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Anisakis simplex sensu lato is a parasitic nematode which can cause gastric symptoms and/or allergic
reactions in humans who consume raw and undercooked fish. Anisakiasis poses a growing health prob-
lem around the globe because it causes non-specific symptoms and is difficult to diagnose. This genome-
wide study was undertaken to expand our knowledge of A. simplex s.1. at the molecular level and provide
novel data for biological and biotechnological research into the analyzed species and related nematodes.
A draft genome assembly of the L3 stage of A. simplex s.l. was analyzed in detail, and changes in the
expression of carbohydrate metabolism genes during the parasite’s life cycle were determined. To our
knowledge, this is the first genome to be described for a parasitic nematode of the family Anisakidae
to date. We identified genes involved in parasite-specific pathways, including carbohydrates metabolism,
apoptosis and chemo signaling. A total of 7607 coding genes were predicted. The genome of A. simplex s.1.
is highly similar to genomes of other parasitic nematodes. In particular, we described a valuable repos-
itory of genes encoding proteins of trehalose and glycogen metabolism, and we developed the most com-
prehensive data set relating to the conversion of both saccharides which play important roles during the
parasite’s life cycle in a host environment. We also confirmed that trehalose is synthesized at the expense
of glycogen. Trehalose anabolism and glycogen catabolism were the predominant processes in stages L4
and L5, which could confirm our and other authors’ previous reports that trehalose is synthesized at the
expense of glycogen. The A. simplex s.l. genome provides essential data for post-genomic research into the
biology of gastrointestinal and allergic anisakiasis in humans and the biology of other important parasitic
helminths.
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1. Introduction

The life cycle of many pathogens involves transitions between
distinct developmental stages which are necessary for transmis-
sion. In helminth parasites, the transmissible infective stage plays
the most important role because it enables survival outside the
host (Antonovics et al., 2017). A robust knowledge of molecular
processes which control stage transition is required to develop
transmission-blocking therapies and novel diagnostic methods
(Lv et al., 2015). However, the genomic and genetic resources
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required for the research into parasitic nematodes are scarce. The
need to develop a workable model of a parasitic nematode is
widely recognized, but the majority of helminth species infecting
humans are not suitable for experimental studies. Experiments
conducted on Anisakis simplex s.l., a gastrointestinal parasitic
nematode of sea mammals, can fill this knowledge gap and con-
tribute to the introduction of a new model organism for research
into allergies, anthelmintic drugs and vaccines (Pravettoni et al.,
2012; Ivanovic et al., 2017).

Empirical studies into the distribution and abundance of Anisa-
kis larvae in intermediate and final hosts have contributed impor-
tant insights into the biological life cycle of these parasites. Anisakis
simplex sensu lato (s.l.) has a complex development cycle. L3s have
been identified in paratenic hosts (i.e., fish, cephalopods), final
hosts (marine mammals i.e., seals, whales) and accidental hosts
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(humans). The role of the L3 in various hosts has to be explored to
elucidate the mechanisms of parasite transmission. Analyses of the
parasite’s metabolism and survival strategy are conducted at the
genomic level with the use of molecular tools. In the final host
organism, the parasite undergoes three consecutive development
stages: L4, the juvenile stage and the adult stage (Grabda, 1976;
Klimpel et al., 2004). In this study, we relied on the above develop-
mental stages to analyze carbohydrate metabolism in A. simplex s.1.
Additionally, we believe this is the first study where the adult stage
was analyzed.

Anisakis cannot complete its life cycle in humans which act as
accidental hosts, but they can cause diseases and allergies. The
consumption of raw or undercooked fish leads to food-borne zoo-
noses which are most commonly caused by the larvae of Anisaki-
dae nematodes of the genera Anisakis, Contracaecum and
Pseudoterranova (Sakanari and McKerrow, 1989; Audicana et al.,
2002; Klimpel and Palm, 2011). Anisakis simplex s.l. is responsible
for most of all registered episodes of human anisakiasis and aller-
gic reactions around the world (Yil et al., 2005). Almost 3000 cases
are reported annually (Baird et al., 2014). The results of a quantita-
tive risk assessment suggest that anisakiasis is a highly underesti-
mated disease. The prevalence of anisakiasis in Europe is likely to
increase from 500 to 7700-8320 cases per year (Bao et al., 2017).

Anisakiasis has emerged as an important zoonotic infection in
various parts of the world, reminding us that effective disease con-
trol requires persistent vigilance. The species of the genus Anisakis
display unique and biologically interesting complexity during
interactions with their hosts. Significant progress has been made
towards understanding these interactions in detail. The discussed
parasites are important for several reasons: (i) the presence of lar-
vae in fish products decreases their commercial value and leads to
foodborne zoonoses (Baird et al.,, 2014; Sanchez-Alonso et al.,
2018) (ii) A. simplex s.l. infections produce gastrointestinal symp-
toms and hypersensitive states (Daschner et al., 2012), (iii) A. sim-
plex s.l. is analyzed for diagnostic purposes, (iv) A. simplex s.l. has
therapeutic potential in immune-mediated diseases (Mehrdana
and Buchmann, 2017), and (v) the species can be used in cancer
research (Nieuwenhuizen, 2016; Messina et al., 2017).

Genomic research into Anisakis spp. began with the generation
of an analysis of expressed sequence tags, which contributed to
the rapid discovery of genes in other eukaryotes (Yu et al., 2007).
Genomic functional sequences in the parasite were studied by
bioinformatic characterization of transcripts in two Anisakis spp.,
Anisakis simplex and Anisakis pegreffii, with emphasis on the poten-
tial allergens and their origins from different parts of the parasite’s
body (Baird et al., 2016; Cavallero et al., 2018). The existing data-
bases contain contigs and partial data without annotations because
the information gained from free-living Caenorhabditis elegans
nematodes is not suitable for research into the parasitic organisms.

To date, 60% of sequences of human parasites have been depos-
ited in databases. However, data relating to Anisakis are still frag-
mentary, which hampers research into effective drugs and new
generation vaccines (Brindley et al., 2009).

L3s represent a critical stage in the life cycle of Anisakis para-
sites because they are transmitted by fish that act as vectors of
infection in mammals. Genetic variation could be responsible for
the parasite’s remarkable ability to adapt to different climatic
regions and host species (Kuhn et al., 2016).

A thorough understanding of the molecular basis of parasitism,
in particular parasitic infections in humans and animals, is one of
the most important challenges in biology. Helminths generally
have much more complex genomes than model organisms such
as yeasts or fruit flies (Hotez and Kamath, 2009). A synthetic
approach where nematodes undergo a transition from a free-
living to a parasitic lifestyle will be the ultimate test of our ability
to understand the genetic and genomic basis of nematode

parasitism (Viney, 2017). The need to develop a workable model
of parasitic nematodes is widely recognized, but the majority of
helminth species infecting humans are not suitable for experimen-
tal studies due to the absence of references to the model. In con-
trast, A. simplex s.l., a gastrointestinal helminth which also causes
allergies in humans, can be a suitable organism not only for study-
ing anisakiasis, but also for allergies and immune-mediated dis-
eases, as mentioned before. However, the only source of
information about the A. simplex s.l. genome is the GenBank data-
base, where only raw data and scaffolds are present. New sequenc-
ing of the A. simplex s.l. genome has to be done to overcome the
problems associated with previous genomic studies based mostly
on homology to C. elegans, a phylogenetically distant organism,
in the absence of more suitable reference genomes. Additionally,
Gilabert et al. (2016) demonstrated significant differences not only
in the genomic sequence of various nematodes species, but also
their sister species. The presence of three sibling species in the Ani-
sakis simplex complex (Mattiucci et al., 2014) emphasizes the
importance of the need for such research into Anisakis.

The genome of A. simplex isolated from Baltic Sea fish has no
published studies to date. This study made, to our knowledge,
the first attempt to sequence and fully describe the genome of
A. simplex s.l. subspecies from the Baltic Sea region.

This study describes the assembly and annotation of the draft
genome of larvae of A. simplex s.l. with other parasitic nematodes.
The results of this genome-wide analysis provide valuable insights
for future research into anthelmintic resistance and parasite biol-
ogy based on A. simplex s.l., the most important model organism
for studying allergies caused by helminths. Carbohydrate metabo-
lism plays a very important role in the transmission and survival of
gastrointestinal parasites in hosts (Komuniecki and Harris, 1995).
Caenorhabditis elegans is the only nematode that have been exten-
sively studied in this area, but most of the analyses were focused
only on the trehalose metabolism (Pellerone et al., 2003). In this
study, genome-wide analysis of A. simplex s.l. was done to describe
the metabolism of glycogen and trehalose, the most important sac-
charides in the life cycle of parasitic nematodes. These intercon-
nected metabolic pathways have been studied in A. simplex s.l. at
the molecular level, to our knowledge for the first time.

2. Material and methods
2.1. Parasite material

Anisakis simplex s.l. L3s were isolated from Baltic herring (Clupea
harengus membras). Only larvae longer than 1 cm were selected for
the experiment. Larvae were rinsed three times in sterile saline
solution (0.9% NaCl) and washed for 30 min in bactericidal and
fungicidal solutions (Iglesias and Adroher, 1997). They were iden-
tified at species level as A. simplex type I under a stereoscopic
microscope. Larvae were divided into two groups. The first group
was stored separately for DNA and RNA extraction (see Sections
2.2 and 2.3), and the second group was used for in vitro cultures.
Larvae were cultured in the RPMI-1640 medium (R8758, Sigma
Aldrich, USA) enriched with 20% fetal bovine serum (F7524, Sigma
Aldrich) and 1% pepsin (P7125, Sigma Aldrich), in a six-well plate
(BD Biosciences, Poland), at pH 4 and 37 °C with 5% CO,, according
to the method described by Iglesias et al. (2001). The in vitro cul-
ture until the 'adult’ development stage of A. simplex s.l. lasted
35 days.

2.2. DNA isolation

Total genomic DNA was isolated from L3s of A. simplex s.l. using
the Genomic Max AX Direct Kit according to the manufacturer’s
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protocol (A&A Biotechnology, Poland). Two independent biological
replicates containing genomic DNA from three L3s of A. simplex s.1.
were analyzed. The total DNA concentration was determined using
the Quant-iT™ Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scien-
tific, USA).

2.3. RNA extraction and reverse transcription PCR

Three independent biological replicates containing total RNA
from three parasites representing different development stages
(L3, L4/6 days, L4/12 days, L5, adult) of A. simplex s.l. were analyzed
in six independent experiments. RNA was obtained with the RNA
Total Mini Kit (A&A Biotechnology). RNA samples were treated
with the DNase before use according to the manufacturer’s proto-
col (A&A Biotechnology). The purity was checked spectrophoto-
metrically in the NanoDrop 1000 system (Thermo Fisher
Scientific). The quality of the extracted RNA was verified with the
use of an Agilent Bioanalyzer 2100 (Agilent Technologies,
Germany). cDNA synthesis was performed with oligo(dT);s pri-
mers and reverse transcriptase (20U/ul) (Transcriba Kit, A&A
Biotechnology).

2.4. Genome sequencing and quality control

The DNA integrity was verified with the use of an Agilent Bioan-
alyzer 2100 (Agilent Technologies). The library was prepared with
the Nexter XT DNA Library Prep Kit (Illumina, USA) according to
the manufacturer’s instructions. Sequencing was performed on a
MiSeq (Illumina) device in paired-end mode with a single read
length of 250 bases. A MiSeq Reagent Kit v2 (500 cycle) was used
to obtain the required amount of DNA (from 200 ng of the genomic
template). The sequences were saved in FASTQ format. The quality
of raw reads was checked to remove adapter sequences and low
quality sequences (<20 PHRED) in the Trimmomatic program
(Bolger et al., 2014). The GC content was determined to control
the randomness of sequencing and to analyze nucleotide
distribution.

2.5. Genome assembly and mitogenome identification

Clear reads were assembled de novo in the SOAP program
(http://soap.genomics.org.cn) with k-mer 31 coverage, and in the
Velvet program (http://www.ebi.ac.uk/~zerbino/velvet) with
k-mer 47 coverage. The sequencing statistics were calculated in
the assemblathon2 program (https://assemblathon.org/assem-
blathon2). The final number of contigs was obtained after de novo
assembly in the Velvet program and the SOAP program. Some of
the resulting gaps were eliminated in the contigs generated in
low coverage areas in the GapCloser program (https://source-
forge.net/projects/soapdenovo2/files/GapCloser/). In the next step,
bacterial artifacts that could be sequenced together with A. simplex
s.l. material were eliminated. For this purpose, the de novo assem-
bled genome was scanned in the BLASTn program and compared
with Shigella genomic sequences. The reads were mapped to the
A. simplex s.l. previous mitogenome in Geneious v. 8.0 (95% quality,
50 bp coverage). Fifteen other A. simplex s.l. references (Supple-
mentary Table S1) were used to compare mitogenome haplotypes
in LASTZ (https://www.bx.psu.edu/~rsharris/lastz/) and to identify
potential single nucleotide variants (SNVs).

2.6. Prediction of repetitive elements

The assembled genome was analyzed in PHOBOS v. 3.3.12
(http://www.ruhr-uni-bochum.de/spezzoo/cm/cm_phobos.htm)
to investigate the distribution of simple sequence repeats (SSRs) in
the A. simplex s.l. genome. Exact repeats with 2-6 units and a

minimum length of 15 bp were regarded as SSRs. The distribution
of SSRs in the A. simplex s.l. genome was analyzed and nucleotide
repeat frequency was plotted as a function of the number of
repeats using R function barplot3d (http://addictedtor.free.fr/gra-
phiques/sources/source_161.R).

2.7. Circos

The transcripts corresponding to selected C. elegans proteins
were aligned to the C. elegans genome in the GMAP program
(https://cbsu.tc.cornell.edu/lab/labsoftware.aspx or http://gmap3.
net/). The results (inner ring) and A. simplex s.l. reads (outer ring)
were visualized in Circos (http://circos.ca/) to determine the qual-
ity distribution of the reads mapped to the coding sequence. The
results were generated using Geneious v. R8 (http://www.ge-
neious.com) (Kearse et al., 2012).

2.8. Comparative analysis

In the next stage, A. simplex s.l. contigs were compared against
proteomic databases of Ascaris suum, Toxocara canis, Brugia malayi
and C. elegans by pairwise alignment in the BLASTX program with
an E-value of 10~°. The number of common contigs equivalent to
all databases was determined. Then after pairwise comparison
between Anisakis simplex s.l. and four other nematode species,
the Venn diagram with the numbers of homologous proteins was
plotted in R (https://www.r-project.org/).

2.9. Functional analysis and protein-coding gene prediction

A pool of contigs was scanned in the cd-hit-est program (http://
weizhongli-lab.org/cd-hit/) to eliminate redundant sequences with
identity greater than 97%. Then, the contigs selected from align-
ments to A. suum were used as patterns for analysis in BLAST2GO
(E-value <107°). Only the processes that were directly related to
L3s of A. simplex were selected from the annotations in the Biolog-
ical Process category. Selected Gene Ontology (GO) terms were
divided into 10 subcategories related to transport, response to
oxidative stress, apoptosis, basic metabolism, and trehalose and
glycogen metabolism. In addition, a new metabolic pathway for
glycogen and trehalose transformation, which could be specific
for the family Anisakidae, was proposed based on the known starch
and sucrose pathways from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and The Comprehensive Enzyme Information
System (BRENDA) databases.

Based on the individual sequences allocated to selected GO
terms, a pool of contigs was selected and identified to carry out
the protein-coding gene prediction. In the first stage, exon-intron
structure templates were identified with the Augustus algorithm
in Geneious v. R8 (Stanke and Morgenstern, 2005) and next, genes
prediction was done based on determined gene products.

2.10. Gene expression by real-time quantitative PCR (RT-qPCR)

The designed primers had a predicted melting temperature of
60 + 5 °C, length of 20 nucleotides (nt), and GC content of >48%,
where 100-200 bp amplicons spanned introns. The primers (Sup-
plementary Table S2) were designed based on the coding regions
of tpp, tps, tre, gs, gp sequences of A. simplex s.l. Primer pairs were
tested by PCR amplification of the genetic material from A. simplex
s.l. L3s. A single product band with the expected size after gel elec-
trophoresis (2% agarose gel) was regarded as a positive result. The
melting curve analysis after each RT-qPCR assay definitively con-
firmed the specificity of the primers. Standard curves were run
for housekeeping genes ef-1oc and ppi12 to confirm the efficiency
(R2=0.99, E=99%) and linear regression of fluorescence data
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during the exponential phase of RT-qPCR. The amplification effi-
ciency (E) of tpp, tps, tre, gp, gs primer pairs was estimated with
the use of Lin Reg PCR software (Ramakers et al., 2003). Primer
pairs had E-values of >0.9. The final concentration of primers in
the RT PCR Mix SYBR B (A&A Biotechnology) was 250 nM in a total
reaction volume of 20 pl. The relative expression in all stages was
calculated using the 2722¢T method (Livak and Schmittgen,
2001), with the use of two housekeeping genes, ef-1o. and ppil2,
for which expression values were obtained separately for each
stage and treated as controls. All reactions were carried out in an
Applied Biosystems 7500 Fast Real-Time PCR System. Data were
obtained and analyzed using Applied Biosystems software. Signifi-
cant differences between samples were identified with a Student’s
t-test at P < 0.05.

2.11. Data accessibility

The results of the whole genome shotgun project were depos-
ited in European Nucleotide Archive (ENA) (accession no
ERS2790326). The described coding sequences of A. simplex s.l.
were submitted to GenBank under accession numbers
MH425576-78, MF069073-113, MG210776, MG557620-25,
KX280018-24, KP326558-61, KP640594, K]J789948-55, K]560557
and KM496564 (Supplementary Table S3).

3. Results
3.1. Description of a new version of the A. simplex s.l. genome

3.1.1. Genomic assembly and mapping to reference

We sequenced 32,262,754 (2 x 16,131,337) paired-end reads of
the A. simplex s.l. genome with a read length of 100-250 bp.
Approximately 70% of the sequences had a PHRED score of >35
(Fig. 1). A total of 26,479,344 reads were obtained after quality
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tify bacterial contaminants, and the resulting 57,402 contigs were
used in further analysis. Genome size and GC content are species-
specific metabolic parameters (Supplementary Table S4). The size
of the A. simplex genome corresponds to the average values for
the phylum Nematoda, i.e., PRJEB496 Anisakis simplex (127 Mb),
Brugia malayi (93.7 MB) and Trichinella spiralis (64 MB). GC content
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helminths (30.5%-43.9%) (Lv et al., 2015), and similar value was
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simplex s.l. (286.7 bp) (Supplementary Table S4). This data was
used to verify open reading frames and confirm exon/intron and
gene boundaries. Genome data from de novo predictions of L3s
and homology-based searches were used to annotate approxi-
mately 170 genes in the NCBI database. Genes were selected based
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on >90% coverage with reference data (Supplementary Table S3).
The resulting data have numerous applications in functional geno-
mics for designing probes and identifying putative protein
sequences in proteomics (PAIRWISE alignment with selected
homologs).

3.2. Mitogenome and SSRs

Mapping to a previously sequenced mitogenome (Kim et al.,
2006; Yamada et al., 2017; Mohandas et al., 2014) supported the
development of a more comprehensive and complete mitogenome
with a length of 13,938 bp, where 11 genes code for proteins, 22 for
tRNA, two for rRNA, and lacking a gene of mitochondrially encoded
ATP synthase membrane subunit 8 that encodes a subunit of mito-
chondrial ATP synthase (ATP8). A comparison of the A. simplex
mitogenome (KU899549) with 15 other haplotypes of the A. sim-
plex mitogenome from the NCBI database revealed 95.3%-99.3%
similarity (Supplementary Table S1). Four synonymous SNVs that
were not present in the remaining haplotypes were also identified
in COX2, CYTB, ND2 and ND1 genes (Fig. 2). Using the reference-
based approach, we detected 1654 potential SSRs, including 733
di-SSR (44.32%), 862 tri-SSR (52.12%), 51 tetra-SSR (3.08%), two
penta-SSR (0.12%) and six hexa-SSR (0.36%). The most abundant
SSR motif (CCG) was identified in the tri-SSR and di-SSR repeats
(Fig. 3).

3.3. Comparison of the A. simplex s.l. genome with the C. elegans
genome and transcriptome

We also compared the abundance and distribution of A. simplex
s.l. contigs with the C. elegans genome. All reads were mapped to a
complete set of chromosomes of C. elegans which is the closest rel-
ative of A. simplex s.l. with a fully sequenced and annotated gen-
ome. Anisakis simplex s.l. contigs were simultaneously used to
find the corresponding proteins in C. elegans in the Protein Ensem-
ble Database (local BLASTx with an e-value of 107>). The identified
proteins were used to select the related transcripts of C. elegans. A
total of 13,047 transcript sequences were obtained for A. simplex s.
l. and aligned to the C. elegans genome using the ‘exonerate with
est2genome’ model (Mott, 1997). The distribution of the A. simplex
s.l. genome reads and transcripts mapped/aligned to the C. elegans
genome were compared with a customized Perl script which
counted the frequency of reads/transcripts with a 100 kb window.
The results were presented in a Circos graph (Fig. 4). Both distribu-
tion histograms were standardized for comparison.

3.4. Comparative genomics of A. simplex s.L.

The A. simplex s.l. genome was compared with A. suum, T. canis,
B. malayi and C. elegans. In all compared organisms, 1104 ortho-
logues were identified as conserved orthologs of Nematoda.

Anisakis simplex

mitochondrial genome
13,938 bp

|:| complex | (NADH dehydrogenase)
. complex IV (cytochrome c oxidase)

. ATP synthase
. other genes

. transfer RNAs
. ribosomal RNAs

Fig. 2. The circular map of the mitogenome of Anisakis simplex sensu lato. Different colors represent different gene families. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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of the C. elegans genome (blue (light grey) histogram) covered with A. simplex s.1. reads mapped to the C. elegans genome (red (medium grey) histogram). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Contigs were compared with the reference genome of A. simplex s.1.
(Wormbase, https://parasite.wormbase.org/), to reveal 7607
unique sequences, which could point to the presence of
Anisakidae-specific genes. These results can be used to identify
new genes. Homologs were not detected in the remaining

nematode species. Anisakis simplex s.. harbored 2573; 2119;
3611 and 2440 unique sequences that were homologous with the
families Ascaridae, Filariidae, Rhabditidae and Toxocaridae, respec-
tively (Fig. 5). The highest number of homologs was identified in
the genome of A. suum. A comparison with C. elegans confirmed
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A. suum
(18,542)

[12,530]
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A. simplex [16,824] (17,004)
(20,248)
C. elegans
(27,920)

[10,985]

T. canis [10,610]

(16,571)

Fig. 5. Venn diagram with the numbers of homologous protein between Anisakis
simplex sensu lato and four other nematode species (Ascaris suum, Caenorhabditis
elegans, Brugia malayi and Toxocara canis) after pairwise comparison.

the presence of evolutionary distance, and only 30% of homologous
genes were identified. Anisakis simplex s.l. harbored 12,530 homol-
ogous sequences with A. suum. The number of homologs would be
higher if the entire phylum Nematoda was sequenced. A total of
60% of homologous sequences were identified in A. simplex s.l., A.
suum and T. canis which are bound by phylogenetic relationships
and belong to the parasitic clade III (Fig. 5).

The contig sequences from the assembly process were used to
identify potential coding regions in precursor polypeptides. Five
protein databases (A. simplex, A. suum, B. malayi, C. elegans and T.
canis) were scanned with BLASTx (cut-off =10e-5) to reveal
16,824; 12,530; 9999; 10,985 and 10,610 peptide homologs,
respectively (Fig. 5). Cavallero et al. (2018) predicted 19,403 pep-
tides in a comparison of transcriptomes specific for A. simplex
sensu stricto (s.s.) and A. pegreffii.

3.5. Functional classification based on GO and KEGG assignments

The subset of genes evaluated with GO programs provides
insights into the functioning of cellular and metabolic pathways
in different stages of the A. simplex s.. life cycle. In the group of pre-
dicted contigs, 3344 were annotated in the InterProScan database,
1680 were annotated in the GO database, and 1300 was annotated
in the KEGG database. InterProScan revealed protein encoding
genes annotated in PANTHER (741), PFAM (2265) and SMART
(338), including 242 oxidoreductases, 668 transferases, 677 hydro-
lases, 105 lyases, 88 isomerases and 73 ligases.

Contigs denoting the presence of a potential coding region
(based on the results of alignment to four Nematoda references:
A. suum, B. malayi, C. elegans and T. canis) were scanned in BLAS-
T2GO and classified into three main categories: biological process,
cellular component and molecular function. As a result, 4676; 8740
and 16,015 contigs were assigned to GO terms. In the group of bio-
logical processes, 1295 contigs were annotated to the development
of nematode larvae, 424 to metabolic processes, 240 to proteolysis,
180 to innate immune responses, and 276 to the molting cycle,
production of collagen and cuticulin-based cuticle (Fig. 6A). The
most frequently predicted genes were identified in the nucleus
(821), cytoplasm (745), plasma membrane (373), mitochondrion
(236) and cytosol (200) (Fig. 6B). More than 680 contigs were
assigned to binding processes (ATP, proteins, metals, nucleotides,
zinc ions, GTP, DNA). The key identified molecular functions were

hydrolase activity (169 contigs), catalytic activity (113 contigs),
GTPase activity (148 contigs), protein serine/threonine kinase
activity (128 contigs) and calcium ion binding (127 contigs)
(Fig. 6C).

The KEGG analysis revealed 1641 genes annotated to 119 meta-
bolic pathways. The highest number of genes were identified for
five metabolic pathways: purine metabolism (762 sequences
assigned to 42 groups of enzymes), thiamin metabolism (607/1),
biosynthesis of antibiotics (168/74), aminobenzoate degradation
(111/3) and starch and sucrose metabolism (107/20) (Fig. 6D).

All contigs were scanned to determine the functions of protein
products. The contigs classified to the biological process category
were directly assigned to an appropriate category. Selected pro-
cesses were classified into 11 categories related to the biology of
parasitic nematodes (cuticle/apoptosis, ubiquitin, receptor, immu-
nity, transport, development, oxidative stress, mitogen activated
protein kinase (MAPK), carbohydrate metabolism, neuromuscular
transporters drug target, housekeeping genes) and compared with
the Nematoda reference data in BLASTp. Genes were selected
based on >90% coverage with reference data (Supplementary
Table S3).

4. Discussion

The metabolism of carbohydrates (typically glucose) is one of
the main biochemical processes that generate energy which is
temporarily stored in cells as ATP. Carbohydrates play important
roles in development, morphogenesis, and immunity. Cell-cell
interactions and host-pathogen interactions are typical examples
of the key roles played by carbohydrates in living organisms (Com-
mittee on Assessing the Importance and Impact of Glycomics and
Glycosciences (https://www.nap.edu/initiative/committee-on-
assessing-the-importance-and-impact-of-glycomics-and-glyco-
sciences). Previous attempts at cloning single genes, analyzing
their expression (Lopienska-Biernat et al., 2015) and explaining
the molecular mechanisms underpinning carbohydrate metabo-
lism did not bring the anticipated results. The proper molecular
analysis of carbohydrate metabolism in A. simplex s.l. became pos-
sible only with the onset of genomic sequencing and availability of
reference genomes of other parasitic nematodes. In this study,
genome-wide analysis of A. simplex s.l. was done to describe the
metabolism of glycogen and trehalose, the most important saccha-
rides in the life cycle of parasitic nematodes. These interconnected
metabolic pathways have been studied in A. simplex s.l. at the
molecular level, to our knowledge for the first time. Through this
the identified fragment of starch and sucrose pathways (KEGG),
based on the genomic sequences of A. simplex s.l., was the premise
for more comprehensive description of a glycogen and trehalose
metabolism pathway in this nematode (Supplementary Fig. S1).

Most of 22 parasite-specific enzymes identified in Haemonchus
contortus participate in amino acid and carbohydrate metabolism
(Laing et al., 2013). The transcripts of A. simplex and A. pegreffii also
confirmed the expression of 34.5% of the genes involved in sugar
metabolism, physiology and transport (Cavallero et al., 2018).
The presence of 21 trehalose and glycogen coding sequences, in
particular the expression of five mRNA genes (Fig. 7A) encoding
trehalose and glycogen in A. simplex s.l., indicate that these genes
play crucial physiological roles in parasitic nematodes.

In this study we described the complete exon-intron structure
of 21 unigenes and isoforms involved in glycogen and trehalose
pathways in A. simplex s.l. (Fig. 7A, B). All sequences have been
deposited in the GenBank NCBI database (Supplementary
Table S1). Three genes were assigned to the trehalose pathway,
nine genes were allocated to the glycogen pathway, and two trans-
porter genes have been identified. These are among others: hexok-
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Fig. 6. Prediction of Anisakis simplex sensu lato gene function according to Gene Ontology categories. (A) Biological process, (B) cellular component, and (C) molecular
function. The Kyoto Encyclopedia of Genes and Genomes (KEGG) classification of metabolic pathways is also shown (D).
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glucan branching enzyme, 2.4.1.18; GN, glycogenin glucosyltransferase, 2.4.1.186; GS, glycogen synthase; 2.4.1.11; AMY, alpha-amylase, 3.2.1.1; AGL/GDE, amylo-alpha-1,6-
glucosidase, 3.2.1.33/4-alpha-glucanotransferase, 2.4.1.25; GP, glycogen phosphorylase, 2.4.1.1; FGT, facilitated glucose transporters; SWEET, “sugars will eventually be
exported” transporter family. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

inase and a multi-functional enzyme acting as 1,4-o-glucan,
4a-p-glucosyltransferase, and amylo-1,6-glucosidase with inde-
pendent catalytic sites (AGL/GDE). The structures of the genes
responsible for saccharide transport, the facilitated glucose trans-
porters (fgt) and the SWEET (sugars will eventually be exported
transporter) family transporters (sweet1), have also been described
in A. simplex s.1. for the first known time (Fig. 7B).

Parasites typically have multiple gene copies. Gene families are
established by duplication and the accumulation of mutations in
copies. This process leads to the generation of genes encoding
new proteins that are structurally similar but have new properties.
A pseudogene is created when a mutation in a gene copy deacti-
vates that gene. A loss of 5000 protein domains was reported in
Schistosoma japonicum. For example, the invadolysin metallopro-
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tease was detected in 12 copies in S. japonicum, but only one copy
was identified in C. elegans and fruit flies (Zhou et al., 2009). In A.
simplex s.l., five saccharide pathway genes, trehalose-6-phosphate
synthase (TPS, two copies), trehalase (TRE, five copies)
(Lopienska-Biernat et al.,, 2019a), phosphoglucomutase (PGM,
two copies), hexokinase (HX, two copies) and FGT (four copies),
were detected and classified as created as a result of duplication,
which is a common feature in parasites that facilitates adaptation
to variable environmental conditions. Analyses of the mRNA of
genes encoding trehalose metabolism revealed only one active iso-
form of the TPS gene. It is possible that TPS2 occurs as a pseudo-
gene, which is often the case in parasites. In the future,
transcriptomic studies of A. simplex s.l. conducted with the use of
the RNA interference method (RNAi) will support detailed analyses
of the expression of active genes and the identification of the rele-
vant null mutant strain of A. simplex s.l.

Specific gene expression is related to the functions and
pathogenicity of different development stages in parasites. These
changes should be compared and described during the develop-
ment of A. simplex. Non-feeding L3s rely only on endogenous
sources of energy, and their metabolic rate is decreased to enable
survival. Gene transcription and protein biosynthesis occur only
in the L4 stage, and these processes probably involve carbohy-
drates. Sugars play a very important role in anaerobic metabolism,
in particular glycogen phosphorylase (GP) and glycogen synthase
(GS) (Komuniecki and Harris, 1995). In this study, the mRNA
expression of five genes encoding trehalose and glycogen metabo-
lism was compared in five developmental stages of A. simplex s.l.
cultured in vitro in an environment characteristic of the final host
or an accidental host of this parasite (Fig. 7A). The tps, tpp and tre
genes play an important role in trehalose metabolism, whereas gf
and gs genes encode glycogen catabolism and anabolism. Signifi-
cant changes were observed in the L4 stage, where the expression
of trehalose and glycogen genes increased more than eight-fold
(Fig. 7A). Trehalose anabolism and glycogen catabolism were the
predominant processes in stages L4 and L5, which could confirm
our and other authors’ previous reports that trehalose is synthe-
sized at the expense of glycogen (Behm, 1997; Solomon et al.,
2000; topienska-Biernat et al.,, 2006; topienska-Biernat et al.,
2019b). The results of studies into the carbohydrate metabolism
of plant and animal pathogens indicate that glycogen phosphorol-
ysis (glycogen phosphorylase and glycogen debranching enzyme)
plays an important role in pathogenesis (Corral-Ramos and
Roncero, 2015; Gupta et al., 2017). This situation can be explained
by the observation that the loss of amyloglucosidase or glycogen
phosphorylase activity in Magnaporthe oryzae changes trehalose
synthesis by decreasing the expression of TPS1 several-fold during
infection (Badaruddin et al., 2013). The presence or absence of glu-
cose could induce or inhibit virulence, respectively, due to the fact
that glucose is the product of metabolic pathways discussed above,
which are the most important in nematode physiology. Therefore,
reduction in the glucose supply may weaken the nematode organ-
isms and reduce virulence, and inversely, increase in the glucose
supply may strengthen the nematode organism and enhance viru-
lence. This factor should also be considered in nematodes. Glyco-
gen and trehalose accumulation are interconnected and respond
to stimuli that are at least partially overlapping in the pathways
of different species (Lillie and Pringle, 1980; Wharton et al,,
2002). Trehalose and glycogen metabolism are interconnected
because they rely on the same substrate, UDP-glucose (Fig. 7B).
This link implies that the metabolism of both sugars can be regu-
lated. Two isoforms of PGM also control trehalose and glycogen
pathways, and support the synthesis of substrates (G1P or G6P)
for these saccharides. Pioneering studies have been conducted into
glycogen metabolism genes. Additionally, previous studies have
demonstrated that the trehalose synthesis pathway can be a

potential drug target because humans do not have trehalose ana-
bolism enzymes (Cross et al., 2015; topienska-Biernat et al., 2018).

In A. simplex s.l., carbohydrate metabolism also involves phos-
phoglycerate mutases (PGAMs) (MG210789) which participate in
glycolytic and gluconeogenic pathways in reversible isomerization
of 3-phosphoglycerate. Both pathways can be controlled by
2-phosphoglycerate. PGAMs are members of two distinct protein
families that are or are not dependent on the
2,3-bisphosphoglycerate cofactor (iPGAM) (Mercaldi et al., 2012).
Cofactor-independent phosphoglycerate mutase is a glycolytic
enzyme responsible for the transport of carbohydrates, metabo-
lism, catalytic activity and development (Blackburn et al., 2014).
Additionally, GDP-p-glucose phosphorylase has been recently iden-
tified in mammals and C. elegans. This enzyme could prevent the
mis-substitution of mannose residues with glucose in glycopro-
teins and other glycoconjugates (Adler et al., 2011). In A. simplex
s.l., this gene (MG210751) should be further studied to broaden
our understanding of the molecular basis of GDP-p-Glc-forming
activity of GDP-p-Man pyrophosphorylase, the major mannosyl
donor for the synthesis of N-linked glycoproteins and glyco-
sylphosphatidylinositol membrane anchors, and to determine
whether GDP-p-Glc phosphorylase is needed for functional glyco-
protein biosynthesis. These processes are very important in studies
into an antigenic variation of parasitic glycoproteins.

Multicellular organisms metabolize sugars such as glucose and
saccharose for translocation between cells, tissues and organs.
Sugar uptake and efflux across cell membranes are among the most
important processes for cell growth and development. Two main
sugar transporter superfamilies of the major facilitator superfamily
(MFS) have been identified: (i) human GLOB glucose uniporters
(FGT) and (ii) the SWEET family of sugar transporters (Reddy
et al., 2012) (Supplementary Table S3). The SWEET plays an impor-
tant role in pathogenesis and sensitivity. In C. elegans, the SWEET
(swt-1) homolog participates in glucose and trehalose transport
and plays important physiological role. Caenorhabditis elegans
nematodes where swt-1 expression was inhibited by RNAi were
characterized by fewer offspring, changes in life span and lipid
content (Xuan et al., 2013). The SWEET and FGT sugar transporters
act as uniporters and facilitate the import and efflux of sugars from
cells. In animals, carbon skeletons and energy are required for the
efflux of cellular glucose (Chen et al., 2010). In trematodes Schisto-
soma masoni and Echinococcus granulosus, glucose can be trans-
ported across the tegument, and transporter proteins are
expressed in these species (Zhang et al., 2013). The data relating
to the expression of the glucose transporter in C. elegans (FGT1)
indicate that this transporter is not glucose-specific. It is less speci-
fic than in humans, and it probably transports other hexoses such
as fructose, galactose and mannose (Kitaoka et al., 2013). Silencing
of the FGT1 gene in C. elegans, as well as swt-1, leads to an exten-
sion of lifespan by limiting glucose supply and inhibiting glycolysis
(Feng et al., 2013), which creates new opportunities for research
into parasites.

The identification of fgt isoforms and the sweet transporters in
A. simplex s.l. (Supplementary Table S3) could provide valuable
information for description of the transport mechanism across
the cuticle in parasitic nematodes and for determination of
whether trehalose, an important disaccharide, could be of exoge-
nous origin. Transporter proteins have not been identified in A.
simplex s.l. to date, and our results pave the way to conduct new
research.

The present findings revealed significant biological changes
during the development of A. simplex s.l.: (i) environmental infor-
mation processing is converted to genetic information processing;
(ii) energy production switches from carbohydrate degradation to
protein metabolism; and (iii) molecular adaptation in free-living
larvae leads to parasitism in the invasive larval stage.
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The results of this study expand our understanding of molecular
mechanisms of developmental processes in parasitic helminths.
Our study contributes novel information about the genome of
A. simplex s.1., a ubiquitous zoonotic pathogen. The presented geno-
mic data can be used to elucidate complex nutrition and metabolic
mechanisms in roundworms, host-parasite interactions, develop-
ment and maturation processes, as well immune evasion strate-
gies. In this study, a genome-wide analysis of A. simplex s.l.
helped to describe the metabolism of glycogen and trehalose, the
most important saccharides in the life cycle of parasitic nematodes.
These interconnected metabolic pathways have been studied in
A. simplex s.1. at the molecular level for the first known time. Hope-
fully, our findings will contribute to specific and targeted research
and the development of new anthelmintic drugs and vaccines for
humans and livestock. The resulting data (i.e. 162 full gene
sequences) have numerous applications in functional genomics
and identification of putative protein sequences in proteomics.
Greater effort is required to translate genomic data into functional
data to improve our understanding of the biology of A. simplex s.1.
in the parasitic stage and identification of new targets for parasite
control.
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