu, 2020). The prevalence of K. anatolica n. sp. was
greater than that of K. sinensis in Lithuania (Kirsch, 2019)
but lower than that of K. abbottinae in China (Xi et al.,
2013) and K. japonensis in Europe (Oros et al., 2015).
The prevalence of K. anatolica n. sp. was comparable to
that K. saurogobii identified in China (Xi et al., 2009). The
mean intensity (6.64+3.56 (2-15)) of K. anatolica n. sp. is

Khawia sinensis - China
Khawia saurogobii - China
g?(hawia sinensis - China
Khawia sinensis - China

Khawia sinensis - Japan

Khawia anatolica n. sp.

Khawia sinensis - Slovakia

Khawia armeniaca - Armenia
100

Khawia cf. armeniaca - Portugal

Khawia japonensis - Japan

Khawia parva - Rusia

Khawia rossittensis - Slovakia
—[100

Khawia rossittensis - Japan

Ligula intestinalis - Outgroup

Figure 5. Bayesian combined analysis of morphology (17 positions), NAD3 (347 positions), and COX1 (674 positions) from Khawia

specimens (1021 total positions).
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Figure 6. Results of species delimitation analysis of COX1 and NAD3 mtDNA gene regions according to ASAP methodology. A) Species delimitation analysis result according to COX1 mtDNA gene
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similar to or slightly greater than that of Khawia species
reported in Lithuania (Kirsch, 2019), China (Xi et al,,
2009) and some European countries (Oros et al., 2015).
However, this intensity is three times greater than that
of K. sinensis in the Karakaya Reservoir (Barata &
Dorucu, 2014; Gun & Dorucu, 2020).

The discovery of K. anatolica n. sp. expands the
known diversity within the genus Khawia and raises
important questions about the evolutionary history of
the K. sinensis species complex, warranting further

Hap_14
Hap_5
Hap_4
Hap_8
Hap_7
Hap_13

Hap_12

Hap_11

investigation. The observed genetic divergence suggests
that K. anatolica n. sp. may have evolved from a K.
sinensis population isolated in freshwater ecosystems in
the Eastern Anatolia Region of Tirkiye. This supports the
hypothesis that geographic and ecological isolation may
drive speciation within parasitic taxa. Furthermore, the
relatively high prevalence of K. anatolica n. sp. in its host
fish (C. carpio) suggests that this species may have
significant ecological impacts on local aquaculture and
biodiversity, and further ecological studies are needed.
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anatolica n. sp.
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Figure 8. Haplotype network of Khawia species isolated from various geographical regions using COX1 mtDNA. The frequency of
each haplotype determines the size of the circle. The screening marks indicate the number of mutations that distinguish

haplotypes.
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Table 5. Infection indices (mean abundance, mean intensity and prevalence) of Khawia anatolica n. sp. in C. carpio

Location Examined Fish Infected fish Total number Mean Mean Intensity Prevalence

Number number of parasites Abundance (%)
Karakaya Dam Lake 20 4 23 1.15 5.7543.30 (2-10) 20
Keban Dam Lake 20 3 22 1.10 7.3314.04 (3-11) 15
Hazar Lake 20 7 48 2.40 6.86+3.98 (3-15) 35
Total 60 14 93 1.55 6.64+3.56 (2-15) 23.33
Conclusions Conflict of Interest

Based on molecular criteria, seven Khawia species
have been identified in fish. Although morphological
identification of Khawia species has led to some
taxonomic confusion, molecular studies have enabled
more precise identification in recent years. Our
phylogenetic trees and distance matrix indicate that the
classification of K. sinensis remains unclear and requires
additional detailed molecular studies. Given the
distance matrix and the basal branches formed by K.
sinensis, this species should be re-evaluated with
additional DNA data. The data presented in this study
suggest that some taxa, such as K. sinensis, may differ
from previously established classifications. According to
all available data and analyses, the Khawia species
found in C. carpio from the three major water bodies in
the eastern Anatolian region of Tiirkiye represents a
new species, both morphologically and molecularly. This
species has been named K. anatolica n. sp.
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