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Abstract. The phospholipase A2 (PLA2) is a superfamily of hydrolases that catalyze the hydrolysis of phospholipids
and play a key role in many molecular processes in the cells and the organism as a whole. This family consists of
16 groups divided into six main types. PLA2 were first isolated from venom toxins and porcine pancreatic juice. The
study of these enzymes is currently of great interest, since it has been shown that a number of PLA2 are involved
in the processes of carcinogenesis. PLA2 enzymes were characterized in detail in model organisms and humans.
However, their presence and functional role in non-model organisms is poorly understood. Such poorly studied taxa
include flatworms, a number of species of which are human parasites. Several PLA2 genes have previously been cha-
racterized in parasitic flatworms and their possible role in parasite-host interaction has been shown. However, no
systematic identification of the PLA2 genes in this taxon has been carried out. The paper provides a search forand a
comparative analysis of PLA2 sequences encoded in the genomes of flatworms. 44 species represented by two free-
living and 42 parasitic organisms were studied. The analysis was based on identification of orthologous groups of
protein-coding genes, taking into account the domain structure of proteins. In flatworms, 12 of the 13 known types
of animal A2 phospholipases were found, represented by 11 orthologous groups. Some phospholipases of several
types fell into one orthologous group, some types split into several orthogroups in accordance with their domain
structure. It has been shown that phospholipases A2 of the calcium-independent type, platelet-activating phospho-
lipases from group G8 and lysosomal phospholipases from group G15 are represented in all large taxa of flatworms
and the vast majority of the species studied by us. In free-living flatworms PLA2 genes have multiple copies. In
parasitic flatworms, on the contrary, loss of genes occur specifically in individual taxa specifically for groups or sub-
families of PLAs. An orthologous group of secreted phospholipases has been identified, which is represented only
in Digenea and this family has undergone duplications in the genomes of opisthorchids. Interestingly, a number
of experimental studies have previously shown the effect of Clonorchis sinensis proteins of this orthogroup on the
cancer transformation of host cells. Our results made it possible for the first time to systematically identify PLA2
sequences in flatworms, and demonstrated that their evolution is subject to gene loss processes characteristic of
parasite genomes in general. In addition, our analysis allowed us to identify taxon-specific processes of duplication
and loss of PLA2 genes in parasitic organisms, which may be associated with the processes of their interaction with
the host organism.
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Mouck n dyHKLUMOHaNbHasA aHHOTaUWs
MHOro[JOMeHHbIX 6enkos cemeiicTBa A2 y NNOCKMX YepBseit

Bniepsble A2 6binv BbiaeneHbl Kak LUTOTOKCMHBI Afia Y 3Mel 1 GepMeHTbI NMaHKpeaTnyecKoro coka y cBuHen. /3y-
yeHue 3TX pepPMeHTOB B HACTOALLEE BPEMA Bbi3blBAET OOJIbLLON UHTEPEC, MOCKONbKY Obl10 MoKasaHo, uTto pag GA2
y4yacTByeT B npoLeccax KaHueporeHesa. Hanbonee xopowo n3sydeHsl depmeHTol DA2 y MOAENbHbIX OPraHM3MOB
1 yenoseka. OfHaKo Mx Hanuune n GyHKUMOHaNbHaA Posib Y HEMOAENbHbIX OPraHU3MOB M3yyeHbl cnabo. K Takum
MaJiou3yYeHHbIM TaKCOHaM OTHOCATCA MAOCKUE YepBu, PAL BUAOB KOTOPbIX ABNAETCA Napa3utamm yenoseka. Y na-
pasnTMYECKMX NMIOCKMX YepBeli paHee OGblIo OXapaKTepn3oBaHO HeCKoNbKo reHoB MA2 1 nokasaHa X BO3MOXKHasA
ponb BO B3aMMOAENCTBIN «Mapa3nT-Xo3amnH». Ho cuctematnyeckon ngeHtndurkaumny reHos ®A2 y 3Toro TakcoHa He
npoBefeHo. B paboTe ocyLieCcTBNEHbI MOVCK U CPAaBHUTENbHBIN aHanu3 nocnefosatenbHocTen OA2, Kogrpyembix B
reHomMax NnyIocKmx Yepseit. iccnegosaHo 44 Braa, NpeacTaBneHHbIX 2 CBOOGOLHOXKMBYLLMMUN 1 42 Napa3uTUYeCKUMmM
opraHv3mMamMu. AHanun3 BbIMOSIHEH HAa OCHOBE MOMCKA OPTONOrMYECKMX FPYNM 6eNoK-KOAMPYIOLWNX FEHOB C YY4eTOM
[OMEHHOW CTPYKTYpbl 6e/KOB. Y NIoCcKMx YepBei obHapyxeHo 12 13 13 usBecTtHbix TMNoB ¢ocdonunas A2, ume-
owmxca B 11 optonornyeckmx rpynnax. Yacte pocdonmnas HeCKoNbKMX TUMOB Momnana B OAHY OPTONOrMYecKyto
rpynmny, 4acTb TUMOB pacrnanacb Ha HECKONIbKO OPTOrPYIM B COOTBETCTBUN C OCOBEHHOCTAMMN AOMEHHON CTPYKTYPbI.
MokasaHo, uto MA2 Kanbuuii-HesaBucumoro Trna, A2 TpomboLUTapPHO-aKTBMPYIOLLero Tuna rpynn G8 1 nn3oco-
ManbHble ®A2 rpynnbl G15 npeacTaBieHbl BO BCEX KPYMHbIX TAKCOHAX MAOCKUX YepBeln 1 B GOMbLIMHCTBE N3YyYeH-
HbIX HaMW BUZOB. [1NA reHOB, KoanpyoLWmnx GepMeHTbl Y CBOOGOLHOXKMBYLLMX YepBel, HabnoaaeTca MHOXeCTBEHHOe
YMCNIO KOMUI. Y NapasnTUYecKmnx NIoCcKrx Yepseil, Ha060pPOT, NPOVNCXOANT MOTEPA OCHOBHOW YacTy reHoB cneundu-
YeCKM Mo OTHOLLEHMIO Kak K OTAeNbHbIM TaKCOHaM, Tak ¥ K oTAeNbHbIM rpynnam/noacemencream ®A2. O6HapyxeHa
opTonornyeckas rpynna cekpetmpyembix pocdonmnas, Kotopasa cpean napasmToB MMEeTCA TONbKO Y AnreHeTuve-
CKMX cocCanbunKoB, Npn 3TOM B reHOMax onnucTtopxmg sto cemencTso noaseprnocb gynnmkaynam. MHTepECHO, yTo
paHee B pAfe SKCNeprMMeHTanbHbIX paboT NokasaHo BnnaHue 6enkos Clonorchis sinensis 3To opTOrpynbl Ha PaKo-
Byt0 TpaHCcHOpPMaLMIO KNETOK OpraHM3Ma-xo3amHa. Halm pesynbTaTbl Aann BO3MOXHOCTb BEPBble CUCTEMATAYECKM
naeHTMdnLUMpoBaTh nocnefosatenbHOCTU A2 y NNOCKMX YepBel U NPOAEMOHCTPUPOBANN, YTO NX SBOIIOLNA NOA-
BepXKeHa npoLieccam NoTepb reHOB, XapakTePHbIX B LIeSIOM AJ19 FeHOMOB Napa3nToB. Kpome TOro, Hall aHanv3 No3Bo-
NN BbIABUTb TaKCOH-CNeumdmnyeckre npoLeccsl Aynankauuin u notepb reHoB MA2 y napasmTMyeCKnx OpraHn3mosB,
KOTOpble MOTyT 6blTb CBA3aHbI C NPOLIeCCaMM UX B3aMOLENCTBUA C OPFraHU3MOM XO3AMHa.

KnioueBble cnoBa: pocdonmnasza A2; nnockue Yepsu; MHOrOJOMEHHbIE 6eiKK; MapasnTam; GunoreHns; CTpyKTypa
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Introduction

The protein family of phospholipases A2 (PLA2) is a group
of hydrolases that catalyze the hydrolysis of phospholipids,
playing a key role in the functioning of cells and the organ-
ism as a whole (Filkin et al., 2020; Murakami et al., 2020).
Phospholipases A2 are known to be the main components of
venom toxins in snakes (Bitar et al., 2021), insects (Bitar et
al., 2021), predatory invertebrates, for example, arachnids
(Salabi, Jafari, 2024) or mollusks (Mclntosh et al., 1995).
Phospholipases A2 from snake venom hydrolyze phospho-
lipids of cell membranes, which leads to cell destruction,
release of arachidonic acid and activation of inflammatory
processes. Their effects can also lead to more serious patho-
genic effects, including damage to the nervous system (Bitar
et al., 2021), which demonstrates the multiplicity of their
functions (Gutiérrez, Lomonte, 2013).

The PLA2 family is divided into 16 groups (Dennis et
al., 2011), united into six main types: secreted, cytosolic,
calcium-independent, platelet-activating factors, lysosomal
and adipospecific (Murakami et al., 2020). The main mo-
lecular functions of PLAZ2 include lipid cleavage, fatty acid
remodeling, and interaction with phospholipids of lysosomes
and adipose tissue (Mouchlis, Dennis, 2022). In animals,
these enzymes are involved in a large number of important
processes related to antibacterial, antiviral, immune and anti-
inflammatory activities (Dennis et al., 2011).

The antiparasitic properties of phospholipases A2 are
also known (Teixeira et al., 2022). Currently, these proteins

are of great interest due to the fact that the impairment of
lipid metabolism regulated by PLA2 often leads to various
diseases, including carcinogenesis (Turnaev et al., 2022).
Secreted PLA2 have increased expression in malignant
tumors of organs such as the stomach (Scott et al., 2010),
lungs (Park et al., 2012), intestines (Murase et al., 2017)
and liver (Shang et al., 2017).

PLAZ2 are ancient genes and are found in all taxa of living
organisms — bacteria, protists, archaea, animals, fungi and
plants (Nevalainen et al., 2012). Their evolutionary analysis
allows to consider in more detail the functional features of
these proteins, to clarify their role in the most important
biological processes (Murakami et al., 2020; Turnaev et al.,
2022). PLA2 enzymes have been most well studied in model
organisms and humans. However, their presence and func-
tional role in non-model organisms have been poorly studied.
Such poorly studied taxa include flatworms, a number of
species of which are human parasites.

Flatworms (Platyhelminthes) are one of the oldest groups
of multicellular animals. Their origin goes back to the early
stages of the evolution of multicellular organisms. Studies
by B. Egger etal. (2015) show that flatworms appeared more
than 500 million years ago, during the Cambrian period,
making them one of the first animals with an organized tis-
sue structure. Along with mollusks (Mollusca) and annelids,
they belong to a broader group, Lophotrochozoa (Egger et al.,
2015; Laumer et al., 2015). At the same time, flatworms are
often considered as a sister group to mollusks (Laumer et al.,
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2015), which emphasizes their close evolutionary relation-
ship. The importance of studying the biology of flatworms
is due to the fact that most of their species are parasites —
the main agents of helminthic diseases transmitted through
infected fish, affecting a significant number of people®. Nu-
merous studies have shown that long-term infections such
as opisthorchiasis, schistosomiasis and similar helminthiasis
can lead to serious consequences for the health of the host
organism (Carbonell et al., 2021; Ogorodova et al., 2015;
Pakharukova et al., 2019a), including the development of
cancer (Pakharukova et al., 2019b; Mordvinov et al., 2021).

In parasitic flatworms, phospholipase A2 is widely present
in excretory secretory products (ESP), which are secreted to
affect the host (Wang et al., 2014), indicating the potential
pathogenic effects of these enzymes on the host body. For
example, a number of studies have experimentally shown
that phospholipases A, C, and D of the parasitic flatworm
Clonorchis sinensis are associated with fibrosis in the host
(Hu et al., 2009). It has also been shown that phospholi-
pases A2 of group 3 of C. sinensis are involved in the pro-
cesses of carcinogenesis in host cells (Shang et al., 2017).
However, currently there is only scattered information about
phospholipases A2 in flatworms and their representation in
genomes. Their functions in parasites are poorly described.
This highlights the need for a deeper analysis and annotation
of the functions of phospholipases A2 in flatworms, includ-
ing parasitic worms, in order to better understand their role
in pathogenesis and develop effective methods to combat
helminthic infections.

In this work the structure, functions and evolution of
phospholipases A2 in flatworms were studied. Identification
of the phospholipase A2 protein sequences in flatworms
was performed, and they were divided into orthogroups.
Phylogenetic analysis of sequences from the orthogroups
was carried out. Domain strictures and putative functions
of PLA2 enzymes were analyzed.

Materials and methods

The OrthoDom computational pipeline for the identifica-
tion of orthologous groups of proteins taking into account
the domain structure. To identify PLA2 orthologous groups
in flatworms, taking into account the domain structure, we
used information on reference sequences of well-annotated
PLAZ2 in model animals and the OrthoDom computational
pipeline. The scheme is shown in Figure 1.

The OrthoDom pipeline allows to search for sequences
of families of multidomain proteins in protein sequences
encoded in the genomes of organisms under study based on
orthology and domain analysis. As input data (marker 1 in
Figure 1), sequences of the family of multidomain proteins
with high-quality annotation (as a rule, identified and anno-
tated in model organisms) are used (reference sequences).
For reference sequences, lists of functional domains that they
include are specified. For these domains, the corresponding
HMM profiles (marker 2) are extracted from the Pfam 33.1

T On the state of sanitary and epidemiological welfare of the population in the
Russian Federation in 2014: a state report. Moscow: Rospotrebnadzor, 2015,
vol. 206.
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database (Mistry et al., 2021). Further, using the hmmsearch
program of the HMMer 3.3.2 package (Eddy, 2011), valida-
tion of reference proteins is carried out for the presence of
these domains (marker 3), since for some of them domains
may be fragmented or absent.

Another set of input data is the amino acid sequences
(proteomes) of the studied organisms (usually non-model
ones), in which it is required to determine the orthologs of
the reference proteins (marker 4). Orthologous groups for
amino acid sequences of reference proteins and proteins of
the studied organisms were determined by the OrthoFinder
v. 2.5.4 program (Emms, Kelly, 2019). The orthologous
groups of interest are identified (marker 5) by the presence
of reference sequences. Sequences were additionally checked
for the presence of specified domains. The sequences of or-
thologs of reference proteins identified in this way (marker 6)
were further processed for phylogeny reconstruction by the
IQ-TREE program (Nguyen et al., 2015). Phylogenetic trees
were visualized using the web version of the iTOL program
(Letunic, Bork, 2024).

Reference sequences of phospholipases A2 and their
functional domains. To identify phospholipases A2 in
flatworms, we used well annotated sequences of vertebrate
phospholipases classified by type in a number of previous
works. These proteins were considered as reference and were
used to determine the type of phospholipases in orthologous
groups of flatworm proteins. The sample of reference proteins
is based on the PLA2 sequences from the work (Huang et al.,
2015) (9 types of phospholipases in humans and some verte-
brates). These sequences were supplemented with sequences
from the NCBI database identified on the basis of homology
using BLASTP (Turnaev et al., 2022). According to the clas-
sification of phospholipases A2 proposed by M. Murakami
etal. (2020), out of a total of 16 groups of phospholipases of
living organisms, the reference sample included phospholi-
pases of 13 groups, since groups of phospholipases A2 11,
13 and 14 are present only in plants (Murakami et al., 2020).
As a result, the reference sample of phospholipases A2 in-
cluded 13 groups of PLA2 from 15 vertebrate taxa. The list
of reference sequences from the articles by I.1. Turnaev et al.
(2022) and Q. Huang et al. (2015), the type of phospholipase,
the species name of the organism, and the identifier used in
this work are given in Supplementary Material 12. The list
of key domains of these proteins and their HMM models is
given in Supplementary Material 2.

Since phospholipases A2 contain not only PLA2 domains,
but also other characteristic domains (Dennis et al., 2011),
they were also identified after the identification of ortho-
logs. The list of protein domains considered is provided in
Supplementary Material 3.

Sources of genomic data. We studied the sequences of
protein-coding genes from the genomes of flatworms of
44 species represented by two free-living and 42 parasitic
organisms. The amino acid sequences encoded by mRNAs
of the corresponding genes presented in the Wormbase

2 Supplementary Materials 1-6 are available at:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Bocharnikova_Engl_28_8.pdf
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Fig. 1. Block diagram of the OrthoDom computing pipeline.

Block designations are shown in a dotted rectangle on the right.

Parasite 18.0 database (Howe et al., 2017) were analyzed.
These species include the main taxa of flatworms: the class of
digenetic flukes (Digenea), the class of tapeworms (Cestoda),
the class of monogenetic flukes (Monogenea) and the class
of ciliated worms (Turbellaria) (Brusa et al., 2020). Among
the listed classes, the latter is a class of free-living worms,
representatives of all other classes are obligate parasites, and
monogenetic flukes are entoparasites, and digenetic flukes
and cestodes are endoparasites. As an external group in the
analysis, we used mollusk sequences from the genomes of
the Pacific oyster (Crassostrea gigas), the sea saucer (Lot-
tia gigantea) and the Philippine mussel (Modiolus philip-
pinarum), since it is known that mollusks are a sister group
to flatworms (Bernhard et al., 2015; Laumer et al., 2015).
The amino acid sequences of mollusks were taken from
the MolluskDB 2.0 database (Caurcel et al., 2021). The ge-
nome identifiers of flatworms and mollusks, species names
of organisms and their types, and lifestyle are presented in
Supplementary Material 4.

Statistical processing of the results. To assess the pres-
ence of phospholipases of various orthologous groups in
flatworms, for large taxa (Digenea, Cestoda, Monogenea
and Turbellaria), we estimated the average number of phos-
pholipase sequences for the orthogroup in the genome (n)
and the standard deviation (o). The average number n of
sequences in each orthogroup by taxa shows how common
phospholipase sequences are in the studied organisms. The
standard deviations ¢ show a variation in the values of the
number of sequences around the average. The greater the
standard deviation, the greater the diversity in the number
of sequences across taxa. Additionally, we evaluated the

parameter f (representation, %), the fraction of organisms
in a large taxon that contain at least one of the orthogroup
sequences. If it is equal to 100 %, then all organisms of the
taxon contain at least one sequence from the orthogroup.
If some organisms do not contain any sequence from the
phospholipase orthogroup, then the f value is less than 100 %.

Results

As a result of the analysis carried out using the OrthoDom
pipeline, 11 orthogroups were identified in flatworms, which
contain reference sequences of phospholipases A2. Note
that of all the groups of phospholipases A2, the sequences
of which were used as a reference, only the sequences of
group 9 did not show homology in the proteomes of mol-
lusks and flatworms (they were not included in any of the
orthogroups defined for these organisms). Thus, according
to the classification of M. Murakami et al. (2020), 12 out of
the 13 known groups of animal phospholipases A2 fell into
the PLA2 orthogroups of mollusks and flatworms.

The Table shows the distribution of the identified ortho-
groups containing phospholipase sequences of flatworms
and mollusks, and a number of statistical characteristics for
them in terms of representation in the five main taxa. It can
be seen that the correspondence between orthogroups and
known types of phospholipases is non-exclusive. The Table
shows that some orthogroups include several types of phos-
pholipases. For example, the OG0003047 orthogroup con-
tains sequences of phospholipase groups 1, 2, 5, 10. On the
other hand, some types of phospholipases were represented
by several orthogroups. For example, the sequences of phos-
pholipase A2 group 6 split into orthogroups OG0000019,
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Characteristics of the occurrence of phospholipase A2 orthogroup genes in mollusks and large flatworm taxa

Orthogroup ID PLA2 type PLA2 Mollusca (3) Tricladida (2) Monogenea (1)  Digenea (22) Cestoda (19)
group o % n (o] L% n o % n (o] f,% n o f, %

0G0003047 Secreted G1,2,510 20 10 100 50 28 100 10 00 100 00 00 O 00 00 O

0G0003722 Secreted G3 47 38 100 30 14 100 00 00 O 1.0 19 41 00 00 O

0G0007610 Secreted G12 1.0 00 100 05 07 50 00 00 O 00 00 O 00 00 O

0G0000019*  Calcium- G6 23 06 100 20 14 100 20 00 100 10 04 91 1.3 09 95
independent

0G0000217*  Calcium- G6 1.0 00 100 65 78 100 20 0.0 100 11 04 95 1.2 06 95
independent

0G0000961*  Calcium- G6 1.3 06 100 15 07 100 1.0 00 100 1.0 0.0 100 05 06 47
independent

0G0007914 PAF G7 1.0 00 100 45 64 50 00 00 O 00 00 O 00 00 O

0G0004972*  PAF G8 1.0 00 100 1.0 00 100 1.0 00 100 1.0 05 86 1.1 07 95

0G0000127  Cytosolic G4 27 21 100 05 07 50 00 00 O 00 00 O 00 00 O

0G0000135*  Lysosomal G15 .7 12 100 85 07 100 3.0 00 100 47 20 100 21 25 89

0G0007915  Adipo-specific G16 30 1.0 100 10 14 50 00 00 O 00 00 O 00 00 O

Note. The rows correspond to different orthogroups of phospholipases. The columns include: the orthogroup ID, the type and groups of phospholipases
represented in it; statistics for the studied large taxa (average values (n), standard deviations (o) of the number of sequences in orthogroups by taxa, the repre-
sentation (f) of sequences in different species). The number of species is given in parentheses next to the name of the taxon. The maximum average values of the
n number of sequences in orthogroups by taxa are shown in bold, the minimum values are underlined. The largest n values for ortogroups are highlighted by gray

background. The complete table is presented in Supplementary Material 5.

*Orthogroups, the sequences of which are represented in all large taxa of flatworms.

0G0000217, OG0000961. In other cases, each orthogroup
corresponded to one type and group of PLA2.

First, it should be noted that orthogroups differ in the
number of sequences they are represented by. Thus, in the
orthogroup OG0000135, which represents the only group
of lysosomal phospholipases group G15, the average num-
ber of orthologs per proteome in each taxon of flatworms
is the largest, compared with other orthogroups (from 2.1
in cestodes to 8.5 in triclads). Note that in mollusks, this
group of phospholipases is not the largest one: the average
number of sequences per proteome is 1.7. This taxon has the
most numerous OG00003722 group: the average number of
sequences is 4.7 (secreted PLA2 G3).

The Table also shows that a high average number of
proteome sequences assigned to different phospholipases is
characteristic of Tricladida, which are free-living, in contrast
to the other taxa, which are parasitic. Only in the case of
orthogroup OG00004972 (type PAF, group G8), the average
number of sequences per proteome in free-living worms (1)
is less than in cestodes (1.11), but this number is not less
than in the other taxa.

The Table also demonstrates that the orthogroups we have
identified are unevenly represented in various taxa. First, the
PLA2 groups, which are found in all large taxa of flatworms.
These are calcium-independent type PLA2, namely ortho-
groups OG0000019, OG0000217, OG0000961 (the sixth
group of PLA2). At the same time, proteins of the first two

858

orthogroups are represented by the vast majority of species
from large taxa (more than 90 %). Orthogroup OG0000961
is characterized by the absence of orthologs for half of the
cestode species. For one of these groups (OG0000217), the
average number of proteins in free-living worms (6.5) is
several times higher than that in parasitic worms (1.1-2).
Proteins of this group in cestodes are represented in only
half of the studied species (the average number of PLA2 per
proteome is 0.5, the standard deviation is 0.6).

Another orthogroup, the representatives of which are found
in all taxa of flatworms, is OG0004972 (the eighth group
of platelet-activating type PLA2). In all major taxa, these
proteins are present in more than 95 % of species, except for
the digenetic flukes, in which this proportion is 87 %. These
genes have 1-2 copies per proteome.

Another orthogroup represented in all major taxa is
0G0000135, which includes lysosomal PLA?2 of group G15.
The sequences of this group are represented by more than
one copy per proteome, and are characterized by the largest
number of copies compared to others (see above).

Secondly, in the Table, orthogroups specific to free-living
worms can be distinguished, the genes of which are complete-
ly absent in parasitic worms. These orthogroups were divided
into four types: secreted, PAF, cytosolic and adipo-specific
(0G0007610, OG0007914, OG0000127, OG0007915,
respectively). Proteins in all these orthogroups are present
in at least one of the two free-living species studied by us.
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Thirdly, the Table demonstrates the presence of ortho-
groups specific to individual parasitic taxa. For example,
orthogroup OG0003047 (phospholipases of groups G1, G2,
G5, G10) is found only in Monogenea (in all species). Or-
thogroup OG0003722 is found only in Digenea (about half
of the species). At the same time, cestodes have the small-
est number of phospholipase orthogroups, in particular, all
secreted phospholipases are missing.

Thus, the results allow us to conclude that most of the
animal PLA2 groups (12 out of 13) are found in free-living
worms, and most of them have a large number of copies. The
number of genes in orthogroups and the number of ortho-
groups in parasitic worms is reduced in comparison with the
free-living ones. Monogenea have one orthogroup including
secreted proteins, all calcium-independent, one orthogroup
including PAF, and one including lysosomal phospholipas-
es A2. In Digenea, proteins from an orthogroup other than
Monogenea and orthogroups including PAF and lysosomal
phospholipases are present. All calcium-independent PLA2,
PAF, and lysosomal phospholipases A2 are present in ces-
todes, but the secreted ones are completely absent. Various
taxa of parasitic worms have phospholipases common to all
of them, as well as specific ones.

The structural diversity of phospholipases

The domain organization for a number of phospholipases is
shown in Figures 2 and 3. Figure 2 shows the domain struc-
ture of phospholipases from the OG0003047 orthogroup,
which includes the reference proteins of the PLA2 groups
G1, G2, G5 and G10.

Figure 2 shows that the sequences of secreted phospholi-
pase A2 orthogroup OG0003047 have a length of approxi-
mately 200-250 amino acids. The phospholipase domain
occupies more than 80 % of the total protein. Thus, the
primary structure of secreted PLA?2 in flatworms shows high
similarity with human PLAZ2 structures of the corresponding
types (Turnaev et al., 2022). Note that this orthogroup is
represented only in free-living organisms.

The domain organization of the sequences of orthogroups
0G0000019, 0G0000217 and OG0000961 is shown in Figu-
re 3. These are enzymes that belong to group 6. Despite the
fact that group 6 PLA2 has been divided into three specified
orthogroups, all of them contain a patatin domain key to this
group (Fig. 3). The domain structure of the sequences of the
0G0000019 orthogroup corresponds to the subgroup A typi-
cal for group 6 PLA2, which is characterized by a patatin
domain and seven ankyrin domains. The composition of the
domains of the OG0000217 orthogroup proteins corresponds
to the typical group 6 subgroup C PLA2, which in addition to
the patatin domain has three cNMP domains. The composi-
tion of the sequence domains of the OG0000961 orthogroup
is similar to subgroups D and E typical for group 6 PLA2,
which are characterized only by a patatin-like phospholipase
domain located at the N-end of the sequence (Turnaev et
al., 2022).

Thus, the analysis of the functional domains of phospho-
lipases shows that proteins belonging to phospholipases of
different types, but having a similar domain composition,
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0G0003047 | PLA2G1, 2, 5, 10 (secreted)

ModPhi_0.11
CraGig_7483
ModPhi_40.7
MacLig_739g1
MacLig_17g1
Maclig_73g2
SchMed_15.1
SchMed_27.1
SchMed_25.1
SchMed_30.1

100 AA

Mollusks

Phospholipase A2

Turbellaria

Fig. 2. Domain structure of sequences of orthogroup OG0003047,
phospholipase A2 of the secreted type.

The scale corresponding to 100 amino acids is shown on the right, the
phospholipase domain is marked in red. The figure shows 10 sequences
randomly selected among all the sequences of the 0G0003047 orthogroup.

form a common orthogroup, and sequences with different
domain compositions of phospholipases of even the same
type break down into different orthogroups.

Phylogenetic analysis of flatworm phospholipases
For orthogroups, the domain structure of which is presented
in Figures 2 and 3, we reconstructed phylogenetic trees.

Sequences of the 0G0003047 orthogroup were found in
free-living flatworms and one representative of Monoge-
nea (Fig. 4). In species of free-living flatworms, the
number of sequences belonging to this orthogroup is high
(see the Table), in a representative of Monogenea species,
Protopolystoma xenopodis (short designation ProXen),
only one gene encoding a phospholipase of this type is
observed.

Phylogenetic trees of orthogroups containing PLA2 of
group 6 are presented in Supplementary Material 6. In the
figures of calcium-independent PLA2 of group 6 (Supple-
mentary Material 6, Fig. 1-3), similar patterns can be seen. It
is worth noting that protein sequences of parasitic flatworms
are highly conservative. In Figure 3, it can be seen that the
domain structure of the sequences is similar among represen-
tatives of different parasitic taxa. This allows us to conclude
that group 6 PLAZ is a conservative protein that plays a key
role in the basic processes of life of parasitic flatworms.

Secreted phospholipases A2, which belong to orthogroup
0G0003722, are worth noting. This orthogroup is charac-
terized by the fact that in parasitic worms only the Digenea
contains sequences of this orthogroup. The phylogenetic
tree of sequences belonging to this orthogroup is shown in
Figure 5.

Figure 5 shows that several copies of the PLA2 gene of this
orthogroup are found in free-living worms. Digenetic flukes
also have several copies of this gene, which are distributed in
different clades. This suggests that duplications of the PLA2
gene of the G3 group are characteristic of these organisms.
Asarule, the molecular evolution of parasites proceeds much
faster compared to representatives of free-living organisms
(Trouvé et al., 1998). The analysis of phylogenetic trees
confirms this statement for phospholipase A2, where longer
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§ 0G0000019 | PLA2G6 (calcium-independent) 100 AA
ProXen_1111

OpiFel_7103

FasGig_7539

CloSin_T113

ParWes_8107

FasBus_4337

FasHep_t141

OpiViv_6105

DicDen_125

Monogen

Cestoda Trematoda

0G0000217| PLA2G6 (calcium-independent) 100 AA

CloSin_2825
OpiFel_6937
OpiViv_3941
EchMul_1847
MesCor_F927
SpiEri_1183
TaeMul_1191
EchGra_1845
TaeAsi_1189
TaeSol_1195

Trematoda

Cestoda

0G0000961 | PLA2G6 (calcium-independent) 100AA

SchCur_00.1
HetAme_80.1
SchSpi_80.1
SchGui_90.1
SchMan_90.1
Schint_50.1
FasGig_3194
EchCap_RNA1
SchMar_10.2
TriReg_00.1

Trematoda

Cestoda

Search for and functional annotation
of multi-domain PLA2 family proteins in flatworms

Patatin-like phospholipase
Cyclic nucleotide-binding domain
Ankyrin repeats (many copies)

Fig. 3. Domain structure of sequences of orthogroups OG0000019, 0G0000217, 0G0000961, calcium-independent phospholipase A2.

The scale corresponding to 100 amino acids is shown on the right, the patatin-like phospholipase domain is marked in green, the cNMP domain is blue, and
ankyrin repeats are orange. The figure shows 10 sequences (from 30 in total) randomly selected among all the sequences of orthogroups 0G0000019, 0G0000217,

0G0000961.

Tree scale: 1

100 L

74

LotGig 222658
ModPhi 24-0.7
ModPhi 19-0.3
ModPhi 2-0.11
CraGig C32300
CraGig C17483
MacLig 221791
Maclig 847392
- Maclig 847391
-~ SchMed 7215.1
- SchMed 1581.1
SchMed 8727.1
SchMed 8730.1
SchMed 8752.1

SchMed 2625.1
SchMed 8754.1
ProXen mRNA-1

Fig. 4. Phylogenetic tree of phospholipase A2 orthogroup OG0003047 (PLA2GT1, 2, 5, 10, secreted).
In the figure, the sequences of mollusks (Mollusca) are highlighted in green, free-living worms (Turbellaria), in blue, and monogenea

(Monogenea), in orange.

branches are observed in parasites, which indicates a high
rate of evolution of these molecules.

Discussion

Despite the fact that phospholipases of various types, PLA2
among them, are components of ESP of parasitic flatworms
(Wang et al., 2014) and that an association with carcino-

genesis in the host has been demonstrated for a number
of them (Hu et al., 2009; Shang et al., 2017), they are still
insufficiently studied for the Platyhelminthes taxon (Dennis
et al., 2011). Here, almost all known groups of phospholi-
pases in flatworms were identified. The OrthoDom pipeline
allowed to split them into orthogroups, taking into account
the domain structure. These results are consistent with the
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Fig. 5. Phylogenetic tree of sequences of phospholipases A2 of orthogroup 0G0003722 (PLA2 G3, secreted).

In the Figure, mollusks (Mollusca) are highlighted in green, free-living flatworms (Turbellaria), in blue, and digenetic flukes

(Digenea), in red.

classification of phospholipases A2 and their domain orga-
nization, presented in the works of E.A. Dennis et al. (2011).
The method of identifying orthologs based on the domain
structure has demonstrated its effectiveness in isolating or-
thogroups of proteins, taking into account the differences in
the composition of their domains.

Our analysis made it possible to identify them and showed
that in the evolution of A2 phospholipases in flatworms,
peculiarities can be identified that are characteristic of the
evolution of parasite genomes, for example, gene loss due to
a parasitic lifestyle (Langleib et al., 2024). Indeed, our study
demonstrated that some PLA2 groups are reduced in parasitic
flatworms, and most genes are represented by a single copy.
There are groups of phospholipases lost in some large taxa.

Comparative analysis of orthogroups of PLA2 genes
shows that a relatively high degree of duplication is ob-
served among PLA2 in free-living worms, with an aver-
age number of paralogs per species reaching five. This
phenomenon implies the presence of significant adaptive
capabilities, which may be due to a variety of environ-
mental factors. Free-living organisms exposed to higher
levels of environmental competition can use this diversity of
PLAZ2 genes to increase viability and resistance to environ-
mental changes. However, in orthogroup OG0000135 con-
taining lysosomal type PLAZ2, genes are duplicated even in

parasitic flatworms. What caused this anomaly remains to
be seen.

A number of experimental studies have shown that some
phospholipases A2 can participate in carcinogenesis, contrib-
uting to the activation of a number of cellular signaling path-
ways and interaction with the host body’s immune system.
For example, chronic infection caused by C. sinensis leads
to liver fibrosis and cholangiocarcinoma (Shang et al., 2016).
Moreover, C. sinensis uses group 3 phospholipases A2 as an
ESP, which plays an important role in host kidney pathogen-
esis (Wu et al., 2021). As a result of the study, it was found
that among the secreted phospholipases of digenetic flukes,
only phospholipase A2 of group 3 is present, whereas in
cestodes there are no secreted phospholipases A2. Given that
parasitic flatworms are able to manipulate the metabolism of
their hosts by using phospholipases to extract the necessary
resources, it can be assumed that similar mechanisms may
work in cancer cells.

Conclusion

Phospholipases A2 are a family of hydrolases that catalyze
the hydrolysis of phospholipids, playing a key role in many
molecular processes in the functioning of cells and the body
as a whole. Their diversity in flatworms has been poorly
studied, and in our work, we conducted such an analysis for
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the first time. We found that 12 out of the 13 known types
of phospholipases A2 are present in free-living worms.
These organisms have an increased number of gene cop-
ies compared to parasitic worms. Unique features of some
orthogroups have been identified, which may probably
be associated with carcinogenesis in the host caused by a
parasitic infection.
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