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Abstract

The combination of molecular methods is increasingly efficient for identifying
genes in non-model species such as monogeneans. These organisms are
parasites that can cause health problems in fish kept in captivity or under
farming conditions, making it important to design effective treatments that di-
rectly target the parasites’ defense systems. ABC (ATP-binding cassette) trans-
porters are proteins involved in the detoxification of xenobiotics and in drug
resistance mechanisms. In monogeneans, knowledge related to ABC trans-
porters is limited. In the present study, putative genes encoding ABC proteins
were identified in two species of monogeneans, Scutogyrus longicornis and
Cichlidogyrus spp. belonging to the Ancyrocephalidae family. For this pur-
pose, transcriptomic data and previously published DNA microarrays were
used. These species of monogeneans are commonly found in tilapia farm-
ings. A total of 30 and 59 ABC transporters were predicted in S. longicornis
and Cichlidogyrus spp., respectively. The ABCB and ABCC subfamilies were
the most represented. Both species share 19 ABC genes, among which pgp-1,
pgp-2, pgp-3, pgp-9, mrp-1, mrp-4, abce-1, abcf-2, wht-2, and wht-8, given
their relatively higher expression levels, are likely the most important in de-
toxification processes in Ancyrocephalidae. These results could be useful for
guiding future experimental work aimed at improving control strategies for
monogeneans in fish.
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Study contribution

Monogeneans are parasitic helminths that cause health problems in farmed fish,
leading to the implementation of anthelmintics to eradicate their presence. However,
getting 100 % effective products has not been possible. ABC genes are involved in
the detoxification of xenobiotics and could serve as pharmacological targets to de-
velop effective anthelmintics against monogeneans. Nevertheless, information on
ABC genes in monogeneans is scarce, probably because they are non-model
organisms. In this study, we utilized available molecular information on two spe-
cies of monogeneans and, by combining in silico techniques with DNA microar-
rays, identified the main ABC genes in two species of monogeneans from the
Ancyrocephalidae family. Our results contribute to increase the knowledge of ABC
genes in monogeneans and can serve as a starting point for studies aimed at im-
proving control strategies for these parasites.

Introduction

Molecular techniques have revolutionized the understanding of physiological pro-
cesses in organisms. For various species, there is an increasing availability of ge-
nomes and transcriptomes, and their analysis helps us better understand complex
biological processes. Combining in silico and in vitro analyses can be useful to carry
out in vivo experiments, thereby reducing research costs.(!:2) For instance, in medi-
cal research, gene expression analysis of organisms subjected to different conditions
has facilitated the identification of genes and metabolic pathways associated with
disease or defense mechanisms, as well as potential pharmacological targets.(5-¢)
This combination of methods can also be useful for predicting biologically import-
ant genes in non-model species, where obtaining samples is challenging, such as
in the case of monogeneans.

Monogeneans are parasitic helminths, primarily of aquatic organisms, com-
monly found on the gills of fish. Although most monogenean species are not lethal,
some species from the families Gyrodactylidae, Dactylogyridae, and Capsalidae
have been responsible for diseases and mortality in marine fish farms.(”) Ancyro-
cephalidae is another family of monogeneans of interest to the aquaculture sector,
as although they are not recognized as lethal, there are species that can cause
tissue damage such as the rupture of gill epithelium and blood vessels, leading to
cellular infiltration, lamellar hyperplasia, and inflammation, which result in anemia
and respiratory problems in freshwater-cultured fish, particularly tilapia.(® 9

Tilapia is one of the major freshwater species cultivated worldwide and a
source of food and economic income for people in rural communities.('9) Mexico
is one of the leading tilapia producers globally, with approximately 169 000 tons
produced annually, of which 50 % comes from small-scale farms that contribute
to family economies and social stability in vulnerable regions of the country.('")
Tilapia farms in Mexico are not free from parasites, and monogeneans from the
family Ancyrocephalidae, including Cichlidogyrus spp. and Scutogyrus longicornis,
are quite common.('2-15) The presence of these parasites can cause health issues
in tilapia and result in economic losses. In tilapia farms in the southeastern region
of the country, it has been observed that the presence of Cichlidogyrus spp. and
Scutogyrus spp. induces anemia in juvenile tilapia with high levels of infection.('®)
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Several studies have focused on developing anthelmintics to eradicate mono-
geneans in fish farms; however, methods for determining their efficacy are compli-
cated due to the nonspecificity of the compounds. Occasionally, compounds are
found to be effective in eliminating parasites but have negative effects on the fish.('7)
Therefore, it is important to continue research to find safe treatments.

For the development of treatments against parasites, it is important to under-
stand the mechanisms related to xenobiotic metabolism, as these are associated
with an organism's tolerance to a drug.('8) ABC (ATP-binding cassette) transporters
are a group of proteins involved in xenobiotic metabolism. In eukaryotes, these
proteins transport xenobiotics from the interior to the exterior of cells across cellular
membranes.('8 19 Generally, ABC transporters have one or two nucleotide-binding
domains (NBDs) and one or two transmembrane domains (TMDs). The expulsion
process occurs when the NBDs, through ATPase activity, bind and hydrolyze ATP mol-
ecules, which produces a conformational change in the protein and allows the trans-
port of the recruited molecule to the exterior of the cell through the TMDs. (20, 21)

In silico identification of genes encoding ABC proteins has been conducted
for over 100 helminth species, particularly those of medical and veterinary im-
portance such as nematodes, for which genomic information is available.?!)
However, for monogeneans, genomic, transcriptomic, or expressed se-
quence information is available for only seven species,(?2) of which only
four have been explored for in silico ABC gene identification: Gyrodactylus
salaris (32 ABC), Protopolystoma xenopodis (40 ABC), Eudiplozoon nipponicum
(46 ABC), and Neobenedenia melleni (9 ABC).(23)

Recently, our research group generated the transcriptome of S. longicornis,?2)
which represents the second available transcriptome for all monogeneans and the
first for the Ancyrocephalidae family. Based on this transcriptome, the objective of
the present study was to identify in silico the ABC transporters in S. longicornis.
Additionally, we verified whether the ABC genes of S. longicornis were expressed
in heterologous monogenean microarrays of Cichlidogyrus obtained from a previ-
ous study.(?) This approach is a means to determine the major ABC transporters
in the Ancyrocephalidae family, and possibly other monogeneans, involved in the
elimination of xenobiotics.

Materials and Methods

Ethics Statement

For this study, approval from the Institutional Ethics Committee was not required as
no animals were used.

In silico identification of ABC genes in Scutogyrus longicornis

The predicted proteins from the S. longicornis transcriptome were downloaded from
the Mendeley Data repository.(?2) These predicted proteins were aligned against
the NBDs of ABC proteins from two model species, Caenorhabditis elegans and
Drosophila melanogaster (InterPro IPR003439), using BLASTp,(?>) with an e-value
<107, Proteins with hits were retrieved and analyzed using MOTIF Search (https://
www.genome.jp/tools/motif/MOTIEhtml) to determine the topology of each


https://veterinariamexico.fmvz.unam.mx/
https://veterinariamexico.fmvz.unam.mx/

0a
http://veterinariamexico.fmvz.unam.mx ABC transporter proteins in monogeneans, Ancyrocephalidae family Short communication W - / 7

doi: 10.22201/fmvz.24486760e.2024.1273
Vol. 1112024

protein (NBD and TMD) according to the domains from the Pfam database.(?%)
Protein sequences without domains were discarded. Proteins that presented at
least one domain were aligned against the non-redundant protein database of the
National Center for Biotechnology Information (NCBI) using NCBI BLASTp with de-
fault parameters (e-value < 0.05), to classify the proteins by subfamily. According
to Sheps et al,, metazoans can have eight ABC gene subfamilies (A-H).(2”) Addi-
tionally, the results of this alignment were used to identify and discard possible con-
taminant sequences belonging to bacteria or fish. To discard redundant sequences,
the longest isoform for each gene was extracted using the Trinity auxiliary script
‘get_longest_isoform_seq_per_trinity_gene.pl.(28)

The subfamily classification of the ABC transporters of S. longicornis was
confirmed through a phylogenetic analysis. For this purpose, NBD domains were
obtained using PS-SCAN v1.86(%) with the Prosite profile PS50893. Domain se-
quences were aligned using MUSCLE v3.8.3100) with default parameters. Gaps
were trimmed with trimAL v1.4G1) using the automatic mode (-automated1).
ModelFinder®2) was used to select the best evolutionary models, and IQ-TREE
1.6.1203%) was used to construct the phylogenetic tree using the approximate like-
lihood ratio test, which is similar to the Shimodaira-Hasegawa test (1 000 repli-
cates). The tree was visualized using the program FigTree 1.4.2.5%)

Identification of ABC genes in microarrays of Cichlidogyrus spp.

The obtention of heterologous microarrays of Cichlidogyrus spp. is described in the
work of Pimentel-Acosta et al., in which the toxicity of silver nanoparticles (AgNPs)
was evaluated.(?) In that study, Cichlidogyrus parasites were obtained from the
gills of tilapia raised on farms in Sinaloa. These parasites were exposed in vitro to
a low concentration (6 pg/L) and a high concentration (36 pg/L) of AgNPs. After
one hour of exposure, the monogeneans were collected, fixed, and preserved in
RNAlater, followed by RNA extraction using the RNeasy® Plus Micro Kit (QIAGEN).
Heterologous microarrays were performed using microarrays with the 20 000
genes of a model species, the nematode C. elegans. Gene expression levels under
each concentration of AgNPs were statistically calculated using the normalization
and Z-score transformation method.(*>) The expression profiles of the Cichlidogy-
rus spp. microarrays at 6 pg/L and 36 pg/L of AgNPs are available at http://www.
mdpi.com/1422-0067/21/16/5889/s1.

To identify the expression of ABC genes in Cichlidogyrus spp., the codes for
the 60 ABC genes reported for C. elegans(?”) were searched in the microarrays,
along with the expression levels (z-score) at the two AgNP concentrations (6 ug/L
and 36 pg/L).

Homology and differential expression of ABC genes between

S. longicornis and Cichlidogyrus spp.

Using BLASTp, the amino acid sequences of ABC transporters obtained from the
transcriptome of S. longicornis were aligned against the amino acid sequences
of heterologous genes from Cichlidogyrus spp., which are genes originally from
C. elegans. The heterologous sequences were downloaded from NCBI. The best
alignment results with an e-value < 10 were considered homologous proteins
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between S. longicornis and Cichlidogyrus spp. To determine the genes that are
most actively involved in detoxification processes in the monogeneans, ABC trans-
porters that were overexpressed and underexpressed with z — score = +1 y = —1
were considered.

Results

Domain analysis, homology search, and phylogenetic analysis allowed for the
identification and classification of 30 ABC transporters in the transcriptome of
S. longicornis: 1 ABCA, 12 ABCB, 10 ABCC, 1 ABCE, 4 ABCF, and 2 ABCG (Figure ).
No members of the ABCD and ABCH subfamilies were found. The topology of each
protein according to its domains is presented in Table 1.

The expression profiles from the microarrays contain z-score values for 19 539
genes at 6 pg/L and 19 472 genes at 36 pg/L of AgNPs, of which 59 correspond to
ABC genes in Cichlidogyrus spp. (Table 2), grouped into the following subfamilies: 7
ABCA genes, 23 ABCB genes, 9 ABCC genes, 5 ABCD genes, 1 ABCE gene, 3 ABCF
genes, 9 ABCG genes, and 2 ABCH genes. Only the gene hmt-1 (W09D6.6) from
C. elegans was not expressed in the monogeneans, and the gene pgp-3 (ZK455.7)
was expressed only in parasites exposed to the higher concentration of AgNPs
(36 pg/L). Of the 59 ABC genes, only 22 showed significant differential expression
with a z-score of 1 or greater (Figure 2).

Of the 30 predicted transporters in the transcriptome of S. longicornis, 19 were
homologous to ABC genes expressed in the heterologous microarrays of Cichlido-
gyrus spp. (Table 3), of which 10 showed significant differential expression with a
z-score of 1 or greater (Figure 2).

Discussion
In this study, putative ABC transporters were identified in monogeneans repre-
senting the family Ancyrocephalidae, with 30 ABC transporters in S. longicornis and
59 in Cichlidogyrus spp. The number of ABC transporters in S. longicornis is similar
to the 32 ABC transporters reported in the genome of G. salaris, possibly because
they belong to the same subclass, Monopisthocotylea. In contrast, other species
of monogeneans in the subclass Polyopisthocotylea have a higher number of ABC
transporters, such as P. xenopodis (40 ABC) and E. nipponicum (46 ABC).(?%)
However, although Cichlidogyrus spp. also belongs to the Monopisthocotylea
subfamily, we obtained a higher number of ABC transporters, likely due to the ge-
nomic technique used, gene hybridization with microarrays, which is very sensitive
and can detect very low expression levels (z-score 0.01). However, these genes
may sometimes be considered false positives.(*®) According to Wurmbach et al,,
as expression levels decrease, the rate of false positives may increase.(®°) It is also
possible that the samples from S. longicornis and Cichlidogyrus spp. were contami-
nated with DNA from their hosts, which could have generated false positives.
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Figure 1. Unrooted phylogenetic tree of NBD domains of ABC proteins from Scutogyrus longicornis. The different subfamilies of ABC proteins are indicated in the figure.
The LG + | + G4 model was selected. The numbers at the basal nodes represent the frequencies with which the presented tree topology was obtained from 1000

bootstrap iterations. The scale bar represents one amino acid substitution per site.
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Table 1. ABC genes identified in silico in the transcriptome of Scutogyrus longicornis. 1D. identifier code; Domain.
topology of transmembrane domains (TMD) and nucleotide-binding domains (NBD) found in ABC transporters
ID Scutogyrus longicornis alignment to NCBI
sequences

A DN1173_c0_g1_i1__g.29564 SIABCA-02 TMD-NBD KAA3669979.1 4.00E-177
B DN13787_c0_g1_i1__g.67950 SIABCB-04 TMD KAA0195735.1 1.00E-68
B DN20467_c0_g1_i1__g.61970 SIABCB-17 NBD TPP58188.1 6.00E-21
B DN25_cO_g1_i2_ g.15918 SIABCB-22 TMD-NBD THD20367.1 2.00E-170
B DN4541_c0_g2 i2_ g.852 SIABCB-38 TMD-NBD KAA3680384.1 2.00E-148
B DN4924 _c0_g2 i3 g.189 SIABCB-45 NBD CDS30162.2 1.00E-29
B DN1018_c0_g1_i5_ g.51207 SIABCB-01 TMD AlJ28498.1 1.00E-51
B DN1516_cl1_g4 i1__g44166 SIABCB-10 NBD-TMD THD21346.1 1.00E-37
B DN4541_c0_g3_i1__g.869 SIABCB-41 NBD CDS15383.1 2.00E-118
B DN1215_c2_g1 i1_g35156 SIABCB-03 TMD-NBD XP_031341751.1 3.00E-123
B DN1566_c0_g2_i3_ g.45160 SIABCB-13 TMD KAF5397403.1 8.00E-103
B DN5305_c0_g2 4 g.14196 SIABCB-49 NBD-TMD CDS39599.2 9.00E-171
B DN13787_c0_g2_i1__g.67955 SIABCB-06 NBD-TMD KAG5449322.1 4.00E-60
C DN14500_cO_g1_i1__g.26566 SIABCC-09 TMD GAA49862.1 1.00E-21
C DN2689_c0_g1_i4_ g.61338 SIABCC-26 TMD THD26585.1 1.00E-17
C DN3269 c0_g2 i4_ g.66293 SIABCC-28 TMD-NBD THD25957.1 9.00E-125
C DN3269_c0_g4_i1__g.66285 SIABCC-30 TMD THD25957.1 4.00E-37
C DN3711_c0_g2 i1_ g49339 SIABCC-32 TMD-NBD GAA49862.1 3.00E-29
C DN9321_c0_g1_i1__g.19656 SIABCC-61 NBD THD25957.1 2.00E-41
C DN181_c2_gl_i2_ g48169 SIABCC-16 NBD CDS40693.1 5.00E-18
C DN32959 c1_g2 i1_ g.57276 SIABCC-35 TMD XP_018650283.1 1.00E-57
C DN3852_c0_g1_i2_ g.65204 SIABCC-33 TMD-NBD RTG86932.1 1.00E-162
C DN7784_cO_g1_i1__g23933 SIABCC-55 NBD KAAO187611.1 3.00E-91
E DN786_c1_g1_i3_ g.58120 SIABCE-58 NBD TNN16384.1 0
F DN252_c0_g1_i1__g.22598 SIABCF-18 NBD-NBD KAF5405384.1 0
F DN1595_cO_g1_i4_ g44956 SIABCF-14 NBD TNNO9356.1 3.00E-156
F DN1595_cO_g2_i1__g.44958 SIABCF-15 NBD CAX69408.1 1.00E-114
F DN957_cO_g1_i11__g3992 SIABCF-62 NBD-NBD THD27250.1 0
G DN2637_c0_g1_i3__g.61615 SIABCG-24 TMD-NBD-TMD KAG5446220.1 0
G DN643_cO_g1_i18__g.70696 SIABCG-52 TMD-NBD KAG5453675.1 7.00E-72
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Table 2. ABC genes expressed in the heterologous microarrays of Cichlidogyrus spp.

AgNPs AgNPs
Putative Putative
gene 6 pg/L 36 pg/L gene 6 pg/L |36 pg/L

C24F3.5 abt-1 —O 34 —O 12 ZK484.2 haf-9 0.51 -0.45
C48B4.4 ced-7 -0.81 0.68 c18C4.2 cft-1 1.68 1.67
F12B6.1 abt-2 -0.3 0.18 E03G2.2 mrp-3 0.23 -0.18
A F55G11.9 abt-3 0.04 -1.06 F14F4.3 mrp-5 0.99 0.81
F56F4.6 F56F4.6 -0.32 0.34 F20B6.3 mrp-6 0.2 0.98
Y39D8C.1 abt-4 -1.41 -0.95 C F21G4.2 mrp-4 4.27 -0.93
Y53C10A.9 abt-5 -0.43 -0.53 F57C12.4 mrp-2 0.77 0.56
CO5A9.1 pgp-5 -0.45 0.9 F57C12.5 mrp-1 -1.41 1.02
C34G6.4 pgp-2 0.61 1.8 Y43F8C.12 mrp-7 0.77 0.3
C47A10.1 pgp-9 1.28 0.87 Y75B8A.26 mrp-8 0.07 -0.94
C54D1.1 pgp-10 -0.17 0.61 C44B7.8 pmp-1 0.33 0.24
DH11.3 pgp-11 0.66 0.73 C44B7.9 pmp-2 -0.21 -1.38
F22E10.1 pgp-12 -0.55 -0.57 D C54G10.3 pmp-3 -0.11 -0.46
F22E10.2 pgp-13 -0.55 0.77 T02D1.5 pmp-4 0.02 -1.17
F22E10.3 pgp-14 0.88 0.89 T10H9.5 pmp-5 -0.14 -0.4
F22E10.4 pgp-15 0.49 0.39 E Y39E4B.1 abce-1 1.22 -0.9
F42E11.1 pgp-4 -0.98 0.55 F18E2.2 abcf-1 0.76 0.37
KOBE7.9 pgp-1 -1.49 0.43 F F42A10.1 abcf-3 -0.08 -0.14
B T21E8.1 pgp-6 0.12 -0.55 T27E9.7 bcf-2 0.87 1.89
T21E8.2 pgp-7 0.01 0.52 C05D10.3 wht-1 -0.35 -0.06
T21E8.3 pgp-8 0.66 -0.34 C10C6.5 wht-2 -1.02 -0.6
ZK455.7 pgp-3 * -1.27 C16C10.12 wht-3 -0.22 1.83
C30H6.6 haf-1 0.5 0.32 FO2E11.1 wht-4 0.43 0.33
F43E2.4 haf-2 0.92 0.18 G F19B6.4 wht-5 0.36 0.64
F57A10.3 haf-3 0.79 -0.28 T26A5.1 wht-6 1.68 -1.17
WO04C9.1 haf-4 =1.35 -1.46 Y42G9A.6 wht-7 0.63 0.54
WO09D6.6 haf-5 * * Y47D3A.11 wht-8 0.26 1.22
Y48G8AL.1 haf-6 1.71 -0.19 Y49E10.9 Y49E10.9 0.36 -0.05
Y50E8A.16 haf-7 1.18 1.43 C56E6.1 abex-1 -0.07 -0.77
Y57G11C.1 haf-8 2.59 1.57 H C56E6.5 abch-1 -1.23 -1.6

The microarrays were exposed to AgNPs for one hour (+ overexpressed, - underexpressed, * no expression). ID Cspp refers to
the identifiers of the heterologous gene sequences from Cichlidogyrus spp., which are genes originally from C. elegans.
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Figure 2. ABC genes with significant differential expression identified in the microarrays of Cichlidogyrus spp. ABC genes
with homologs in S. longicornis are marked with an asterisk (*).
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Table 3. Shared ABC genes between Scutogyrus longicornis and Cichlidogyrus spp.

Putative gene o :

SIABCB-22 KO8E7.9 pgp-1 36.833 4.69E-110
SIABCB-17 KOBE7.9 pgp-1 34545 3.76E-14
SIABCB-38 C34G6.4 pgp-2 36.056 7.62E-94
SIABCB-10 C34G6.4 pgp-2 39.181 2.61E-31
SIABCB-06 C34G6.4 pgp-2 37582 1.12E-49
SIABCB-04 7K455.7 pgp-3 56.79 4.79E-53
SIABCB-01 C47A10.1 pgp-9 29.771 7.74E-36
SIABCB-41 F22E10.2 pgp-13 47561 2.87E-96
SIABCC-33 F57C12.5 mrp-1 34,742 2.36E-109
SIABCC-32 F57C12.5 mrp-1 275 4.87E-14
SIABCC-26 F57C12.5 mrp-1 24.893 4.98E-09
SIABCC-55 F21G4.2 mrp-4 59.227 3.62E-87
SIABCC-61 F21G4.2 mrp-4 448 6.78E-33
SIABCC-16 F14F4.3 mrp-5 35.632 8.73E-09
SIABCC-09 F20B6.3 mrp-6 36.735 6.71E-13
SIABCC-30 Y43F8C.12 mrp-7 48.739 1.60E-30
SIABCC-37 Y43F8C.12 mrp-7 26316 5.62E-13
SIABCC-35 Y43F8C.12 mrp-7 31.081 9.45E-29
SIABCC-28 Y75B8A.26 mrp-8 26.027 9.16E-42
SIABCF-18 F18E2.2 abcf-1 54.947 0
SIABCF-14 T27E9.7 abcf-2 53.067 9.12E-117
SIABCF-15 T27E9.7 abcf-2 59.912 4.34E-106
SIABCF-62 F42A10.1 abcf-3 42779 0
SIABCE-58 Y39E4B.1 abce-1 66.113 0
SIABCA-02 F12B6.1 abt-2 28.016 2.70E-94
SIABCG-24 Y47D3A11 wht-8 30.192 1.72E-80
SIABCB-03 F57A10.3 hat-3 31.281 6.61E-77
SIABCG-52 C10C6.5 wht-2 33.854 1.39E-26

The percentage of identity and e-value are derived from the alignment of amino acid sequences. ID Sl refers to the identifiers
of sequences from S. longicornis; ID Cspp refers to the identifiers of the heterologous gene sequences from Cichlidogyrus spp.,
which are genes originally from C. elegans.
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Although sequence filtration was possible in the transcriptome of S. longicornis
using bioinformatics tools,(?2) the microarray results do not allow for this procedure.
Another possible explanation is that the exposure to AgNPs in Cichlidogyrus spp.
may have promoted the activation of more genes compared to S. longicornis, whose
specimens were not exposed to any xenobiotic. For this reason, the homologous
ABC transporters between S. longicornis and Cichlidogyrus spp. can be considered
more reliable for these species of monogeneans from the family Ancyrocephalidae.

Similar to this study, other research has also found that the ABCB and ABCC
subfamilies are the most represented in helminths.(2!:37) This is likely due to the
ability of ABCB transporters or P-glycoproteins (Pgp) and ABCC transporters or MRP
genes to expel a wide variety of substrates from cells,(*8) including xenobiotics.(>%)
Although Pgp and MRP genes have a high similarity in amino acid sequence confor-
mation, differing by only 15 %.(9) It has been seen that these transporters are local-
ized in different sites. For example, in the human blood-brain barrier, Pgp genes are
expressed in endothelial cells and perivascular astrocytes, whereas MRP genes
are found in the epithelial cells of the choroid plexus. Thus, ABC transporters com-
plement each other by acting at different sites,(*!) which is why it is common to see
both ABCB and ABCC transporters expressed simultaneously in expression profiles.

Identification of 19 putative homologous ABC transporters between
S. longicornis and Cichlidogyrus spp. suggests that these transporters may play a
significant role in the detoxification processes of Ancyrocephalidae, particularly the
10 ABC genes: pgp-1 (-1.49), pgp-2 (1.80), pgp-3 (-1.27), pgp-9 (1.28), mrp-1
(-1.41), mrp-4 (4.27), abce-1 (1.22), abcf-2 (1.89), wht-2 (-1.02), and wht-8
(1.22), which showed relatively higher expression levels with a z-score of 1 or
greater. Pgp genes are an important group of ABC genes involved in detoxification
mechanisms and are associated with parasite resistance to xenobiotics.(21: 42)

Here, we confirm that in monogeneans, P-glycoproteins (Pgps) are also among
the most representative genes, similar to other helminths. In the parasitic nematode
Parascaris univalens, overexpression of pgp-2 and pgp-9 has been documented in
individuals exposed to ivermectin, pyrantel, and thiabendazole.(*> 4% Similarly, in
the parasitic nematode Haemonchus contortus, Williamson et al. observed overex-
pression of pgp-2 and pgp-9 in studies on multidrug resistance.(*>) On the other
hand, the downregulation of pgp-1 (-1.49) at 6 pg/L AgNPs and pgp-3 (-1.27)
at 36 pg/L AgNPs may indicate reduced detoxification processes. Kaur and Dey
observed decreased resistance to verapamil in Leishmania donovani through the
downregulation of pgp-1.(46)

Similarly, Wartenberg et al. mention that the downregulation of Pgp genes is
associated with increased levels of reactive oxygen species (ROS) in cells, leading
to oxidative stress and consequent damage to organisms.(“”) This is consistent with
the results of our previous study, where AgNPs activated molecular mechanisms re-
lated to ROS generation.(?¥) It is likely that in the present study, the downregulation of
Pgp genes is related to oxidative stress caused by AgNPs in monogenean parasites.

Another important group of ABC transporters in this study were the MRP
genes. Previously, it was observed that AgNPs induce the activation of detoxification
mechanisms through the overexpression of the mrp-4 gene in monogeneans ex-
posed to AgNPs (6 pg/L).2%) In the present study, we confirm that mrp-4 (4.27)
was the most significantly overexpressed ABC gene, with a marked difference in
expression levels. Mrp-4 is a member of the ABCC/MRP subfamily of ABC transporters,
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and its main function is to export endogenous and xenobiotic compounds out of
the cell for cellular protection. Studies in various organisms have demonstrated
increased expression of MRPs in response to drug exposure. (&)

In C. elegans, mrp-4 has been observed to be involved in lipid transport
and storage, but it is also noted for increased expression in ivermectin-resistant
organisms.(“9) In addition to mrp-4, genes mrp-1, mrp-5, mrp-6, mrp-7, and
mrp-8 were identified in S. longicornis and Cichlidogyrus spp., as well as in other
helminths such as the nematodes C. elegans, Cooperia oncophora, and H.
contortus, where mrp-1 was overexpressed when exposed to ivermectin and
monopantel.(*“->1) James et al. suggest that the increase in mrp-1 expression is
associated with the development of resistance in the liver fluke Fasciola spp.(>?)

Conclusions

This study expands the current knowledge on the characterization of ABC genes in
parasites of the family Ancyrocephalidae, particularly in the species S. longicornis
and Cichlidogyrus spp. Additionally, the work demonstrated the robustness of the
employed methodology (a combination of molecular techniques and bioinformatic
analysis), which allows for a more comprehensive characterization of ABC genes in
the species under study compared to using a single technique.

These results may serve as a starting point for predicting key ABC genes in-
volved in xenobiotic detoxification in other monogenean species. We suggest that
the genes pgp-1, pgp-2, pgp-3, pgp-9, mrp-1, and mrp-4 may be important for
future studies aimed at improving control strategies for these parasites.


https://veterinariamexico.fmvz.unam.mx/
https://veterinariamexico.fmvz.unam.mx/

0a
http://veterinariamexico.fmvz.unam.mx ABC transporter proteins in monogeneans, Ancyrocephalidae family Short communication W = / 7

doi: 10.22201/fmvz.24486760e.2024.1273
Vol. 1112024

Data availability

All relevant data are referenced in the document. The predicted proteins from the
transcriptome of Scutogyrus longicornis are available in the Mendeley data reposi-
tory, doi: 10.17632/2wvnwn4d7p.1. The expression profiles of the microarrays for
Cichlidogyrus spp. are available at
http://www.mdpi.com/1422-0067/21/16/5889/s1.
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