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Summary

Plant-parasitic nematodes (PPN) are an economically important group of crop pests
and are oviparous animals; all nutrients required to develop and ensure the survival of
their unhatched progeny need to be deposited within the egg, including proteins. The
most abundant protein deposited is vitellin, formed of a precursor protein vitellogenin,
which has roles in transporting lipids, providing amino acids and influencing post-
embryonic development. The genes encoding vitellogenin have been well studied in
Caenorhabditis elegans, but little is known about vitellogenin in PPN. Using the
vitellogenin gene sequences from C. elegans, homologous sequences in the genomes
of cyst and root-knot nematodes were identified and hypothetical vitellogenin genes
were predicted. Protein domains were then determined. Sequences were aligned using
MUSCLE and then used to construct phylogenetic trees using the maximum likelihood
method. With the availability of genomic data and use of online local alignment tools,
the vitellogenin encoding genes from C. elegans could be aligned to sequences from
PPN genomes. All predicted genes contained the same protein domains as C.
elegans; Vitellogenin_N, vitellogenin open beta-sheet and von Willebrand factor
domain type D. The constructed phylogenetic tree clustered the species into three
characterised groups, root-knot nematodes, cyst nematodes and Caenorhabditis
species. Vitellogenin genes in C. elegans were homologous to sequences within PPN
genomes, allowing the hypothetical genes to be determined and the relationships
between PPN vitellogenin genes to be inferred, forming a potential basis to understand
further the role of vitellogenin in cyst and root-knot nematodes.
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Summary - Plant-parasitic nematodes (PPN) are an economically important group of crop
pests and are oviparous animals; all nutrients required to develop and ensure the survival of
their unhatched progeny need to be deposited within the egg, including proteins. The most
abundant protein deposited is vitellin, formed of a precursor protein vitellogenin, which has
roles in transporting lipids, providing amino acids and influencing post-embryonic
development. The genes encoding vitellogenin have been well studied in Caenorhabditis
elegans, but little is known about vitellogenin in PPN. Using the vitellogenin gene sequences
from C. elegans, homologous sequences in the genomes of cyst and root-knot nematodes
were identified and hypothetical vitellogenin genes were predicted. Protein domains were
then determined. Sequences were aligned using MUSCLE and then used to construct
phylogenetic trees using the maximum likelihood method. With the availability of genomic
data and use of online local alignment tools, the vitellogenin encoding genes from C. elegans
could be aligned to sequences from PPN genomes. All predicted genes contained the same
protein domains as C. elegans; Vitellogenin_N, vitellogenin open beta-sheet and von
Willebrand factor domain type D. The constructed phylogenetic tree clustered the species
into three characterised groups, root-knot nematodes, cyst nematodes and Caenorhabditis
species. Vitellogenin genes in C. elegans were homologous to sequences within PPN
genomes, allowing the hypothetical genes to be determined and the relationships between
PPN vitellogenin genes to be inferred, forming a potential basis to understand further the role

of vitellogenin in cyst and root-knot nematodes.

Keywords - Caenorhabditis briggsae, Caenorhabditis elegans, development, egg,
Globodera, Heterodera, Meloidogyne, plant-parasitic nematode, sedentary endoparasite,

vitellin.
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Plant-parasitic nematodes (PPN) have been estimated to cause at least $US 80 billion
of damage to crops per year (Nicol et al., 2011). Infections by PPN cause non-specific
symptoms such as stunted growth, wilting and yellowing of the leaves, caused by a decrease
in function of the roots elicited by the nematode infection, which can lead to a reduced yield
of the crop (Kumar & Yadav, 2020). Cyst nematodes (Globodera and Heterodera) and root-
knot nematodes (Meloidogyne) are two of the most economically important groups of PPN
(Jones et al., 2013) and are found in the order Tylenchida.

Nematodes are oviparous animals; the developing nematode within the egg is
surrounded by perivitelline fluid, which contains essential nutrients and protective
antioxidants (Mkandawire et al., 2021). For the successful development of the nematode, all
nutrients for embryogenesis and further growth need to be deposited into the egg. Nutrients
are deposited in the egg as proteins and other macromolecules; the primarily stored proteins
are yolk proteins, also known as vitellin (Almenara et al., 2013). Vitellin is formed of a
precursor protein vitellogenin, which is a large glyco-lipoprotein complex (Winter et al.,
1996), a distant relative of the apoB protein in humans (Baker, 1988a). In Caenorhabditis
elegans, synthesis of vitellogenin occurs in the hermaphrodite intestine, which is then
secreted into the body cavity and taken up by the oocytes by receptor-mediated endocytosis
(Perez & Lehner, 2019); the protein is then deposited in yolk granules of the egg (Winter et
al., 1996). Deposits of yolk protein remain within the egg after embryogenesis and prior to
hatching (Bossinger & Schierenberg, 2003).

Vitellogenin is believed to have the primary function of the transport of lipids and
micronutrients (Hayward et al., 2010) and amino acid provision to developing progeny
(Winter et al., 1996). Additionally, vitellogenin has also been shown to influence post-
embryonic phenotypes, whereby limited supply of the protein can result in smaller sized

offspring and sterility in C. elegans (Perez & Lehner, 2019). Some studies report that
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vitellogenin also serves a protective role against oxidative stress (Ishii et al., 2002) and
environmental protection from bacterial infections (Fischer et al., 2013).

In C. elegans, vitellogenin proteins consist of four polypeptides: two large, 170 kDa
yp170A and 170 kDa yp170B, and two small, 115 kDa yp115 and 88 kDa yp88 (Perez &
Lehner, 2019). Six genes encoding vitellogenin have been characterised in C. elegans (vit 1-
6) (Spieth et al., 1985). The peptide encoded by vit-6 is proteolytically cleaved prior to
entering the oocyte, to form yp115 and yp88 (Spieth et al., 1991).

Vitellogenin proteins and the associated encoding genes have also been characterised
in some species of both vertebrates (fish and birds) and invertebrates (insects).
Caenorhabditis elegans has been the primary model for investigating vitellogenin in
nematodes; however, orthologous genes have been found in other free-living nematodes:
Oscheius tipulae (Almenara et al., 2013) and C. briggsase (Zucker-Aprison & Blumenthal,
1989). Vitellogenin has also been identified in the animal-parasitic nematodes Toxocara
canis (Zhu et al., 2017), Haemonchus contortus (Hartman et al., 2001) and Trichostongylus
vitrinus (Nisbet & Gasser, 2004). In Heterodera glycines, vitellogenin has been described and
partially characterised as two major egg proteins (Masler, 1999). These proteins constitute
over 50% of all proteins present within the egg with molecular weights of 190 kDa and 180
kDa, a comparative molecular weight to vitellogenin genes found in C. elegans (Masler,
1999). Additionally, when expressed sequence tag data from female Globodera pallida
samples were analysed, vitellogenin-like transcripts were found to be most abundant (Jones et
al., 2009). Furthermore, the females of G. pallida develop from 21 to 35 days post infection
(dpi) of the host plant; vitellogenin was shown to be highly expressed at 28 and 35 dpi, due to
the deposition of yolk proteins within the oocytes (Cotton et al., 2014). In the transcriptome
of the root-lesion nematode, Pratylenchus penetrans, vitellogenin was again shown to be

highly expressed (Vieira et al., 2015).
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Vitellogenin is an important protein in yolk provision for the developing nematode
and possibly has a protective role; however, they have not been identified or characterised in
many species of cyst and root-knot nematodes. With the increasing availability of genomic
data for many of these economically important species, it is now possible to determine
presence of vitellogenin genes within their genomes and infer their phylogenetic

relationships.

Materials and methods

DATA ACQUISITION

Vitellogenin gene sequences from C. elegans (vit-1, vit-2, vit-3, vit-4, vit-5, and vit-6)
were obtained using wormbase.org (Table S1). These sequences were then used as the query
sequences for BLAST searches against the genomes of selected species of cyst nematodes
(Globodera and Heterodera spp.), root-knot nematodes (Meloidogyne spp.) and C. briggsae
on the parasite.wormbase.org server. BLAST searches were completed using tblastn, with a
maximum of 100 target sequences, expect threshold of 0.01, and a word size of 2. The
scoring parameters used were BLOSUMG62 matrix and low complexity regions were filtered.
The result gave homologous regions and a corresponding predicted ‘overlapping gene’ in
each genome, these gene sequences were then selected from the database and collated for

sequence alignment.

GENE PREDICTION
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The genome of G. ellingtonae was not available from the server of
parasite.wormbase.org; instead NCBI BLAST was used to determine homologous regions
within the species genome. Regions of the genome containing homologous sequences from
the resulting BLAST searches were selected and uploaded into the Galaxy web platform
(Afgan et al., 2018); here the sequences were then inputted into the AUGUSTUS tool (Stanke
& Morgenstern, 2005; Stanke et al., 2008). Caenorhabditis elegans was chosen as the
training set model organism, the protein sequence and coding sequence were then predicted
using both strands. The predicted vitellogenin genes were then selected by comparing the

sequence to homologous regions identified in the BLAST search.

PHYLOGENETIC TREE CONSTRUCTION

All genes, predicted or database derived through BLAST searches, were then
uploaded to Pfam (Bateman et al., 2004) to determine theoretical protein domains for each
protein sequence. Sequences which contained the same protein domains as C. elegans
vitellogenin genes were included in the sequence alignment. Sequences identified to have
homologous regions to the original queries but did not exhibit all domains shown in C.
elegans vitellogenin were excluded from these data. Sequences were uploaded into Molecular
Evolutionary Genetics Analysis version ten software (MEGA X) (Kumar et al., 2018) and
pairwise alignment was performed using the MUSCLE (multiple sequence comparison by
log-expectation) function in the software (Edgar, 2004). The cluster method used was
UPGMA.

Phylogenetic trees were constructed using the maximum likelihood statistical method

in the MEGA X software, using the Jones-Taylor-Thornton substitution model, all sites
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including gaps were used. For each tree constructed the test of phylogeny used was the
bootstrap method, this was replicated 100 times. Pairwise alignment scores were generated

using Jalview (Waterhouse et al., 2009).

Results

The result from the BLAST search indicated that there were homologous regions and
genes to C. elegans vitellogenin within PPN genomes that have not previously been
identified. Two genes from G. ellingtonae were predicted and were shown to be closely
related to two G. rostochiensis vitellogenin genes (Fig. 1). Predicted vitellogenin gene G.
ellingtonae 016 was shown to be most closely related to G. rostochiensis 2537, with a
pairwise alignment percentage identity of 98.7%, but only showed 91.96% identity with G.
pallida 0128. These three sequences differ in amino acid (aa) sequence length, 1963aa for G.
ellingtonae, 2322aa for G. rostochiensis 2537 and 2406aa for G. pallida 0128. The predicted
vitellogenin gene G. ellingtonae 060 was shown to be most closely related to G. rostochiensis

06238 with a percentage identity of 95.25% by pairwise alignment.

PROTEIN DOMAINS IN VITELLOGENIN

Predicted vitellogenin protein domains illustrated in Figure 2, determined by Pfam,
show the approximate location of each protein domain within the genes. Three different
protein domains are exhibited in each gene: Vitellogenin_N (a lipoprotein amino terminal
region), vitellogenin open beta-sheet and von Willebrand factor type D domain. These
domains consistently appear in the same order for all genes but have a varied approximate
location. Figure 2 clearly illustrates that C. elegans and C. briggsae vitellogenin domains are

7
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present at the similar estimated positions. Similarly, all Heterodera vitellogenin genes and G.
ellingtonae 016 have protein domains in comparable positions to each other. Another set of
genes with domains in similar positions include all G. rostochiensis vitellogenin genes and G.
pallida 9459. Two M. incognita vitellogenin genes (28653 and 30865) have almost identical
domain positions. Finally, many of the M. javanica predicted vitellogenin genes are

comparable to each other excluding M. javanica 29487 and 43787.

PHYLOGENETIC RELATIONSHIPS OF VITELLOGENIN

A phylogenetic tree was constructed to infer the relationships between vitellogenin
genes in cyst nematodes, root-knot nematodes and Rhabditida species, C. elegans and C.
briggsae (Fig. 1). The tree was split into two major groups, the PPN species and the
Caenorhabditis species; within the PPN group this was further divided into the root-knot and
cyst nematode species with a small outgroup consisting of G. pallida 0564, H. glycines 13367
and H. schachtii 19700. The cyst nematodes species gave mixed locations for each gene and
were not clustered based on their species. As shown in Figure 1, there were three smaller
clusters of PPN each containing two, three and five more closely related genes. Two
predicted genes from H. schachtii genome were included in the dataset, H. schachtii 007 was
shown to be most closely related to H. glycines 23424, whereas H. schachtii 19700 was in the
outgroup of the cyst nematode cluster.

The root-knot nematode cluster within Figure 1, comprising M. hapla, M. incognita
and M. javanica, was split into two main groups, with a small outgroup including the only M.

hapla hypothesised vitellogenin gene to possess all three protein domains. Like the cyst
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nematodes, different genes from each species were in mixed locations and did not form
clusters of individual species.

The divergence in genes between C. elegans and a closely related species, C.
briggsae, was considered. Figure 1 gives C. elegans vit-6 and C. briggsae 006 as an outgroup
of the Caenorhabditis cluster, where the remaining genes are split into two groups.
Vitellogenin genes from C. elegans, vit-1, vit-2 and vit-3, were more closely related to C.
briggsae 002 and 16767, whereas C. elegans vit-4 and vit-5 were more closely related to C.

briggsae 14203 and 14234.

Discussion

This paper highlights the presence of vitellogenin genes within the genomes of cyst
and root-knot nematodes that have not been previously extensively studied. The presence of
vitellogenin genes in the genomes of PPN signifies a requirement for yolk provision to the
eggs of the developing nematode. A significant proportion of the vitellogenin amino acid
sequence is conserved between the cyst nematode, root-knot nematode and Caenorhabditis
vitellogenin genes; however, areas of divergence remain. Conservation in parts of the amino
acid sequence may be due to the functional domains of the proteins encoded, whereas the
divergence of the genes may be a result of speciation events from a common ancestor.

Multiple paralogous vitellogenin genes are present within many species of both
vertebrates and invertebrates, of differing amino acid composition (Smolenaars et al., 2007).
In C. elegans these genes encode for different subunits of a larger protein complex, which
may allow for varying function of the encoded proteins (Perez & Lehner, 2019); it is possible

that multiple genes in PPN are required to form similar complexes. Data presented here
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illustrate the relationship between these paralogous genes, with each species having differing
numbers of genes. Only one vitellogenin gene from the genome of M. hapla was identified
that contained all three protein domains, whereas the genome of M. incognita has seven
genes. This may be due to the relative sizes of their genomes, M. hapla genome contains 54
million base pairs (Opperman et al., 2008), whilst the M. incognita genome contains 86
million base pairs (Abad et al., 2008).

The genome of G. ellingtonae contains two not previously predicted vitellogenin
genes, which are both most closely related to two genes from G. rostochiensis. Globodera
ellingtonae has been shown to have similar behaviour and requirements for hatching and
development to G. rostochiensis, but shows some molecular diversity (Hesse et al., 2021).
Like G. rostochiensis, G. ellingtonae is a pathogen of certain cultivars of potato but its
pathogenicity has been inconsistent (Zasada et al., 2019). The inclusion of this recently
discovered potato cyst nematode, G. ellingtonae, sought to further evaluate the nematode
species against other members of the Globodera family.

As vitellogenin plays a key role in the development of the nematode, it could be
anticipated that it would have a relatively conserved sequence, especially between closely
related species. This has also been illustrated in the comparison of C. elegans with C.
briggsae where sequences were shown to be 85% identical in coding regions (Zucker-
Aprison & Blumenthal, 1989); therefore, vitellogenin genes in C. elegans and C. briggsae are
highly conserved. The genome of C. elegans contains six vitellogenin genes whereas C.
briggsae only contains five (Zucker-Aprison & Blumenthal, 1989). Perez & Lehner (2019)
suggest that the vit-4 gene is missing from C. briggsae due to a duplication between vit-3 and
vit-4. Contrary to this, data presented here indicate that there are two genes closely related to

C. elegans vit-4 and vit-5 in C. briggsae, but only two genes closely related to C. elegans vit-
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1, vit-2 and vit-3. This result suggests that either vit-1, vit-2 or vit-3 may be missing from C.
briggsae, not vit-4 as originally predicted.

Vitellogenin genes have been shown to be upregulated in G. pallida. In
supplementary data provided by Cotton et al. (2014), three G. pallida vitellogenin genes were
shown to be upregulated in females (at 21, 28 and 35 dpi) compared to the early parasitic life-
stage (7 and 14 dpi). The three genes shown to be upregulated are presented here and form
part of the main cyst nematode cluster in the phylogenetic analyses. The gene G. pallida
0564, which forms part of an outgroup from the PPN cluster, is not shown to be expressed in
that study; it is possible that this gene was not identified, or this gene is not expressed.
Currently, no vitellogenin genes have been characterised in G. rostochiensis.

The genomes of species within the cyst nematode genus Heterodera contain
vitellogenin genes; this study highlights their presence within the genomes of H. schachtii
and H. glycines. Two H. schachtii genes are shown to be closely related to those in H.
glycines; however, a third H. glycines gene appears to be more divergent. This result supports
the findings of Singh et al. (2020), who generated a phylogenetic consensus tree containing
33 different populations of Heterodera spp., finding that H. schachtii and H. glycines were
closely related. In a study that sequences the H. schachtii genome, data provided in the
supplementary information listed two proteins that were annotated as containing a lipoprotein
amino terminal region, von Willebrand factor type D domain and a domain of unknown
function, whilst also indicating that they were highly expressed at 24 dpi (Siddique et al.,
2021). These two proteins have been incorporated into Figure 1 as HS_19700 and HS_007;
establishing that they also have a vitellogenin open beta-sheet domain, which was not
previously annotated.

Masler (1999) partially characterised two vitellogenin proteins in H. glycines with

similar molecular weights (180 and 190 kDa) to the two larger protein subunits of C. elegans

11
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(170 kDa yp170A and 170 kDa yp170B). Figure 1 presents three H. glycines hypothesised
vitellogenin genes and it is possible that these genes encode for the ‘major egg proteins’ as
described (Masler, 1999). The H. glycines transcriptome of effectors gave only one predicted
vitellogenin gene sequence, provided in the supplementary information (Gardner et al.,
2018). Again, it may be possible that not all vitellogenin genes present in the genome are
expressed to produce the vitellogenin proteins.

Root-knot nematodes are the most damaging nematode crop pests, so it was important
to include some species of this genus. The relationship between 13 vitellogenin genes from
root-knot nematode species has been illustrated, including one gene from the genome of M.
hapla, five from M. javanica and seven from the genome of M. incognita. Currently, no
studies have highlighted the presence of vitellogenin within the genomes of M. hapla or M.
javanica. In previous analysis of the M. incognita genome, no vitellogenin encoding genes
were identified (Abad et al., 2008); however, in supplementary data provided by Bellafiore et
al. (2008), five vitellogenin genes were found in the secreted effectors of female pharyngeal
glands using mass spectrometry. A similar study of the effecters produced by female
pharyngeal glands in G. rostochiensis resulted in no vitellogenin genes being detected (Maier
et al., 2012). The result from Bellafiore et al. (2008) is unexpected, as it is understood from
C. elegans that vitellogenin genes are primarily expressed in the hermaphrodite intestine and
then transported into the oocyte by receptor-mediated endocytosis (Perez & Lehner, 2019).
However, it has now been shown that the C. elegans hermaphrodite vents vitellogenin as part
of the yolk after egg laying ceases, for further nutritional provision for the developing
nematode (Kern et al., 2021). It may be possible that root-knot nematodes exhibit a similar
behaviour when producing an egg mass, which primarily consists of glycoproteins (Sharon &

Spiegel, 1993).

12
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Protein domains present in C. elegans vitellogenin appear within the identified
vitellogenin genes of cyst and root-knot nematodes. Using Pfam to predict the location of
protein domains, C. elegans, C. briggsae, cyst and root-knot nematode vitellogenin genes
were shown to contain three protein domains: Vitellogenin_N, vitellogenin open beta-sheet
and von Willebrand factor type D domain. In BLAST searches of PPN genomes, some genes
contained only one or two of these domains, with a sequence length that was much shorter
than other vitellogenin genes within the species; therefore, these results were not included in
the analysis. Protein domain Vitellogenin_N is a lipoprotein amino terminal region that is
predicted to be involved in lipid transport and is a domain present in the vitellogenin of
certain insect, crustacean and nematode species (Smolenaars et al., 2007). Nematode
vitellogenin have been shown to contain amphipathic B-strands, which may also function in
the transport of additional lipids (Smolenaars et al., 2007). These strands may then form the
vitellogenin open beta-sheet domain. Towards the C-terminus of the vitellogenin gene in
nematodes, the protein domain von Willebrand type D is present. This domain has shown
adhesive properties and has been hypothesised to be the binding site for membrane receptors
on the oocyte (Baker, 1988Db).

Whilst the presence of vitellogenin genes within certain PPN species has been
determined, a complete understanding of their expression and function is yet to be fully
elucidated. Each nematode species contains a different number of vitellogenin genes, even
between closely related species. There is a possibility that the variance in the number of
genes may be due to differences in expression, with some genes not being expressed. Further
analysis of the stage- and tissue-specific expression of vitellogenin would help to understand
further their presence and role in PPN. Vitellogenin genes in selected cyst and root-knot
nematode species contain the same protein domains as those in C. elegans so could be

hypothesised to exhibit a similar function; however, this requires further investigation.
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Masler (1999) has partially characterised vitellogenin proteins in H. glycines; this work could
be expanded to characterise the proteins in other PPN species. Vitellogenin plays a key role
in the transport of lipids and nutritional provision to the developing nematode; if this function
could be interrupted this may provide a novel route for control of PPN. Additionally,
vitellogenin has been shown to have a role in protection against environmental stress in C.
elegans (Fischer et al., 2013). This has been demonstrated by the knockdown of vit-6 gene by
RNA-interference, which increased the nematodes susceptibility to Photorhabdus
luminescens, reducing its lifespan (Fischer et al., 2013). If vitellogenin inhibited in PPN, this
may provide a novel method of control by potentially increasing the nematode’s
susceptibility to environmental stress.

This study set out to highlight the presence of and predict vitellogenin genes within
the genomes of some economically important PPN. The genes encoding the vitellogenin
protein in C. elegans were found to be homologous to sequences in the genomes of cyst and
root-knot nematodes and could be used to infer relationships between the PPN species.
Additionally, the protein domains of vitellogenin genes that appear in C. elegans were also
present in the PPN. This study contributes to understanding of vitellogenin in PPN; however,
further investigation needs to be completed to fully characterise the proteins and understand
their biological role. By determining the presence of vitellogenin genes within the genomes
of some economically important PPN, the relationship between these genes could be inferred

and this information could help form a basis for further investigation of vitellogenin in PPN.
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Summary - Plant-parasitic nematodes (PPN) are an economically important group of crop
pests and are oviparous animals; all nutrients required to develop and ensure the survival of
their unhatched progeny need to be deposited within the egg, including proteins. The most
abundant protein deposited is vitellin, formed of a precursor protein vitellogenin, which has
roles in transporting lipids, providing amino acids and influencing post-embryonic
development. The genes encoding vitellogenin have been well studied in Caenorhabditis
elegans, but little is known about vitellogenin in PPN. Using the vitellogenin gene sequences
from C. elegans, homologous sequences in the genomes of cyst and root-knot nematodes
were identified and hypothetical vitellogenin genes were predicted. Protein domains were
then determined. Sequences were aligned using MUSCLE and then used to construct
phylogenetic trees using the maximum likelihood method. With the availability of genomic
data and use of online local alignment tools, the vitellogenin encoding genes from C. elegans
could be aligned to sequences from PPN genomes. All predicted genes contained the same
protein domains as C. elegans; Vitellogenin_N, vitellogenin open beta-sheet and von
Willebrand factor domain type D. The constructed phylogenetic tree clustered the species
into three characterised groups, root-knot nematodes, cyst nematodes and Caenorhabditis
species. Vitellogenin genes in C. elegans were homologous to sequences within PPN
genomes, allowing the hypothetical genes to be determined and the relationships between
PPN vitellogenin genes to be inferred, forming a potential basis to understand further the role

of vitellogenin in cyst and root-knot nematodes.

Keywords - Caenorhabditis briggsae, Caenorhabditis elegans, development, egg,
Globodera, Heterodera, Meloidogyne, plant-parasitic nematode, sedentary endoparasite,

vitellin.
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Plant-parasitic nematodes (PPN) have been estimated to cause at least $US 80 billion
of damage to crops per year (Nicol et al., 2011). Infections by PPN cause non-specific
symptoms such as stunted growth, wilting and yellowing of the leaves, caused by a decrease
in function of the roots elicited by the nematode infection, which can lead to a reduced yield
of the crop (Kumar & Yadav, 2020). Cyst nematodes (Globodera and Heterodera) and root-
knot nematodes (Meloidogyne) are two of the most economically important groups of PPN
(Jones et al., 2013) and are found in the order Tylenchida.

Nematodes are oviparous animals; the developing nematode within the egg is
surrounded by perivitelline fluid, which contains essential nutrients and protective
antioxidants (Mkandawire et al., 2021). For the successful development of the nematode, all
nutrients for embryogenesis and further growth need to be deposited into the egg. Nutrients
are deposited in the egg as proteins and other macromolecules; the primarily stored proteins
are yolk proteins, also known as vitellin (Almenara et al., 2013). Vitellin is formed of a
precursor protein vitellogenin, which is a large glyco-lipoprotein complex (Winter et al.,
1996), a distant relative of the apoB protein in humans (Baker, 1988a). In Caenorhabditis
elegans, synthesis of vitellogenin occurs in the hermaphrodite intestine, which is then
secreted into the body cavity and taken up by the oocytes by receptor-mediated endocytosis
(Perez & Lehner, 2019); the protein is then deposited in yolk granules of the egg (Winter et
al., 1996). Deposits of yolk protein remain within the egg after embryogenesis and prior to
hatching (Bossinger & Schierenberg, 2003).

Vitellogenin is believed to have the primary function of the transport of lipids and
micronutrients (Hayward et al., 2010) and amino acid provision to developing progeny
(Winter et al., 1996). Additionally, vitellogenin has also been shown to influence post-
embryonic phenotypes, whereby limited supply of the protein can result in smaller sized

offspring and sterility in C. elegans (Perez & Lehner, 2019). Some studies report that
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vitellogenin also serves a protective role against oxidative stress (Ishii et al., 2002) and
environmental protection from bacterial infections (Fischer et al., 2013).

In C. elegans, vitellogenin proteins consist of four polypeptides: two large, 170 kDa
yp170A and 170 kDa yp170B, and two small, 115 kDa yp115 and 88 kDa yp88 (Perez &
Lehner, 2019). Six genes encoding vitellogenin have been characterised in C. elegans (vit 1-
6) (Spieth et al., 1985). The peptide encoded by vit-6 is proteolytically cleaved prior to
entering the oocyte, to form yp115 and yp88 (Spieth et al., 1991).

Vitellogenin proteins and the associated encoding genes have also been characterised
in some species of both vertebrates (fish and birds) and invertebrates (insects).
Caenorhabditis elegans has been the primary model for investigating vitellogenin in
nematodes; however, orthologous genes have been found in other free-living nematodes:
Oscheius tipulae (Almenara et al., 2013) and C. briggsase (Zucker-Aprison & Blumenthal,
1989). Vitellogenin has also been identified in the animal-parasitic nematodes Toxocara
canis (Zhu et al., 2017), Haemonchus contortus (Hartman et al., 2001) and Trichostongylus
vitrinus (Nisbet & Gasser, 2004). In Heterodera glycines, vitellogenin has been described and
partially characterised as two major egg proteins (Masler, 1999). These proteins constitute
over 50% of all proteins present within the egg with molecular weights of 190 kDa and 180
kDa, a comparative molecular weight to vitellogenin genes found in C. elegans (Masler,
1999). Additionally, when expressed sequence tag data from female Globodera pallida
samples were analysed, vitellogenin-like transcripts were found to be most abundant (Jones et
al., 2009). Furthermore, the females of G. pallida develop from 21 to 35 days post infection
(dpi) of the host plant; vitellogenin was shown to be highly expressed at 28 and 35 dpi, due to
the deposition of yolk proteins within the oocytes (Cotton et al., 2014). In the transcriptome
of the root-lesion nematode, Pratylenchus penetrans, vitellogenin was again shown to be

highly expressed (Vieira et al., 2015).
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Vitellogenin is an important protein in yolk provision for the developing nematode
and possibly has a protective role; however, they have not been identified or characterised in
many species of cyst and root-knot nematodes. With the increasing availability of genomic
data for many of these economically important species, it is now possible to determine
presence of vitellogenin genes within their genomes and infer their phylogenetic

relationships.

Materials and methods

DATA ACQUISITION

Vitellogenin gene sequences from C. elegans (vit-1, vit-2, vit-3, vit-4, vit-5, and vit-6)
were obtained using wormbase.org (Table S1). These sequences were then used as the query
sequences for BLAST searches against the genomes of selected species of cyst nematodes
(Globodera and Heterodera spp.), root-knot nematodes (Meloidogyne spp.) and C. briggsae
on the parasite.wormbase.org server. BLAST searches were completed using tblastn, with a
maximum of 100 target sequences, expect threshold of 0.01, and a word size of 2. The
scoring parameters used were BLOSUMG62 matrix and low complexity regions were filtered.
The result gave homologous regions and a corresponding predicted ‘overlapping gene’ in
each genome, these gene sequences were then selected from the database and collated for

sequence alignment.

GENE PREDICTION
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The genome of G. ellingtonae was not available from the server of
parasite.wormbase.org; instead NCBI BLAST was used to determine homologous regions
within the species genome. Regions of the genome containing homologous sequences from
the resulting BLAST searches were selected and uploaded into the Galaxy web platform
(Afgan et al., 2018); here the sequences were then inputted into the AUGUSTUS tool (Stanke
& Morgenstern, 2005; Stanke et al., 2008). Caenorhabditis elegans was chosen as the
training set model organism, the protein sequence and coding sequence were then predicted
using both strands. The predicted vitellogenin genes were then selected by comparing the

sequence to homologous regions identified in the BLAST search.

PHYLOGENETIC TREE CONSTRUCTION

All genes, predicted or database derived through BLAST searches, were then
uploaded to Pfam (Bateman et al., 2004) to determine theoretical protein domains for each
protein sequence. Sequences which contained the same protein domains as C. elegans
vitellogenin genes were included in the sequence alignment. Sequences identified to have
homologous regions to the original queries but did not exhibit all domains shown in C.
elegans vitellogenin were excluded from these data. Sequences were uploaded into Molecular
Evolutionary Genetics Analysis version ten software (MEGA X) (Kumar et al., 2018) and
pairwise alignment was performed using the MUSCLE (multiple sequence comparison by
log-expectation) function in the software (Edgar, 2004). The cluster method used was
UPGMA.

Phylogenetic trees were constructed using the maximum likelihood statistical method

in the MEGA X software, using the Jones-Taylor-Thornton substitution model, all sites
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including gaps were used. For each tree constructed the test of phylogeny used was the
bootstrap method, this was replicated 100 times. Pairwise alignment scores were generated

using Jalview (Waterhouse et al., 2009).

Results

The result from the BLAST search indicated that there were homologous regions and
genes to C. elegans vitellogenin within PPN genomes that have not previously been
identified. Two genes from G. ellingtonae were predicted and were shown to be closely
related to two G. rostochiensis vitellogenin genes (Fig. 1). Predicted vitellogenin gene G.
ellingtonae 016 was shown to be most closely related to G. rostochiensis 2537, with a
pairwise alignment percentage identity of 98.7%, but only showed 91.96% identity with G.
pallida 0128. These three sequences differ in amino acid (aa) sequence length, 1963aa for G.
ellingtonae, 2322aa for G. rostochiensis 2537 and 2406aa for G. pallida 0128. The predicted
vitellogenin gene G. ellingtonae 060 was shown to be most closely related to G. rostochiensis

06238 with a percentage identity of 95.25% by pairwise alignment.

PROTEIN DOMAINS IN VITELLOGENIN

Predicted vitellogenin protein domains illustrated in Figure 2, determined by Pfam,
show the approximate location of each protein domain within the genes. Three different
protein domains are exhibited in each gene: Vitellogenin_N (a lipoprotein amino terminal
region), vitellogenin open beta-sheet and von Willebrand factor type D domain. These
domains consistently appear in the same order for all genes but have a varied approximate
location. Figure 2 clearly illustrates that C. elegans and C. briggsae vitellogenin domains are

7
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present at the similar estimated positions. Similarly, all Heterodera vitellogenin genes and G.
ellingtonae 016 have protein domains in comparable positions to each other. Another set of
genes with domains in similar positions include all G. rostochiensis vitellogenin genes and G.
pallida 9459. Two M. incognita vitellogenin genes (28653 and 30865) have almost identical
domain positions. Finally, many of the M. javanica predicted vitellogenin genes are

comparable to each other excluding M. javanica 29487 and 43787.

PHYLOGENETIC RELATIONSHIPS OF VITELLOGENIN

A phylogenetic tree was constructed to infer the relationships between vitellogenin
genes in cyst nematodes, root-knot nematodes and Rhabditida species, C. elegans and C.
briggsae (Fig. 1). The tree was split into two major groups, the PPN species and the
Caenorhabditis species; within the PPN group this was further divided into the root-knot and
cyst nematode species with a small outgroup consisting of G. pallida 0564, H. glycines 13367
and H. schachtii 19700. The cyst nematodes species gave mixed locations for each gene and
were not clustered based on their species. As shown in Figure 1, there were three smaller
clusters of PPN each containing two, three and five more closely related genes. Two
predicted genes from H. schachtii genome were included in the dataset, H. schachtii 007 was
shown to be most closely related to H. glycines 23424, whereas H. schachtii 19700 was in the
outgroup of the cyst nematode cluster.

The root-knot nematode cluster within Figure 1, comprising M. hapla, M. incognita
and M. javanica, was split into two main groups, with a small outgroup including the only M.

hapla hypothesised vitellogenin gene to possess all three protein domains. Like the cyst
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nematodes, different genes from each species were in mixed locations and did not form
clusters of individual species.

The divergence in genes between C. elegans and a closely related species, C.
briggsae, was considered. Figure 1 gives C. elegans vit-6 and C. briggsae 006 as an outgroup
of the Caenorhabditis cluster, where the remaining genes are split into two groups.
Vitellogenin genes from C. elegans, vit-1, vit-2 and vit-3, were more closely related to C.
briggsae 002 and 16767, whereas C. elegans vit-4 and vit-5 were more closely related to C.

briggsae 14203 and 14234.

Discussion

This paper highlights the presence of vitellogenin genes within the genomes of cyst
and root-knot nematodes that have not been previously extensively studied. The presence of
vitellogenin genes in the genomes of PPN signifies a requirement for yolk provision to the
eggs of the developing nematode. A significant proportion of the vitellogenin amino acid
sequence is conserved between the cyst nematode, root-knot nematode and Caenorhabditis
vitellogenin genes; however, areas of divergence remain. Conservation in parts of the amino
acid sequence may be due to the functional domains of the proteins encoded, whereas the
divergence of the genes may be a result of speciation events from a common ancestor.

Multiple paralogous vitellogenin genes are present within many species of both
vertebrates and invertebrates, of differing amino acid composition (Smolenaars et al., 2007).
In C. elegans these genes encode for different subunits of a larger protein complex, which
may allow for varying function of the encoded proteins (Perez & Lehner, 2019); it is possible

that multiple genes in PPN are required to form similar complexes. Data presented here
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illustrate the relationship between these paralogous genes, with each species having differing
numbers of genes. Only one vitellogenin gene from the genome of M. hapla was identified
that contained all three protein domains, whereas the genome of M. incognita has seven
genes. This may be due to the relative sizes of their genomes, M. hapla genome contains 54
million base pairs (Opperman et al., 2008), whilst the M. incognita genome contains 86
million base pairs (Abad et al., 2008).

The genome of G. ellingtonae contains two not previously predicted vitellogenin
genes, which are both most closely related to two genes from G. rostochiensis. Globodera
ellingtonae has been shown to have similar behaviour and requirements for hatching and
development to G. rostochiensis, but shows some molecular diversity (Hesse et al., 2021).
Like G. rostochiensis, G. ellingtonae is a pathogen of certain cultivars of potato but its
pathogenicity has been inconsistent (Zasada et al., 2019). The inclusion of this recently
discovered potato cyst nematode, G. ellingtonae, sought to further evaluate the nematode
species against other members of the Globodera family.

As vitellogenin plays a key role in the development of the nematode, it could be
anticipated that it would have a relatively conserved sequence, especially between closely
related species. This has also been illustrated in the comparison of C. elegans with C.
briggsae where sequences were shown to be 85% identical in coding regions (Zucker-
Aprison & Blumenthal, 1989); therefore, vitellogenin genes in C. elegans and C. briggsae are
highly conserved. The genome of C. elegans contains six vitellogenin genes whereas C.
briggsae only contains five (Zucker-Aprison & Blumenthal, 1989). Perez & Lehner (2019)
suggest that the vit-4 gene is missing from C. briggsae due to a duplication between vit-3 and
vit-4. Contrary to this, data presented here indicate that there are two genes closely related to

C. elegans vit-4 and vit-5 in C. briggsae, but only two genes closely related to C. elegans vit-

10
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1, vit-2 and vit-3. This result suggests that either vit-1, vit-2 or vit-3 may be missing from C.
briggsae, not vit-4 as originally predicted.

Vitellogenin genes have been shown to be upregulated in G. pallida. In
supplementary data provided by Cotton et al. (2014), three G. pallida vitellogenin genes were
shown to be upregulated in females (at 21, 28 and 35 dpi) compared to the early parasitic life-
stage (7 and 14 dpi). The three genes shown to be upregulated are presented here and form
part of the main cyst nematode cluster in the phylogenetic analyses. The gene G. pallida
0564, which forms part of an outgroup from the PPN cluster, is not shown to be expressed in
that study; it is possible that this gene was not identified, or this gene is not expressed.
Currently, no vitellogenin genes have been characterised in G. rostochiensis.

The genomes of species within the cyst nematode genus Heterodera contain
vitellogenin genes; this study highlights their presence within the genomes of H. schachtii
and H. glycines. Two H. schachtii genes are shown to be closely related to those in H.
glycines; however, a third H. glycines gene appears to be more divergent. This result supports
the findings of Singh et al. (2020), who generated a phylogenetic consensus tree containing
33 different populations of Heterodera spp., finding that H. schachtii and H. glycines were
closely related. In a study that sequences the H. schachtii genome, data provided in the
supplementary information listed two proteins that were annotated as containing a lipoprotein
amino terminal region, von Willebrand factor type D domain and a domain of unknown
function, whilst also indicating that they were highly expressed at 24 dpi (Siddique et al.,
2021). These two proteins have been incorporated into Figure 1 as HS_19700 and HS_007;
establishing that they also have a vitellogenin open beta-sheet domain, which was not
previously annotated.

Masler (1999) partially characterised two vitellogenin proteins in H. glycines with

similar molecular weights (180 and 190 kDa) to the two larger protein subunits of C. elegans

11
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(170 kDa yp170A and 170 kDa yp170B). Figure 1 presents three H. glycines hypothesised
vitellogenin genes and it is possible that these genes encode for the ‘major egg proteins’ as
described (Masler, 1999). The H. glycines transcriptome of effectors gave only one predicted
vitellogenin gene sequence, provided in the supplementary information (Gardner et al.,
2018). Again, it may be possible that not all vitellogenin genes present in the genome are
expressed to produce the vitellogenin proteins.

Root-knot nematodes are the most damaging nematode crop pests, so it was important
to include some species of this genus. The relationship between 13 vitellogenin genes from
root-knot nematode species has been illustrated, including one gene from the genome of M.
hapla, five from M. javanica and seven from the genome of M. incognita. Currently, no
studies have highlighted the presence of vitellogenin within the genomes of M. hapla or M.
javanica. In previous analysis of the M. incognita genome, no vitellogenin encoding genes
were identified (Abad et al., 2008); however, in supplementary data provided by Bellafiore et
al. (2008), five vitellogenin genes were found in the secreted effectors of female pharyngeal
glands using mass spectrometry. A similar study of the effecters produced by female
pharyngeal glands in G. rostochiensis resulted in no vitellogenin genes being detected (Maier
et al., 2012). The result from Bellafiore et al. (2008) is unexpected, as it is understood from
C. elegans that vitellogenin genes are primarily expressed in the hermaphrodite intestine and
then transported into the oocyte by receptor-mediated endocytosis (Perez & Lehner, 2019).
However, it has now been shown that the C. elegans hermaphrodite vents vitellogenin as part
of the yolk after egg laying ceases, for further nutritional provision for the developing
nematode (Kern et al., 2021). It may be possible that root-knot nematodes exhibit a similar
behaviour when producing an egg mass, which primarily consists of glycoproteins (Sharon &

Spiegel, 1993).
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Protein domains present in C. elegans vitellogenin appear within the identified
vitellogenin genes of cyst and root-knot nematodes. Using Pfam to predict the location of
protein domains, C. elegans, C. briggsae, cyst and root-knot nematode vitellogenin genes
were shown to contain three protein domains: Vitellogenin_N, vitellogenin open beta-sheet
and von Willebrand factor type D domain. In BLAST searches of PPN genomes, some genes
contained only one or two of these domains, with a sequence length that was much shorter
than other vitellogenin genes within the species; therefore, these results were not included in
the analysis. Protein domain Vitellogenin_N is a lipoprotein amino terminal region that is
predicted to be involved in lipid transport and is a domain present in the vitellogenin of
certain insect, crustacean and nematode species (Smolenaars et al., 2007). Nematode
vitellogenin have been shown to contain amphipathic B-strands, which may also function in
the transport of additional lipids (Smolenaars et al., 2007). These strands may then form the
vitellogenin open beta-sheet domain. Towards the C-terminus of the vitellogenin gene in
nematodes, the protein domain von Willebrand type D is present. This domain has shown
adhesive properties and has been hypothesised to be the binding site for membrane receptors
on the oocyte (Baker, 1988Db).

Whilst the presence of vitellogenin genes within certain PPN species has been
determined, a complete understanding of their expression and function is yet to be fully
elucidated. Each nematode species contains a different number of vitellogenin genes, even
between closely related species. There is a possibility that the variance in the number of
genes may be due to differences in expression, with some genes not being expressed. Further
analysis of the stage- and tissue-specific expression of vitellogenin would help to understand
further their presence and role in PPN. Vitellogenin genes in selected cyst and root-knot
nematode species contain the same protein domains as those in C. elegans so could be

hypothesised to exhibit a similar function; however, this requires further investigation.
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Masler (1999) has partially characterised vitellogenin proteins in H. glycines; this work could
be expanded to characterise the proteins in other PPN species. Vitellogenin plays a key role
in the transport of lipids and nutritional provision to the developing nematode; if this function
could be interrupted this may provide a novel route for control of PPN. Additionally,
vitellogenin has been shown to have a role in protection against environmental stress in C.
elegans (Fischer et al., 2013). This has been demonstrated by the knockdown of vit-6 gene by
RNA-interference, which increased the nematodes susceptibility to Photorhabdus
luminescens, reducing its lifespan (Fischer et al., 2013). If vitellogenin inhibited in PPN, this
may provide a novel method of control by potentially increasing the nematode’s
susceptibility to environmental stress.

This study set out to highlight the presence of and predict vitellogenin genes within
the genomes of some economically important PPN. The genes encoding the vitellogenin
protein in C. elegans were found to be homologous to sequences in the genomes of cyst and
root-knot nematodes and could be used to infer relationships between the PPN species.
Additionally, the protein domains of vitellogenin genes that appear in C. elegans were also
present in the PPN. This study contributes to understanding of vitellogenin in PPN; however,
further investigation needs to be completed to fully characterise the proteins and understand
their biological role. By determining the presence of vitellogenin genes within the genomes
of some economically important PPN, the relationship between these genes could be inferred

and this information could help form a basis for further investigation of vitellogenin in PPN.
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