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0.6 Reproducibility statement

Here we provide a reflection on reproducible practices in our field, and how we have
considered and attempted to adhere to and build upon them.

The extent of open research practice in the field

The study of genomics and bioinformatics is highly suited to the application of open
research practices, both in the publication and sharing of data and the availability and
accessibility of methods and bioinformatic workflows (Baykal et al., 2024). Alongside this
many bioinformatics and genomics manuscripts are published in open access journals. At
the start of this research awareness and adherence to FAIR practices was becoming more
widespread, however adoption of these mantras was not commonplace (Wilkinson et al.,
2016).

Free and public access to genomic data provides opportunities for further validation of
results and inclusion of previously published data in novel analyses. Uploading of data to
these databases is essentially obligatory in the field. The caveat to this is in areas of
genomics studying and utilising human data, where availability and access can be tightly
controlled due to data protection legislation (O’'Doherty et al., 2021). Since 1984 it has
become routine for sequence data to be uploaded to the International Nucleotide Sequence
Database Collaboration (INSDC), at either NCBI Genbank or Sequence Read Archive (Arita
et al., 2021). This has not changed during the development of this thesis and research.

Many studies in this field make their bioinformatic methods open access, although in
varying states of practical reproducibility. Availability of established bioinformatic workflows
in a format that is deployable by future researchers drastically reduces the time and cost
required to perform analysis independently, while also enabling comparison to other studies
through the application of similar or parallel methods using the same workflow (Wratten et
al., 2021; Ziemann et al., 2023). Many bioinformatic projects utilise Github and Zenodo to
ensure long term accessibility of methods (Ram, 2013; Turkyilmaz-van der Velden et al.,
2020; Braga et al., 2023). Methods used to ensure the openness and reproducibility of
bioinformatic methods have come far since the beginning of the work presented in this
thesis, aided by advancements in computational methodology such as environment
management, version control, public repositories, and workflow managers or containers.
The use of workflow managers to perform and standardise complex bioinformatic pipelines
was far from widespread, with those existing and publicly available still being opaque to their
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exact methodology, and offering little modularisation or adaptation potential other than that

provided by the original package.
Considerations of openness and transparency

In accordance with the standard and expectations of the field, all raw sequencing data
generated throughout this thesis will be made publicly available - where it is not already - on
NCBI Genbank and the Sequence Read Archive for free use by future researchers (Arita et
al., 2021).

All bioinformatic methods in this thesis fall under tiers of automation and availability.
Where possible, all complex bioinformatic methods are contained in automated workflows
managed by snakemake, a Python based workflow manager that allows modularisation,
version control, reporting, and robust reproducibility (Koster & Rahmann, 2012b). In cases
where an analysis required more oversight or was not suitable for automation, we use
Jupyter notebooks. Jupyter notebooks allow reproducible bioinformatics by providing a step-
by-step workflow, that although unautomated, is highly transparent and easy to use,
requiring any researcher attempting to replicate the method to follow preset, ordered
instructions using predefined code (Kluyver et al., 2016). In rare cases where a task was too
small to require a notebook, or required application of a programming language or method
incompatible with Jupyter notebooks, we provide the code in a script. All programmatic and
computational methods are recorded thoroughly, and are reproducible, as well as malleable
to be applied to other analyses following alteration of inputs and parameters. Wherever
possible, all computational methods have been developed and designed with best practices
for programming in mind (Stodden et al., 2016; Ziemann et al., 2023). Chapter 2 of this
thesis was published as a manuscript in an open access journal (Winter et al., 2024), and it
is our intent to do this with any further publications. We maintain that the framework of
reproducibility displayed here is at the cutting edge of what is considered reproducible in
both genomics and bioinformatics, and we hope that through leading by example future
researchers will utilise and emulate the reproducible methods and adherence to open
research practices presented here.
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0.7 General Abstract

The Meloidogyne incognita group (MIG) of nematodes, including Meloidogyne
javanica, contains some of the most destructive crop pathogens worldwide. Genetic
resistance, such as through the Mi-1 gene, is used to limit M. javanica infection, but resistant
strains like VW5 have emerged, increasing the threat posed by this species. Understanding
of the molecular mechanisms driving speciation and adaptation in the MIG is limited by
outdated genomic resources. We generated a chromosome-scale, fully annotated genome
assembly of M. javanica, revealing an allotetraploid genome composed of two diploid
subgenomes (A and B). Subgenome B shows evidence of chromosomal fission, despite
considerable synteny with subgenome A. This assembly provides a valuable resource for
studying allopolyploid genome evolution and pathogenicity mechanisms in the Meloidogyne
genus. Using the novel M. javanica assembly as a reference, we phased and annotated
genomes of other MIG species, as well as Meloidogyne luci. We performed synteny and
phylogenetic analyses across these species at a subgenome scale, finding conserved
synteny and collinearity between subgenomes and species. No clear evidence of large-scale
dominance was found, and instead we reveal a more nuanced picture whereby dominance
seems to be balanced, occurring strongly at individual loci but with no clear subgenome
scale trend. Phylogenetic analysis indicates that subgenomes are more closely related to
orthologous subgenomes in other species than to homoeologous subgenomes within the
same species, suggesting a shared ancestry. We also find that M. luci is allopolyploid, with
subgenomes orthologous to those of the MIG. This suggests that many clade | Meloidogyne
species are likely allopolyploids, with shared parent species. This highlights the utility of this
group as models for studying the evolutionary dynamics of allopolyploid genomes. Finally,
we investigate a genomic region involved in resistance evasion of the Mi-1 gene in the VW5
lineage of M. javanica. We discovered a ~650 Kbp deletion on one subgenomic copy,
encompassing the single complete copy of the Cg-1 region. The loss of key transcripts from
this deletion suggests a possible mechanism for resistance evasion and adaptation through
gene loss, where the absence of a secreted effector may enable the nematode to evade
host defences. Overall, this work provides new genomic resources and insights into the
evolutionary dynamics of subgenomes, selection pressures, and resistance adaptations,
helping to advance research and control methods for these globally significant plant

pathogens.
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1.1 Nematoda

Nematoda is a phylum of animals known colloquially as "roundworms". Nematodes are
thought to have been first recorded by Hippocrates, who described ascarids - small intestinal
unsegmented worms occasionally found in the faeces of humans and animals (Moulé,
1911). The term "nematode"” - meaning "thread, slender with cylindrical shape" - was later
coined to describe both ascarids and strongylids - hookworms, found infecting other parts
of an animal - and was first used in 1803 as "nematoides"”, coalescing in 1839 as
"nematodes” (Hugot et al., 2001; Rudolphi, 2008).

The majority of animals on Earth are predicted to be nematodes by individual counts,
and the phylum is suggested to account for ~1% of the biomass of life on earth (Bar-On et
al., 2018)) with an estimated ratio of nematodes to humans of 57 billion to one, respectively

(van den Hoogen et al., 2019).

1.1.1 Description and biology

Nematodes are unsegmented, pseudocoelomate ecdysozoans estimated to have
diverged into a distinct phylum during the Ediacaran period around 650 million years ago
(Lee, 2002; Shu et al., 2014).

The nematode life cycle generally adheres to the following process, consisting of six
stages. First is the egg, followed by four larval instar stages (J1, J2, J3, and J4), each
demarcated by a moult, before finally the J4 moults into an adult (Wharton, 1986a).

They exist in a vast range of sizes, from Placentonema gigantissima, a nematode
species that reaches 8.4 metres long and parasitises the placenta of sperm whales
(Gubanov & Others, 1951), to microscopic nematode species such as Stegelletina lingulata,
which reach ~500 microns and are found in decomposing vegetable matter (Abolafia &
Shokoohi, 2017).
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Figure 1.1: Phylogeny of Nematoda (Ahmed et al. 2022; Figure 6). Inferred from 416
orthogroups. Only bootstrap support values <100% are shown. Paraphyletic orders are

marked with *, polyphyletic orders are marked with **,
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1.1.2 Nematode classification

The history of phylogeny and classification of Phylum Nematoda is convoluted, with
the most recent classification system based on molecular evidence defining 3 classes, 8
subclasses, 12 superorders, 32 orders, 276 families, and 3,030 genera, encompassing a
total of 28,537 named species, although this number has likely expanded since this
classification system was established (Hodda, 2022). Estimates of total species richness for
this phylum exceed 1 million (Lambshead & Boucher, 2003; Blaxter et al., 2005). Robust
phylogenies of Nematoda have been produced, revealing the major classes and orders
(Figure 1.1; (Blaxter & Koutsovoulos, 2015; Ahmed et al., 2022).

1.1.3 Behaviour and life history

Nematode life history ranges from entirely free-living to obligate parasitism of both animals
and plants, although as ecdysozoans, all exhibit several life stages demarcated through
periodical shedding of the outer cuticle. In nematodes, these stages typically include an
embryonic stage, four to five larval stages - often referred to as juvenile, followed by the
number of sheds, ie, J1, J2, etc - and an adult stage, though given the diversity seen in a
group as large and diverse as Nematoda this is a simplification (Lee, 2002; Sommer & Streit,
2011).

Sexual systems also vary, from gonochorism to obligate parthenogenesis
(Castagnone-Sereno & Danchin, 2014; Van Goor et al., 2023). Sex determination in
nematodes can be influenced by both genes and environment. Some species develop
strictly male or female individuals, some exhibit a number of hermaphrodites alongside
males and females, and some are exclusively hermaphroditic and therefore parthenogenetic
(Hodgkin, 1983; Blackmore & Charnov, 1989; Stothard & Pilgrim, 2003). Methods of
parthenogenesis also vary between meiotic (automixis) and ameiotic (apomixis). These
combinations lead to a complex array of reproductive methods, genomic complements, and
genetic diversity across the phylum (Wharton, 1986b). Most species are oviparous, with
females (or hermaphrodites) laying many eggs at a time, although some are viviparous,
birthing live larvae (Hugot et al., 2001), and some are ovoviviparous, with eggs hatching
internally, wherein they consume and eventually erupt from the mother (Chen & Caswell-
Chen, 2004). Predators of nematodes include, alongside other nematodes, insects,
tardigrades, mites, centipedes, symphylans, and nematophagous fungi (Kiontke & Fitch,
2013).
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As is expected for a group as large and diverse as Nematoda, animals within it fill many
niches, spanning most conceivable habitats, including terrestrial, marine, and freshwater, as
well as within other organisms as parasites. There are extremophilic nematodes that exist
in and around undersea hydrothermal vents (Gerlach & Riemann, 1973; Thiermann et al.,
2000). Nematodes exist in arid deserts (Freckman et al., 1974, 1975) and tropical rainforests
(Porazinska et al., 2012), and have been found in polar regions at both ends of the globe
(Holovachov, 2014; Elshishka et al., 2023) and in deep mines, kilometres underground
(Borgonie et al., 2011).

1.1.4 Parasitism as a strategy

Given the broadly encompassing nature of nematode life history, behaviour, and
environment, the diet of nematodes varies greatly, however parasitism, both facultative and
obligate, is a common strategy (Hugot et al., 2001; Davis et al., 2004; Castagnone-Sereno
& Danchin, 2014). Some species are free-living as larvae, maturing to adulthood upon
infection of a host, whereas some species spend their entire life cycle within the host (Poulin,
2011; Blaxter & Koutsovoulos, 2015; Poulin & Randhawa, 2015).

Nematodes infect both animals and plants, causing reduced vitality, disease, and
often death. In humans, it is thought that over 25% of the population is affected by
nematodes (Bethony et al., 2006). This number increases to between 50-80% of livestock,
with wild populations likely exhibiting similar prevalence (Chavhan et al., 2008; Nouri et al.,
2022; Tachack et al., 2022). The damage they inflict upon the animal host can vary. Some
species can reside within a host for much of the host's life, inflicting little noticeable damage
while others are deadly, an example of which is the hookworm, which is estimated to be
responsible for the deaths of over 65,000 humans per annum (Diemert et al., 2008). Another
deadly example is Dirofilaria immitis, which infects cats and dogs globally, causing
heartworm disorder and resulting in death (Noack et al., 2021). Incidental parasitism - where
a parasite infects an organism other than the host taxa - can also be deadly. This is often
the result of extraintestinal migration of the nematode in the incidental host, which in some
cases can enable the parasite to migrate to the brain or central nervous system, causing
debilitating disease and death (Walker & Zunt, 2005).
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1.1.5 Plant parasitic nematodes

One of the many niches that nematodes fill is as parasites of plants (Davis et al.,
2004; Blaxter & Koutsovoulos, 2015). Plant parasitic nematodes (PPN) are typically less
deadly to the host, however they cause wide ranging secondary impact through crop loss
and agricultural impact. Estimates for the economic impact of PPNs vary and are hard to
ascertain with definite certainty, but range from between 80-173 billion dollars (USD)
annually worldwide (Jones et al., 2013; Singh et al., 2015; Bernard et al., 2017; Talavera-
Rubia et al., 2022). This number does not wholly account for the impact of PPN in the
developing world, where in the absence of awareness of PPN and availability of diagnostic
and control measures, total crop loss and famine are a frequent outcome of infection (Mitiku,
2018; Mandal et al., 2021).

Many Families of nematodes specialise in plant parasitism, however the most
impactful and damaging belong to the family Heteroderidae (Jones et al., 2013).
Heteroderidae includes both the cyst nematodes (genera Heterodera and Globodera), and
the root-knot nematodes (RKN; genus Meloidogyne) (Williamson & Hussey, 1996; Jones et
al., 2013). Parasitism by PPN directly induces morphological changes in the host, resulting
in deformed root structure, from where these genera get their name. Species in these groups
induce the formation of "giant cells" through injection or secretion of proteins that cause
cellular hypertrophy and multinucleation. The nematode then feeds on the increased volume
and density of the cytoplasmic content of these giant cells. Infection and feeding is aided by
a stylet: a hollow mouth part similar to a hypodermic needle, which is used mechanically to
break through the relatively tough wall of the root, as well as feed off of giant cells (Hussey,
1989; Wyss & Grundler, 1992). PPN are motile as J2s, which penetrate the host root and
navigate intracellularly to the preferred feeding site - the zone of differentiation - where they

moult into adults and become sedentary for the remainder of their life cycle.

1.2 Root-knot nematodes (Meloidogyne)

Meloidogyne is a genus of nematodes known as root-knot nematodes (RKN). First
identified by Cornu (1879), as Anguilla marioni, the Meloidogyne genus now contains around
100 species (Chitwood et al., 1952; Jones et al., 2013; Subbotin, Palomares Rius, et al.,
2021; Abrantes et al., 2023).
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RKN can infect almost all species of flowering plants, including virtually all agricultural
crop species, and are highly impactful crop pests (Jones et al., 2013), costing the agricultural
industry billions of dollars annually (Bernard et al., 2017). The majority of the most impactful
RKN species are endemic to tropical latitudes but Meloidogyne species have been found on
all continents other than Antarctica (Perry et al., 2009). The most impactful species of this
group are M. hapla, M. arenaria, M. incognita, and M. javanica, the latter three of which
belong to the infamous Meloidogyne incognita group (Trudgill & Blok, 2001).

1.2.1 Biology

Like all nematodes, RKN are pseudocoelomates, containing no internal skeleton and
maintaining turgidity with a cuticle, which is moulted at several stages of its life. Free-living
J2s are no bigger than 500 um and 15 pum wide. Adults are around 1500 um in length, with
females having a highly variable width due to various levels of swelling according to egg
production (Mitkowski & Abawi, 2003). Based on examples of Caenorhabditis elegans with
similar lengths, this will amount to around one thousand individual somatic cells (Gilbert,
2000). RKN possess a stylet, similar to other PPN. A stylet is a sharp tubular appendage
that can be protruded from the anterior end of the nematode, and is used to pierce the cell

wall of plant cells in order to inject secretions and ingest cell contents (Figure 1.3a).

RKN can thrive in almost all examples of terrestrial environments, and reside in the
uppermost one or two feet of soil, whether free-living or sedentary in a host (Olsen, 2000).
The life cycle of a RKN is similar to that of most nematodes in that it begins as an egg,
transitions through four juvenile larval stages (J1 through J4) with each moult, before
moulting into an adult after the J4 stage (Figure 1.4). The variable factor in the life cycle of
a RKN is its behaviour, transforming from a relatively free-living juvenile to an entirely
sedentary adult (Perry et al., 2009). The egg is released and the J1 proceeds to develop
within it. The first moult occurs prior to hatching, beginning the J2 stage whilst still inside the
egg. J2s hatch from the egg and are free-living within the tissue of the host, gradually
migrating to the vascular cylinder of a root apex in the host (Figure 1.3b). Once there the J2
establishes a feeding site, becomes sedentary, and proceeds to moult three more times to
become a mature adult. The worm remains here for the remainder of its life, inducing a gall
in the plant tissue (Figure 1.3d) and swelling with eggs, which eventually restarts the cycle
(Figure 1.4). The exception of this is males, which remain free-living for their lifetimes and
migrate out of the host (Abad et al., 2003).
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Figure 1.2: Phylogeny of Meloidogyne (Alvarez-Ortega, 2017; Figure 4). Inferred from
18S rRNA, ITS1 rRNA, D2-D3 expansion segments of 28S rRNA, COI gene and COII-16S
rRNA. Clades are coloured and assigned roman numerals. Clade | can be seen in blue,
containing the MIG species among the most distal branches. It can be seen that the majority
of clade | species reproduce through asexual methods, usually mitotic parthenogenesis

(apomixis).
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Figure 1.3: A, Plant parasitic nematode. Inset, close up of stylet, labelled with red arrow. B,
Meloidogyne arenaria (J2) in peanut root tip (Arachis hypogea). C, Meloidogyne incognita
infection in tomato (Solanum lycopersicum). Galling can be seen in roots. D, Egg mass of
Meloidogyne incognita on galled tomato root. Egg masses contain hundreds of eggs, in a

gelatinous matrix (Nelson 2022).
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Figure 1.4: Life cycle of a root knot nematode (Al Abadiyah Ralmi et al., 2016). RKN
begin life as a singular egg belonging to a larger egg mass containing over a thousand
others that recently erupted from a gravid female. The J1 develops within the egg,
undergoing its first moult before hatching and becoming a J2. J2s hatch from the egg and
are free-living, migrating through the host toward the root tip, before eventually establishing
a feeding site and becoming sedentary. In response to effector proteins injected and
secreted by the RKN and the plants host defence mechanisms, a gall forms around the
feeding site, leading to dysmorphia of the root, ie, a root knot. Whilst here J2s undergo three

more moults, becoming an adult RKN, and producing its own egg mass.

1.2.2 Parasitism by RKN

Nematodes of Genus Meloidogyne can likely infect all species of angiosperm,
including all human agricultural crops (Perry et al., 2009; Jones et al., 2013). Upon
establishing a feeding site, the RKN begins inducing the growth of giant cells (GC) in the
host (Figure 1.5).
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Figure 1.5: Diagram of RKN gall showing position and relationship of nematode and
giant cells (Jagdale et al., 2021). Adult female nematodes reside within the gall alongside

GCs on which they feed.

GCs are plant cells in the vascular column of the root tip that become engorged with
cytoplasm and hypertrophied, multinucleated and up to 300 times the size of a normal cell
(Mejias et al., 2019). Within the GC, certain proteins beneficial to the RKN are upregulated,
at the cost of fitness to the host. The enlargement of multiple GCs throughout the life cycle
of the nematode causes abnormalities in the morphology of the host root, leading to the
formation of galls (Figure 1.2D) and "root-knots" (Figure 1.2C). The effect on the plant can
be substantial, depending on the extent of infection, ranging from a limited ability to thrive
up to reduced yield and host death (Feyisa, 2021).

Host invasion and GC formation are regulated by the release of "effectors” by the
RKN; proteins which modify processes in the host cell, such as suppressing infection
response and defence mechanisms, enabling the ease in which the RKN can permeate the
cell wall or move through the root, or inducing multinucleation and subsequent GC formation
(Nguyen et al., 2018; Rutter et al., 2022). These proteins are typically produced in
esophageal gland cells and injected through the stylet, although some are secreted directly
from the cuticle into the extracellular space of the host. Over 500 secretary proteins have

been identified, each contributing to the rich and little understood mechanisms by which the
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RKN infection begins and expands (Bellafiore et al., 2008; X.-R. Wang et al., 2012; Rutter
et al., 2022).

1.2.3 Agricultural impact and management

RKN are responsible for billions of dollars of agricultural crop losses each year
(Bernard et al., 2017), and frequently threaten food production and security in the developing
world (Sikandar et al., 2020, 2022). They are considered the most damaging PPN group
(Jones et al., 2013). Although the most damaging species are generally restricted by ecology
to tropical climates, where surface soil temperature rarely falls below 20°C and winter
temperatures remain above freezing (Hogger & Bird, 1974; Vrain et al., 1978), there are
growing concerns that the worsening global climate crisis could enable range expansion of
these species, enabling infection of currently temperate regions where the environment was
historically too cold for them to establish populations and thrive (Bebber et al., 2013, 2014;
Elad & Pertot, 2014; Dutta & Phani, 2023). This concern makes understanding the biology
of the species, particularly its evolutionary origins, methods of adaptation, and suite of host-

manipulation effectors vital to future global food crop security.

Many control measures exist for managing RKN infection, although no one measure
can decisively tackle a widespread infection, and complete purging of RKN from infected
fields and areas has proven to be extremely difficult, as well as time and resource intensive.
Most methods of control can be divided into two forms: cultural control and chemical control.
Cultural controls include the following: (1) the planting of resistant crops that have either an
innate or genetically engineered resistance to RKN infection. This starves the nematode for
a season, reducing their population size (Barbary et al., 2015; Al Abadiyah Ralmi et al.,
2016). (2) planting of cover crops such as cowpea or marigolds, which the RKN is unable to
infect, again reducing the population size (Navarrete et al.,, 2016; Acharya et al., 2021;
Marquez & Hajihassani, 2023). (3) soil solarisation, whereby the soil is covered in
transparent plastic film, increasing the soil temperature and killing the eggs of RKN (Rudolph
et al., 2023). Chemical controls include the introduction of either fumigant or non-fumigant
chemicals to the infected field (Soltani et al., 2013; Hussain et al., 2016), with the former
having been observed to be more effective, with the caveat of being phytotoxic and requiring
a lapse period between treatment and growth (Noling, 2014). Despite being the most
commonly used method of treatment, a drawback of chemical control methods is their

environmental impact (Kim et al., 2018; Xiang et al., 2018).
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There are several alternative methods of control alongside those outlined above. The
first is trap cropping, whereby a RKN susceptible crop is grown in the infected field. RKN
infect this crop, and before enough time has passed for mature egg masses to develop, the
crop is removed from the field, along with the RKN infecting it. This dramatically cuts the
size of the RKN population in the field and stymies the extent of the infection through
depopulation and artificial arrest of their reproductive cycle (Westerdahl, 2018). The second
is introduction of bacterial or fungal pathogens of RKN to the infected area (Urek, 2013;
Forghani & Hajihassani, 2020). These organisms infect or trap the RKN, reducing their ability
to infect and damage a host plant, and are considered among the most environmentally safe
methods of treatment. The final alternative method is the genetic engineering of plant
cultivars to contain genes known to bestow resistance to RKN infection.

Plant cultivars can be engineered to contain genes that bestow resistance to RKN or
wider PPN infection, termed resistance genes (R genes). These R genes tend to operate
under a dominant-recessive interaction, bestowing resistance from a single dominant allele
(Williamson & Kumar, 2006). R genes can arise naturally in populations and be selected for
through repetitive exposure to RKN infection, or can be introgressed into a cultivar's genome
purposefully with the aim of endowing the introgressed cultivar with resistance to RKN. R
genes have been identified from many of the host Families, controlling infection from the

majority or the most impactful Meloidogyne species (Barbary et al., 2015).

Several lineages of RKN have been identified that can evade this genetically
engineered resistance and once again infect these crops, raising concerns about such an
adaptation arising and being perpetuated in the wild (Eddaoudi et al., 1997; Tzortzakakis et
al., 2005; Joseph et al., 2016; Ploeg et al., 2023). An example of this is in the VW4-VW5
system of M. javanica, wherein VW4 populations are unable to infect tomatoes holding the
Mi-1 R gene, whereas populations of VW5 can evade this resistance, albeit with reduced
fithness compared to VW4 on non-resistant cultivars (Gleason, 2003; Gleason et al., 2008;
Gross & Williamson, 2011). To better develop genetic control methods to combat RKN
infection, it is vital that we attain a better understanding of the genomics of RKN and the

genetic mechanisms by which they cause infection.
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1.3 Genomic analysis

1.3.1 Applications and advancements

Genomics is the study of the complete DNA complement of an organism: that is, the
entire DNA sequence as contained in every somatic cell. Genomics, as compared to
genetics, is a relatively new field which is rapidly expanding and increasing in complexity
and scope year on year (Weissenbach, 2016; McGuire et al., 2020). With genomics,
researchers can compare organisms molecularly genome to genome, rather than
performing species comparisons based on morphology, phenotype, or individual genes, and
has allowed deeper investigation of speciation (Seehausen et al., 2014; Bock et al., 2023),
population dynamics and conservation (Allendorf et al., 2010; Formenti et al., 2022), as well
as insight into evolutionary origins and mechanisms (Rokas & Abbot, 2009; Reid et al., 2021)
and access to genome-wide comparative analysis (Chen et al., 2021; Wright et al., 2024).

Over the last decade genomic technologies have advanced measurably and genomic
analysis using resources such as chromosome-scale genome assemblies and high
accuracy, high depth, whole genome sequencing has become the norm (Deakin et al., 2019;
Mathers et al., 2021; Rabanus-Wallace et al., 2021; Song et al., 2023). Whereas in the past,
sequencing technologies were limited to a resolution of hundreds of base pairs, the advent
of high-throughput long-read technologies has increased the range of a single sequencing
read from hundreds, to tens of thousands of base pairs, reducing the difficulty and increasing
the accessibility of investigation of large scale structural variation, as well as greatly
increasing the contiguity of assembled genomes (van Dijk et al., 2023). The unprecedented
number of chromosome-scale genomes now available is enabling comparative genomic
analyses at a scale not seen before. Similarly, the ease in which data concerning the
secondary characteristics of the genome, such as base modification and chromatin
conformation, can be gathered has made in depth comparative genomics a possibility (Shim
et al., 2015; Sati & Cavalli, 2017; Yuen et al., 2021; Stephenson-Gussinye & Furlan-Magaril,
2023). The research methods discussed in this thesis includes genome assembly, genome
annotation, and comparative genomic analysis; methylation, synteny analysis,

phylogenomics, and testing for selection.
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1.3.2 Genome assembly

Genome assembly is the process of creating a textual representation of an organism's
genome from the actual molecular genome (Kitts, 2002; Pop, 2009; Li & Durbin, 2024). It is
constituted of a series of DNA sequences in a text file; a format called FASTA (Pearson &
Lipman, 1988). This enables us to investigate the biology of an organism's genome. With
an assembly as a template, sequences and reads from other individuals can be mapped,
allowing us to compare multiple genomes like-for-like. There are two main aims of genome

assembly: completeness and contiguity (Li & Durbin, 2024).

Contiguity refers to how closely the genome assembly resembles the biological
genome in terms of fragmentation. An ideal level of contiguity is that the amount of
sequences in the assembly will be congruent with the amount of chromosomes in the
genome (Thrash et al., 2020; Wang & Wang, 2022; Walve, 2023). For chromosome-scale
comparisons required for analysis of chromosome evolution, a chromosome-scale assembly
is typically required, especially if there is no closely related conspecific with which to use as
a genomic map. For other analysis, such as analysis of population diversity, evolutionary
history, or selection, a lower level of contiguity is required. In contrast, completeness refers
to how accurately the assembly compares to the genome in terms of content, rather than
structure (Thrash et al., 2020). A genome is considered biologically complete if all content
of the genome - genes, transposons, repeats, etc - are contained within the assembly,
including telomeres at chromosome termini. This is important for many downstream

analyses.

The basic stages of the process of genome assembly are described here, although
depending on the biology of the organism, the exact methods can vary widely, and range
from wholly automated to including lots of manual curation (Rice & Green, 2019; Thrash et
al., 2020; Li & Durbin, 2024). The assembly process begins with DNA being extracted from
an organism and sequenced. The sequenced reads are processed and cleaned based on
length and quality score (Chen et al., 2018), then fed into an assembly software that
combines the reads to generate an assembly. The exact package used can depend on the
biology of the genome, the type of sequencing technology used, and the preference of the
researcher performing the assembly (Jung et al., 2020; Dida & Yi, 2021).

There are two algorithms that are most commonly used by these packages - overlap
layout consensus (OLC) and de Bruijn graph (DBG), however all follow the principle of

overlapping reads or k-mers to generate a series of consensus sequences (Kitts, 2002; Pop,
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2009). Each of these consensus sequences is referred to as a contig - from contiguous.
Collections of contigs make up the assembly. As stated above, ideally there will be a single
contig for each chromosome, producing a chromosome-scale assembly. Unfortunately, this
is seldom the case and further computational steps are required to increase the contiguity
towards that observed in the biological genome, and reduce fragmentation - the antithesis
of contiguity (Li & Durbin, 2024).

Several aspects of genome biology can increase the probability of the assembly
inaccurately representing the genome. Complicated genomic features and biology can
introduce errors, called misassemblies (Meng et al., 2022). Collapse is one type of
misassembly, whereby several distinct regions of the genome are represented in the
assembly as a single region, often due to high similarity between their representative
sequence reads. This is seen most often in areas rich in repetitive sequence, where reads
from several identical repetitive stretches littered around the genome are misinterpreted by
the assembler as many reads of the same region, and as a result are assembled into only
one representation. This is more often seen in assemblies generated with short-reads, as
long reads are more likely to span the repetitive region, giving a definitive representation of
its true length (Wang et al., 2021).

Fragmentation is another example of misassembly, whereby breaks are introduced
into a DNA sequence that would otherwise be contiguous within the organism. This limits
the power and accuracy of synteny analysis, examination of large structural changes, and
prevents measuring completeness through comparison to cytological chromosome counts.
Fragmentation can also lead to the exclusion of intergenic regions, which can contain vital
genomic information and limit the quality of annotation. Fragmentation can be reduced
through the application of scaffolding and gap closing methods, using long reads or
chromatin contact information (Howe et al., 2021; Peona et al., 2021; Whibley et al., 2021).
Another consideration to be taken into account during the assembly of a genome is the
ploidy of the organism being assembled (Wang et al., 2023). Ploidy refers to the number of
copies of a genome contained within the cell, and can vary widely even between closely
related species, and sometimes within species (Figure 1.6). Genomes with greater than two
copies (diploid) are said to be polyploid, of which there are two general classifications:
autoploidy and alloploidy. Autoploidy is where the duplicated copies share a homologous
origin and are highly similar, usually resulting from a whole genome duplication (WGD) event
within the individual — potentially generations ago - or immediate parent. This WGD can

arise from incomplete chromosome segregation post replication or a disruption in the cell
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cycle preventing anaphase, but the end result is unreduced gametes. These gametes fuse,

generating an interspecific polyploid offspring
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Figure 1.6: Different ploidy within organisms. PI0|dy states vary between organisms. In

this example, the haploid complement is three chromosomes (2n = 1x = 3). As ploidy
increases, so does the chromosome number, although additional chromosomes are not
distinctly different, but additional copies to the haploid complement. Eg, diploid is two copies

(2n = 2x = 6), triploid is three copies (2n = 3x = 9), tetraploid is four copies (2n = 4x = 12),

]'
Figure 1.7: Diagram of allopolyploid formation. The most recent common ancestor
(MRCA) of the extant allopolyploid splits into two distinct species. These novel species - the
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parent species of the allopolyploid - diverge in isolation, evolving distinct genome sequences
and architecture. The parent species then hybridise, producing allopolyploid offspring.
Chromosome groups obtained from each parent species are referred to as subgenomes,
with each subgenome representing the genome of each parent contributing to the

hybridisation.
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with low heterozygosity and genetic diversity (Bretagnolle & Thompson, 1995; Lv et al.,
2024). Allopolyploidy is where the multiple copies are the result of hybridisation of two or
more closely related species, and share less sequence similarity than autopolyploids.
Allopolyploids are said to have subgenomes, one from each parent, and each far less similar
to the other than would be seen in an autopolyploid (Figure 1.7; Stebbins, 1947; Frawley &
Orr-Weaver, 2015).

Complex ploidy can lead to misassembly (Whibley et al., 2021; Kong et al., 2023).
Multiple diverse copies at many loci can confuse the assembly software and introduce what
are known as "phase switch errors”; incidences within the assembly where the sequence
switches from representing one copy of the genome to another. Switch errors are impossible
in an assembly of a haploid organism, but become more likely as the ploidy of the organism
increases or as sequence divergence decreases. In polyploid organisms switch errors can
become more prolific, although this can be managed and prevented through the application
of long read technologies and their resultant reads. As long reads overlap, the chance of a
switch error becomes less likely due to phased blocks becoming less fragmented. A single
long read is essentially a phased block of the genome. Combined with the increased
capacity for overlap with other long reads, this reduces the opportunity for haplotype
switching across an assembled contig (Wenger et al., 2019; Duan et al., 2021). This is
further complicated in allopolyploids where homeologous recombination - the exchange of

sequence information between subgenomes - is possible (Mason & Wendel, 2020).

Another phenomenon that can impact the quality of a genome assembly is
contamination, wherein the assembly contains sequences from a non-target, undesired
species (Merchant et al., 2014; Kryukov & Imanishi, 2016). Contamination of a genome
assembly can arise through several pathways, one of which is contamination of target DNA
during extraction or sequencing from organisms that naturally reside within or alongside the
target species. For example, when extracting DNA from very small organisms it is common
to also extract the DNA of microorganisms living inside or upon it, such as bacteria or other
parasites (Kumar & Blaxter, 2011). This contamination from symbionts can happen
inversely, where DNA of the host or immediate environment of the target species is
sequenced alongside that of the target. This is common the case of root-knot nematodes,
where many studies report Solanum lycopersicum in their draft assemblies due to it being
the host on which many RKN are cultured (Blanc-Mathieu et al., 2017; Szitenberg et al.,
2017; SusiC et al., 2020; Winter, 2020; Winter et al., 2024). Contamination can also be

introduced to a sequencing library from organisms present within the lab during the
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extraction and sequencing process, or from the researcher themselves (Salter et al., 2014;
Cornet & Baurain, 2022).

Contaminants within a read library or assembly can be identified through alignment
against a database of sequences with known taxonomy, and assigned a taxon based on
sequence similarity, and removed. There are several open access, publicly available
methods to perform this (Laetsch & Blaxter, 2017; Challis et al., 2019; Lu et al., 2022).
However, another consideration when screening for contamination in a genome assembly
is the accuracy and robustness of the databases used to assign taxonomy to a read or
contig. These databases can contain misclassifications, which can then propagate into
contamination screening, leading to sequences being erroneously removed from the
assembly (Lupo et al., 2021). Another reason taxonomy of a contig can be misassigned,
although far less common, is when regions of a non-target species have been inserted within
the genome through horizontal gene transfer (Trappe et al.,, 2016; Brito, 2021). This
seemingly occurs frequently in RKN, where many studies report a considerable amount of
sequences assigned as Arthropoda by taxonomic databases, in much larger amounts than
could realistically be contamination. Alongside this, these Arthropoda-assigned sequences
share the same guanine-cytosine ratio and coverage depth of the target species, leading to
the suspicion that these assignments are taxonomic errors (Szitenberg et al., 2017;
Koutsovoulos et al., 2020; Susi¢ et al., 2020; Winter, 2020; Somvanshi et al., 2021; Mota et
al., 2024; Winter et al., 2024). Careful assessment of the likelihood of species identified as
contaminants can help identify unlikely or suspicious assignments, but despite this
taxonomic errors complicate the process of identifying and removing contaminants. Moreso,
contaminants that are not detected are typically then uploaded to the same taxonomic
databases used to detect the errors, propagating the issue (Lupo et al., 2021; Cornet &
Baurain, 2022).

1.3.3 Genome annotation

Annotation is the process of detecting and recording of discrete genomic features,
such as genes, motifs, repeat elements, telomeres, and more. There are two facets of gene
annotation: structural and functional. Structural annotation of genes and motifs is performed
computationally using either machine learning techniques, mapping of sequenced features,
or a combination of both. There are pipelines available to automate and combine these
methods, the most widely used being MAKER3 and BRAKER3 (Campbell et al., 2014;
Gabriel et al., 2023). Structural gene annotation by machine learning is termed ab initio
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annotation and is achieved through identification of regions sharing similarity to known
genes of model species, as well as similarity of features with known genic motifs. Its primary
benefit is that it can be used in the absence of any other information about the genes or
proteins of the species. Although a useful option to have in this absence, the more divergent
or evolutionarily distant the target species is from the reference genes of the model, the
weaker and more inaccurate the annotations become. Examples of ab initio annotation
software are GeneMark, Exonerate, and Augustus (Besemer & Borodovsky, 2005; Slater &
Birney, 2005; Hoff & Stanke, 2019).

A more accurate result can be attained through combination of ab initio methods with
sequencing information from the genes of the target species. RNA-seq - the sequencing of
MRNA transcripts from the organism - can facilitate the generation of a library
(transcriptome) of the organism, for which the genomic positions can then be determined
with mapping or alignment approaches. With short read technologies these reads require
assembly into whole transcripts, which has the potential to introduce errors and lower the
quality of final annotation (Holzer & Marz, 2019). Recent advances in long read sequencing,
resulting in the generation of PacBio Iso-Seq sequencing, has enabled the sequencing of
whole transcripts, from guanine cap to poly-A tail, removing the need for assembly and
increasing the accuracy of the transcriptome and subsequent genome annotations (Beiki et
al., 2019; Ali et al., 2021).

Following this, structural annotations need to be assigned ontology, which is
performed through functional annotation (Yandell & Ence, 2012). This is the process of
assigning function to the transcriptome. This is important primarily for linking structural
changes within or between genomes to a predicted change in phenotype. There are many
approaches to functional annotation with a range of accuracy and computational difficulty
(Kiritchenko et al., 2005; Sivashankari & Shanmughavel, 2006; Zdobnov et al., 2021).

Another type of feature requiring annotation are repeats. Repeats are regions of the
genome containing stretches of DNA with a repeating sequence. These repeating
sequences can occur in tandem - such as short and long tandem repeats (STR and LTRs,
respectively) - and make up long stretches of the genome sequence, or can be transposable
repeats, where multiple copies are found across the genome. As with genome assembly,
repeats can cause issues with annotation, particularly ab initio annotation. As such, an
important stage of preparing the assembly for gene annotation is repeat annotation (Kitts,

2002; Jiang, 2013). Regions identified as repeats are "masked"; they are changed to
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lowercase in the FASTA file of the genome assembly. This masking is detected by gene
annotation pipelines and the masked regions are excluded from the process due to the extra
computational requirements required for detecting genes in regions that are likely devoid of
them. The most widely used software for repeat annotation is RepeatMasker, which detects
repeats through alignment of a repeat database to the genome assembly. As with ab initio
gene annotation, the accuracy of this method is dependent on similarity of repeats to those
in the database (Tarailo-Graovac & Chen, 2009).

1.3.4 Comparative genomics

Comparison of whole genomes can give us a detailed view of how species and
populations differ at both a genetic and genomic level. Comparative genomics is the process
of comparing two or more genomes and performing a suite of exploratory genomic analyses
to detect differences. These differences can include, but are not limited to, basic descriptive
statistics such as genome size, number of genes, and chromosome number, as well as
ploidy, selection pressures, structural or genic conservation, codon usage frequency, base
usage and guanine-cytosine ratio, differences in epigenetics, and through sequence
comparison of many genes, phylogenomics and inference of the evolutionary history of a
group (Sommer & Streit, 2011; Li et al., 2016; Pratx et al., 2018; Bybee et al., 2021; Wright
et al., 2024). The power of comparative genomics has increased massively in line with
improvements to the length and quality of sequencing reads - both DNA, RNA, and protein
- and subsequent increases in accuracy, completeness, and contiguity of genome
assemblies and annotations (Kille et al., 2022; Miga & Eichler, 2023; Li & Durbin, 2024).

1.4 The Meloidogyne incognita group

The Meloidogyne incognita group (MIG) is a group of species in clade | of
Meloidogyne known for their remarkable agricultural impact, even compared to other PPN.
The MIG includes the groups namesake Meloidogyne incognita, as well as Meloidogyne
arenaria and Meloidogyne javanica, all of which are positioned phylogenetically within clade
| of Meloidogyne (Figure 1.2). Found on all continents with mild winter temperatures (Trudgill
& Blok, 2001), these species are all apomictic asexuals, reproducing through mitotic division
(Triantaphyllou, 1963, 1981; Janssen et al., 2016).
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1.4.1 Diversity of genomic architecture in Meloidogyne and the
MIG

Species in the Meloidogyne genus exhibit a wide range of genomic constitutions
ranging from diploid to polyploid (Eisenback & Triantaphyllou, 1991). Some species have
diploid genomes, and undergo meiosis and recombination (Goldstein & Triantaphyllou,
1982; Janssen et al., 2017; Alvarez-Ortega et al., 2019). Other species within the genus
have very complex genomic arrangements, of which the MIG stand out for their genomic
complexity despite their frequent study (Lunt, 2008; Castagnone-Sereno et al., 2013; Lunt
et al., 2014, Blanc-Mathieu et al., 2017; Szitenberg et al., 2017).

The MIG contains several species that appear to be the descendants of a past
hybridisation event between two previously existing diploid species (Lunt, 2008; Lunt et al.,
2014; Szitenberg et al., 2017). This has left these species with divergent homoeologous
subgenomes within one organism, resulting in many members of the MIG containing
multiple, often redundant copies of many genes (Bird et al., 2018; de Tomas & Vicient,
2023). These subgenomes are suspected to be more closely related to the corresponding
homologous subgenome of other species of the group than they are with each other, as a

result of their shared hybrid origins (Szitenberg et al., 2017).

1.4.2 Sexual systems

Another factor increasing the complexity of some MIG genomes is their sexual
system. Many clade | species - including M. arenaria, M. incognita, and M. javanica - are
apomicts and reproduce asexually, producing clonal offspring (Castagnone-Sereno &
Danchin, 2014). Apomixis is a form of reproduction whereby offspring are formed through
mitotic division of a germline cell, in a situation of "reproduction without fertilisation™ (Lincoln
et al., 1983). This leads to offspring being genetically identical to the parent. An exception
to this in the MIG is M. floridensis, which is automictic (Handoo et al., 2004; Jaron et al.,
2018), however some populations are believed to be apomictic (Jaron et al. 2018).
Automictic reproduction is also parthenogenetic, but in contrast to apomixis the offspring
undergoes meiosis, allowing recombination to take place (Mogie, 1986). This produces
offspring that contain the same genomic content as the parent, but with the possibility of

recombination facilitating crossover of regions between copies.
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1.4.3 Genomic resources

Many clade | Meloidogyne assemblies and their subsequent analyses are outdated
compared to their contemporaries generated since advances in long-read sequencing
technology and other bioinformatic methods. This is particularly true of the apomictic
polyploid MIG species, whose genomic complexity have made genome assembly and

interpretation more difficult.

Alongside this, no standard has been set with regard to representation of the ploidy
of the genome, with many MIG assemblies prior to 2020 being agnostic of ploidy or copy
number. Not considering how the assembly represents ploidy and intragenomic diversity is
a widespread problem across the reporting and announcing of genome assemblies (Li,
2021), made more observable with the recent ability to properly phase polyploid assemblies
(Kong et al., 2023; Li & Durbin, 2024). In the era of short-read sequencing, assemblies were
typically published as the haploid version of the genome: a haplome. This is accurate for
haploid species, or diploid species with low heterozygosity, or assemblies where multiple
copies are similar enough that inferring heterozygous regions requires only base calling.
With polyploids however, genomic diversity is often too great to denote a single haplome,
and the lack of definition of this in genome announcements makes the actual content of
some assemblies unclear. New terminology coined by Li (2020) introduces terms able to
properly describe the type and content of assembly, including dual assembly, haplotype-

resolved assembly, etc.

This is particularly an issue for the MIG, where comparative genomics has been
performed in an unintentionally abstract way, between species and assemblies that may not
actually be comparable and with an incomplete awareness of subgenome specific
characteristics. Assemblies generated from short read sequencing of an allopolyploid would
be extremely prone to phase switch errors, as well as collapse where assembly algorithms
applied are not designed to handle and separate polyploid haplotypes. Combined with
uncertainty as to which subgenomic haplotypes the assembly represents, nor which contigs

belong to which subgenome, accurate comparative genomics is difficult.

Since the completion of the research described in this thesis a paper was published
claiming to present phased and chromosome-scale genome assemblies of M. arenaria, M.
incognita, and M. javanica (Dai et al. 2023). Alongside this a comparative genomic analysis
was performed similar to those performed in Chapter 3 of this thesis. The research

performed in this thesis’ data chapters was completed before publication of the Dai et al
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(2023) paper, and as such the results and findings within them have not been compared to
this work. Our findings are however addressed with the context of Dai et al. (2023) in the

general discussion chapter (Chapter 5).

1.5 Reproducibility

Reproducibility refers to the spectrum of potential for a study or method to be
repeated. Over recent years the concept of tangible reproducibility has been pushed to the
forefront of STEM research. This is partly due to the "crisis of reproducibility” experienced
by the social sciences, and emerging in other fields (Hudson, 2021).

The FAIR principles are a list of tenets established as a framework for reproducible
research. These principles are as follows: F, findable. It should be possible to find or access
methods, results, data, and metadata, in a format that is somewhat machine-readable. A,
accessible. The aforementioned aspects of the study should be accessible and not withheld
behind paywalls or other authentication systems, ie, data and metadata should be publicly
accessible. I, interoperable. Data and metadata should be produced, assessed, and stored
in industry standard formats (FASTA, CSV, GFF, etc) to make reanalysis and replication
attainable. R, reusable. Data and metadata should be well-described to facilitate reuse
(Wilkinson et al., 2016).

One method of ensuring reproducibility in bioinformatic analysis is by using
automated workflows and pipelines such as snakemake and Nextflow (Késter & Rahmann,
2012a; Di Tommaso et al., 2017). Doing so reduces the chance and impact of human error,
as well as streamlining initial and future analysis (Spjuth et al., 2015; Wratten et al., 2021).
Parameters of modules in the workflow can be controlled from a top level configuration file.
This makes performing slightly altered iterations accessible, controllable, and easily
recordable. In this work we apply these techniques wherever possible, and produce several

automated bioinformatic workflows to perform our analyses.

In some analysis the development and use of an automated workflow is either not
necessary or unachievable, often due to aspects of a process requiring heuristic
interpretation, or from an inability of a software to be nested in a workflow. In such cases
the best recourse is to record the bioinformatic process in an electronic notebook.
Throughout the work presented here, where automated workflows have not been attainable
we have performed analysis in Jupyter notebooks (Kluyver et al., 2016). By doing so, all
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code used in analysis is recorded and easily reproducible when provided with the
appropriate data and metadata. In some cases, often where a part of analysis was not

suitable to a workflow or notebook, we have written unique standalone scripts.

An important and sometimes overlooked aspect of reproducible bioinformatic
analysis is version control: recording and maintaining the softwares used, along with their
versions (Kulkarni et al., 2018). As new versions of software are developed, the finer
functions of the software may change, and this can introduce differences to analytical
outputs, especially when attempting to reproduce an analysis that was completed in the
past. To manage this we have utilised conda throughout our research (Pfluger, 2019).
Conda generates computational environments where each software installed is version
controlled, with the software and version recorded in metadata. Alongside assisting in
managing incongruent dependencies between software and ensuring functionality, using
conda environments ensures that each time an analysis is run it uses the exact same
software and underlying code as previous analyses. Another beneficial aspect of working in
this way is that the conda environment metadata can be exported alongside the data and

metadata of the entire analysis, enabling accurate reproducibility in the future.

Data backup and storage is another important aspect of reproducibility and is
especially important when considering adherence to FAIR principles (Wilkinson et al., 2016;
Peng & Hicks, 2021; Katz et al., 2022). Aside from insuring against accidental data loss or
damage, uploading and storing data in publicly accessible, free-use databases facilitates
reproducibility and ensures the data is maintained and available long-term. The strongest
examples of this are NCBI GenBank (Sayers et al., 2020) and the Sequence Read Archive
(Katz et al., 2022), without which some of the research in this thesis would not have been

possible, and to which all genomic resources generated within this work are uploaded.

1.6 Research questions

The quality and accuracy of historic genome assemblies of MIG species has been
limited by the ability of the available technology to handle the complexity of their genomes.
Recent advancements in long-read sequencing and chromatin capture methods have
revolutionised genome assembly, leading to the frequent production of chromosome-scale
assemblies, including those of allopolyploids (Mitros et al., 2019; Cerca et al., 2022; Kuhl et
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al., 2022; Li & Durbin, 2024). In this study, we aim to improve upon past efforts to assemble
the genome of Meloidogyne javanica by leveraging these long-read technologies and

modern bioinformatic methods.

A key requirement for a proper genomic investigation of an allopolyploid species is
the identification and phasing of its subgenomes. With current methodologies, it is possible
to phase allopolyploid assemblies and assign contigs and scaffolds to their respective
subgenomes, enabling accurate subgenomic comparisons. In this research, we will attempt
to apply these methods to the genome assembly of M. javanica and utilise the newly phased

assembly to detect and analyse differences between subgenomes.

Methylation has been suggested as an important mechanism through which a novel
polyploid manages genomic shock and increased gene dosage (de Tomas & Vicient, 2023).
However, conclusive evidence of methylation in Meloidogyne species is lacking (Pratx et al.,
2018). By using methylation-aware base-calling developed by Oxford Nanopore
Technologies, we will attempt to detect and explore the presence of methylation in M.

javanica.

Further, subgenomes of the MIG have been suggested to be more similar at a
nucleotide level to their homologs in other species than to their homeologs within the same
species (Szitenberg et al., 2017; Winter, 2020). Based on this observation, we hypothesise
that it should be possible to align other MIG genome assemblies to a phased assembly and
assign phase to contigs of these other assemblies. If successful, this approach will enable
more detailed and confident comparative genomic analyses of subgenomes of the MIG than
attainable before. We will test this hypothesis and use the resulting phased contigs sets to
assess similarities or differences between MIG species overall and between subgenomes,

investigating subgenome synteny across species and codon usage frequency divergence.

Subgenomic dominance, often observed in allopolyploids, serves as a mechanism to
regulate gene dosage and maintain functional pathways. This dominance has been shown
to facilitate copy loss and diploidisation, and different pathways to subgenome dominance
could explain the variance in ploidy predicted across the MIG species (Mandakova et al.,
2016; Li et al., 2021). One way in which subgenome dominance can vary is through different
selection pressures across species, leading to a difference in which genes are under
selection on either subgenome (Bird, 2022). Using tests of selection, we attempt to identify

these differences, and compare if they are congruent across species. We also attempt to
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detect the signs of subgenome dominance on a gene scale, where it would be expected that

as one copy becomes dominant, the alternative copies are susceptible to gene fractionation.

The Cg-1 region of M. javanica has been identified as involved in gain-of-virulence
mutations in the VW5 lineage (Gleason et al., 2008; Gross & Williamson, 2011), though the
relevance of the Cg-1 region and mechanism of action is unclear. Utilising advanced
sequencing technologies and bioinformatic approaches, we will attempt to describe the Cg-
1 region in greater detail than previously possible. Additionally, we explore the potential for
other genomic differences between VW4 and VW5 that were undetectable using older
technologies and resources, and ascertain if any potential differences could explain the

observed difference in virulence.

1.7 Description of chapters

Chapter 1: General introduction

This chapter introduces and describes all relevant topics required for understanding
and discussion of the thesis. We introduce plant parasitic nematodes and their biology, with
a comprehensive summary of past research into their life and evolutionary history, narrowing
onto the Meloidogyne genus; root knot nematodes (RKNs). Genomics is then introduced
and discussed, including the foundational concepts of genome assembly, annotation, and
comparative analysis. We then focus on specific aspects relating to nematode genomic
research; the lack of resources and the complexity of some MIG genomes. Reproducibility
is then introduced with specific attention brought to reduction of difficulty when analysing
complex groups such as Meloidogyne, and the impact provision of reproducible tools can
have on the field. We discuss how the lack of tools and difficulty of use has stymied growth

in this field. Finally, the larger research questions of the thesis are introduced.

Chapter 2: Phased chromosome-scale genome assembly of an
asexual allopolyploid root-knot nematode reveals complex

subgenomic structure

Chapter 2 lays out the process of generating a chromosome-scale assembly of the
MIG RKN Meloidogyne javanica. In it, we describe the methods used and the results of our
assembly and annotation of the genome, as well as providing comparative statistics to other
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contemporary Meloidogyne genome assemblies. We describe how we phased scaffolds of
the genome assembly into subgenomes through the detection of ancestral repetitive k-mer
sequences. We go on to perform a synteny analysis between the subgenomes in order to
determine the amount of gene conservation and collinearity remains between the
homoeologs. Our overall outputs are a phased chromosome-scale genome assembly of M.
javanica and corresponding gene annotations, alongside discovery that large amounts of
synteny and collinearity have been conserved between the subgenomes.

Chapter 3: A comparative analysis of subgenomes in

allopolyploid root-knot nematodes of the Meloidogyne genus

In this chapter we perform several comparative analyses between subgenomes and
species of the MIG and Meloidogyne luci, including ploidy analysis, differences in selection
pressures, and preservation of synteny between subgenomes of these species. We attempt
to infer which subgenome is dominant, experiencing a lower level of gene fractionation
compared to the other and performing the majority of genomic processes. We also perform
additional comparisons between the subgenomes of M. javanica, observing methylation and
detecting paired homoeologous genes under differential selection pressures. Our findings
include the definitive ploidy state of these species and through tests of selection we find a
balanced state of subgenome dominance arising from oppositional substitution rates at
transcriptional loci. We place M. luci in a wide phylogenomic framework for the first time and
find that both of its subgenomes appear to be homeologous to the subgenomes of the MIG,
strongly suggesting a shared origin with the MIG. We also determine that subgenomes
across species retain large blocks of synteny, as well as detecting signals of methylation in

Meloidogyne javanica.

Chapter 4: Identifying candidates for gain-of-virulence

mutations in Meloidogyne javanica

In the fourth chapter we investigate a lineage of M. javanica known to be able to
evade genetically engineered resistance in tomatoes, the VW5 lineage. Beginning by
characterising a region thought to be involved in resistance evasion by previous published
work, we go on to identify a large deletion on one chromosome, encompassing this
previously identified region as well as dozens of other potential candidate genes, some of
which appear to be completely deleted from VW5. We characterise this deletion and the
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genes within it in order to provide a foundation for further research to investigate these newly

discovered and highly promising candidates of gain-of-virulence mutation.

Chapter 5: General discussion

In the final chapter we collate our findings and interpret them in light of one another.
We present contributions to the field produced by this work and their place in the wider
literature, as well as discussing and suggesting future directions for research. In this chapter
we also discuss novel concepts suggested by recent publications that are supported by
incidental findings of this work, and address our efforts to work reproducibly in an open

framework.

41



Chapter 2: Phased chromosome-scale
genome assembly of an asexual, allopolyploid
root-knot nematode  reveals complex

subgenomic structure

Michael R Winteri-, Adam P Taranto2, Henok Zemene Yimers, Alison Coomer Blundellz,
Shahid Siddiques, Valerie M Williamsonz, David H Lunt.

1School of Natural Sciences, University of Hull, Hull, UK
2Department of Plant Pathology, University of California Davis, Davis CA, USA

sDepartment of Entomology and Nematology, University of California Davis, Davis CA, USA

Correspondence: mrmrwinter@gmail.com (MRW)

42



2.0 Abstract

We present the chromosome-scale genome assembly of the allopolyploid root-knot
nematode Meloidogyne javanica. We show that the M. javanica genome is predominantly
allotetraploid, comprising two subgenomes, A and B, that most likely originated from
hybridisation of two ancestral parental species. The assembly was annotated using full-
length non-chimeric transcripts, comparison to reference databases, and ab initio prediction
techniques, and the subgenomes were phased using ancestral k-mer spectral analysis.
Subgenome B appears to show fission of chromosomal contigs, and while there is
substantial synteny between subgenomes, we also identified regions lacking synteny that
may have diverged in the ancestral genomes prior to or following hybridisation. This
annotated and phased genome assembly forms a significant resource for understanding the

origins and genetics of these globally important plant pathogens.
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2.1 Introduction

2.1.1 The assembly of allopolyploid genomes

Allopolyploidy is a genomic state characterised by more than two chromosomal
complements, with one or more of these complements resulting from a hybridisation event
leading to the presence of distinct (homoeologous) subgenomes within a single cell (Glover
et al., 2016). Allopolyploids may account for 11% of plant species including many model
species and important crops (Barker et al., 2015). Although not as frequent as in plants,
genomic investigations are indicating that ancestral genome duplication, hybridisation, and
complex genome arrangements are more widespread than previously recognized in animals
(Schoenfelder & Fox, 2015; Session et al., 2016). Assembly and analysis of allopolyploid
genomes, however, is challenging for a number of reasons (Ming & Man Wai, 2015). The
increased number of alleles within an allopolyploid genome can interfere with algorithms
used by many assemblers leading to the accumulation of switch errors; regions of the
assembly where the sequence switches between haplotypes or homoeologs. In addition,
the high amount of repeat content often found in allopolyploid genomes can result in
fragmentation of the final assembly if sequenced reads fail to span the repeat (Kyriakidou et
al., 2018; Rhie et al., 2021). Another difficulty in accurate assembly of allopolyploid genomes
has been ‘phasing’ i.e., the assignment of assembly contigs to the correct subgenome.
Switch errors and misassemblies introduced during the assembly process can impair the
signals required to successfully phase a scaffold, and potential crossover interactions
between homoeologs can further complicate this signal (Zhang et al., 2020; Saada et al.,
2022).

Assembly of allopolyploid genomes has become more feasible due to the advent of
long-read sequencing technologies and better assembly algorithms. Most chromosome-
scale allopolyploid assemblies in the literature are of agricultural plants (Edger et al., 2019;
Gan et al., 2021; Kolesnikova et al., 2022; Zheng et al., 2022), although a few chromosome-
scale allopolyploid assemblies of animal genomes are now also available (Du et al., 2020;
Kuhl et al., 2022).

2.1.2 Root-knot nematodes

Root-knot nematodes (RKN) - genus Meloidogyne - are a group of obligate plant
parasites that include species which severely reduce crop yield (Perry et al., 2009). Second-
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stage juveniles (J2s) of RKNs hatch in the soil and are non-feeding, needing to invade a
host plant root to complete their life cycle. Upon reaching the vascular cylinder, J2s induce
the formation of a feeding site inside the root, characterised by formation of a gall (“root-
knot”) and highly modified “giant cells” on which the nematode feeds (Williamson & Gleason,
2003). Three closely related species within the Meloidogyne genus, M. arenaria, M.
incognita, and M. javanica, which we refer to here as the Meloidogyne incognita group (MIG),
have extremely broad host ranges spanning the majority of flowering plants (Trudgill & Blok,
2001; Szitenberg et al., 2017) and together are estimated to cost the agricultural industry
tens of billions of US dollars a year (Wesemael et al., 2011; Jones et al., 2013; Gregory C.
Bernard et al.,, 2017). Almost 100 RKN species have been described (Eisenback &
Triantaphyllou, 1991; Subbotin, et al., 2021), which differ in host range, pathogenicity,
geographic range, morphology and reproductive mode.

Although RKN species have diverse modes of reproduction including amphimixis,
automixis, and obligate apomixis, cytological examination indicates that M. javanica and
most other MIG species reproduce by mitotic parthenogenesis (Triantaphyllou, 1985; Bird,
et al., 2009); that is, maturation of oocytes consists of a single mitotic division in which
chromosomes remain univalent at metaphase. Phylogenomic analysis has revealed that
each species possesses two divergent copies of many genes, that the three species likely
originated from interspecific hybridisation, and that they share the same ancestors who have
provided the A and B subgenomes (Lunt, 2008; Blanc-Mathieu et al., 2017; Szitenberg et
al., 2017).

Despite asexual reproduction, field isolates and greenhouse selections of MIG species
are diverse and successful, differing in their ability to reproduce on specific crop species and
varieties (Hartman & Sasser, 1985; Roberts & Thomason, 1986; Rammah & Hirschmann,
1990; Wesemael et al., 2011). A widely investigated example is acquisition of ability to
reproduce on tomato with the resistance gene Mi-1, which confers effective resistance to
MIG species and is widely deployed for nematode management in tomato (Williamson &
Kumar, 2006). Many independent studies have identified MIG populations that are able to
break Mi-mediated resistance; these include both field isolates and greenhouse selections
of isofemale lines (Gleason et al., 2008; Hajihassani et al., 2022). However, efforts to
decipher the genetic mechanisms for these phenotypic variants have not so far been
successful due in part to the lack of tractable genetics and limitations in genome assemblies.

Current MIG genome assemblies are fragmented and the homoeologous subgenomes are
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mostly unphased (Blanc-Mathieu et al., 2017; Szitenberg et al., 2017; Sato et al., 2018;
Susic et al., 2020) making it difficult to compare homoeologous sequences, gain a true

picture of diversity, or to understand the nature of functional variation.

Here we apply a combination of modern genomic and bioinformatic approaches to
generate a highly contiguous, chromosome-level assembly of M. javanica, phased into two
subgenomes, creating the first chromosome-scale genome assembly of an apomictic
allopolyploid animal that we are aware of. This assembly should provide a very valuable
framework for research into the diversity and functional divergence of plant pathogenic
nematode species. In the wider research landscape, genomes such as those from within the
MIG can aid in our understanding of adaptation, ploidy, and evolution of genomes following
hybridisation events and loss of meiosis (Fox et al., 2020).

2.2 Methods
2.2.1 Reproducibility

Wherever possible, this study attempted to contain all bioinformatic processes in
reproducible workflows or scripts, for the purpose of openness and enabling replication.
Workflows and code are archived in a Zenodo repository along with final outputs (doi:
10.5281/zen0do.10784780). The raw reads plus final nuclear and mitochondrial assemblies
are available on the International Nucleotide Sequence Databases (INSDC) (ACC:
PRJNA939015) (ACC: GCA_034785575.1).

2.2.2 Biological material

Meloidogyne javanica strain VW4 was used for this work (Gleason et al., 2008;
Szitenberg et al., 2017). Cultures of this strain have been maintained on tomato plants under
greenhouse conditions for over 30 years (Yaghoobi et al., 1995). Periodic transfers of single
egg masses have been carried out to maintain uniformity. For DNA preparation, eggs were
harvested from roots and cleaned by sucrose flotation as previously described (Branch et
al, 2004) then flash-frozen in liquid N2. High molecular weight DNA (HMW DNA) isolation

was carried out at UC Davis Genome Center (Supplementary Methods 2.1). Integrity of the
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HMW gDNA was verified on a Femto Pulse system (Agilent Technologies, CA) where
majority of the DNA was found to be in fragments above 100 Kb.

Total RNA was isolated from three M. javanica life stages: eggs, freshly hatched
juveniles, and females dissected from tomato roots 21 days after infection. This material
was flash-frozen and RNA was extracted using an Rneasy Kit (Qiagen, USA) following the
manufacturer’s instructions. TURBO Dnase treatment was carried out to remove genomic
DNA from total RNA samples (TURBO DNA-free Kit™, Ambion, USA). RNA concentration
and purity were measured using a NanoDrop OneC Microvolume UV-Vis
Spectrophotometer (Thermo Scientific, USA). RNA integrity and quality was assessed using
a 2100 Bioanalyzer Agilent Technologies G2939BA.

2.2.3 Sequencing and QC
High fidelity (HiFi) long-read sequencing

PacBio HiFi library preparation and sequencing of HMW DNA was performed by UC
Davis DNA Technologies Core on a PacBio Sequel Il (Supplementary Methods 2.1). Data

from the two generated libraries were pooled and only reads longer than 5000 bp and with

a quality score over 15 were retained.

Nanopore sequencing

Nanopore sequencing of HMW DNA using Oxford Nanopore Technologies (ONT)
systems was carried out by UC Davis DNA Technologies Core using PromethlON. The
super-long-read DNA sequencing protocol (Supplementary Methods 2.1) yielded 23 Gbp of
data, which was then filtered to contain only reads longer than 25 Kbp.

Hi-C chromatin conformation capture

DNA was prepared using Proximo Hi-C kit (Animal) as recommended by the
manufacturer (Phase Genomics, Seattle, WA, USA). Library preparation and sequencing
were carried out at the UC Davis DNA Technologies Core and scaffolding with Proximo was

performed by Phase Genomics (Supplementary Methods 2.1).
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PacBio Iso-Seq
Reads from one Sequel Il SMRT cell (Supplementary Methods 2.1) were quality
controlled and converted into clustered reads using the IsoSeq3 pipeline with default

parameters (PacificBiosciences, 2022).

2.2.4 Genome profiling

Profiling was performed by Genomescope2 and smudgeplot (Ranallo-Benavidez et al.,
2020). All quality controlled PacBio HiFi genomic DNA libraries were combined and used as
input for these programs. Both were run with default parameters, aside from -ploidy in
Genomescope?2 set to 4, as this was the primary ploidy indicated by visual analysis of

smudgeplot and mapped reads.

2.2.5 Assembly

Draft assembly

Initial draft assemblies were generated using several different assemblers and
appraised with asmapp (Winter, 2022). The most contiguous assembly was carried forward,
after which haplotigs — contigs with a homologous allele (A1 and A2, or B1 and B2) -were
identified and removed using purge_dups with default settings, to leave only one allele per

subgenome (Guan et al., 2020).

Scaffolding with Oxford Nanopore and Hi-C

We used SLR (Luo et al.,, 2019) to scaffold the assembly with our trimmed and
concatenated ONT reads. The assembly was then scaffolded with Hi-C reads using the
Proximo pipeline by Phase Genomics Ltd. The resulting contact map was manually curated
using Juicebox assembly tools (Durand et al., 2016) based on contact linkage information
and TAD presence or absence. A third phase of scaffolding was performed by samba, to
break potential misassemblies introduced during manual Juicebox scaffolding and scaffold

sequences that were broken as debris (Zimin & Salzberg, 2022).
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2.2.6 Annotation

Repeat annotation
RepeatModeler was applied to the assembly (Smit et al., 2015b), with the resulting

library of repeat models used as input for RepeatMasker to annotate repeat regions and

generate a soft-masked version of the genome assembly (Smit et al., 2015a).

Gene annotation

Iso-Seq reads were mapped to the assembly and collapsed using a snakemake
workflow automating the IsoSeq3 pipeline (PacificBiosciences, 2022). The annotation
pipeline MAKER3 was then employed to perform ab initio and predictive annotation of our
assembly (Holt & Yandell, 2011; Campbell et al., 2014). Full methods of annotation iterations

and parameters can be found in Supplementary Methods 2.1.

2.2.7 Subgenome phasing

Identification of homoeologous scaffold pairs

Homoeologous pairs were detected through identification of orthologs shared between
scaffolds (Supplementary Methods 2.1). Pairs sharing a large number of orthologs, and
nucleotide similarity were considered homoeologous. This was validated with other
methods, including MASH distance (Ondov et al.,, 2016) and shared possession of
duplicated BUSCO genes (Simao et al., 2015).

Phasing of subgenomes

Scaffolds were phased into A and B subgenomes using a k-mer based approach built
on the approach taken by (Cerca et al., 2022). K-mers in the assembly were detected and
counted using jellyfish (Marcais & Kingsford, 2011), with only k-mers present more than 75
times in the assembly and represented at least twice as often in one subgenome than the
other carried forward. These counts were then transformed into binomial distributions.
Hierarchical clustering was performed on these sets, creating a dendrogram placing
scaffolds into opposing clusters, each cluster representing a subgenome (Supplementary
Methods 2.1).
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2.2.8 Synteny analysis

The MCScan (Python) (Tang et al., 2008) module of JCVI (Tang et al., 2015) was used
to perform a synteny analysis between the two subgenomes. Custom scripts then extracted
collinearity information and generated synteny plots (Supplementary Methods 2.1).

2.3 Results

2.3.1 Sequencing and profiling of read libraries

We used PacBio single-molecule real-time (SMRT) sequencing technology, Hi-C
chromatin conformation capture, Nanopore long-read sequencing, and Iso-Seq RNA
sequencing to generate a genome assembly of Meloidogyne javanica strain VW4. Following
quality control and concatenation of two libraries, we obtained 2,255,922 PacBio HiFi reads
totalling 35.39 Gbp (Supplementary Figure 2.1). After quality control and concatenation of
Oxford Nanopore (ONT) PromethlON data, we obtained 340,373 reads totalling 17.52 Gbp
(Supplementary Figure 2.2). Our Hi-C library contained 375,330,537 read pairs, of which
26.20% were sufficiently uniqgue and high quality for scaffolding with Proximo (Phase
Genomics, WA). After demultiplexing of our Iso-Seq library, we obtained 2,506,897 full-

length non-chimeric sequences which collapsed into 59,637 high quality isoforms.

Genome-wide k-mer profiling of concatenated PacBio HiFi read libraries with
smudgeplot (Ranallo-Benavidez et al., 2020) indicated that 48% of the genome was
tetraploid, 22% was triploid, and 29% was diploid (Figure 2.1a). An incomplete or hypo-
tetraploid state was also indicated using a k-mer spectra approach by GenomeScope2,
predicting a haploid genome length of 68 Mbp, and a duplication rate of 3.4 (Figure 2.1b;
Ranallo-Benavidez et al., 2020). This duplication rate is similar to the value seen for CEGMA
genes in other assemblies of M. javanica (3.68; Blanc-Mathieu et al., 2017).
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Figure 2.1: Genome profiling plots. A, Smudgeplot (left) proposing M. javanica as
tetraploid, reporting the predicted percentages of ploidy levels in the genome as follows:
tetraploid (48%), triploid (22%), or diploid (29%). B, GenomeScope?2 plot (right) showing four
distinct peaks in both the predicted model of tetraploidy (black line) and in the observed k-
mer spectra (blue fill). The amount of unique sequence falls to zero shortly after the fourth

peak, indicating that k-mers at higher ploidies than four were mostly repetitive elements.

2.3.2 Assembly and annotation

Scaffolding and final assembly

From our draft assemblies of the PacBio data, we carried forward an iteration
assembled using HiFiasm (Cheng et al., 2021) based on overall contiguity and comparison
to expected diploid genome length. Following purging of duplicates from the PacBio
assembly and scaffolding with Oxford Nanopore reads (Supplementary Methods 2.1) we
obtained 37 contigs. Hi-C scaffolding with the Proximo pipeline identified 16 chromosome
level clusters (Phase Genomics Ltd) but increased the total number of scaffolds from 37 to
66 (Supplementary Figure 2.3). Following scaffolding with Hi-C, samba (Zimin & Salzberg,
2022) joined some small scaffolds and fragmented the largest scaffold in the assembly,

increasing the number of scaffolds from 66 to 69.

The final assembly scaffolds contain 150,545,692 bp with an N50 of 5,793,182 bp, at
30.11% GC content, and overall, 99.96% of reads in our combined PacBio HiFi library map

successfully back to the assembly, indicating a high level of completeness (Supplementary
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Table 2.1). Of the total assembly, 97.87% was contained in the longest 33 scaffolds
(Supplementary Figure 2.4), which ranged from 898 Kbp to 9,595 Kbp in length (Figure 2.2a;
Supplementary Table 2.2). These 33 scaffolds contained 99.85% of all transcribed gene
models detected from our Iso-Seq data. Of the remaining 36 scaffolds, 4 were identified by
blobtools (Laetsch & Blaxter, 2017) as likely contaminants (Arthropoda, Chordata, and
Streptophyta; Supplementary Figure 2.5). Nematode scaffolds are often misclassified as
Arthropoda by blobtools, and so have been retained in the assembly. One further contig was
the M. javanica mitochondrial genome (22,238 bp). The remaining 31 small contigs were all
less than 215 Kbp, with a mean length of 88.9 Kbp, and since they contained few identifiably
functional elements (0.19% of gene models), we excluded them from the final coverage and

synteny analysis.

Annotation

In total 30.46% of our assembly was identified as repetitive elements, with 4.94%
identified as retroelements, 3.77% as DNA transposons, while 16.88% remain unclassified
repeats (Supplementary Table 2.3). A total of 164,394 transcripts, representing 59,632
isoforms, were detected through mapping of our Iso-Seq library, of which 97% of reads
mapped to the assembly. MAKER3 detected a total of 22,433 genes, containing 227,617
exons, 10,044 5" and 5,253 3' UTRs (Supplementary Table 2.4). When running BUSCO on
transcriptome settings against the eukaryote odb10 database we find that 81.9% of genes
are present (C:81.9% [S:43.5%, D: 38.4%], F:8.6%, M:9.5%, n:255). When running against
the nematoda_odb10 we find 59.2% of BUSCOs (C:59.2% [S:27.5%, D:31.7%], F:2.7%,
M:38.1%, n:3131).
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Figure 2.2: ldeogram and coverage depth of longest 33 scaffolds. Scaffolds are
coloured according to phasing status; blue - subgenome A, red - subgenome B, purple -
unphased. A, Ideogram of 33 largest scaffolds. These 33 scaffolds contain 98% the total
length of the assembly, with the remaining 36 contigs being shorter than 250 Kbp, containing
few gene models (0.19%), and consisting of mostly repetitive elements. B, Boxplot
displaying the distribution of coverage depth of mapped PacBio HiFi sequences for each
scaffold. Red points denote the mean of data in each box. Coverage has been limited to a
maximum of 800x to exclude probable repetitive sites with anomalous coverage depth.
Dashed line shows the overall mean for all coverage levels across 33 scaffolds. Dotted line

shows the mode of all coverage across 33 scaffolds.
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2.3.3 Core eukaryotic gene and single universal copy ortholog

analysis

Analysis of the final assembly with CEGMA (Parra et al., 2007) detected 233 of 248
CEGMA genes (93.95%). This is a higher level of completeness than the most recent M.
javanica assembly, and comparable with contemporary Meloidogyne assemblies
(Supplementary Table 2.1; Szitenberg et al., 2017; Koutsovoulos et al., 2019; Susic¢ et al.,
2020; Kozlowski et al., 2021).

The average number of orthologs for each complete CEGMA gene (a proxy for ploidy)
is 1.88 indicating that only ~6% of the diploid genome is unassembled or not present in the
biological chromosomes. 177 complete BUSCO genes were detected when using BUSCO'’s
eukaryote database, representing 69.5% of genes in the database (C:69.5% [S:37.3%,
D:32.2%)], F:13.7%, M:16.8%, n=255). Of the BUSCOs identified, 32.2% were duplicated.
When using BUSCOs nematode database, we find 1556 complete BUSCO genes,
representing 49.7% of genes in the database (C:49.7% [S:22.5%, D:27.2%], F:3.9%,
M:46.4%, n=3131).

2.3.4 Coverage and ploidy analysis

Mean coverage depth for all scaffolds - excluding mitochondrial - was 206.6x, falling to
206.1x for the longest 33 scaffolds (Figure 2.2b; Supplementary Figure 2.6). For some
scaffolds (2, 9 and 18) coverage depth was significantly more than this average, indicating
collapsed regions; that is, these scaffolds represent three or four genomic copies, rather
than two. Collapse is expected to arise in a polyploid assembly when homoeologous
sequences are similar enough at a nucleotide level that they are inferred to be multiple
homologous alleles of the same region, which are then collapsed to form the reference
assembly copy (Zhang et al., 2020). Other scaffolds (19, 22, 24, 33) exhibited lower mean

coverage than the assembly-wide average suggesting that they may be present as a single
copy.

We then examined the coverage depth frequency distribution for each scaffold
(Supplementary Figure 2.7). For a phased scaffold representing two identical homologs, the
coverage depth distribution for that scaffold would be expected to have a single peak (240x).

However, while predominantly single peaks were seen for some scaffolds with lower
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coverage - thought to be present as a single copy (19, 22, 24, 33) - we observed two peaks
for the majority of scaffolds (Figure 3a & 3c; Supplementary Figure 2.7). Two peaks would
be expected if homologs are not identical and similarity is disrupted by indels, with the
second peak representing the reduced coverage of the hemizygous region (~120x).
Following this logic, number of peaks in the plot would indicate a respective humber of
biological alleles mapping to one copy in the genome assembly. For scaffold 2, which is
over-represented in mean coverage depth, four clear peaks are present (Figure 2.3)
indicating that more than two alleles map to the scaffold. This likely resulted from exclusion
of the scaffold’s homoeolog from the assembly, leading to an assembly collapse as noted
above. Nevertheless, the presence of 4 peaks is consistent with the presence of

polymorphisms between homologs as well as between homoeologous pairs.
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Figure 2.3: Coverage depth frequency distributions of scaffolds 1, 2, 3, and 19. The X-
axis represents coverage depth of mapped PacBio HiFi reads and the y-axis represents
frequencies of those coverages by individual bases. Colour indicates phase status: red for
subgenome B, blue for subgenome A, and purple for unphased scaffolds. Bin size = 5. A,
Scaffold 1, top left, displays two main peaks of coverage with a small tail suggesting short
collapsed regions. B, Scaffold 2, top right, displays four peaks of coverage, indicating that
much of this scaffold is collapsed and four copies are mapping to it. C, Scaffold 3, bottom

left, shows two peaks and very little tail, indicating two copies mapping and little to no
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assembly collapse. D, Scaffold 19, bottom right, shows only one peak at ~120x coverage,

suggesting that only one copy maps to this scaffold.

To examine the ploidy distribution in another way, we plotted a sliding window of
coverage across each scaffold (Supplementary Figure 2.8). In support of the coverage depth
distributions, the most frequent outcome was that scaffolds in the assembly show two layers
of stratification in coverage at a constant proportional depth, indicating two copies
distinguished by indels between them. This pattern was strongest for scaffolds with two
coverage peaks, particularly phased homoeologs (discussed below, Figure 2.3a and 2.3b;
Supplementary Figure 2.7). Scaffold 2 and scaffold 18, which are over-represented in
sequence depth, contain regions of four levels of coverage depth covering much of the
length of both (Figure 2.3b; Supplementary Figure 2.8a and 2.8d). This increased amount
of stratification at proportionally higher coverage depths (360x and 480x) reveals assembly
collapse, where three or four copies, respectively, map to a single site. Together these
coverage depth results suggest that the M. javanica assembly represents two
homoeologous subgenomes (~85% of total length), with only 13% of the assembly

unphased or collapsed.

2.3.5 Identification of homoeologous pairs and phasing of

subgenomes

Given the diploid nature of the assembly, which represents each subgenome as a
single copy, we expected to find scaffolds from these subgenomes present in homoeologous
pairs. Through detection of shared orthologs (Supplementary Methods 2.1) twenty pairings
were identified between the longest 33 scaffolds of the assembly, each sharing between 20
and 351 CDS orthologs (Figure 2.4; Supplementary Table 2.5). Alternative methods of
identifying homoeologous pairs were corroborative (Supplementary Table 2.6). Some pairs
were not mutually exclusive, and exhibited CDS links to scaffolds outside of the primary pair,
suggesting translocation and syntenic changes between them. Four scaffolds were
excluded from pairings including scaffold 2 which showed high amounts of collapse and
scaffolds 19, 24, 30, and 31 which are relatively small and/or present as single copies
(Supplementary Figure 2.7 & 2.9; Supplementary Table 2.2).
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In order to assign contigs to a subgenome, we used a modified version of an ancestral
k-mer spectra analysis (Supplementary Methods 2.6; Cerca et al., 2022). This approach is
based on the premise that the allopolyploid’s subgenomes possess repeats that diverged in
the two parental genomes before hybridisation. This results in a distinguishable signature in
each subgenome’s k-mer spectrum and allows us to determine the parental species from
which a given sequence descends. We successfully phased 85.39% of the assembly into A
or B subgenomes (Figure 2.2a; Supplementary Figure 2.9; Supplementary Table 2.2).
Scaffold 2, which exhibits extensive assembly collapse, did not phase using these methods.
Some smaller scaffolds that did not phase by k-mer based methods were later assigned to
a subgenome based on the phase status of their opposing homoeologous scaffold
(Supplementary Table 2.2). Of the total length of the final assembly, 39.15% was assigned
to subgenome A and 46.24% was assigned to subgenome B, leaving only 14.61%
unassigned. Nucleotide similarity between the subgenomes was estimated at 86% for whole
subgenomes and 91% between only CDS regions. Allelic divergence between alleles
mapping to either subgenome was estimated, with subgenome A estimated at 97.1% and
subgenome B at 97.7% (Supplementary Methods 2.7).

2.3.6 Subgenomic synteny analysis

Comparison of annotation of scaffold pairs assigned to subgenomes A and B revealed
both long regions of synteny and large structural differences between subgenomes (Figure
2.4). Scaffold 13 and scaffold 15 are syntenic along almost the entire length of the shorter
homoeolog and share high nucleotide similarity throughout. Similarly, scaffold pairs 20 and
23, as well as 17 and 25, share long syntenic blocks of shared CDS with high nucleotide

similarity.

Scaffolds 7 and 10 are syntenic for almost half of their length whilst the remaining
sequence lengths share no synteny and have very low nucleotide similarity. Synteny
analysis and scaffold comparison suggest that chromosomal fragmentation has occurred.
For example, scaffold 8 of subgenome A shows long collinear blocks with scaffolds 16, 28,
29, and 33 of subgenome B. Re-examination of Hi-C and ONT long-read scaffolding as well
as manual inspection of read mapping support this fragmentation. Scaffold 1 of subgenome
B shares syntenic blocks with scaffolds 5, 6, and 8 of subgenome A, in an order that

suggests chromosomal structural differences between the subgenomes. Many phased
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scaffolds also exhibit small amounts of extra-pair synteny indicating numerous small

translocations throughout the genome.

Subgenome A
15 3 8 6 20 22 7 5 4 25 26

[— | | | | ] B . | | | ] | | B N

[ I [ I [ | (. I [ | @ ] [ | [ | I | I [ ] [ ]

13 11 16 33 29 28 21 1 23 32 10 12 9 27 14 18 17
Subgenome B

Figure 2.4:. Macrosynteny analysis between subgenomes. Glyphs along top and bottom
represent scaffolds assigned to either subgenome A (blue) or subgenome B (red). Green
lines mark locations of synteny between transcribed genes identified from mapping of Iso-
Seq sequences. Grey lines mark locations of synteny between genes identified through
MAKER3 gene prediction. Synteny and collinearity were identified using the MCScan
module of JCVI using Iso-Seq informed transcriptional annotation. Scaffolds that could not

be assigned to a subgenome are not shown.

2.4 Discussion

2.4.1 Assembly of the allopolyploid genome of M. javanica

We have used long-read sequencing and modern bioinformatic approaches to
assemble and phase the allopolyploid genome of the plant pathogenic nematode
Meloidogyne javanica. Our goal was to assemble a contiguous diploid assembly for M.
javanica, representing the A and B subgenomes separately. Our current diploid assembly
(150,545,692 bp) is, as expected for a tetraploid, approximately half the 297 +27Mb
measured by flow cytometry (Blanc-Mathieu et al., 2017; Szitenberg et al., 2017). This total
length is representative of both A and B subgenomes except for collapsed regions where
sequence for both subgenomes A and B is considered together. Because some regions of

the assembly have been shown by k-mer profiling and coverage analysis to be present in
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less than four copies (Figure 2.1; Supplementary Figure 2.8), splitting the subgenomes into
their component copies (Al, A2, B1, B2) to create a tetraploid assembly would not be
expected to completely double the length.

Annotation

We annotated our assembly using both ab initio feature prediction algorithms and
mapping of the full-length transcript sequences (Supplementary Table 2.4). The total
number of genes predicted - 22,433 - is within the range expected for a MIG species and is
comparable to previous M. javanica assemblies (Blanc-Mathieu et al., 2017; Szitenberg et
al., 2017).

BUSCO scores for Meloidogyne are consistently lower than those of more widely
studied organisms, and the number of genes we have detected (Supplementary Table 2.4)
in the assembly is consistent with what has been found for other Meloidogyne species
(Supplementary Table 2.1; Blanc-Mathieu et al., 2017; Szitenberg et al., 2017; Koutsovoulos
et al., 2020). The paucity of established protein databases for less frequently investigated
genera limits the accuracy of prediction-based annotation methods. With increased
availability of sequence resources for plant parasitic nematodes, it should soon be possible

to develop a more appropriate set of core genes.

Evidence for a chromosome-scale assembly

Previous genomic assemblies of M. javanica have contig counts numbering in the
thousands (Blanc-Mathieu et al., 2017; Szitenberg et al., 2017). In our current assembly,
more than 99% of reads in our PacBio HiFi libraries map to 33 large scaffolds (Figure 2.2b).
We propose that most of the 33 scaffolds represent full-length or nearly full-length
chromosomes. Cytological examination in M. javanica indicates that the chromosome
number ranges from 42-48 due to variation between isolates (Triantaphyllou, 1985;
Eisenback & Triantaphyllou, 1991). Thus, we would expect 21-24 scaffolds in our assembly.
The discrepancy between scaffold number and cytological observations could be due to an
imperfect assembly or failure to identify very small chromosomes in the cytological studies.
We have employed several independent scaffolding softwares, Hi-C chromatin contact
mapping, and the manual examination of long-read mapping to contig termini, and see no
evidence to support fusing additional contigs. Additional molecular and cytological studies
may be required to resolve these differences.
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Many chromosome-scale assemblies identify telomeres as defining the range of their
scaffolds, yet we did not identify canonical telomeric repeats at scaffold termini. Additionally,
we were also not able to identify a homolog of C. elegans telomerase (trt-1; ACC:
NM_001373211.4) in our assembly. This may suggest that non-standard telomere
processes might be operating in root-knot nematodes as has been found for some other
animals (Mason et al., 2011; Pardue & DeBaryshe, 2011).

2.4.2 Genetic variation in M. javanica is dominated by indels

We present the assembly as a diploid representation. Read depth analysis of individual
scaffolds indicates that homologs are not identical and indels are frequent. Additionally,
some scaffolds appear to be present as a single copy suggesting that one of the homologs
may have been lost. We identified many indels that delete or disrupt one or more copies of
coding sequences, indicating that M. javanica is no longer genome-wide tetraploid either in
copy number or functionality. A higher propensity for indel accumulation has been frequently
seen in hybrid parthenogenetic species (Jaron et al., 2021) and partial return to lower ploidy

is a characteristic of many polyploids.

We find that 85.39% of our diploid assembly consists of one copy of each subgenome
in homoeologous pairs, with two copies mapping to phased scaffolds and four copies
mapping to collapsed regions. We successfully phased much of our assembly into
subgenomes using k-mer signatures, enabling for the first time initial genome-wide
comparison of MIG A and B subgenomes. Some scaffolds, notably scaffold 2 and some of
the short scaffolds, could not be assigned to subgenomes. Scaffold 2 displays four levels of
stratification in its coverage (Supplementary Figure 2.8) and four peaks in its depth
distribution (Figure 2.3b) indicating that the four copies (A1+A2 and B1+B2) are almost
entirely collapsed into a single scaffold. We suggest that the homoeologous chromosomes
represented by scaffold 2 may be too similar in sequence to assign to a subgenome by k-
mer analysis due to a possible ancient homogenization event. For the smaller scaffolds, the
failure may have been due to their small size because they did not contain enough relevant
k-mers. Some of the small scaffolds were later assigned to a subgenome using transcript
alignments. No misassembly or erroneous scaffolding of the unphased sequences was

detected through either programmatic or manual methods.
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The allotetraploid genome of M. javanica demonstrates extensive synteny between the
A and B subgenomes with most genic regions represented in four copies, as detected from
coverage stratification and ploidy profiling. We would expect however that there would be
differences between the subgenomes, including indels and other structural variation, as this
is typically observed between different species and the MIG have a hybrid origin. In
accordance with this, we observed substantial structural variation between subgenomes A

and B, including insertions, deletions, and translocations (Figure 2.4).

2.4.3 Loss of synteny and fragmentation

We observe regions of the M. javanica genome where synteny between paired
chromosomes is disrupted. One reason for this could be that the parental species (A and B)
had genomes in which the non-syntenic regions had diverged by translocation, insertion, or
deletion. Upon hybridisation to create the allopolyploid MIG these diverged regions form the
end of synteny blocks. An alternative explanation is that these changes happened after the
hybridisation event in the tumultuous process of genome stabilisation immediately following
it (Edger et al., 2018; Emery et al., 2018). Hybridisation, polyploidisation, and the loss of
meiosis are processes often associated with rapid genomic change (Balloux et al., 2003;
Edger et al., 2018; Carlton et al., 2022) and the unique MIG species allopolyploid genomes
we are currently studying may represent different balances between these forces. We
observe 11 chromosome-scale scaffolds in subgenome A and 17 in subgenome B despite
the clear synteny throughout these two subgenomes. Several scaffolds in subgenome A
contain blocks of genes with regions that are syntenic to different subgenome B scaffolds.
Similarly, there are cases where syntenic blocks in subgenome B are present on different
scaffolds in subgenome A. Together these differences suggest that ancestral chromosomal
fission, or fusion events or other types of exchange have occurred. Meloidogyne species,
like other nematodes, have holocentric chromosomes (Triantaphyllou, 1981). Genomes with
dispersed centromere structure are predicted to better tolerate chromosome fragmentation
and fusion (Carlton et al., 2022), as are species with ameiotic mechanisms of reproduction.
The observed differences in copy number of chromosomes between isolates of M. javanica

may be additional evidence for tolerance of chromosome fragmentation/fusion.

The majority of published assemblies of allopolyploids come from vascular plants,
where polyploidy might have shaped the genomes of around 70% of species (Masterson,

1994). Many allopolyploid plant genomes, however, show a higher level of synteny and
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structural conservation than we observe for M. javanica (Cerca et al., 2022; Shen et al.,
2022; Zheng et al., 2022). Similarly the few available chromosomal allopolyploid animal
genome sequences available (Du et al., 2020; Kuhl et al., 2022) do not show extensive
deletions and chromosomal fissions as does our genome assembly. Unlike other
allopolyploid species with chromosomal genome sequences, Meloidogyne javanica
reproduces by obligatory mitotic parthenogenesis (apomixis) and this lack of meiotic
chromosome pairing may allow greater structural divergence and tolerance for the decay of
synteny. We note that genomes from species not able to reproduce by meiosis are currently
rare (Jaron et al., 2021) and suggest that much more substantial genomic work on a range
of species with different reproductive modes and ploidy levels will be required to reveal the
diverse mechanisms shaping these genomes. It is apparent however that the changes
surrounding allopolyploidy have contributed to the gene content, heterozygosity, and copy
number throughout the M. javanica genome and these processes of locally fixed
heterozygosity or rediploidisation may contribute extensively to adaptive functional variation
(Dodsworth et al., 2016).

2.4.4 Regional homogenization of subgenomes

Some regions of the genome assembly do not phase into A and B homoeologs due to
very low divergence between the four gene copies. This could be explained either by the
loss of whole chromosomes, compensated by the duplication of the remaining chromosome,
or mitotic recombination (gene conversion) between homoeologs (Harris et al., 1993;
Mansai & Innan, 2010). It is unclear from this single genome how asexual recombination
contributes to shaping the diversity of M. javanica, however this has been suggested in
previous MIG genomic studies (Blanc-Mathieu et al., 2017; Szitenberg et al., 2017) and may

be further elucidated by our ongoing molecular evolution and population genomic studies.

Itis possible that the initial tetraploidisation of M. javanica will buffer against deleterious
phenotypic consequences of indels. It has been argued for angiosperms that this
rediploidization process can contribute to adaptive species divergence by providing genomic
and transcriptomic diversity (Hollister, 2015; Dodsworth et al., 2016). Other mechanisms of
adaptive divergence may also operate at the same time. The increase in gene copy number
created by polyploidization gives the potential for functional gene divergence by neo- or sub-
functionalization, as well as adaptive phenotypes driven by copy number loss (Paquin &
Adams, 1983; Otto & Whitton, 2000; Z6rg6 et al., 2013). Adaptation by gene copy number
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variation has already been reported in M. incognita (Castagnone-Sereno et al., 2019) and it
may be that genomic copy number variation more broadly is a major source of functional

genetic variation in the MIG.

2.4.5 A genomic framework for RKN functional and diversity

studies

In this paper we present a highly contiguous, annotated, and phased genome
assembly of the allotetraploid plant pathogenic nematode M. javanica. This genome
assembly will provide many tools for diverse investigations by plant pathologists and
nematologists in addition to aiding our understanding of the origins and diversity of M.
javanica. It will also serve as a reference for investigating genome structure and
pathogenicity in other Meloidogyne species. The contiguous nature of this genome and the
high-quality annotation will facilitate RKN functional studies since transcripts can be mapped
accurately to the annotated subgenome. This allows consideration of copy number variation,
which may be an important component of functional variation in these species. Progress is
being made by many groups in understanding the basis of nematode virulence and the key
loci involved (Pogorelko et al., 2019; Kihika et al., 2020; Song et al., 2021). In such cases
even light coverage sequencing of field isolates mapped to a high-quality genome assembly
could give valuable information to commercial growers about the likely pathogenicity of

those strains (Sellers et al., 2021).
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3.0 Abstract

The interaction of homeologous subgenomes in asexual animal species is
understudied. The Meloidogyne incognita group contains several species exhibiting this
asexual allopolyploid system, which combined with novel genomic resources, can enable
investigation of this uncommon genomic architecture. We performed an exploratory analysis
of the genomes of the Meloidogyne incognita group and Meloidogyne luci utilising a recently
produced phased genome assembly of the root-knot nematode Meloidogyne javanica, in
order to interpret and compare subgenome-specific molecular evolutionary histories. In
addition, we perform synteny analysis for each subgenome between M. javanica and other
species, and comparison of codon frequency, homogeneity of bases, and k-mer spectra
based ploidy analysis. Our objectives were to identify dominant subgenomes, assess
phylogenetic relationships of subgenomes, evaluate synteny conservation, and attempt to
detect evidence of DNA methylation. Using a phased assembly as a reference, we
successfully phased contigs of other species, and lifted over gene annotations, before
performing differential selection tests. Our results indicate that relative rates of non-
synonymous mutation differ significantly between subgenomes among most species.
Subgenome A shows a slight dominance over subgenome B, although no definitive
evidence of subgenome scale dominance was observed. Selection pressures acted
oppositely on homoeologous genes at some loci of M. javanica, potentially contributing to
subgenome dominance and fractionation. A considerable amount of synteny and collinearity
is conserved across species. Phylogenetic analysis reveals that subgenomes are more
closely related to orthologous subgenomes in other species than to their homoeologous
counterparts within the same species, confirming homologous origin of subgenomes of
these species. Notably, Meloidogyne luci follows this pattern, suggesting a shared origin
and earlier divergence. Additionally, evidence of DNA methylation was detected in one
species for the first time. Our study provides new insights into subgenome dynamics and
evolutionary relationships within these species, highlighting the role of selection and
genomic conservation in shaping allopolyploid genomes.
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3.1 Introduction

Allopolyploidy originates from the hybridisation of two species and subsequent
retention of path parents' genomes in the offspring lineage (Kostoff, 1939; Ma & Gustafson,
2005; Schoenfelder & Fox, 2015). For example, two diploid (AA and BB; 2n = 10) species
hybridise to form an allotetraploid species (AABB; 2n = 4x = 20). Many allopolyploid species
have been identified, including the common carp (Kuhl et al., 2022; Chen et al., 2023) and
the African clawed frog (Knytl et al., 2023), as well as several important agricultural and
commercial species, such as Arabica coffee (Salojarvi et al., 2024), cultivated wheat and
cotton (Feldman & Levy, 2012; Chen et al., 2020), and rapeseed (Cao et al., 2023).

Allopolyploidy is clearly a powerful mechanism through which genomic diversity can
be generated, but the details of how a genome changes and the evolutionary forces acting
on it following hybridisation are unclear. Allopolyploid systems allow the study of selection
and evolution in a unique genomic system, from which insights have been demonstrated to
have deployable benefit in agriculture, aquaculture, and medicine (Sattler et al., 2016; Zhou
& Gui, 2017; Fox et al., 2020; Anatskaya & Vinogradov, 2022). Many species important to
civilisation are allopolyploid, including many species of agriculturally essential plants, with
many more predicted to have undergone hybridisation and polyploidy events in the past
(Zhang et al., 2019; Heslop-Harrison et al., 2022).

The complex nature of Meloidogyne incognita group (MIG) genomes provides us with
a case study to investigate the evolution of allopolyploid lineages and their genomes,
observe how homeologous subgenomes evolve within an asexual species and how

homologous subgenomes evolve across a group.

3.1.1 Genomics and evolution of subgenomes in allopolyploids

Allopolyploidy

Allopolyploids can form through multiple pathways, one of which is the triploid bridge.
Under this method, hybrid triploids arise by chance through interspecific crosses which then
self fertilise or backcross to produce stable allotetraploids (Yamauchi et al., 2004, Li et al.,
2022). Another is the one-step method, where allopolyploids are produced through the
interspecific crossing of two unreduced gametes (Oleszczuk & Lukaszewski, 2014; Mason
& Chris Pires, 2015; Clo et al., 2022). Hybridisation of individuals with already non-standard

genomes can also lead to allopolyploidy, such as the crossing of autopolyploid species
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(Duan et al., 2024), or a significant incongruence between karyotypes of the parent species
leading to a stabilisation of a new even-ploidy karyotype (Ramsey & Schemske, 1998; Martin
et al., 2020). Allopolyploidy is believed to be uncommon in nature due to factors preventing
stability and success of the hybrid and its genome, such as pre- and post-zygotic barriers
like incompatibility in metaphase from differing karyotypes, and increased copy number of
many genes leading to lethal overexpression, as well as ecological factors such as reduced
fitness in comparison to the sympatric parent species. However, if the hybrid can overcome
these hurdles, allopolyploidy confers many opportunities for adaptation. Allopolyploidy
typically increases the complexity of a genome and gives an immediate increase in genome

redundancy, and through it diversity and heterozygosity.

Redundancy occurs where there are duplicates of a functional gene. One copy is
conserved, and the others accumulate mutations (Gibson & Wagner, 2000; Krakauer &
Plotkin, 2002). This occurs in polyploids due to the immediate increase in copy number
following genome duplication and is considered a mechanism by which polyploids succeed
when sympatric to the ancestral population (Comai, 2005). Redundancy is gradually
reduced through a process of ongoing gene loss and neofunctionalisation called gene
fractionation, which reduces genome redundancy and alleviates gene dosage imbalances,
and is explained in greater detail later in this section. Genome redundancy reduces the
probability of fixed deleterious recessive alleles and allows finer regulation of dosage-based
gene expression (Osborn et al.,, 2003). It also increases the possibility of sub- and
neofunctionalization (Comai, 2005; Birchler & Yang, 2022), where duplicate copies can both
contribute to gene expression, or the duplicate copies can gain novel function. The potential
for increased dosage could result in a phenomenon called hybrid vigour, wherein
interspecific hybrids display increased size, fecundity, and development speed than their
progenitors (Birchler et al., 2010; Chen, 2010).

Asexuality

Asexuality is a state where an organism reproduces parthenogenetically, cloning the
gamete content either pre- or post- meiotically (Suomalainen, 1950; Bell, 2021; Jaron et al.,
2021). Asexuality and parthenogenesis occur frequently in allopolyploids, which is
suggested to be a result of genome redundancy increasing tolerance to accumulation of
recessive alleles (Comai, 2005; Neiman et al., 2014). In some species, asexuality has been
shown to be a result of hybridisation and be correlated with phylogenetic distance of the
progenitors (Choleva et al., 2012; Janko et al., 2018). Coupled with reproductive
incompatibility with the parent species enforcing reproductive isolation and preventing
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outcrossing and the beneficial effect of hybrid vigour, this leads to the rapid establishment

of sympatric allopolyploid species following successful and stable hybridisation.

Asexuality is expected to initiate Muller's ratchet, a situation wherein absence of
meiosis and recombination leads to an accumulation of deleterious mutations (Muller, 1932),
however it has been shown that this is not always the case in allopolyploids, likely due to
homoeologous recombination (Pellino et al., 2013; Maciver, 2016).

In fact, parthenogenetic polyploids are considered to be more tolerant to some of the
negative mutational effects of asexuality such as gene deterioration and deletion thanks to
increased genome redundancy (Comai, 2005). Amphimixis occurs in the wider Meloidogyne
genus (Figure 3.2), notably in Meloidogyne hapla, and males of some apomictic MIG species
have been identified (Triantaphyllou, 1963). If in rare cases the clonal MIG species were
able to cross with rarely produced males, the ensuing recombination could offset some of
the mutational load and increase the stability of the lineage (Liu et al., 2007; Maccari et al.,
2013).

Asexuality also permits the coexistence of homologous polyploid cytotypes within an
ecosystem (Kao, 2007). This is pertinent to the MIG, where several species have diversified
and stabilised with homologous subgenomes. Asexuality also means that subgenomic

structure is conserved through generations.

The fate of allopolyploid genomes

Subgenomes in an allopolyploid often exhibit a phenomenon called subgenome
dominance. Subgenome dominance refers to the trend of one subgenome being primarily
conserved and retaining much of its ancestral function, whilst the other mutates or degrades.
Higher dosage is observed from the dominant subgenome, as well as a higher number of
homeologous conversion events from dominant to non-dominant (Alger & Edger, 2020). The
terms used to ascribe roles to either subgenome are not to be confused with the
dominant/recessive terminology used in Mendelian genetics. Throughout this work, when
discussing subgenome dominance we use the terms dominant and non-dominant to refer to
this trend. Subgenome dominance can occur at the whole subgenome level rapidly following
hybridisation, but this is dependent on hard thresholds where a mismatch between genetic
machinery can be highly deleterious or even lethal. Examples of this are a mismatch
between codon usage and tRNA specificity, as well as mismatches between regulatory and
metabolic networks (Osborn et al., 2003; Birchler & Veitia, 2010; Alger & Edger, 2020).
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Although observable at a subgenome level as a trend, subgenome dominance acts
primarily at a gene level. Individual genes on one subgenome are prioritised and conserved,
whilst orthologous copies mutate and accumulate mutations (Bird et al., 2018; Edger et al.,
2018; Alger & Edger, 2020). This causes a higher rate of gene fractionation on the non-
dominant subgenome. In species undergoing recombination - either automicts or apomicts
undergoing homoeologous conversion - dominant regions can become linked, increasing
one subgenome's dominance. As the non-dominant subgenome degrades, chromosomes
can break and be lost, eventually leading to diploidisation (Cheng et al., 2018; Schiavinato
et al., 2021; Bird, 2022).

Diploidisation is the process of return to two genomic copies (2n = 2x) and restoration
of bivalent pairing and disomic inheritance following a polyploidy event (Ma & Gustafson,
2005). Gradual diploidisation can be adaptive, enabling polyploids to manage detrimental
increased gene dosages post whole genome duplication (Li et al., 2021), and enabling a
return to sexual reproduction and recombination providing sex linked loci have not
deteriorated (Lu et al., 2021; Toups et al., 2022).

There are two primary and non-exclusive mechanisms through which diploidisation is
possible: gene fractionation and cytological diploidisation (Ma & Gustafson, 2005).
Fractionation and sub-, neo- and nonfunctionalisation of genes are thought to be the leading
factors promoting diploidisation. Over time fractionation can lead to functional diploidy,
where the genome is physically diploid, but all functional genes are located on a diploid pair
of copies, increasing tolerance of chromosome changes or loss. This results from
subgenome dominance interactions. Following polyploidy, the increased copy number and
gene dosage must be managed, which generally results in one copy being conserved and
remaining functional: dominant. Copies of genes on the non-dominant subgenome can have
one of three outcomes: (1) nonfunctionalisation of all but one copy, (2) semi-degeneration
or subfunctionalisation of both copies resulting in the dosage of a single functional copy, or
(3) neofunctionalisation, wherein the redundant copies evolve an altered function (Lynch &
Conery, 2000). Alongside these three outcomes it is suggested that in some cases where
increased dosage is adaptive, particularly in asexual polyploids, multiple copies can be
maintained (Wendel, 2000). The presumed fate of the majority of duplicated genes is
nonfunctionalisation and loss (Lynch & Conery, 2000), leading to degradation of the non-
dominant subgenome. Cytological diploidisation is another mechanism exclusive to

automicts where chromosomal and genetically balanced gametes are produced in a
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polyploid through meiosis. These progeny have half the chromosome complement of the
parent (Moore, 2002; Ma & Gustafson, 2005; Cifuentes et al., 2010).

The fate of subgenomes in an asexual allopolyploid can differ across species, and
diploidisation is not always a result. Both subgenomes can be conserved in the hybrid and
graduate towards autopolyploidy over time through recombination in automicts and gene
conversion in apomicts (Comai, 2005; Bomblies et al., 2016; VanBuren et al., 2020; David,
2022; Mortier et al., 2024).

|
A : 1
O Diploidisation through loss of
] ) homeologs
Selection acts on a homologous or
) homoeologous subgenome level
]
. A I b N S
Allotetraploid hybrid ‘ G N N
Selected gene/region genome [ | | | I N | | |
B cnome ] Diploidisation through loss of
a subgenome
Subgenome B
B O O BN B O .
| | | | K |
) ] W B | | |
] NN N B O I BN
Allotetraploid hybrid Selection acts locally throughout Homoeologous recombination
genome both subgenomes and gene conversion link
selected genes
]
| | I
Gl IS B b
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Subgenome A h | b L.
omeologs or subgenome Linking of selected genes leads to
Subgenome B subgnome scale selection

Figure 3.1: Two possible routes of diploidisation through gene fractionation. A,
selection favours one subgenome (whole subgenome dominance) or one homolog of each
subgenome (homoeolog dominance) over the other. Fractionation and gene loss occurs on
the non-conserved copies eventually resulting in chromosome loss and a return to diploidy.
This can result in haplotypes similar to one parent, or a paleopolyploid diploid haplotype
representing both parents. B, selection acts on a more local level (local subgenomic
dominance). In this situation, homoeologous recombination or gene conversion would be
required to consolidate and link conserved regions onto single copies, of which the
deteriorating opposing copy would subsequently be lost. Alternatively, local dominance
could delay diploidisation and facilitate more opportunities for neo- and subfunctionalisation,
offsetting the shift toward diploidy and aiding in establishing stable allo-or autopolyploidy.
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Differences in selective pressures across and between subgenomes likely lead to
different outcomes. For example, selection and dominance may act primarily on one
subgenome post hybridisation, leading to an accumulation of mutations and subsequent
fractionation and degradation of the non-dominant subgenome. Alternatively, selection and
dominance can occur on a local level between subgenomes. This could begin on a gene by
gene basis, then form larger regions as homeologous recombination generates linked
blocks. In cases of local dominance, both subgenomes would be preserved for longer, and
instead of diploidisation the result can be stabilisation of polyploidy or aneuploidy
(Mandékova et al., 2016; Mortier et al., 2024), and an increased adaptive potential through
maintenance of genomic redundancy in the non-selected genes (Comai, 2005).

3.1.2 Root-knot nematodes and the Meloidogyne incognita

group

Root-knot nematodes (RKN), Meloidogyne, are a genus of important agricultural plant
pathogens that infect nearly all species of angiosperm, including all commercial crop plants
(Perry et al., 2009; Jones, A. Haegeman, et al., 2013). They are found on all continents
except Antarctica, and are responsible for an estimated loss of 12% of the total yield, valued
at $157 billion annually (Singh et al., 2015; Bernard et al., 2017; Talavera-Rubia et al., 2022),
as well as contributing to agricultural losses in famine-prone regions (Barker et al., 1985;
Feyisa, 2021).

Meloidogyne contains over ninety species, divided into several clades (Adams et al.,
2009; Garcia & Sanchez-Puerta, 2015; Szitenberg et al., 2017; Alvarez-Ortega et al., 2019).
Some of the most damaging and impactful species are very closely related and belong to
the same group within Clade I, the Meloidogyne incognita group (MIG; Trudgill & Blok, 2001;
Bebber et al., 2014). Named for one of its member species, M. incognita, and also containing
M. arenaria and M. javanica, the MIG represent the most damaging species of RKN.
Members of the MIG are found in all tropical climates around the world and it is speculated
that their range may be allowed to expand alongside rising global temperatures (Reilly et
al., 2001; Bebber et al., 2013; Elling, 2013; Campbell et al., 2023). M. luci is another highly
impactful species that is found around the world (Carneiro et al., 2014; Geri¢ Stare et al.,
2017). It is not included in the MIG classification but is very closely related to the group
based on mitochondrial and ribosomal phylogenies (Alvarez-Ortega et al., 2019). Recently,
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a genome assembly of M. luci was published, but has not yet been widely scrutinised or

utilised in molecular or evolutionary studies (Susic et al., 2020).

To prevent or treat infection, several approaches are possible including treating the
field with nematicides, introducing nematicidal bacterial or fungal cultures, soil solarisation,
or trap cropping, which are effective to varying degrees (Ralmi, Khandaker, et al., 2016) but
it is near impossible to completely remove a MIG RKN infection once established. An
alternative solution is the breeding and development of RKN resistant plant cultivars, of
which several have been developed (Milligan et al., 1998; Narayanasamy, 2002; Shilpa et
al., 2022), but progress is stymied by a lack of genomic resources and knowledge of the
MIG. As MIG lineages are discovered that have evolved the ability to evade these
engineered resistances, it is more pressing than ever that genomic resources are generated

and studied, and mechanisms of adaptation and genome evolution are understood.

Genomic investigation into many clade | species (Figure 3.2), including the MIG, has
been made difficult by their highly non-model genomes. There is strong evidence to suggest
that many clade | species, and all of the MIG, are descendants of a hybridisation event
between ancestor species (Blanc-Mathieu et al., 2017; Szitenberg et al., 2017). As such
many extant species exhibit polyploid genomes, with some species, including M. arenaria,
M. incognita, and M. javanica, reproducing exclusively through apomixis; mitotic
parthenogenesis (Trudgill & Blok, 2001).

With the falling expense of long-read sequencing technology many studies are now
able to generate genome assemblies and their associated annotations with higher contiguity
and accuracy (Koren & Phillippy, 2015; Rhoads & Au, 2015; Jain et al., 2018; Wang et al.,
2019; Logsdon et al., 2020), leading to an opportunity to investigate the genomics of the
MIG with a greater resolution than ever before (Koutsovoulos et al., 2020; Susic et al., 2020;
Winter et al., 2024).

3.1.3 Aim and objectives of the study

The aim of this study is to utilise the complex genomic system found in the MIG to infer
the evolutionary processes involved in hybridisation and polyploid formation, as well as the
behaviour of subgenome dominance and diploidisation in non-meiotic asexual species. To
facilitate this, our overall objective is to perform a comparative and phylogenetic analysis of
subgenomes from the species Meloidogyne javanica, Meloidogyne arenaria, Meloidogyne
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incognita, and Meloidogyne luci. We previously assembled the genome of M. javanica and
phased it into subgenomes (Chapter 2; Winter et al., 2024). Now, we perform comparative
molecular analysis between the subgenomes in an effort to determine if sites or
subgenomes have been under differential selection, and see if there are clear and definable
differences in evolutionary patterns between subgenomes. In addition to this, we use whole
genome alignment approaches to phase two recent M. incognita group (MIG) species
assemblies, and their close relative M. luci, lift over annotations to identify genic regions,
and place their respective subgenomes in a phylogeny for the first time. Following this we
compare synteny, relative mutation rate, ploidy, and codon usage across the species, as
well as attempting to detect methylation, which is thought to be a route through which
allopolyploids manage genomic shock.

3.1.4 Interpreting molecular and genomic differences

With the availability of genome assemblies from several closely related allopolyploid
species we can investigate several things. First, can we detect subgenome dominance, and
if this is consistent across species. Second, we examine how the ploidies of each species
differ, and if the differences are congruent with phylogeny, or dominance. Third, we examine

how much genome structural conservation remains between the species.

dN/dS

Genes contain coding regions that are transcribed, which in turn contain exons which
are translated. Each three bases of an exon is referred to as a codon, each of which codes
for a particular amino acid, although some amino acids can be coded for by multiple codons.
Within the three bases of a codon there are sites which alter which amino acid is coded for,
called non-synonymous sites, and sites that do not change the resulting amino acid,
synonymous sites (Krause, 1995). Mutations occurring in the coding regions of a gene
(exons) can be either synonymous or non-synonymous. The ratio of non-synonymous to
synonymous sites is often called the dN/dS ratio, or omega (w). Under a scenario of neutral
evolution, the dN/dS ratio is expected to be 1 (Kimura, 1977; Goldman & Yang, 1994; Muse
& Gaut, 1994). Deviations to either extreme of this scale can indicate that selection is
happening at that site or locus, with a lower dN/dS suggesting purifying selection and a
higher dN/dS suggesting positive selection (Kryazhimskiy & Plotkin, 2008; Jeffares et al.,
2015). Analysis of dN/dS ratios requires high-quality coding sequences (CDS), combined

into orthogroups, and accurately-aligned by codon. Several models are available, including
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branch-specific models that allow investigation of variation in detected selection rates across
multiple lineages in a predetermined phylogeny. Some models focus on detecting positive
selection alone - aBSREL (Smith et al., 2015) or BUSTED (Murrell et al., 2015), and some
allow inference of both purifying and positive selection - MEME (Murrell et al., 2012) and
FEL (Kosakovsky Pond & Frost, 2005). aBSREL in particular looks at the number of sites
where dNdS ratio is greater than 1, indicating the potential for positive selection or relaxation

of purifying selection,

Through comparison of omega across multiple subgenomes and species we can look
for regions of differential conservation, signalling that one subgenome or region is dominant
over its homoeologous counterpart (Li et al., 2015; Yang et al., 2016; Cheng et al., 2018). If
whole subgenome dominance is occurring we would see one subgenome with an overall
lower omega than the other, with the dominant exhibiting low ratios and the non-dominant
higher. If we observe high and low omega occurring in discrete genes on both subgenomes,
but no overall difference between them, it would imply that whole subgenome dominance is

not in effect and that the genome is undergoing a slower diploidisation process, if at all.

Relative rate tests

Comparing the rate of sequence change of each subgenome against homologous
sequences from an outgroup can show us if there are any differences between the rate of
molecular evolution between them, indicating if a locus or operational taxonomic unit (OTU)
has been influenced by selection (Luikart et al., 2019; Tigano et al., 2020; Tichkule et al.,
2021). One characteristic of asexual allopolyploids is a capacity for an increase in mutation
rate due to transposable element activity, chromosome interactions and structural changes,
and an increased point mutation rate due to subgenome redundancy (Selmecki et al., 2015;
Vicient & Casacuberta, 2017). In light of this, we may expect to see different mutation rates
across the MIG species. If one subgenome is significantly dominant over the other, we would

also expect to see different mutation rates between subgenomes.

Differences in codon usage between subgenomes

The difference in codon usage between two subgenomes in an allopolyploid can inform
us about the molecular evolution of the organism and its genome (Tian et al., 2020, 2022).
Codon usage bias (CUB) is known to be influenced by several factors, primarily including
overall GC content of the genome and factors influencing selection for a given codon, such
as relative transcription or translation speed against synonyms and expression levels of the
appropriate tRNA (Peden, 2000; Iriarte et al., 2021; Parvathy et al., 2022). Differences in
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CUB between the subgenomes can suggest that they have been subjected to different
evolutionary pressures, and through observing CUB across the MIG we can estimate how
much, if anything, CUB diverges across monophyletic allopolyploid hybrids. Similarly to an
increase in genome redundancy, polyploidisation brings more synonymous codons together
in the hybrid giving a wider opportunity for selection, so we may expect to see CUB
differences between species. CUB can also provide insights into the evolutionary history of
the allopolyploid. If the two parental genomes had different CUB before hybridization, the
resulting allopolyploid may exhibit a hybrid usage pattern, although this may be complicated

by post-hybridization processes such as gene conversion or homogenization.

Ploidy profiling

Understanding the ploidy of an organism is important when interpreting the result of
comparative and descriptive genome analysis, especially in determining the importance and
activity of either subgenome (Schoenfelder & Fox, 2015; Meirmans et al.,, 2018).
Subgenomes present in multiple copies will have higher levels of redundancy and tolerance
to the increased mutational load that clonality drives, whereas those present in only one

copy, such as the homoeologs of triploids, will not have such protection (Comai, 2005).

Different species of the same clade can exist in different ploidy states and the MIG is
a good example. At least three levels of ploidy have been identified in the group: diploid, M.
floridensis; triploid, M. incognita; tetraploid, M. javanica and M. arenaria (Eisenback &
Triantaphyllou, 1991; Perry et al., 2009; Szitenberg et al., 2017; Winter et al., 2024). These
ploidy differences can also exist within species, with different "races" predicted through
cytology to exhibit different ploidy states (Eisenback & Triantaphyllou, 1991; Perry et al.,
2009; Szitenberg et al., 2017; Winter et al., 2024). Notable examples from the MIG are M.
arenaria, which has been observed as pentaploid (Blanc-Mathieu et al., 2017), and M.

incognita, which exhibits diploids, albeit rarely (Triantaphyllou, 1981).

Methylation

Methylation is expected to combat genomic shock in allopolyploids by balancing gene
dosage through the silencing of redundant genes (Shan et al., 2024), however methylation
has not been succinctly detected in Meloidogyne. Detection of methylation in M. javanica
could lead to discovery of methylation in the wider Meloidogyne genus, and if detected,
comparison of rates between subgenomes could provide information as to how the species

coped with genomic shock post hybridisation, as well as any potential subgenome
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dominance interaction or fractionation controlled by methylation of non-dominant genes or

regions.

Synteny

Synteny is the measure of conservation of homologous genes between two regions or
chromosomes. A finer aspect of synteny is collinearity, which requires a conserved order
alongside conserved sequence (Duran et al., 2009; Y. Wang et al., 2012). Observations of
synteny are often informative in genomes resulting from whole genome duplications (WGD)
as it enables visualisation of structural conservation between subgenomes or progenitor
species (Tang et al., 2008; Chen et al., 2020; Cerca et al., 2022). We will investigate the
levels of synteny between homoeologous subgenomes of species in the group to see how
conserved synteny is across species. Fractionation is expected to diminish the amount of
detectable synteny between genes or regions. As such, if a larger amount of synteny is
found between one subgenome than the other, it would suggest dominance of that

subgenome in both species.

3.1.5 Phylogeny

Phylogenies have been generated of the MIG and wider clade based on mitochondrial
(Garcia & Sanchez-Puerta, 2015; Szitenberg et al., 2017) and ribosomal loci (Szitenberg et
al., 2017; Alvarez-Ortega et al., 2019). These show that the MIG are very closely related
and share a common origin. These trees however do not address the phylogeny of these
species at a subgenome level. In an allopolyploid, different genomic regions can have
different phylogenetic histories. For example, either subgenome will have its own
evolutionary history, independent of one another from speciation of the parent species up
until hybridisation. This phylogenetic variability can also occur at a gene level, with
homeologous conversion and gene fractionation leading to independent phylogenies for

some genes.

Subgenome scale phylogenies have been generated of the Meloidogyne incognita
group in the past (Figure 3.3), however in the absence of a phased assembly orthologs were
assigned to subgenomes using clustering analysis and pairwise similarity. Among other
features, Szitenberg et al. (2017) described two well defined, high bootstrap clusters, each
containing a subgenome from all included MIG species, split into A or B, evidencing that the
subgenomes are more similar and closely related to their conspecific subgenome in another

species, than they are to the homoeologous subgenome of the same species, and implying
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that the group originate from one or more hybridisation events between the same parent
species. Interestingly, the outgroup used for this study, M. enterolobii, also shows evidence
of allopolyploidy, albeit with different parental species to those of the MIG. With phased
genome assemblies, we can now perform a far more specific subgenome scale
phylogenomic analysis of the group, and in doing so position the subgenomes of M. luci
within the framework of the MIG hybrids species using this depth of resolution for the first

time.
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Figure 3.2: Phylogeny of clade | Meloidogyne species (Alvarez-Ortega et al., 2019).
Inferred from 18S rRNA, ITS1 rRNA, D2-D3 expansion segments of 28S rRNA, COI gene
and COII-16S rRNA sequence alignment. Icons display type of host and sexual system,

followed by geographic location and predicted chromosome number.
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Figure 3.3: Subgenome phylogeny of the MIG (Szitenberg et al. 2017). The phylogeny
of genes diverges into two clusters, each with a similar topology but split into genome copies,

strongly indicative of the existence and preservation of divergent subgenomes within these
species that share a homologous origin.

3.2 Methods

3.2.1 Reproducibility

In line with our aim of reproducibility, all data and scripts used within this work are
available publicly online. Accessions for all data, including assemblies and sequence

libraries, have been provided within the text at first mention of that dataset.

3.2.2 Acquisition of assemblies, annotations, and other data

We obtained genome assemblies of Meloidogyne incognita (MINJ2, ACC:
GCA_014132215.1; Asamizu et al.,, 2020), Meloidogyne arenaria (MAA2, ACC:
GCA _017562155.1), and Meloidogyne luci (MLUCI, ACC: GCA_902706615.1; Susic et al.,
2019) from NCBI Genbank (Sayers et al., 2022), henceforth referred to as the contemporary
assemblies. High accuracy short read libraries used to generate ploidy and genome profiles
were obtained from Sequence Read Archive (ACC: Mi: SRR4242460, Ma: SRR4646457).
CDS annotations of these species and their associated assemblies (Mi: ACC:
GCA_003693645.1, Ma: ACC: GCA_003693565.1) generated by Szitenberg et al (2017)
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were obtained from WormBase Parasite (Howe et al., 2017), along with gene predictions for
M. luci (Danchin & Rancurel, 2023). The genome assembly (ACC: GCA_034785575.1) and
annotations of Meloidogyne javanica were obtained from NCBI Genbank. CDS annotations
for M. javanica were extracted from the main set using AGAT: Another Genome Analysis
Toolkit (Dainat & Herefiu, 2020). CDS annotations of Meloidogyne enterolobii — an outgroup
for phylogenetic analysis — were also obtained (Danchin et al., 2020; Koutsovoulos et al.,
2020).

3.2.3 Ploidy profiling

K-mer spectra and distributions for each high accuracy read library were generated
using KMC with the parameters -k21 -t28 -m1000 -cil -cs10000 (Kokot et al., 2017). The
histograms from these distributions were then input to smudgeplot. Following ploidy
determination with smudgeplot, each k-mer distribution histogram was input to
Genomescope2 with the appropriate ploidy setting as determined by smudgeplot (Ranallo-
Benavidez et al., 2020).

3.2.4 Phasing of assemblies through alignment to subgenomes

of Meloidogyne javanica

Genome assemblies of M. incognita, M. arenaria, and M. luci were assigned to
corresponding scaffolds of the genome assembly of M. javanica using MASH (Ondov et al.,
2016). The individual scaffolds from the contemporary assemblies were each queried
against a MASH sketch of the M. javanica assembly. Each contemporary scaffold was then
assigned to an M. javanica scaffold based on the best hit with the lowest MASH distance
and significant p-value (<0.01). If the M. javanica scaffold hit was assigned to a subgenome,
the corresponding contemporary scaffold was assigned accordingly. These pairings were

assessed through local alignment in BLAST (Altschul et al., 1990).

3.2.5 Annotation of contemporary assemblies and subsequent
phasing of CDS

M. incognita and M. arenaria assemblies were annotated by a lift-over approach,
utilising the LiftOff package (Shumate & Salzberg, 2021). LiftOff was provided with the
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Figure 3.4: Pipeline used to generate quality controlled codon alignments from CDS

of unphased Meloidogyne assemblies. Green indicates bioinformatic processes. Yellow

indicates input assemblies. Orange indicates phased assemblies. Blue indicates unphased

CDS annotations. Purple indicates phased CDS. Red indicates orthogroups.
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3.2.6 Generation of multispecies and M. javanica specific

orthogroups

Orthogroups - groups of homologous genes descended from a single common
ancestor - were generated using OrthoFinder2 (Emms & Kelly, 2018). OrthoFinder2 was
provided with CDS sequences from all OTUs - both subgenomes of M. incognita, M.
arenaria, M. luci, and M. javanica. Only CDS located on phased scaffolds were included. As
well as this we included CDS from an outgroup, Meloidogyne enterolobii, unphased and as
a single OTU. Gene trees were generated for each orthogroup. For M. javanica specific
orthogroups, only CDS from M. enterolobii and both subgenomes of M. javanica were
included. In both cases, only the longest sequence for each OTU was retained, and shorter
sequences were removed from the orthogroups. Counts of the number of orthogroups and
their respective contents were performed (Supplementary Table 3.2 & 3.3) and only
orthogroups containing sequences from all OTUs were carried forward. Gene trees were
also inferred for all orthogroups passing these thresholds.

3.2.7 Codon alignment of orthogroups and quality control

Codon alignments of orthogroups were generated in the following way. First,
nucleotide alignments were generated using MAFFT with default settings. Unaligned
orthogroups were then translated from nucleotides into amino acid sequences using
Biopython (Cock et al., 2009) and also aligned using MAFFT (Katoh et al., 2002) with default
settings. Orthogroups were then aligned by codon using Biopython, incorporating aligned
nucleotide orthogroups and corresponding translated and aligned amino acid orthogroups.

Codon alignments were then assessed and quality controlled in the following ways. All
orthogroups were analysed using CIAlign (Tumescheit et al., 2022) with the --visualise, --
clean, and —interpret modules, producing quality and content metrics, alignment
visualisations, and cleaned versions of the alignments. Alignments were also assessed
using AMAS (Borowiec, 2016) to generate summary statistics. Selected AMAS and CIAlign
results were visualised together to detect correlations between metrics (Supplementary
Figure 3). Alignments were then checked for the presence of stop codons and frame shifts
using Biopython and custom scripts. Alignments containing premature stop codons were

removed from the analysis.
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3.2.8 Phylogenetic tree generation

Taxon-specific sequences in codon aligned orthogroups were programmatically
combined end-to-end to generate a concatenated multi-gene alignment. This alignment was
assessed for quality and generation of summary statistics using CIAlign with the --visualise,
--clean, and —interpret modules enabled. The alignment was then input to IQTREE (Minh et
al., 2020) using the -GTR nucleotide model (GTR; 1000 bootstraps; Kosiol et al., 2007) to
produce a phylogenetic subgenome scale species tree. Trees were drawn with toytree, and
ete3 (Huerta-Cepas et al., 2016; Eaton, 2020).

3.2.9 Analysis of codon frequency and usage

To obtain species specific codon usage information for each taxon, sequences in
codon aligned orthogroups were extracted and combined to produce frame-aligned OTU
specific sequence sets. We generated statistics of CUB and frequency for each subgenome
and outgroup using codonW (Peden, 2005), as well as a browser based solution (Stothard,

2000), which were in agreement (Supplementary Figure 3.1; Supplementary Table 3.1).

3.2.10 Detecting different rates of evolution between

subgenomes of M. javanica
dN/dS

dN/dS ratio was calculated using HyPhy at the command line (Kosakovsky Pond et al.,
2020). All orthogroup alignments that passed quality control were analysed using the
aBSREL model in HyPhy (Smith et al., 2015; Kosakovsky Pond et al., 2020). Due to this
model being branch specific all OTUs barring M. enterolobii were considered and set as
foreground branches. Orthogroup specific phylogenetic gene trees were used for each
group analysis in order to not skew results where the gene tree was incongruent with the
species tree (Mendes & Hahn, 2016). Results were parsed, filtered for significance, and
combined (Supplementary Table 3.2), and distributions of omega values for significant
results plotted (Figure 3.8).

For loci with significant p-values (p = <0.05) for both subgenomes of M. javanica under
the aBSREL model, the omega (w) of both taxa was extracted and plotted alongside each

other to display the distribution between the subgenomes for a given gene to visualise cases
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where both subgenomes at a locus are being conserved, or alternatively where one

subgenome is being conserved and the other has degenerated (Figure 3.9).

Relative rate

We compared the rate of sequence change of each OTU against homologous
sequences from M. enterolobii. We performed quality control and checked for homogeneity
of bases in the alignment (Table 3.4), then performed Tajima's relative rate test on the
concatenated alignment. The test was applied in R using the pegas package (Paradis,
2010). Results were collated in a table (Table 3.5).

3.2.11 Methylation differences

Methylation was detected by re-basecalling the nanopore data (SRA: SRR23627521)
using the dna r9.4.1 450bps_modbases 5mc_hac_prom.cfg model to detect CpG
modification. Data was base-called with the latest version of guppy, methylated CpG sites
were identified using nanopolish (Loman et al., 2015). A call over 2 log likelihood is
considered methylated and reliable. Calls over this threshold and detected in reads at a
frequency of >40% were plotted along the length of each scaffold for all scaffolds
(Supplementary Figure 3.2).

3.2.12 Multispecies synteny

A multispecies synteny analysis was performed using the MCScan module from the
JCVI software (Wang et al., 2012; Tang et al., 2015) using the following parameters: C-score
cutoff = 0.7, DIST = 20, N = 4. CDS annotations of all species were used to inform synteny
detection. Subgenomes from each species were compared to their homologous subgenome

in M. javanica to infer synteny (Figure 3.12, 3.12 & 3.13).

3.3 Results

Genome assemblies of M. arenaria, M. incognita, M. javanica, M. enterolobii, and M.
luci were obtained and analysed using the asmapp workflow to determine assembly quality
(Winter, 2022; Winter et al., 2024). Results are presented in Table 3.1. BUSCO scores for

all assemblies were acceptable, ranging from 69.5% to 74.1%. M. javanica and M. arenaria
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are expected to have similar genome sizes of around 280-300 Mbp based on previous
studies, calculations from collapsed short read assemblies (Blanc-Mathieu et al., 2017;
Szitenberg et al., 2017), and k-mer spectra (Figure 3.5). We observe similar lengths for M.
arenaria and for M. javanica when accounting for genome length due to dual assembly. GC

percentage is consistent across species at ~30% (Table 3.1).

Table 3.1: Descriptive statistics of assemblies utilised in this study.

Species Assembly BUSCO GC (%) | Contigs | Year Accession
length (Mbp)
M. arenaria 281.69 C:74.1% [S:16.1%, 30 1431 2021 | GCA_017562155.1
D:58.0%], F:10.2%,
M:15.7%
M. javanica 150.54 C:69.5 [S:37.3%, 30.1 69 2024 | GCA_0347 85575.1
D:32.2%], F:13.7%,
M:16.8%
M. 193.15 C:71.7% [S:18.8%, 29.94 374 2020 | GCA_014132215.1
incognita D:52.9%], F:11.4%,
M:16.9%
M. luci 209.15 C:73.7% [S:14.9%, 30.17 327 2019 | GCA_902706615.1
D:58.8%], F:11.0%,
M:15.3%
M. 240.05 C:73.7% [S:13.3%, 30 4437 2021 | GCA_9039 94135.1
enterolobii D:60.4%], F:10.6%,
M:15.7%

3.3.1 Genome and ploidy profiling

The consensus between observed and modelled peaks in k-mer spectra show that
ploidy selection was accurate and we produced models that accurately fit the k-mer spectra
profile. We see different levels of ploidy across the species. Ploidy predictions are as follows:

M. luci and M. incognita, triploid. M. arenaria and M. javanica, tetraploid.

We also see similarities between MIG species and differences from the more
phylogenetically distant M. luci. Predicted haploid length for MIG species ranges from 68
Mbp to 75 Mbp. Predicted haploid length for M. luci is much higher, at ~102 Mbp. Unique k-
mer percentages for MIG species are between 62.8% and 68.8%, however we observe a
much lower percentage of unique k-mers in M.luci, at 48.1%. Duplication rates are between
0.402 and 0.621 for all species with the exception of M. javanica, for which we detect a

duplication rate of 3.4.
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Figure 3.5: Smudgeplot and Genomescope results for species included in these

analyses. Top to bottom: M. luci, M. javanica, M. incognita, M. arenaria.

3.3.2 Phasing of assemblies through alignment to orthologous

subgenomes in Meloidogyne javanica

Winter et al. (2024; Chapter 2) phased scaffolds of an assembly of the M. javanica
genome into subgenomes, assigned A and B. We then assigned contigs from the genome
assemblies of M. arenaria, M. incognita, and M. luci to A and B subgenomes using MASH
and BLAST similarity searches. Descriptive statistics of these assignments can be seen in
Table 3.2. The majority of M. incognita and M. luci assemblies were assigned to a
subgenome, at 78% and 76.87% respectively. Unfortunately, many contigs of the M.
arenaria assembly did not hit with enough significance to be considered a match, and as a
result 56.94% of that assembly was assigned to a subgenome. Due to only 87% of the M.
javanica assembly being phased, the highest expectation of percentage of length phased
for the other assembilies is also ~87%. In this context, we have phased 89.7%, 65.5%, and
88.36% of M. incognita, M. arenaria, and M. luci, respectively, out of the total amount

possible using this method.
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Table 3.2: Statistics of assembly contig assignment and phasing.

Species
Total contigs

Contigs assigned

Percent of contigs
assigned (%)

Phased to A (number
and length)

Phased to B (humber
and length)

Length of contigs
phased to A (bp)

Length of contigs
phased to B (bp)

Percent of assembly
phased (%)
Length of phased
content (bp)

A/B length ratio of
phased contigs

M. javanica
33
N/A

N/A

11

17

58,935,666

69,619,210

87

128,554,876

1:1.18

M. incognita
374
291

77.81

97

141

53,631,533

96,938,673

78

150,570,206

1:1.81

M. arenaria
1431
763

53.32

260

367

56,803,706

101,634,373

56.94

158,438079

1:1.77

M. luci
327
223

68.19

81

97

71,458,573

88,284,288

76.87

159,742,861

1:1.23

3.3.3 Contemporary assembly annotation and phasing of CDS

Table 3.3: Statistics of CDS assignment and phasing.

Species Total CDs CDS assighed | Phasedto A | Phased to Percent A/B
CDs lifted to phased B of CDS CDS

over contigs phased ratio
M. javanica 35,749 NA 20,888 9412 11076 58.43 1:1.18
M. incognita NA 21,507 17,301 6,031 11,270 80.44 1:1.87
M. arenaria NA 26,692 16,175 5,178 10,997 60.59 1:.2.12
M. luci 49,988 NA 39,635 17,316 22,319 79.29 1:1.29

We observe a similar number of genes assigned to subgenome B for MIG species, and
roughly double for M. luci. The total number of CDS annotated on the assemblies is also
double for M. luci than it is for MIG species. The number of CDS phased to subgenome A

varies across all species which could be suggestive of dominance of subgenome B.

87



Ratios of CDS between subgenomes align roughly with ratios of subgenome length
(1:1.18 - 1:1.87; Table 3.2) including for M. luci despite containing nearly double the CDS.

The exception to this is M. arenaria with a higher skew of CDS (1:2.12) than subgenome

length 1:1.77.

3.3.4 Orthogroup generation and alignment

OrthoFinder2 assigned 143,635 genes (93.7% of total from all species) to 19,177

orthogroups. 50% of all genes were in orthogroups with 10 or more genes (G50 = 10) and

were contained in the largest 5291 orthogroups (O50 = 5291). There were 842 orthogroups

with all species present and O of these consisted entirely of single-copy genes (Table 3.4).

Full statistics of orthogroup generation can be found in Supplementary Tables 3.2.1 - 3.3.4.

Table 3.4: Overall orthogroup statistics

Metric
Number of species
Number of genes
Number of genes in orthogroups
Number of unassigned genes
Percentage of genes in orthogroups
Percentage of unassigned genes
Number of orthogroups
Number of species-specific orthogroups
Number of genes in species-specific orthogroups
Percentage of genes in species-specific orthogroups
Mean orthogroup size
Median orthogroup size
G50 (assigned genes)
G50 (all genes)
050 (assigned genes)
050 (all genes)
Number of orthogroups with all species present

Number of single-copy orthogroups

Count
9
153,372
143,635
9,737
93.7
6.3
19,177
2,223
7,105
4.6
7.5
6
11
10
4,824
5,291
842
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Figure 3.6: Histograms of subgenome presence or absence in orthogroups. The Y axis
represents the number of orthogroups. The X axis represents the category: blue,
subgenome A; purple, both subgenome A and subgenome B; red, subgenome B. Top left,

M. javanica. Top right, M. arenaria. Bottom left, M. incognita. Bottom right, M. luci.

Not all orthogroups contain genes from both subgenomes for each species, and the
rate at which genes from either subgenome are absent from orthogroups can inform us
about the potential rate of gene fractionation or loss on a subgenome. Orthogroups
containing genes from both subgenomes are the most common, although there are more
orthogroups containing only subgenome B genes than both A and B for M. luci. There is a
higher rate of orthogroups with only subgenome B copies of genes than subgenome A for
all OTUs, and we see a higher number of subgenome B genes assigned to orthogroups
overall (Supplementary Table 3.3) suggesting that subgenome A has undergone a higher
rate of gene fractionation than subgenome B (Figure 3.6). These results are indicative of

subgenome B being the most dominant subgenome, although these differences could be
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explained by the relative greater total length of phased subgenome B contigs, leading to a

higher number of input CDS overall (Table 3.3).

3.3.5 Generation and quality control of codon alignments

842 orthogroups were aligned by both amino acids and nucleotides. Of these
orthogroup alignments, 205 successfully aligned by codon, with the remaining alignments
containing ambiguous or missing data (Tumescheit et al. 2022). 22 orthogroups were found
to include sequences that contained stop codons. These orthogroups were removed from
the analysis, bringing the total number of orthogroups retained to 183 (Supplementary 3.2).
These alignments were parsed with CIAlign and AMAS to generate descriptive statistics and
observe the interaction between metrics (Supplementary 3.3.1 and 3.3.2).

Table 3.5: Whole genome and subgenome scale homogeneity of bases. Whole counts
are from whole genome including non-coding and intergenic regions. Subgenome counts

are from CDS regions only.

Species State A (%) T (%) G (%) C((%) | AT (%) | GC (%) Skew (%)
Whole 36.67 38.33 16.67 8.33 75.03 24.97 3.005:1
Meloidogyne
javanica A 35 28.33 | 18.33 18.33 63.33 36.66 1.73:1
B 18.33 51.67 18.33 11.67 70 30 2.33:11
Whole 42.5 22.5 15 20 65 35 1.86:1
Meloidogyne
incognita A 28.33 31.67 21.67 18.33 60 40 151
B 26.67 38.33 18.33 16.67 65 35 1.86:1
Whole 35 36.25 12.5 16.25 71.25 28.75 2.48:1
Meloidogyne
arenaria A 26.67 33.33 23.33 16.67 60 40 151
B 30 30 21.67 18.33 60 40 151
Whole 20 43.75 18.75 175 63.75 36.25 1.76:1
Meloidogyne
luci A 55 21.67 10 13.33 76.67 23.33 3.29:1
B 21.67 40 20 18.33 61.67 38.33 1.61:1
Meloidogyne Whole 33.75 33.75 15 175 67.50 32.50 2.08:1
enterolobii

We calculated the ratio of bases for CDS in each orthogroup alignment reaching this

stage of analysis and checked for homogeneity of bases to ensure appropriateness to
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undergo tests of selection (Figure 3.7; Table 3.4). CDS from triploid species have an AT/GC
ratio of 1.76-1.86:1 and an AT percentage of between 63.75% and 65%. CDS from tetraploid
species have a ratio of 2.48-3.01:1 and an AT percentage of between 71.25% and 75.03
percent.

In M. incognita and M. javanica, CDS on subgenome B have a higher percentage of
AT bases, whereas in M. luci CDS on subgenome A have the higher percentage, with
subgenome A CDS of M. luci exhibiting the highest percentage of adenine of all bases of all
subgenomes from all species. The ratio of AT/GC is the same in CDS from both
subgenomes of M. arenaria.

A (%) 100 4
. T (%)
. G (%)
. C (%)

80 1

60

Percentage (%)

40 -

20 4

Figure 3.7: Distribution of base usage in whole genomes and subgenomes. Divided
into the whole genome and each subgenome for every species analysed. Adenosine, green.
Thymine, red. Guanine, grey. Cytosine, blue.

3.3.6 Phylogenomics

Structure of the subgenome phylogeny shows that subgenomes from all included taxa
are more similar and more closely related to their contemporary subgenome in other species
(M. javanica A to M. luci A) than they are to the homoeologous subgenome (M. javanica A
to M. javanica B) they share the organism with (Figure 3.8).
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Figure 3.8: Phylogenomic subgenome-specific species tree. Built from concatenated
phased and aligned CDS orthologs from subgenomes of M. javanica, M incognita, M.

arenaria, M. luci, and an outgroup, M. enterolobii.

3.3.7 Codon usage and frequency

We compared codons across CDS for all species and observed no difference in usage
or frequency between species or subgenomes (Supplementary Figure 3.1; Supplementary
Table 3.1).

3.3.8 Detection of selection in Meloidogyne javanica

We performed tests of selection using the aBSREL branch-specific model on all
orthogroups containing sequences from all 9 OTUs to detect differences in selection
pressures between homeologous genes across subgenomes, and to attempt to infer if one
subgenome was dominant over the other based on overall amounts of positive or negative

selection.
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Figure 3.9: Violin plot of orthogroups containing sites with omega (w) greater than 1
for all OTUs analysed. Colour indicates species, with lighter shade indicating subgenome

A and darker shade indicating subgenome B.

Subgenome level

On a subgenome level, we observe a higher mean omega value in subgenome B
sequences for all species except for M.luci (Figure 3.9). The distribution of omega values
for each OTU was plotted to investigate the spread and frequency of omega for each (Figure
3.10). We see that in M. javanica, M. incognita, and M. luci, there is a higher frequency of
genes on subgenome A with high omega than subgenome B although this effect is very
minimal in the latter two species. In M. arenaria we see a higher frequency of genes of
subgenome B with high omega. We see a higher frequency of genes under negative
selection in subgenome A for triploid species (M. incognita and M. luci), and a higher
frequency in subgenome B for the tetraploid species (M. arenaria and M. javanica). We also
observe a greater proportion of genes with lower omega in triploid species than in tetraploid
species (Figure 3.10).
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for M. incognita divided into subgenome A and subgenome B. Bottom right, Proportion of

sites with w > 1 for M. luci divided into subgenome A and subgenome B.

These results combined suggest that subgenome A is dominant over subgenome B,
resulting in subgenome A experiencing a higher conservative selection pressure, enabling

occasional neofunctionalisation of subgenome B genes.
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Figure 3.11: Distribution of significant homoeologous dNdS scores for orthogroups

containing CDS from subgenome A and subgenome B of M. javanica. X axis shows
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omega, where scores of w > 1 are scaled to 1. Only orthogroups where genes from both

subgenomes were found to be significant are included.

From the results of analysis with HyPhy, we selected orthogroups where genes from
both subgenomes of M. javanica exhibited significant omega values (32 orthogroups) and
plotted them for comparison (Figure 3.11). We see a large disparity in omega in 7 of them.
These results suggest that genes on opposing subgenomes experience opposite selection
pressures, where one copy is conserved under negative selection and the other falls under
either neutral or positive selection. We observe 16 instances where subgenome A is under
negative selection while subgenome B is not - although only 5 of these cases have an omega
of >0.5 for subgenome B - and only 9 where subgenome B has the lower omega value. Even
in these cases the omega value tends to be higher than those of genes where subgenome
A is under negative selection. All together these results suggest that subgenome A is being
conserved more favourable than subgenome B, indicating that subgenome A is dominant in

M. javanica.

3.3.9 Relative rates

Of all species tested, only M. luci did not exhibit a significant difference in relative rate
of nucleotide substitution between subgenomes. All of the MIG species tested showed a

significant difference in relative rate between subgenomes.

Table 3.6: Results of Tajima's relative rate test. Generated using pegas in R.

Species M. javanica M. arenaria M. luci M. incognita
Chi 18.8048 46.76605 0.02471042 33.01541
p-value <0.001 <0.001 0.875 <0.001

3.3.10 Methylation

Raw Oxford Nanopore reads were only available for M. javanica which limited our
methylation analysis to the subgenomes of this species. We observe a methylation rate of
~3% across both subgenomes. When visualised, this methylation does not appear to be
randomly distributed across the genome (Supplementary Figure 2), and some calls are at a

frequency of 100%.
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3.3.11 Synteny

We detected and compared the amount of conserved synteny between each
subgenome of M. javanica, M. arenaria, M. incognita, and M. luci. We find a considerable
amount of synteny between all species and M. javanica, so much so between some
chromosomes and syntenic assembly scaffolds that it could be used as reference to
pseudoscaffold the opposing contigs. M. luci contains almost chromosome scale runs of
synteny with M. javanica in both subgenomes. Something to consider is that the higher rate
of fragmentation of the M. arenaria and M. incognita assemblies could be impacting
detection of syntenic blocks due to programmatic constraints on the length of syntenic
blocks, increasing false negatives and missing syntenic locations. Conversely, higher
contiguity of the M. luci assembly could be facilitating the joining of syntenic blocks. We are
unable to infer chromosome fragmentation of other species relative to M. javanica due to
lack of continuity in the contemporary genome assemblies. This analysis likely
underestimates the amount of synteny between species due to annotations of the

contemporary species being based on a lift over approach from older annotations.

Figure 3.12: Plots showing synteny and collinearity between subgenomes of M.

javanica and M. luci.
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Figure 3.13: Plots showing synteny and collinearity between subgenomes of M.
javanica and M. incognita.

M. arenaria B

Figure 3.14: Plots showing synteny and collinearity between subgenomes of M.

javanica and M. arenaria.
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3.4 Discussion

We set out to compare the subgenomes of several RKN species: M. javanica, M.
arenaria, M. incognita, and M. luci. We successfully phased assemblies of the latter three
species using a recent phased, chromosome-scale assembly of M. javanica as a reference
(Winter et al., 2024), and subsequently generated descriptive statistics of the assemblies,
subgenomes, and respective CDS counts. Overall we consider this method of lifting over
and phasing CDS successful and believe that it has provided enough phased CDS for each
species to enable further analysis to be representative. Using these phased CDS sets, we
generated groups of orthologous genes and investigated for signals of selection or
differences in mutation rates and effects. Alongside this, we assessed ploidy of all species,
synteny and codon usage frequency between subgenomes across species, performed a
phylogenomic analysis of all subgenomes, and attempted to detect methylation rates of

subgenomes of M. javanica.

3.4.1 Subgenome dominance

The ratio of subgenome length to amount of phased CDS per OTU is roughly congruent
(~1:1.18), which is to be expected if CDS are evenly distributed throughout the genome and
no single subgenome has lost significantly more genes than the other (Table 3.2 & 3.3). We
observed a greater amount of orthogroups containing only CDS from subgenome B for all
species (Figure 3.6), which could suggest that subgenome A has undergone more gene loss
than subgenome B, although the imbalance in the number of CDS from each subgenome,
when input to OrthoFinder2, is likely driving this difference. This is important to consider
when attempting to infer subgenome dominance from the presence of CDS, which based
on Figure 3.6 suggests dominance of subgenome B. There may also have been a skewed
ratio of total CDS between the ancestors of the hybrid, though this is difficult to determine.
Performing further analysis on only orthogroups containing CDS from all OTUs will remove
this skew, however it will affect counts of orthogroups containing CDS from only one

subgenome, which potentially hold signals of imbalance gene loss.

Rates of omega across genes from orthogroups where all subgenomes and species
are represented suggest that subgenome A is dominant in the triploid species, M. incognita
and M. luci, with a higher frequency of very low omega genes suggestive of purifying
selection. Dominance is more balanced in the tetraploid species, M. javanica and M.

arenaria (Figure 3.10), although these effects are slight, with both tetraploid species showing
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a greater amount of high omega genes than the triploid species tested. A more equal division
of loci with lower omega between subgenomes could indicate that dominance is more
balanced in the tetraploids, and may explain why these species have not reverted to triploidy

like M. incognita and M. luci.

We present this effect of dominance at a locus level scale in M. javanica, where we
see that several genes across subgenomes display contrasting omega, seemingly under
different selection pressures (Figure 3.11), evidencing the effect of localised subgenome
dominance. This localised dominance appears to be balanced between subgenomes,

leading to no significant detectable subgenome-scale trend.

All MIG species, bar one, showed significant differences in relative rates of substitution
between their subgenomes (Table 2.5), highly suggestive of one subgenome being
dominant over the other, with higher omega detectable on the other. In contrast M. luci does
not show a significant difference in relative rate between subgenomes. The difference of
relative rate between the MIG and M. luci (Table 3.6) could be explained by a different
response to genomic shock in their progenitors following hybridisation, with the genome of

M. luci stabilising earlier as a triploid, and subgenome dominance being asserted.

Overall, we find that no subgenome is significantly dominant over the other, likely
facilitated by alternating locus-level dominance, with a balanced number of genes on either
subgenome experiencing low omega whilst their homoeologs experience high omega. This
has led to retention of both subgenomes in all species tested. Reversions to triploidy in some
species could therefore be explained through homologous recombination accumulating
coding genes on one copy of a subgenome, facilitating the degeneration of the other, which
would lead to the AAB genome complements exhibited by M. incognita and M. luci. Analysis
and detection of these phenomena can be complex, and in attempting to explore the
genomes of these species from several other perspectives, our investigation of subgenome
dominance is shallow compared to the depth required to conclusively determine the
dynamics of this system. We have however laid the groundwork for more in depth and
targeted analysis, as well as developed workflows and bioinformatic methods to aid and

enable future research.
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3.4.2 Phylogeny

We find that the subgenomes of the species in this study are more similar to their
orthologous subgenome in sister species than they are to the homoeologous subgenome in
the same cell, supporting phylogenies produced by Szitenberg et al (2017) and Winter
(2020). These species share a common ancestor that was the hybrid progeny of two ancient

Meloidogyne species.

Although this pattern is expected in the MIG species based on previous studies, M. luci
also follows this pattern. In this work, subgenomes of M. luci were phased and placed in a
subgenome scale phylogeny for the first time, revealing that M. luci subgenomes are
paraphyletic, following the same topology and evolutionary history as the MIG - each
subgenome more similar to its homologs than its homoeologs - but branching from the

lineage more basally that the coalescence point of the MIG species (Figure 3.8).

This suggests a congruent hybrid origin followed by divergence into the progenitors of
the MIG and M. luci, with M. luci diverging from the common ancestor earlier than the MIG
speciated. A shared origin but earlier speciation could also be supported by our findings of
few genes with high omega and no significant difference between the relative rate of
mutation between M. luci subgenomes, indicative of a restored genome stability. It could be
hypothesised that dominance of subgenome A was established early in M. luci, with
fractionation occurring on subgenome B, triggering speciation, and inducing copy loss and

the return to triploidy.

Future phylogenomic studies of this clade could include other apomictic species close
in phylogeny to M. luci such as M. oryzae, M. konaensis, M. ethiopica, and possibly M.

haplanaria, phased into subgenomes, and attempt to detect a similar pattern.

3.4.3 Ploidy differences

We determined ploidy states of species included in this study and presented them
together for comparison for the first time (Figure 3.5) and observed differences in ploidy
levels concordant with those previously inferred by past groups (Blanc-Mathieu et al., 2017,
Szitenberg et al., 2017; Susic€ et al., 2020). Regarding differences in ploidy between species
analysed here, phylogenomic analysis strongly suggests a shared origin resulting from
hybridisation of the same parent species. However, we are unable to tell for certain from

these results whether this was a single hybridisation event that gave rise to the ancestor of
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the MIG and M. luci or if two separate hybridisation events occurred that resulted in the
ancestor of M. luci, and the ancestor of the MIG separately. Despite this, we would suggest
the more likely option of a single event.

The paraphyly of triploids containing homologous subgenomes suggests that the
triploid species M. incognita and M. luci have both undergone copy loss and triploidisation
independently, whilst M. javanica and M. arenaria have maintained tetraploidy. There are
several mechanisms through which this disparity of ploidy could arise. It could be that
purifying selection acting in equilibrium on both subgenomes at a local level in the tetraploids
has offset the diploidisation process and enabled maintenance of polyploidy, whereas in the
triploid species dominance settled with a greater bias toward one subgenome, accelerating
copy loss (Comai, 2005; Bomblies et al., 2016). In any case, gene fractionation and

diploidisation are the likely reasons behind the triploidy seen in M. incognita and M. luci.

An alternative explanation for triploidy in these species could be the possibility of
reproducing sexually with rarely produced males, which have been identified in apomictic
MIG species, although there is no record of fertilisation being observed despite successful
insemination (Papadopoulou & Traintaphyllou, 1982). If possible, sexual reproduction would
facilitate recombination and linkage of dominant genes and regions on the dominant
subgenome, accelerating the rate of degeneration of the non-dominant subgenome. Rare
sexual events in some species could also explain the anomalous sexual system and
genome architecture of Meloidogyne floridensis, an outlier in the MIG by being automictic
and predicted as either diploid or triploid (Lunt et al., 2014; Szitenberg et al., 2017; Jaron et
al., 2021).

3.4.4 Methylation

The presence of methylation in the genomes of Meloidogyne has not been robustly
confirmed before, and methylation in nematodes in general is thought to be rare, if existent
at all (Gao et al., 2018; Pratx et al., 2018). We detect a genome-wide rate of 3% methylated
CpG sites. This is low compared to the values found in taxa known conclusively to exhibit
DNA methylation (Liu et al., 2020; Engelhardt et al., 2022), however, if rare a high rate would
not be expected. There is also the possibility that this amount is within the range of potential
false positives, although this 3% all pass the threshold of what is generally considered a true
call (log likelihood >2), and methylation of reads covering some sites was detected at a

frequency of 100%.
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DNA methylation is a common mechanism for genomes undergoing WGD to manage
genomic shock, with increased and potentially deleterious gene dosage controlled through
silencing of genes through methylation (Keller & Yi, 2014; Song & Chen, 2015; de Tomas &
Vicient, 2023). A supposed lack of considerable methylation in Meloidogyne raises
guestions about how, in the supposed absence of methylation, Meloidogyne species coped
with genomic shock post-hybridisation. One possibility is the upregulation of piRNAs — PIWI-
interacting RNAs thatprevent the movement of transposable elements — are able to assist

in managing genomic shock (Czech et al. 2018; Loubalova et al. 2023).

3.4.5 Codon usage and frequency

The consistency we observe in codon usage could reflect genomic or biochemical
constraints within the group, such as a limited tRNA repertoire or strong conservation of
translational pathways, preventing divergence of codon usage following speciation.
Similarity of CUB across subgenomes of the MIG and M. luci is also indicative of the
homologous origin of their subgenomes.

3.4.6 Synteny

We find from the amount of synteny observed between subgenomes across species
that our method of assigning phase to contigs of unphased assemblies was successful
(Figure 3.12, 3.13 & 3.14). Synteny between subgenomes across species appears to be
considerably conserved for both subgenomes, indicating that large structural
rearrangements are rare between species, and suggesting that retention of genes is
occurring in collinear blocks rather than at an individual gene level. It is however important
to note that the lack of contiguity of some of the assemblies used in synteny analysis could
be shrouding some structural rearrangements from our view, and that repetition of this
analysis with more contiguous or even chromosome-scale genome assemblies would, if not
reveal aspects that are unable to be detected here, provide a more confident estimation of

the amount of retained collinearity.

3.4.7 Meloidogyne luci

Based on the results presented here, we would suggest that M. luci originated from the

same hybridisation event as the MIG, but speciated earlier than the ancestor of the MIG
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from their hybrid progenitor. Non-significant relative rate of substitution between
subgenomes and the lower number of genes exhibiting high dN/dS omega in M. luci would
suggest that subgenomes have stabilised faster than those of the MIG, which still display
evidence of balancing selection and fractionation. Despite phylogenetic separation from the
MIG and M. javanica, subgenomes of M. luci still share a large amount of synteny and
collinearity with homologous subgenomes of M. javanica, and presumably the wider MIG
(Figure 3.12, 3.12, & 3.13).

3.4.8 Benchmarking Universal Single Copy Orthologs

Similarly to previous studies (Blanc-Mathieu et al., 2017; Szitenberg et al., 2017;
Koutsovoulos et al., 2020; Susi€ et al., 2020; Winter et al., 2024), we observe a limited score
of complete and fragmented BUSCO genes across the species analysed. The number of
complete BUSCOs are similar across species, further establishing that BUSCO databases
are not properly representative of core genes in clade | of Meloidogyne, and that a BUSCO
score of 70-75% can be considered representative of a complete assembly of these species
by current standards, however few explanations have been given for why this is the case.
The most likely reason is that the BUSCO databases for Nematoda and Eukaryota are not
wholly representative of Meloidogyne, and that Meloidogyne has lost some of its BUSCO
genes since divergence from species better represented in the databases.

The ratio of singleton to duplicate BUSCOs between M. javanica and the other species
likely differs due to the M. javanica assembly being a dual assembly, containing collapsed
haploid representations of both subgenomes (Winter et al., 2024). The rates of singleton to
duplicated BUSCOs across all assemblies is indicative of gene loss at some of the alleles

of these loci.

3.4.9 Future work

There are several analyses that we aimed to perform in this comparison but were

ultimately unable to.

A comprehensive analysis of repeats, repeat content and placement, and assessment
of transposable element (TE) activity could be very informative to the investigation of
subgenome evolution across this group. TEs are thought to help cope with genomic shock,

as well as facilitating adaptation and gene fractionation through revived TE activity and
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translocation post hybridisation (Vicient & Casacuberta, 2017; de Tomas & Vicient, 2023).
Another line of inquiry could be identification of unique k-mer spectra in ancestor specific
repeat regions, then searching for these k-mers in the other subgenome to detect

homeologous recombination.

A thorough analysis of indels across subgenomes of all species could help inform the
rates and spatial density of gene loss, as well as informing of potential TE activity. Winter et
al (2024) observed a high prevalence of indels between subgenomic copies (A1/A2, B1/B2),
and although some indels can be inferred from synteny analysis, it is unfortunate that we

cannot expand this here to detect the same patterns between homologous pairs

Although we have assessed genome wide methylation rates in M. javanica, more
detailed analysis of methylation in Meloidogyne is a necessity. This can include comparison
of methylation at a CDS level rather than genome-wide, as well as comparing these rates
between subgenomes, and also rates between homoeologous scaffold pairs. If methylation
is indeed present, due to its implications in the management of genomic shock post
hybridisation, we would expect to see differing levels between homeologous CDS, and even
between homeologous pairs. Ultimately, sequencing these species with the most recent
Oxford Nanopore Technology sequencing chemistry, calling methylated bases with the most
current algorithms, and performing bisulfite sequencing in tandem, is the only way to
decisively validate that methylation is present in the genomes of these species, as well as

confirming the presence or absence of DNA methylase machinery in the assemblies

Since this work was completed, assemblies of M. incognita and M. arenaria were
published that look to be more complete and of a higher quality than those used in this
analysis (Dai et al., 2023). Future analysis could include these assemblies either
independently or alongside the assemblies used here in order to produce more resolute
results, particularly in the case of synteny. In addition, an increased number of
representative samples would increase confidence in phylogenomic analysis through

increased robustness of the tree.

3.5.0 Conclusion

The major findings of this chapter are as follows. Synteny is conserved throughout the
MIG and M. luci, which combined with the phylogenomic position of M. luci strongly suggests
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homologous ancestry of both subgenomes, meaning that M luci, and presumably sister
species such as M. thailandica and M. arabicida, most likely share the same parentage as
the MIG.

We find enough evidence of CpG methylation present in M. javanica to warrant further
and deeper investigation of the possible presence and adaptive potential of methylation in
the MIG.

Our analysis suggests that subgenome dominance interactions are at play in the
genomes of the allopolyploid clade | Meloidogyne species, and that subgenome A is likely
the overall more dominant subgenome. However, the preservation of tetraploidy versus
triploidy in these closely related species suggests that different pressures and routes of
fractionation have been taken by each, experiencing dominance and subsequent copy loss

at different strengths and speeds.

Overall, this group provides challenges to genomic inference with its complexity, while
at the same time providing an excellent system with which to investigate the evolution of
genomes post hybridisation, the mechanisms and effects of subgenome dominance in
asexuals, and the evolutionary forces driving and resulting from these processes.
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4.0 Abstract

The Javan root knot nematode, Meloidogyne javanica significantly affects crop yields
and agricultural productivity in infected farmland. Several control measures are available,
one of which is the use of genetically resistant plant cultivars containing the Mi-1 gene, on
which M. javanica is unable to successfully infect and reproduce. Strains of M. javanica able
to evade this engineered resistance have been identified (e.g. VW5), increasing the threat
posed by this species. Previous attempts to characterise a gain-of-virulence mechanism
have been limited due to a lack of modern genomic resources for M. javanica and the wider
group, and an inability to assess genomic differences between lineages in the context of
allopolyploidy. Here we utilise a recent chromosome-scale, phased genome assembly of M.
javanica to investigate and characterise a region thought to be involved in gain-of-virulence
and evasion of Mi-1; the Cg-1 region. In doing so, we discovered a large deletion on one of
four genomic copies of M. javanica VW5, spanning over ~650 Kbp and encompassing the
Cg-1 region. We describe this region and the transcriptionally active genes present within it,
discovering that some transcripts heavily implicated in host-pathogen interactions are
entirely deleted from VW5, suggesting a situation of adaptation through gene loss, whereby
loss of a secreted effector could prevent the host from recognising infection and activating

defensive resistance mechanisms.
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4.1 Introduction

4.1.1 Root-knot nematodes and Meloidogyne javanica

Root-knot nematodes (RKN) are a group of over 90 species of microscopic
roundworms that infect the roots of flowering plants, causing drastically reduced host fithess
and reduced yield of affected agricultural crops (Perry et al., 2009; Ralmi, 2016; Khan et al.,
2023). Of the many RKN species, some of the most damaging species belong to the
Meloidogyne incognita group (MIG), including Meloidogyne incognita, Meloidogyne
arenaria, and the focal species of this study Meloidogyne javanica (Bird, et al., 2009; Jones,
A. Haegeman, et al., 2013).

The Javan root-knot nematode, Meloidogyne javanica, can be found all around the
world, but is particularly widespread in Africa, Southern Asia, and Australia (Ralmi et al.,
2016). Meloidogyne javanica infects hundreds of plant species but its primary hosts are
Solanum lycopersicum (tomato), Capsicum annuum (bell pepper), Solanum melongena
(aubergine), and Solanum tuberosum (potato) (Oka et al., 2012; Moosavi, 2015; Tarig-Khan
et al., 2020).

MIG species reproduce through apomixis and exhibit allopolyploid genomes of
differing ploidies (Blanc-Mathieu et al., 2017; Szitenberg et al., 2017; Winter et al., 2024). A
recent genome assembly of the M. javanica lineage VW4 showed how the genome of M.
javanica consists of two subgenomes, each inherited from ancestors that hybridised to
generate the allopolyploid species. It was also shown that M. javanica is tetraploid, with two
copies of each subgenome (Winter et al., 2023). Synteny between these subgenomes is
generally consistent, with the exception of some regions, although the karyotype of each
subgenome appears to differ, with subgenome A containing some chromosomes that pair

with multiple chromosomes of subgenome B, suggesting chromosomal fission events.

4.1.2 Secreted effectors and virulence genes

RKN infect the roots of host plants and induce giant cell (GC) formation - enlarged,
hypertrophied cells - on which the RKN feeds (Perry et al., 2009; Jones et al., 2013). The
generation of GCs causes extensive galling of the host roots and leads to increased
susceptibility to infection from other organisms, and effects ranging from reduced vyield to

death of the host (Favery et al., 2016). Successful invasion of the host and successive
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formation of GCs is facilitated by the secretion of effector proteins by the RKN (Jagdale et
al., 2021).

Parasitic effector proteins are enzymes produced in the organism and used to
facilitate multiple stages of infection, from initial invasion of the host, to upregulating
molecular machinery to increase the nutritional yield available to the parasite from the host
(Dalio et al., 2018; Jagdale et al., 2021). Primarily secreted from oesophageal glands,
effector proteins in RKN have been implicated with several functions, including plant cell

wall degradation and the formation and maintenance of the GC (Favery et al., 2020).

4.1.3 Genetic control measures

Historic treatment and prevention methods for RKN infection have revolved around
the use of pesticides or other exogenous methods, however as evidence of the detrimental
effect of these products on both the environment and human health continues to build, a
different approach is required (Feyisa, 2021). One such approach is the development of
genetically modified (GM) host plants. In these GM cultivars, resistance to RKNs is innate,
reducing or removing the need for exogenous intervention. The exact mechanism of GM
resistance differs depending on the species of RKN, the host plant taxa, and on the

mechanism of infection (Williamson, 1998; Perry et al., 2009).

4.1.4 Mi-1 mediated engineered genetic resistance

Description and role in conferring resistance

Mi-1 is a gene introgressed into cultivated tomato variants that confers resistance
against RKN infection (Williamson, 1998; Nombela et al., 2003). This method is particularly
effective at enabling resistance to three of the MIG species; M. incognita, M. javanica, and
M. arenaria. The Mi-1 gene is now present in many commercially and publicly available

strains of tomato.

Mi-1 is a group of genes collectively referred to as “Mi-1” that includes several
homologous genes from Mi-1 to Mi-7. Of these genes, Mi-1.2 is the only one able to encode
a functional resistance gene, and we refer to Mi-1.2 as Mi-1 throughout this chapter (Seah
et al., 2007).
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Although such GM hosts are generally resistant to MIG RKN infection, lineages of
several MIG species have been found to be able to evade Mi-1 mediated resistance, and M.
javanica is no exception. Some such lineages appear to have evolved this evasion
adaptation in the wild, without exposure to Mi-1 resistant hosts (Eddaoudi et al., 1997,
Tzortzakakis et al., 2005), however some virulent lineages have emerged in a laboratory
setting through selection on populations able to infect Mi-1 resistant strains (Castagnone-
Sereno et al., 1993; Noling, 2000; Joseph et al., 2016). One lineage of Meloidogyne javanica
capable of Mi-1 evasion is the VW5 strain (Milligan et al., 1998; Gleason, 2003).

Significance of Mi-1 evasive strains in infection management

There is evidence of Mi-1 evasive strains in the wild. This reduces the efficacy of Mi-
1 and increases the risk of infection in engineered host plant strains. Over the long term,
rising global temperatures could potentially enable the range of highly impactful MIG species
to increase, enabling the colonisation of agricultural land previously not considered
threatened. Increasing global temperatures could facilitate the reproduction and survival of
MIG species in areas that were historically too cold for them to thrive (Dutta & Phani, 2023).
This does not only include areas latitudinally distinct from current ranges, but also those at
higher altitudes than those previously able to support the species. Combined with the
emergence of resistance evasive strains, MIG RKN infection has the potential to become a

larger issue than it already is.

As a result, there is an increasing importance in understanding the mechanisms of
both MIG RKN infection, resistance, and the interaction of the Mi gene family with the
effectome — the total set of secreted or excreted proteins intended to affect factors external
to the organism - of the nematode. Not only will a greater understanding assist the creation
of more resistant plant cultivars, but can also enable the development of assays to determine

the potential for Mi-1 evasion in newly detected populations.

Emergence of virulent Meloidogyne javanica strains

Virulence in the presence of Mi-hosts was initially discovered through years of
repeated inoculation experiments introducing M. javanica VW4 onto Mi-1 resistant tomato
strains. Genetic experiments indicated that lineages VW4 and VW5 were nearly isogenic,
barring one region, the Cg-1 region which was seemingly not present in VW5, suggesting a
product within the Cg-1 region as a candidate RKN effector for Mi-1 (Gleason, 2003). RNAI
experiments to knock-down the Cg-1 region in RKNs from the VW4 lineage enabled

virulence and the ability to evade Mi-1 resistance (Gleason et al., 2008).
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Gross and Williamson (2011) described the Cg-1 region (Figure 4.1) as 4048 bp long,
flanked by the N-terminus of a gene at the 5’ (hereafter gene P) and the N-terminus of
another gene at the 3’ (hereafter gene R). The region spanned between the 5' terminus of
gene P and the 3' terminus of gene R is hereafter referred to as the PR region. Within the
PR region a novel transposon was identified, Tm1, a transposable element family defined
by variable-length composite terminal inverted repeats and an insertion site flanked by 9 bp
repeats (Gross & Williamson, 2011).

! EU214531.1 |
M s W4 —\/-\/_r Motif A1
. javanica i : i
Cg-‘f Hindlll - |> <| ”l || Hindlll
102;‘5[?6» SG1» . «5G6 Po1s

2556 probe
Figure 4.1: Inverted-repeat element, Tm1, carrying Cg-1 and related elements (Gross
and WIllliamson, 2011). Position of the Cg-1 transcript identified by Gross and Williamson
is shown with thick black lines representing exons and thin lines representing introns. Dark
grey arrows within open boxes represent the TIRs with vertical bars indicating internal
repeats. Target site duplications are indicated by black arrows; hh designates the position
of the histone hairpin. Binding sites for primers SG2 and SG6 are indicated by arrowheads.
The grey bar (a5—a6 probe) shows the position of the PCR amplicon used for Southern
analysis.

4.1.5 Research gap, rationale, and significance of identifying

candidate gain-of-virulence genes

It has been suggested that VW5 had adapted to infect resistant cultivars through
transposition of Tm1, and that its translocation has induced functional gene loss of an
effector protein detected by the host plant and Mi-1 which in turn initiates the hosts defence
pathways (Gleason, 2003; Gleason et al., 2008). This was suspected primarily because
VW4 and VW5 were predicted to be isogenic with the exception of the PR region and Tm1l
(Gross & Williamson, 2011).

M. javanica has now been shown conclusively to be an allotetraploid (Blanc-Mathieu
et al., 2017; Szitenberg et al., 2017; Winter et al., 2023), meaning that there are potentially

four copies of the PR region in the genome. This was not known at the time of previous
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studies, and has complicated our understanding of how translocation of Tm1 could induce

virulence if there are potentially three orthologous copies.

One mechanism for adaptation through transposition of Tml could be gene loss.
Gene loss is known to facilitate gain-of-virulence adaptations. In Plasmodium falciparum,
loss of genes associated with antigen presentation allow the organism to evade immune
detection in its host (Kirkman et al., 2014). Similar events have been detected in other
parasitic species, wherein gene loss leads to loss of presentation of some factor, usually
surface proteins, that then prevents detection of the infection by the host (Barry & McCulloch,
2001; Olivier et al., 2005). If Tm1 is indeed associated with the pathway producing the
protein that is recognised by Mi-1, loss of a copy of Tm1 could reduce the dosage of the
protein coding gene, leading to dampened recognition by Mi-1. In parallel, if Tm1 is involved
in the pathway but there is only one functional copy, loss of this copy would prevent or
severely dampen the production of the effector protein, similarly reducing or removing the
ability of Mi-1 to recognise infection. Similarly, there may be regions in the VW5 genome
that vary structurally from VW4 that could not have been detected using older short-read

sequencing technologies and methods (Sedlazeck et al., 2018).

Using long sequencing reads and modern bioinformatic methods, combined with
access to a phased genome assembly, we were able to compare the VW4 and VW5
genomes in the light of allopolyploidy and attain a more resolved picture. We investigated
the PR region and Tm1 to determine copy number of both the region and the gene, as well
as attempting to detect any other genomic differences between the isolates. We found that
the PR region is present in four copies, two in each subgenome, but that only one of these
copies contains a copy of Tm1. Strikingly, we find a large deletion, hundreds of kilobases in
length, on the copy containing the Tm1 transposon in the virulent VW5 isolate, confirming
the findings of Gleason et al. (2008) and Gross and Williamson (2011) that the Tm1 region
if absent from VW5. Alongside this, we find many more transcriptionally active genes that
are deleted or disrupted in VW5 by this large deletion, generating a list of genes that are

new candidates of the gain-of-virulence adaptations seen in this isolate.
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4.2 Methods
4.2.1 Reproducibility

In the spirit of research integrity and reproducibility, all scripts and equivalent
materials and methods will be made fully and freely available upon publication of the results
of this chapter. We have adhered to FAIR principles as much as possible (Wilkinson et al.,
2016). A statement of reproducibility is provided alongside this thesis. All data utilised in this
study will be made available on NCBI GenBank and SRA.

4.2.2 Data acquisition and generation

In this investigation we used Iso-Seq libraries (SRA: SRX19511628) and the
Meloidogyne javanica genome assembly (ACC: GCA _034785575.1) and corresponding
annotations published by Winter et al (2024). Read libraries of VW4 and VW5 were
generated in the following way. HiFi SMRTbell libraries were constructed using the
SMRTbell Express Template Prep Kit v2.0 (Pacific Biosciences, Menlo Park, CA; Cat. #100-
938-900) according to the manufacturer's instructions. HMW gDNA was sheared to a target
DNA size distribution between 15 kb and 20 kb using Diagenode’s Megaruptor 3 system
(Diagenode, Belgium; Cat. B06010003). The sheared gDNA was concentrated using 0.45X
of AMPure PB beads (Pacific Biosciences, Menlo Park, CA; Cat. #100-265-900) for the
removal of single-strand overhangs at 37 °C for 15 minutes, followed by further enzymatic
steps of DNA damage repair at 37 °C for 30 minutes, end repair and A-tailing at 20 °C for
10 minutes and 65 °C for 30 minutes, ligation of barcoded overhang adapters v3 at 20 °C
for 60 minutes and 65 °C for 10 minutes to inactivate the ligase, then nuclease treated at 37
°C for 1 hour. SMRTbell libraries were purified and concentrated with 0.45X Ampure PB
beads for size selection using the BluePippin/PippinHT system (Sage Science, Beverly, MA,
Cat #BLF7510/HPE7510) to collect fragments greater than 7-9 kb. HiFi SMRTbell libraries
were sequenced at UC Davis DNA Technologies Core (Davis, CA) using one SMRT® Cell
8M Tray (Pacific Biosciences, Menlo Park, CA; Cat #101-389-001), Sequel Il sequencing
chemistry 2.0, and 30-hour movies each on a PacBio Sequel Il sequencer. The VW4 library
was one of two generated, published, and made available on the Sequence Read Archive
by Winter et al (2024; SRA: SRX19511624). All VW4 data is publicly available at the time of
publication. Query sequences for genes P and R were obtained from Gleason et al (2008).
Sequences for Tm1 were obtained from Genbank (ACC: EU214531.2; Gross & Williamson,
2011).
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4.2.3 Finding the PR region in the assembly

Scaffolds containing the PR region in the M. javanica assembly were identified using
a custom snakemake workflow (querying_assemblies). This method is simple and widely
used, but incorporation into a snakemake workflow greatly increases the ease and speed at
which it can be performed. First, a BLAST database is generated from every scaffold in the
provided assembly using makeblastdb (-input_type ‘fasta’ -dbtype nucl). This database is
then queried for a given sequence using blastn (-outfmt 6 -max_target_seqs 50 -max_hsps
40 -evalue 1e-25), resulting in a list of scaffolds that contain high confidence hits to the query
(Altschul et al., 1990). Sequences for gene P, gene R, and the Tm1l transposon were
provided as initial queries, followed by manual inspection of the resulting tables. Results

were combined in a table (Table 4.1).

4.2.4 Describing the PR region

Coordinates of features within the PR region were identified with BLAST alignments
of query sequences, through direct extraction from the IGV genome browser, or through
comparison of the PR region sequences to known and published sequences on NCBI
GenBank using the NCBI BLAST browser tool (Thorvaldsdottir et al., 2013). A diagram
model of the PR region was built using DNAFeaturesViewer (Zulkower & Rosser, 2020)
incorporating our current findings, alongside annotations generated by Winter et al (2024)
and features with high sequence similarity to published sequences. GC content was
calculated from the relevant assembly scaffolds in sliding windows. Coverage was

calculated through mapping of PacBio HiFi libraries to the M. javanica assembly.

4.2.5 Dataset generation

Read libraries of VW4 and VWS5 isolates of M. javanica were combined using the
following method to create a single fasta file of reads containing both isolates. In order to
determine origin following phylogeny generation, reads were renamed according to the
isolate that they originated from using a python script (tag_read_libraries.sh). This script
preserves the identity of the read in the header, but appends the isolate name at the start.
Following isolate tagging, libraries from both VW4 and VW5 were combined and the ID of
each read was appended to the isolate tag for each read (modify_entries.sh). This produced
a working dataset where each read was tagged by the isolate it originated from in order to

infer tree and node content downstream.
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4.2.6 Copy detection and phylogeny

A snakemake workflow (copysnake; Figure 4.2) was designed, developed, and
deployed to detect homologs and homoeologs, perform alignments, and generate
phylogenetic trees of query sequences from within quality controlled read libraries. This
workflow generates a BLAST database of a read library - in this case the VW4 and VW5
PacBio HiFi libraries - removes reads shorter than a given threshold (-min_length 4000),
and searches this database for a query sequence using blastn (-max_target_seqgs 500 -
max_hsps 1 -evalue 0.01 -percent_identity 95), extracting 500 reads that contain a >95%
hit to the query (Altschul et al., 1990). The workflow then aligns the hit reads with MAFFT (-
auto -max_iterate 50), adds and aligns the query sequence to the alignment, then trims the
length of the alignment to the extremities of the query sequence (Katoh et al., 2002).
Sequences containing greater than 60% gaps were removed and alignments were trimmed
with trimAL (-automatedl; Capella-Gutiérrez et al., 2009). The workflow then generates a
phylogenetic tree with IQTREE (Minh et al., 2020) using the GTR model of evolution and
one thousand bootstraps (-m GTR -B 1000), before rooting the tree at midpoint with ete3
(Huerta-Cepas et al., 2016). Midpoint rooted trees of the trimmed alignment are then plotted
with toytree, ete3, and ggtree (Huerta-Cepas et al., 2016; Yu et al., 2017; Eaton, 2020). A
further plot depicting the tree and its input alignment is then generated with ggtree and
ggmsa (Zhou et al., 2022). By using a combined database of both virulent and avirulent
isolates but retaining isolate and read information in the final alignment and tree, we can see
if an isolate is absent from any node of the tree, implying absence of that locus. We initially
applied this method using gene P, gene R, and Tm1 as queries, producing alignments and
trees of all copies of each within the combined database. We would later use this method

on candidate genes suspected to be deleted in isolate VW5.

A variation of this workflow can be implemented that incorporates multiple queries,
extracting and aligning only reads that contain both query sequences. In this way we can
include intergenic regions in our alignments, enabling us to visualise the variability of these
loci. Instead of trimming to the 5' and 3' of a single query, the alignment is trimmed to the
start of the 5' query and the end of the 3' query. We applied this approach to the PR region,
using gene P as front query and gene R as rear query, in order to extract and align reads
that started at the 5' of the PR region and ended at the 3', enabling us to align and compare
the intergenic region, which is predicted to contain Tm1.
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Figure 4.2: Directed acyclic graph of the copy detection workflow, copysnake. Left
flow shows the processing of a single query, right flow shows the processing of a bookended
guery, where two genes are provided and those two genes and the intergenic region are

included in alignment and tree generation. Generated by snakemake.

4.2.7 Identification of the deleted region

Manual identification

VW4 and VW5 read libraries were aligned to the M. javanica assembly and manually
assessed for deletions spanning the PR region using IGV genome browser (Robinson et al.,
2011). Deletions were identified based on split mapping of VW5 reads across the PR region,

partnered by a lack of split mapped VW4 reads across the same interval. Genes within this
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region with corresponding mapped Iso-Seq transcripts were identified (Supplementary
Table 4.1) and their sequences and headers extracted for further analysis. Notable
transcripts were recorded in Table 4.2.

Read depth analysis

We applied a read depth analysis to VW4 and VW5. Reads from each isolate were
mapped to the M. javanica genome assembly with the vulcan pipeline package (Fu et al.,
2021). Vulcan is a read mapping pipeline that incorporates both minimap2 and NGMLR
(Sedlazeck et al., 2018). Reads are initially mapped to the assembly with minimap2,
however in cases where the mapping score falls below a predefined threshold the read will
instead be mapped with NGMLR. NGMLR handles the mapping of reads with structural
variation to the reference better than minimap2, accounting for any structural variation
between VW4 and VW5. Coverage depth scores were extracted using samtools coverage,
which provides a count of coverage depth for each base in the reference (Li et al., 2009).
For each scaffold, these counts were plotted against each other as distributions and as a
sliding window of base pairs using a script obtained from Winter et al (2024,
depth_analysis_setup.R, depth_analysis.R) to detect regions where relative coverage
differed, implying a difference in copy number or indel distribution between VW4 and VW5
(Figure 4.7).

4.2.8 Ontological annotation and copy analysis of deleted genes

Sequences and annotations corresponding to transcripts that mapped between the
coordinates of the identified deletion were extracted from the Iso-Seq annotations of Winter
et al (2024) and collated. Extracted transcripts were input as queries to the NCBI RefSeq
protein database using BLAST (Altschul et al., 1990) in order to identify similarity to
published proteins and to assign gene ontology and functional annotation, results of which
were assigned for each (Supplementary Table 4.1). In order to identify potential paralogs of
deleted or interrupted loci, extracted transcripts were entered as queries into the copysnake
workflow, which identified all copies of given query genes in our read libraries and generated
phylogenetic trees representing them. Alongside this, query genes were compared against
the M. javanica assembly using the querying_assemblies workflow to identify the amount
any locations with high nucleotide similarity. Through combination of these two results we
can infer if there are paralogs of the genes deleted on scaffold 15 elsewhere in the genome.
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4.3 Results
4.3.1 Finding the PR region in the M. javanica assembly

Through local alignment of query sequences we identified two scaffolds in the M.
javanica genome assembly containing genes P and R, scaffolds 15 and 13, which form a
homoeologous chromosome pair (Winter et al., 2023). We found no other copies of genes
P or R elsewhere in the genome. This suggests that there are at least two copies of the PR
region within the genome, one on each subgenome, with both P and R genes around 4 Kbp
apart. We find one copy of Tm1 on Scaffold 15 positioned in the intergenic region between
P and R, and no copies on Scaffold 13. However, we do identify copies of Tm1 on Scaffold
18 and Scaffold 11, with 98.6% and 97.6% similarity to the query sequence, and 98% and
99% query cover, respectively (Table 4.1).

Table 4.1: Best BLAST hits of query genes P and R against the M. javanica assembly.

Query Hit Identity (%) | Query cover | Start coordinate Stop coordinate
(%)

Gene P Scaffold 15 100 100 2,896,333 2,893,921

Gene P Scaffold 13 91.142 35 2,810,288 2,809,461

Gene R Scaffold 15 100 100 2,889,583 2,887,901

Gene R Scaffold 13 90.049 70 2,806,001 2,804,785
™Tml Scaffold 15 100 100 2,891,298 2,890,304
Tml Scaffold 18 98.6 98 1,181,282 1,180,319
Tml Scaffold 11 97.6 99 1,858,627 1,859,611
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Figure 4.3: Phylogenies generated from copies of genes P and R in the trimmed read

Subgenome A

libraries. Four clear clusters are present for both, with similar branch length and topology.
Reads from VW5 are completely absent from one cluster, indicating that this copy is deleted
in VW5. Left, Gene P. Right, Gene R. Bottom, PR region.
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These findings indicate that the PR region is tetraploid in M. javanica, and that the four
copies share an evolutionary history suggesting the hybridisation of two diploids to form the
allotetraploid species. It also indicates that isolates VW4 and VW5 are not isogenic across
this region, with a deletion spanning, at the least, from the 5' terminus of gene P to the 3'

terminus of gene R. The full extent of this deletion was investigated in greater depth.

4.3.2 Describing the PR region

Visualisations in IGV of the PR region on these scaffolds as well as visualised
alignments generated by the copysnake workflow show four distinct copies within VW4, two
copies for each scaffold. The Tm1 transposon is present within the PR intergenic region of
one of the copies mapped to scaffold 15, hereafter copy Al. The intergenic regions of the
other copies are much shorter than the Tml-containing intergenic region of Al, and all

exhibit unique sequences differing from that of other copies.

Comparison of gene P and gene R against the RefSeq Protein database suggests
that they are a phosphatidylinositol transfer protein (PITP) and a Rho GTP-ase activating
protein (RhoGAP) respectively. We find a transcript with high sequence similarity to gene R
in the transcript annotations of Winter et al (2024) that corresponds to Rho-GTPase
activating domain in the RefSeq database. Rho GTPases are involved in cytoskeleton
maintenance and formation (Etienne-Manneville & Hall, 2002).

We do not find a transcript correlating to gene P in these annotations. We do however
find a correlation to a gene in the gene predictions of Winter et al. (2024), suggesting that
gene P does not produce a transcribed product, or that this product is not present in our
IsoSeq library. When assigned ontology with BLAST this sequence is identified as a possible
phosphatidylinositol transfer protein. Phosphatidylinositol transferase functions as a mode
of transport for phosphatidylinositols, which play important roles in cell signalling and

membrane trafficking.

A model of the PR region was built using annotations generated by Winter et al (2024,
Figure 4.5). We found that there are four distinct alleles of the PR region, two assigned to
each subgenome of M. javanica. All copies have very low nucleotide divergence in the
coding regions of genes P and R. Copies show distinction in the intergenic region, with each
copy containing a distinct sequence. The Tml sequence can be found in one allele of the
PR region on subgenome A in VW4,
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Figure 4.5: Diagrams of the PR region in scaffold 15 (top) and scaffold 13 (middle) of

the M. javanica genome assembly, and the deleted region of subgenome A identified

on scaffold 15 (bottom). Dark green features are regions of sequence similarity with

sequences identified by Gleason et al. (2008) and Gross and Williamson (2011). Red

features indicate deletion. Lime indicates the reference sequence. Purple indicates 1so-Seq

transcripts generated by Winter et al. (2024). Pink indicates exons. Blue histogram is GC

content. Red histograms are coverage of the scaffold within VW4 and VW5 read libraries.

Generated using DnaFeaturesViewer. A region of decreased coverage can be seen within
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the PR region of scaffold 15 of VW4, indicating that this region is only present in one copy.
In VW5, coverage of this region falls to near zero, indicating that the single copy found in
VW4 is not present in VW5. The bottom image shows Iso-Seq transcripts located within the
deleted region, as well as the relevant location of the PR region within it. There are several
regions across this sequence where coverage of VW4 halves, suggesting deletions between
each copy of the subgenome. In VW5, these regions fall to zero coverage, supporting that
some sections and their corresponding transcripts are completely absent from VW5. These
genes are recorded in Supplementary Table 4.1. Genes appearing to be completely deleted
in VW5 are recorded in Table 4.2.

4.3.3 ldentification of deleted regions

Manual identification

Following discovery that the PR region of the Al copy was deleted in VW5, we
investigated the extent of this deletion. We identified a larger deletion exclusive to the Al
copy of VW5, spanning ~687 Kbp and encompassing the PR region as well as several other
genic and coding regions (Supplementary Table 4.1), which we extracted from the assembly
as potential candidates for gain-of-virulence adaptations through gene loss. Some of the
genes spanned by the deletion also lack an A2 homolog, indicating that these loci have been
fully deleted from this homoeolog. There are also several genes that although not fully

deleted, are disrupted by deletions, with at least one exon included in the deletion.
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Figure 4.6: IGV screenshot showing the start and end sites of the deletion. Cropped,
internal view removed for visualisation (). Produced in IGV. All sequences mapped against

M. javanica reference assembly (Winter et al., 2024). Histogram at top of each read track
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indicates coverage. Grey bars in reads tracks indicate reads. Colours within grey reads track
indicate divergence of mapped read from reference. In the VW5 reads track, no reads can
be seen spanning the region within the boundaries of the suggested deletion, in contrast to
VW4 where reads map continuously throughout. Coverage in VW5 falls to almost nothing
within suggested deletion, whereas in VW4 it remains consistent throughout. We observe
reads sequenced from VW5 spanning the area of the presumed deletion, split mapping
strongly to either side.

Read depth analysis

When visualising read mapping depth of both VW4 and VW5 libraries, it is clear that
there is a large, proportional drop in coverage depth between the same coordinates we
identified through visualisation of split-read mapping (Figure 4.7). No similar drop was seen
for any of the other scaffolds in the assembly. This deletion starts around 75 Mbp upstream
and around 580 Kbp downstream of the PR region, totalling a deletion of ~687 Kbp in one
copy of scaffold 15, at coordinates 2,812,526 to 3,500,365. This corresponds to the split

mapped reads seen previously (Figure 4.6).

Scaffold_15

VW5

Depth

Depth

Base Position

Figure 4.7: Differences in coverage depth on scaffold 15 overlaps with the region
delimited by split reads exclusive to VW5. Plot shows coverage (in 1000 bp windows) of
mapped reads along the chromosome identified to contain the PR region and the Tml
transposon. The region spanned by split reads identified within IGV is marked in red, which

coincides with a reduction of coverage depth to near zero in VW5.
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The majority of this region is tetraploid in VW4 and triploid in VW5, however a section
of the deletion spans a region that is triploid in VW4, with only one A copy. In VW5 this
region is diploid, with no A copies at all, suggesting that several genes on this homoeolog
could be entirely deleted. Information about transcripts mapped within this region were
added to the table of candidates for phenotype changes between VW4 and VW5
(Supplementary Table 4.1) and genes identified as deleted or disrupted were recorded in
Table 4.2.

4.3.4 Ontological annotation and copy analysis of deleted genes

For each gene identified as missing in the deletion, we applied our copysnake
workflow. Selected trees are shown in Figure 4.8. All trees can be found in Supplementary
Figure 4.1. Table 4.2 describes the genes within the deleted region with notable functional
annotation and the corresponding best BLAST hit. Of note is transcript PB.2397, which was
identified through functional annotation to be papain-like cysteine protease (PLCP)
cathepsin B. This gene has zero coverage in VW5, and phylogenetic analysis indicates only
3 copies within VW4 and two in VW5, both of which are on subgenome B. PLCPs are heavily
involved in both plant host defence response, as well as infection capability in RKNs. A
similar and nearby gene, PB.2396, is also identified as a cathepsin B like isoform, however
this gene is not fully deleted in VW5. Of the four exons in this gene one is at zero coverage,
suggesting that this gene is not wholly deleted, but disrupted in a way that would prevent
functionality of the protein product. Average coverage depth of VW5 mapped against the
Winter et al (2024) assembly is 45.83x, compared to an average coverage depth of 216.33x
in VW4, a ratio of around 4.7:1. This is important to consider when comparing coverage
depth of loci within the deletion, as any loci that deviate from this distribution are likely
disrupted or deleted in VW5.
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Figure 4.8: Phylogenetic trees of all copies of PB.2397, a suspected PLCP, found in

the combined libraries of VW4 and VWS5. Three clusters are seen for VW4, indicating that

there are only three copies in VW4. No subgenome A copy of this gene is detected in VWS5.

Table 4.2: Notable genes identified as deleted within the confines of the identified

deletion.
Transcript Status Best BLAST hit Coverage ratio Notes
(VW4:VWS5)

PB.2367 Deleted from | Hypothetical protein | 138.29:1 N/A
subgenome A GCK72_008905

PB.2368 Deleted from | Hypothetical protein | N/A Zero coverage in VW5
subgenome A GCK72_008905

PB.2390 Deleted from | Integrative alpha pat-2 | 22.11:1 Zero coverage
subgenome A precursor

PB.2391 Likely deleted in | Hypothetical protein | 77.56:1 Half of exons at 1
subgenome A LOAG_16918 coverage, rest at 0

PB.2392 Deleted from | N/A N/A Zero coverage in VW5
subgenome A

PB.2394 Disrupted Hypothetical protein | 20.40:1 Several exons at zero

LOAG_16918 coverage

126




PB.2395 Likely deleted in | N/A 108.39:1 Coverage is <1
subgenome A

PB.2396 Disrupted Cathepsin B 10.69:1 One of four exons at zero
coverage
PB.2397 Deleted in | Cathepsin B-like isoform | N/A Zero coverage in VW5
subgenome A X1
PB.2400 Disrupted Aldehyde dehydrogenase | 7.05:1 One exon at zero
domain-containing protein coverage

4.4 Discussion

We have shown that the PR region and Tm1 are indeed missing in VW5. Alongside,
confirming some results of Gleason (2008) and Gross and Williamson (2011), we have
revealed that the reason for this absence is that a much larger deletion is present in VW5,
spanning over ~680 Kbp of one allele of subgenome A and encompassing the PR region.
We characterised this important region for the first time, describing how there are 4 copies
of the PR region in VW4, with Tm1 present in the intergenic region of only one of these
copies, and that VW5 contains only 3 copies of the PR region, with the copy containing Tm1
having been deleted. We also identified up to 50 transcriptionally active genes that are
impacted by this deletion, either being reduced in copy number, disrupted by loss of one or
more exons or entirely deleted and not present at all in the VW5 lineage of M. javanica. We
functionally annotated these genes and will attempt to provide context into how their
disruption could enable the VWS5 lineage of Meloidogyne javanica to evade Mi-1 resistance

in their hosts.

An alternative hypothesis to that of a large deletion could be the presence of highly
divergent haplotypes or regions within M. javanica, like those observed in other nematode
species, notably C. elegans, Heligmosomoides polygyrus and H. bakeri (Lee et al., 2021,
Stevens et al., 2023). In this proposed system, the absence of coverage of one allele of
VWS5 could be explained by high divergence between the VW5 haplotype and the haplotype
of the VW4 M. javanica reference assembly causing sequenced reads to fail to map, leading
to the apparent deletion observed here. Although we cannot rule out that M. javanica or
other MIG species may contain genomic regions exhibiting highly divergent alleles - and we
anecdotally observed what appeared to be highly divergent intergenic regions in some cases

- we believe that this hypothesis can be rejected as an alternative explanation for the
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observed deleted region in VW5. First, the region is ~650 Kbp long. If the lack of reads
mapping was due to high divergence between isolates, this divergence would have to arise
incredibly fast, as VW4 and VW5 did not diverge long enough ago to accumulate such a
large divergence. Second, we observe PacBio HiFi reads from our VW5 genomic library split
mapping to either side of the deletion, indicating strongly that the proposed deleted region
is indeed missing in that isolate, and is not in fact showing no coverage due to high
divergence. We therefore refute this alternative hypothesis as an explanation for the

apparent deletion.

4.4.1 Advances in understanding the PR region, Tml, and
differences between VW4 and VW5

We have successfully and thoroughly investigated and annotated the PR region in
Meloidogyne javanica, finding the region present in four copies in VW4; two to each
subgenome, on scaffolds 15 and 13. We also find the Tm1 transposon present on the Al
copy of scaffold 15. Gleason (2008) found that VW4 and VW5 lineages were nearly isogenic
with only one difference in the PR region; a suggested deletion caused by transposition of
the Tm1 transposon. Though we have confirmed that the Tm1 transposon is not present in
VWS5, we find that this is not due to movement of the transposon, but due to a large ~680
Kbp deletion on the Al copy, spanning the PR region. This is the only large-scale
inconsistency we could detect between the VW4 and VW5 genomes. We do not find that
transposition of Tm1 interferes structurally with any coding transcripts, nor does it contain

any transcriptionally active coding sequences.

4.4.2 Gene loss could prevent host recognition of infection

Mi-1 recognises a secretory protein (effector) released by the RKN, initiating a
defence cascade in the host (Milligan et al., 1998; Gleason et al., 2008). Loss of the effector
would prevent activation of Mi-1, preventing the host from initiating defence mechanisms,
allowing VW5 to infect and reproduce on hosts normally resistant to M. javanica. We find
candidate genes for effectors of Mi-1 within the VW5 deletion, including two transcripts that
were identified as cathepsin-B papain-like cysteine proteases (PLCPs). A sensible
continuation and validation of this work would first be to attempt to detect this gene, as well
as other genes identified in this work as being deleted or disrupted in VW5, using PCR

amplification. Early investigation in this direction has been attempted, and shown that this
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gene is unable to be detected in VW5 using this approach (Siddique, pers comms.),
indicating the validity of the findings presented here, and strengthening the support for this
gene being fully deleted in VWS5. Further than this, knock-down or knock-out experiments
could be designed to interfere with this gene in isolates of VW4 and determine if doing so
leads to evasion of Mi-1 engineered resistance or origination of gain-of-virulence

phenotypes.

PLCPs are thought to be central to plant immunity and immune response
coordination, and a mounting body of evidence is indicating that the targeting of them by
parasite effector proteins is a frequent and important mechanism by which the parasite can
increase the chance of establishing an infection and suppress host resistance and immune
responses (Shindo & Van der Hoorn, 2008; Misas-Villamil et al., 2016). Alongside being
important in host defence pathways, PLCPs are secreted by the nematode and are involved
in tissue penetration and feeding site formation (Shindo, 2010; Mejias et al., 2019; Pogorelko
et al., 2019). As the VW5 isolate can still infect the host even without these genes, it does
not appear that they are integral to the infection process, although it has been observed that
VW5 has reduced virulence on non-resistance host cultivars when compared to VW4
(Siddique, pers comms.). This is suggestive of a coevolutionary conflict, where a mutation
that confers reduced fithess in some cases con confer a large fithess gain in a niche case,
in this case the infection of resistant cultivars (Kraaijeveld et al., 1998; Jones & Dangl, 2006;
Betts et al., 2016). It may be that a protein within the host - or Mi-1 itself, given that this
mutation enables evasion of Mi-1 - relies on presence and subsequent detection of this
transcript or translated protein to initiate the defence cascade. In the absence of this initiator

the plant is either unable to detect infection or unable to deploy resistance mechanisms.

Loss of effector genes in plant pathogens, leading to adaptation and subsequent
resistance evasion, is well documented in bacteria (Reddick & Alto, 2014; Hemara et al.,
2022) and fungi (Dodds et al., 2009; Fouché et al., 2018). Based on the findings presented
here, we propose that evasion of Mi-1 induced resistance in VW5 likely arose from a similar
mechanism, with the deletion of the effector - or an essential gene in the effector pathway -
preventing activation of the Mi-1 resistance pathway in the host, enabling infection. The
exact mechanism through which Mi-1 mediated resistance is activated is unknown (Pascual
et al., 2024), however with the only known genomic differences between VW4 and VW5
being the deletion identified here, it follows that loss of one or more of the genes in this
region is preventing secretion of the Mi-1 associated effector.
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4.4.3 ldentification of definitive mutation enabling Mi-1 evasion

can enable fast assessment of virulence

The current method for determining virulence or avirulence of the newly acquired
population of M. javanica is through the use of laboratory growth experiments, where the
population is isolated and allowed to colonise a resistant host, the success or failure of which
denotes the virulence (Castagnone-Sereno, 1994; Williamson, 1998). Several studies have
now been performed with RKN wherein population demography can be determined through
the use of quickly available PCR assays (Sellers et al., 2021). The identification of a deletion
definitively associated with gain-of-virulence mutations in M. javanica, specifically one
bestowing the ability to evade Mi-1 engineered resistance, can lead to the development of

PCR assays to assess virulence, reducing the diagnostic time from weeks to a few hours.

4.4.4 Detecting deletions and deleted candidates in other MIG
species

Further studies could apply the same approach used here to other MIG species with
known and established virulent lineages. Aside from being a tested method of detecting
differences between lineages, identification of similar genes absent from virulent lineages
but present in avirulent ones could add weight to the candidates suggested here, as the
effector mechanism of Mi-1 mediated resistance is expected to be applicable to all MIG

species. Applying this approach to other MIG species could validate candidate genes in Mi-

1 resistance evasion.

4.4.5 Future validation and comparison

Future validation of deletion of the genes identified here with PCR will further support
our findings. Genes suspected to be deleted in VW5 should be amplifiable in VW4 but not
VWH5. If the primary candidates are confirmed to be missing in VW5 with PCR, further tests
could include the knockout of those genes in VW4 to determine if their loss does indeed

affect the virulence phenotype.

The copysnake workflow could be applied to other species of Meloidogyne with

lineages able to evade Mi-1 mediated resistance using some of our detected candidates as
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gueries. If copy number differences are also identified, it could identify a convergent cause
of resistance evasion, as well as identifying candidates for gain-of-virulence in those

species.

Identification of the function and structure of the resulting protein products of
transcripts identified here and confirmed to be missing through PCR could further elucidate

what possible pathways or interactions they are involved with.

Since the research and results presented in this chapter were completed, two
assemblies of M. javanica were published (Dai et al., 2023; Mota et al., 2024). Although
reanalysis of this extra data has not been possible here, opportunities for additional analyses
are included in the General Discussion chapter (Chapter 5).
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5.1 Overall summary of thesis

We set out to assemble the genome of Meloidogyne javanica to a higher standard of
quality than had previously been achieved, phase this assembly into its constituent
subgenomes, and perform a comparative analysis between those phased subgenomes. We
then hypothesised that due to the orthologous nature of the subgenomes of other MIG
species, it would be possible to phase assemblies of other species using our novel
assembly, and perform comparative genomic analysis across the group. Among the
available long read clade |I Meloidogyne assemblies, M. luci appeared to be a good
candidate for inclusion in this analysis, and as such was included in further analysis.
Alongside performing comparative genomics of the group, we also sought to use our
assembly to investigate the suspected causes of gain-of-virulence mutations in the VW5

lineage of M. javanica, investigating the region thought to be divergent between isolates.

In all areas of this work we tried to use the most robust and modern technical methods
available to us. This included sequencing technologies such as PacBio HiFi and Iso-Seq,
ultra-long read Oxford Nanopore sequencing, or Hi-C chromatin contact conformation data,
as well as highly regarded and robust bioinformatic methods such as MAKER and HyPhy,
to phasing with repetitive ancestral k-mers. Alongside this we develop several novel
methods and bioinformatic workflows, all of which are made freely available for other

researchers.

Other work

The analyses contained in Chapters 3 and 4 of this thesis were completed by
December 2023, and Chapter 2 was written as a manuscript and submitted to bioRxiv and
PLOS One in May 2023. In the 13 months before publication of this manuscript by PLOS
One in June 2024, two assemblies of M. javanica were published by other research groups
(Dai et al., 2023; Mota et al., 2024). The assembly published by Mota et al. (2024), although
valuable in many ways, was not chromosomal, assembling M. javanica into several hundred
contigs and not phasing those contigs into subgenomes. The work by Dai et al. (2023), in
contrast, claims to have assembled the M. javanica genome to chromosome-scale and fully
phased the assembly into each subgenome copy (Al, A2, B1, and B2) as well as to have
carried out molecular evolution and some inter-species comparative analysis as we have in
this thesis. This work took a consortium approach with large amounts of funding and
expertise applied, and as such their assemblies appear to be of very high quality. Due to the
time disparity between consolidation of our findings and this publication, it has not been
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addressed in the data chapters above, however its relevance to the discussion of our overall

findings is included below.

Two papers were published at a similar time to the submission of Chapter 2 to PLoS
One, which describe different genome assemblies of M. javanica. A comparison of these
assemblies to the assembly presented here in Chapter 2 was requested, including a pairwise
alignment and statement of collinearity to determine the congruency of the results. Using
DGENIES, a pairwise alignment and visualisation software, we aligned and compared our
M. javanica assembly to those of Mota et al (2024) and Dai et al (2023). We find the
following. For both Mota et al and Dai et al assemblies, we observe an alignment rate of
53.22% and 51.64% respectively, combined with strong collinearity of aligned sequences.
This is congruent with our assembly being a haploid representation of a tetraploid (2n = 2x)
and theirs being a haplotype resolved representation (2n = 4x). Of the remaining aligned
percent, our assembly aligns at >75% similarity with 36.16% of the Mota et al assembly
(>75% = 36.16%, <75% = 14.72%, <50% = 1.89%, <25% = 0.44%), and 38.45% of the Dai
et al assembly (>75% = 38.45%, <75% = 11.51%, <50% = 1.23%, <25% = 0.45%).

5.2 Contributions to the field and interpretations
5.2.1 Assembly

We found that through the application of modern approaches it was possible to
generate a chromosome-scale assembly of an allopolyploid MIG species as well as phase
and assign the majority of it to either subgenome, which was a first for allopolyploid species
in the Meloidogyne incognita group (MIG). Genes and repeats in the assembly were

annotated using high quality transcriptomic data and modern bioinformatic methods.

For future assemblies of allopolyploid genomes, we would potentially use a different
strategy. When the initial draft assemblies were generated, we aimed for contiguity and
preservation of subgenomes over overall copy content, ie, a dual assembly. That is, a
pseudo-diploid assembly (Li, 2021), where each copy is a haploid representation of a
subgenome (A/B; homoeologs). One reason for this is that we were unsure how successful
scaffolding using Hi-C would be in the presence of four copies (homoeologs and haplotigs,
ie, all haplotypes). In the time since the assembly has been finished, the use of chromatin

conformation capture sequencing to scaffold allopolyploids has become more frequent and
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resources guiding the performance of such a method more widespread, and it has become
clear that it is possible to use it both to scaffold an assembly and to identify and separate
homeologous contigs and their individual copies. With this in mind, during future
allopolyploid assemblies | would aim to retain as many contigs from the draft assembly -
representing all haplotypes - as possible, avoiding the purging of duplicates and haplotigs,
then go on to scaffold with ONT and Hi-C to attain chromosome-scale. Phasing into
subgenomes can then be performed, generating a haplotype-resolved assembly (Li, 2021).

An alternative method of scaffolding haplotype-resolved allopolyploid assemblies could
be performed through the use of ultra-long Oxford Nanopore Technology reads. In theory,
these reads should adequately span shorter unscaffolded contigs, with enough sequence
divergence between haplotypes to prevent phase switch errors being introduced, however
it must be said that this is highly dependent on both the quality of the ultra-long reads, the
absence or previously existing phase switch errors in the contigs to be scaffolded, and a
high enough amount of coverage of scaffold points to ensure accuracy and reliability. If
parameters for alignment and scaffolding were correctly optimised, it should be possible to

generate chromosome scale scaffolds without requiring chromatin contact information.

5.2.2 Phasing other assemblies

We then used this newly produced M. javanica assembly to successfully phase the
assemblies and annotations of other allopolyploid Meloidogyne species, including
Meloidogyne arenaria, Meloidogyne incognita, and Meloidogyne luci. These outputs are now
publicly available on NCBI Genbank and Zenodo (10.5281/zenodo.13819447), providing up
to date and high quality genomic resources for further investigation of this species and this
group in future generations of genomics. Phasing using repetitive ancestral k-mers, as
described in Chapter 2, depends on all scaffolds containing some of these k-mers, the
probability of which is inversely correlated to levels of fragmentation of the target assembly.
In the future we expect that chromosome scale assemblies of other MIG species will be

produced, the contiguity of which will enable repetitive k-mer based phasing.

Other methods of phasing subgenomes include using synteny, as performed by Dai et
al. (2023), whereby scaffolds of allopolyploid species are assigned to either A or B
subgenomes through shared synteny with a diploid relative, in this case Meloidogyne
graminicola. Synteny based methods of phasing genome assemblies rely on closely related

evolutionary histories of species used as reference, as well as a shared common ancestor
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that is not too distant. It also assumes a negligible amount of homoeologous gene
conversion. Our opinion is that the ancestral k-mer based phasing method is superior,
however it is dependent on contiguous assembly, whereas the synteny approach is

potentially more tolerant of fragmentation.

5.2.3 Multispecies comparison

We have performed the first multispecies comparison of the subgenomes of the MIG
and Meloidogyne luci. We establish the ploidy state of these species through application of
k-mer based techniques, finding that M. luci and M. incognita are triploid and that M. javanica
and M. arenaria are tetraploid, and provide these results alongside up to date metrics of
their genome assemblies and recent genomic resources. These metrics include descriptive
statistics such as length, scaffold number, N50, and production method, as well as estimates
of k-mer unigueness and duplication rate. Similar collections of descriptive data have been
published in the past (Szitenberg et al., 2017; Koutsovoulos et al., 2020), however ours

contains the most up to date information at the time of analysis.

5.2.4 Phylogeny

We find that the phylogenetic position of the two subgenomes of M. luci are
paraphyletic, with each subgenome more closely related to its homeologous copies in other
species than one another, strongly suggesting a hybrid origin of M. luci and a shared
parentage with the MIG. This raises questions about the evolutionary history of M. luci and
its subgenomes. If M. luci originated from the same hybridisation event as the MIG, then M
luci diverged from the common ancestor of the MIG before that MIG ancestor diverged. One
explanation for this is a greater skew of subgenome dominance being present between the
subgenomes of M. luci, wherein one subgenome was able to establish dominance over the
other, leading to loss of a non-dominant copy and reversion to triploidy (Wolfe, 2001;
Mandakova et al., 2016; Bird, 2022). Chromosome loss occurring on one subgenomic copy,
leading to a hypotriploid or hypotetraploid state, has been predicted in allopolyploid
Meloidogyne species (Triantaphyllou, 1981, 1985; Abad et al., 2008; Szitenberg et al., 2017,
Despot-Slade et al., 2022)

A similar type of event could be what delineated M. incognita and M. floridensis
grouping from the M. javanica and M. arenaria grouping. There is some evidence for such a

situation in our results. For example, M. luci displays a much lower percentage of unique k-
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mers than do the MIG species, suggesting a lower amount of divergence between copies.
Alongside this is the difference in relative rate of mutation between subgenomes of M. luci
when compared to the MIG species. All MIG species tested displayed a significant difference
in substitution rates between transcriptional regions of subgenomes, however a significant
difference was not seen between subgenomes of M. luci. These things together could be
indicative that M. luci subgenomes have resolved any subgenomic conflict and have
"settled"”, i.e., the initial genomic instability and subsequent process of gene fractionation
has been resolved. We would hypothesise that the ancestor of M. luci experienced a faster
onset of subgenome dominance than the ancestor of the MIG species, leading to loss of a
subgenomic copy, an increased rate of homeologous conversion and subsequent
homogenisation. Literature investigating the temporal interaction of heterozygosity and
subgenome dominance is minimal, though it would be expected that as time progresses
continued homoeologous conversion combined with non-functionalisation of non-dominant

loci will work to reduce overall heterozygosity of orthologous transcriptional regions.

This analysis can be expanded upon through the inclusion of other lineages of the
species included here. For example, the isolates used in the Dai et al (2023) and Mota
(2024) assemblies of M. javanica, M. arenaria, and M. incognita are distinct from those
included in our analysis in Chapter 3. Inclusion of these isolates will increase the robustness
of a genome scale phylogeny. Furthermore, as more genomes of clade | species of
Meloidogyne are assembled to a chromosome-scale, they too can be included in such an
analysis. We hypothesise that all clade | species derivative of M. luci will contain orthologous
subgenomes and the same parent species.

5.2.5 Synteny

Highly fragmented, unphased assemblies have made meaningful detection of synteny
between subgenomes difficult (Bhutkar et al., 2006; Liu et al., 2018), but through applying
our chromosome-scale assembly of M. javanica as an anchor, we have been able to detect
large amounts of synteny between homeologous subgenomes across species. If this is the
case, then it would be possible and somewhat reliable as a model to pseudo-scaffold
fragmented assemblies of closely related MIG species using the M. javanica assembly as
reference. This would enable a deeper investigation of structural differences between these
species. As well as this, it would be interesting to see how far through the clade |
Meloidogyne species this trend continues. Alongside this we observe synteny and
collinearity between subgenome A and subgenome B in M. javanica in substantial blocks
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with few rearrangements. This suggests that the parental species of these hybrids had
maintained the same if not greater levels of synteny and collinearity prior to the hybridisation
event but after their speciation. The parental species being closely related in both sequence
and karyotype was probably a contributing factor to the success of the hybridisation.
Investigations of synteny are important to understanding the origins and evolution of a group
of species or genomes (Tang et al., 2008; ljaz et al., 2022). It also allows us to see large
structural differences as well as potential chromosome fission or fusion, things that are
expected to play roles in the genome evolution of allopolyploid species. This is of particular
interest in the MIG, where striking variation in chromosome number and karyotype between
species and subgenomes have been observed (Eisenback & Triantaphyllou, 1991; Carlton
et al., 2022; Dai et al., 2023; Blaxter et al., 2024).

5.2.6 Subgenome dominance

With phased assemblies of several allopolyploid Meloidogyne species, and in the
knowledge that subgenomes of these species shared parental origins, we were able to
perform tests for signals of subgenome dominance in these species for the first time. We
find that although there are signs of subgenome A being more dominant than subgenome
B, these signs are slight, and given the persistence of polyploidy in these species,
subgenome dominance is likely balanced enough that both subgenomes are being retained.
An option for definitively testing for an inverse relationship between omega values of
subgenome A and B in a given species, and potentially selection pressure, would be to test
the distributions presented in Figure 3.10 for significant differences. The null hypothesis for
this test would be that there is no difference in distribution of omega between A and B
subgenomes in an orthogroup. The alternative hypothesis would be that the distribution of
omega values for A and B subgenomes is inversely correlated, and that a lower omega in
one is associated with a raised omega in its homoeolog. The abnormal distribution of omega
values excludes parametric tests, leaving the following non-parametric options. Both Mann-
Whitney U and Kolmogorov-Smirnov tests would enable us to determine if the distributions
differed significantly from one another (Hettmansperger & McKean, 2010; Berger & Zhou,
2014). If a significant difference is determined, the inverse correlation could be tested using
the Spearman's rank correlation coefficient (Gauthier, 2001). Linkage of genes could
introduce skew to this analysis, but can be managed through exclusion of
genes/orthogroups that are located close to each other along a chromosome. The most
contiguous assembly in the analysis should be used for this, as it has been shown that these
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species retain synteny and collinearity, so it would be safe to assume that locus coordinates
are consistent across species. Alternatively, a bootstrapping approach could be taken with
a random subset of orthogroups withheld from each iteration in order to achieve an

aggregated result.

Future research can repeat our methods for testing mutation rates - both subgenome
to subgenome and at individual loci - but utilising different models that may be more sensitive
and accurate in the detection of low omega and potential purifying selection. Although valid
for identifying differences between omega at a given locus, the model we use in Chapter 3
is designed primarily for detection of positive selection, so utilising a model where neutral
selection is the null hypothesis would perhaps give more accurate results in terms of loci
with low omega. Model selection can be complicated, and we feel that none of the models
available were a great fit considering the evolutionary history of the taxa analysed, however
there is likely no way around this as models are developed primarily around model

organisms with simpler reproductive strategies.

Although we do not find a strong enough swing of dominance toward either subgenome
based on mutation rate to declare one dominant over the other, we do find incidences at a
gene level where one subgenome appears to be dominant. Further investigation into
subgenome dominance and its effect on genome evolution in clade | allopolyploids could
take several roots. Dominance is believed to be linked to specific pathways, with all copies
of a pathway on a particular subgenome becoming dominant alongside one another due to
their specific affinities (Alger & Edgar, 2020; Wang et al.,, 2023). By extension of our
discovery of gene level dominance, it may be possible to link pathways together and
determine if this trend is observable. Chromosome degradation of the non-dominant
subgenome is also a hallmark of dominance. When comparing subgenomes of M. javanica
it is identified that chromosomes of subgenome B are shorter and more numerous than
those of subgenomeA, and we suggest that subgenome B has undergone several
chromosome fission events. This is suggestive that subgenome A is dominant. Due to the
fragmented nature of the other assemblies phased and analysed in Chapter 3, we are unable
to investigate if the same pattern is occurring in M. arenaria, M. incognita, and M. luci.
Independent assembly of these species to a chromosome-scale would enable us to

compare karyotypes and follow this route of investigation.

Knowing which of the subgenomes has lost a copy in the triploid species could also

inform us of potential subgenome dominance. The end result of chromosome degradation,
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fission, and subgenome dominance is the loss of entire copies and transformation to lower
ploidy states, something which apparently has happened at least twice in the lineages
analysed here. If it were shown that all triploid species have two copies of subgenome A,
and one fissioned copy of subgenome B, it would further lend credence to subgenome A
being dominant in most cases. Through the application of mapping approaches it may be
possible to determine which subgenome of the triploid species - M. luci, M. incognita, and
potentially M. floridensis - has lost a copy. Mapping of read libraries from these triploid
species to a phased tetraploid assembly should quickly reveal a disparity of coverage on
one of the subgenomes that correlates roughly to a 2:1 ratio, indicating that one of the
subgenomes is present in only one copy. This would be especially interesting with M.
floridensis which has been observed to be diploid in some lineages, suggesting a completion
of the diploidisation process in some cases. Whether or not these diploid populations
contained homoeologous copies (AB) or not (AA or BB) could inform us of the effects of
subgenome dominance and diploidisation processes on the rest of the group. Why exactly
M. incognita and M. luci became triploid, whilst M. arenaria and M. javanica remained
tetraploid is unclear.

5.2.7 Methylation

Our analysis detected signals of CpG nucleotide methylation in the genome of M.
javanica at levels above the error rate expected from the technologies used, in contrast to
previous studies (Perfus-Barbeoch et al., 2014; Pratx et al., 2018). Novel allopolyploids
undergo a period of genomic shock: an inhibition of TE control mechanisms leading to the
mobilisation of TEs, facilitating large scale genomic alterations (McClintock, 1984; de Tomas
& Vicient, 2023). This is thought to be managed through gradual TE methylation post-
hybridisation (McClintock, 1984; de Tomas & Vicient, 2023). Alongside coping with genomic
shock, methylation is thought to be one of the primary ways by which novel allopolyploids
balance an increased gene dosage (Shan et al., 2024). RKN have been shown to be able
to induce CpG methylation, albeit in the host (Hewezi, 2020; Bennett et al., 2022), as well
as potentially contain genes orthologous to widely known methyltransferases (Perfus-
Barbeoch et al., 2014). If RKN genomes do not exhibit methylation, the ability to cope with
allopolyploidisation and resulting genomic shock would be either greatly reduced, or require

a previously unidentified mechanism.

The methylation results presented here are interesting and would have benefitted from
further investigation, but this was unfortunately beyond the scope of this project, however
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we provide a foundation for investigation of methylation in MIG species, something that has
previously not been thought to exist, or had only been suggested (Perfus-Barbeoch et al.,
2014; Pratx et al., 2018). An overall comparison of methylation rates between subgenomes
could perhaps show similar patterns seen under subgenome dominance, with one
subgenome considerably more methylated (Bird et al., 2021; Yu et al., 2024). A finer scale
comparison could be done at transcriptionally active sites, where it may be possible to see
a pattern similar to that in Chapter 3.3.8 (Figure 3.11), where one gene is transcriptionally

active and the other is silenced by methylation, in an alternating pattern along the genome.

Due to the close evolutionary history of VW4 and VWS5 isolates we would expect a
similar pattern to be observed in VW5. Oxford Nanopore data of VW5 has been generated
which could provide answers to this question, however due to time and computational
constraints, analysis of it was not possible within this thesis. Without assessing methylation
in VW5 and comparing it to VW4 we cannot rule out that there is some sort of epigenetic
difference between the lineages that is contributing to the differences we observe in

phenotype, fithess and virulence.

5.2.8 VW5 gain-of-virulence

Using novel bioinformatic methods and workflows, we have identified a previously
undiscovered deletion in a lineage of M. javanica (VW5) able to evade Mi-1 induced host
resistance. Furthermore, we identified several candidate genes for this gain of virulence
within the deleted region, some of which are completely absent from VW5, and have
predicted functions strongly indicative of a link to host-pathogen interactions. Allopolyploidy
is thought to facilitate adaptation through the gain of novel functions and modifiable dosages
through gene fractionation (Schiavinato et al., 2021). We show in Chapter 3 how gene
fractionation appears to have occurred across the subgenomes of allotetraploid MIG
species. In Chapter 4 we present what seems to be an adaptation through total gene loss,
whereby a single functional copy is deleted. Loss of this effector reduces fithess on non-
resistant hosts but allows infection of formerly resistant hosts containing the resistance gene
Mi-1 (Siddique, pers comms). This is an example of gene loss leading to adaptation (Sharma
et al.,, 2018; Helsen et al., 2020). It could be that alleles of this gene have already
deteriorated in the genome of M. javanica leaving only one functional copy, or that perhaps
this gene was completely lost in one of the parent species and present in only one functional
copy in the other parent, however coverage analysis of this region in VW4 shows three
copies, with one being functional, suggesting that a region of one subgenome has been
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completely lost sometime since hybridisation, possibly as a result of the copy containing the
functional allele, on subgenome A, being dominant. Additional investigation of the
differences between VW4 and VW5 and their impact on phenotype would benefit from
analysis in the light of the haplotype-resolved M. javanica assembly (Dai et al., 2023),
although care must be taken to account for possible differences between the isolate used
for that assembly, and VW4. Assembling VWS5 using this new assembly as a reference would
enable VW5 to be haplotype-resolved, which in turn would increase the clarity of copy
number and structural differences identified here, and make regions where genes are

completely deleted in VW5 even more apparent.

PCR assays have been performed to detect the PLCP PB.2396 in M. javanica. These
assays reliably detect the PLCP in VW4 and fail to detect it in VW5 (Siddique, pers comms).
It follows that this method could be applied to other species of Meloidogyne where there are
known to be avirulent and virulent isolates. The absence of PB.2396 in other virulent
lineages could add weight to the evidence that the loss of this gene is the driver of Mi-1
resistance evasion without requiring expensive and complex bioinformatic analysis. In
addition, if it is discovered that the majority of Mi-1 evasive virulent lineages are a result of
deletion of this gene, a PCR assay to detect virulence more quickly than greenhouse
experiments can be developed relatively easily.

The next stage of testing this gene for a link to gain-of-virulence would be to perform
knockout experiments such as those performed by Gleason et al (2008). It may be that this
gene is not the defining factor for virulence, and just that it resides in a pathway that when
disrupted enables the RKN to evade Mi-1, so conclusively characterising this gene and
determining its true function and position in any functional pathways is vital to a clear

understanding of this gain-of-virulence mechanism.

5.3 Future directions and unanswered questions

Several interesting results described above were identified but unable to be
investigated. Here we will address these findings, place them in the context of the current

literature, and propose routes of further investigation.
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5.3.1 Telomeres

Canonical telomeric repeats at chromosome termini were not found in our assembly,
nor did we identify telomerase orthologs in our transcriptional sequencing or annotation
(Chapter 2). Other studies have identified species specific composite repeats enriched at
the contig termini of MIG species assemblies, determined to indeed be telomeric through
fluorescence in-situ hybridisation (Mota et al., 2024). This means that M. javanica does not

use usual methods for chromosome cap protection.

Several non-canonical methods of telomere composition and maintenance have been
identified in other species, some exclusive of the use of telomerase. One example of this is
the silkworm, for which telomeres contain many non-LTR retrotransposons and telomerase
exhibits little to no enzymatic activity. Another more widely known example is that of
dipterans, where telomerase is yet to be identified (Sasaki & Fujiwara, 2000; Mason et al.,
2016). Dipteran telomeres consist of long blocks of complex repeat units, and are maintained
and lengthened in some genera by homologous recombination (Cohn & Edstrém, 1992;
Mason et al., 2011). It could be that telomeres in Meloidogyne consist of the composite
motifs identified by Mota et al. (2024) and are maintained through a mechanism of

homologous or homoeologous mitotic recombination similar to that in Diptera.

Further research could attempt to identify these repeats in our assembly of M. javanica,
firstly in order to confirm that contigs in that assembly are chromosome-scale, and to also
determine if there is interspecific variation of the repeat sequences used. It should be
possible to search for telomerase or similar orthologs in previously published assemblies
and read libraries of Meloidogyne species, as well as telomeric repeat sequences similar to
those found by Mota et al. (2024), in order to determine how common this non-canonical
method of telomeric preservation is across the group, or if it is restricted to the allopolyploid

clade | species, or even just the MIG.

5.3.2 Parents of the MIG

The identification of potentially extant parent species to the allopolyploid RKN studied
here is beyond the scope of this project, however we have provided new evidence that M.
luci arose from a similar hybridisation event between the same parent species as the MIG.
To gain further insight into the evolutionary history and potential origin of these subgenomes,
future studies can utilise the advancements in genome assembly to accurately assemble

polyploids, phase subgenomes, and generate subgenome scale phylogenies containing all
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species in clade I. Based on phylogenies by Alvarez-Ortega et al. (2017), M. luci arises basal
to the MIG, as well as several other species, including M. phaseoli, M. arabicida, and M.
konaensis. This would mean that these species also have hybrid polyploid origin. They have
chromosome numbers very similar to those of polyploid MIG species, and they are also

mitotic parthenogens.

There are tests available that could detect similarities with other Meloidogyne species
in order to detect signals of homology, and attempt to infer parentage. Sequence similarity
is one option, comparing Meloidogyne assemblies to pan-subgenome assemblies of the
allopolyploid species. Another option would be using the same ancestral k-mers detected in
Chapter 2. New methods have been developed that can generate phylogenies from k-mer
spectra (Tang et al., 2023; Van Etten et al., 2023). It may be possible to build a phylogeny
from the ancestral repetitive k-mers of the Meloidogyne genus, including clade |

subgenomes as independent taxa.

5.3.3 Homoeologous recombination

It may be possible to look for evidence of homeologous recombination in the
annotations generated in Chapters 2 and 3, using a method similar to Szitenberg et al.
(2017). CDS from either subgenome can be linked through pairwise alignment genome-
wide, and measures of similarity calculated. A very high amount of sequence similarity
between subgenomes of one species in a single orthogroup would indicate a site of
homeologous conversion. Another method could be to use spectra of ancestral repetitive k-
mers similarly to how assembly scaffolds were phased in Chapter 2. It is expected that these
k-mers are exclusive to one or other subgenome, which means that areas where they are

found on the opposing subgenome would suggest an area that had been converted.

5.3.4 Subgenome dominance

Investigations of selection and its effect on subgenome dominance are intensive and
difficult (Qian et al., 2014; Pavlidis & Alachiotis, 2017; Alger & Edger, 2020; Conover &
Wendel, 2022), and it is our opinion that although the analysis and results presented here
addressing these phenomena are robust and indicative of a relative balance of dominance
between subgenomes of most species, much more can be done to study this in detail.

Several investigations of subgenome dominance, particularly in Brassica species, aim to
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detect differences in expression of homoeologous loci, under the presumption that the
dominant allele will exhibit higher expression rates than its homoeolog (Cheng et al., 2012;
Bottani et al., 2018; Alger & Edger, 2020). The generation and analysis of quantifiable
expression data of the species studied here could provide deeper insights into which
subgenome is more dominant, as well as revealing differences in frequency of
subfunctionalisation and shared dosage. It could be hypothesised that these will be more
frequent in tetraploid species than triploids, driving retention of all original copies and

impeding transformation to a lower ploidy state.

5.3.5 Investigating Mi-1 resistance evasion mechanisms

Several species of Meloidogyne have been found to be able to evade host resistance
bestowed by the Mi-1 resistance gene (Ornat et al., 2001; Gleason, 2003; Tzortzakakis et
al., 2005; Hajihassani et al., 2022; Ploeg et al., 2023). Given the results of Chapter 4, it can
be hypothesised that deletion or reduced dosage of one or more transcriptionally active
genes within the VW5 deletion is what enables phenotypic change and gain-of-virulence.
This hypothesis is testable in several ways. First, the copysnake workflow described in
Chapter 4 can be applied to sequencing libraries of other species with virulent lineages.
Discrepancy between isolates similar those seen between VW4 and VW5 can reveal loci
absent from the virulent isolate, suggesting deletion or disruption of a similar effector.
Furthermore, depending on the release of phased chromosome-scale assemblies of MIG
species such as those by Dai et al. (2023), a similar method of identifying deletions to those
described in Chapter 4 can be applied. Genes within these potentially deleted regions can
be compared across the group, with genes absent or disrupted in all virulent lineages gaining
more weight as candidates for gain-of-virulence. In the absence of phased chromosome-
scale assemblies or sequencing data of virulent lineages, PCR assays could be performed
to detect if PB.2697.1 is present or absent. If absent, the implication that PB.2697.1 is
involved in Mi-1 evasion would increase. Similarly, knockout experiments of this gene in
virulent lineages of other species could ascertain whether disruption of this PLCP also
induces resistance evasion. If detected as present from PCR, it may mean that either
absence of PB.2697.1 is not driving gain-of-virulence, or that PB.2697.1 is integral to a
pathway that produces an effector that triggers Mi-1 resistance. In this case, deletion of
PB.2697.1 would disrupt the pathway and prevent production of the effector. This would
generate a need to investigate this pathway, and determine if it is also disrupted in Mi-1

evasive lineages.
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5.4 Reproducibility

5.4.1 Bioinformatic resources

Throughout the performance of the research discussed here, many aspects of the
bioinformatic methods were performed by reproducible workflows and scripts. These
bioinformatic resources are also an important output of this work, and have been made
publicly and freely available and accessible, either through Zenodo or Github. The largest
of these resources is the asmapp workflow (Winter, 2022), used in Chapter 2 and Chapter
3 to appraise genome assemblies and generate descriptive statistics. This workflow is built
in snakemake, employs the use of several bioinformatics packages alongside scripts written
in BASH, R, and Python. Asmapp is currently available on Github for use. Another large
workflow output from this project is copysnake. Built in snakemake, copysnake searches
read libraries for reads containing a query sequence, then builds phylogenies of those
detected sequences. It is our intention and hope that the public availability of these
workflows will provide accessible and streamlined analysis tools to future researchers. The
primary benefit of automated bioinformatic snakemake workflows, aside from the ability to
version control and standardise analysis to achieve higher reproducibility, is their modularity.
Being built in snakemake, the addition of further analysis and improved releases of packages
contained within it, the workflow can adjust to computational progression in the field. One
such example is in the use of k-mer spectra to assess completeness, a growing trend in
genome assembly (Mapleson et al., 2017; Rhie et al., 2020). Addition of such packages is
guick and straightforward, and their results can be incorporated into a final automated report

very easily.

Alongside the larger workflows, almost all bioinformatic methods are maintained in
Jupyter notebooks, made available on Zenodo for reference (10.5281/zenodo.13819447).
This is not ideal, but several factors can limit the viability of an analysis being incorporated
or performed in an automated workflow. Some analysis requires too much in-progress,
researcher-led modification to be translated into an automated workflow. Similarly, the use
cases of some such workflows would be very limited, making the time spent developing the
workflow inefficient. Jupyter notebook based analyses can be as reproducible as those
performed in automated workflows, but in absence of automation are susceptible to operator

error.

Version control of all methods was managed by conda and all necessary files to rebuild

and replicate conda environments are available alongside the appropriate resource. This
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applies to all analyses described here, whether performed in automated workflows,
notebooks, or standalone scripts. Every bioinformatic method described in this thesis is
reproducible, with version-controlled methods and code publicly available.

5.5 Concluding remarks

In summary, this thesis has generated the most complete and contiguous assembly of
the VW4 lineage of Meloidogyne javanica currently available, and annotated genes both
structurally and functionally. We have determined that large amounts of synteny and
collinearity remain both between homoeologous subgenomes, and between orthologous
subgenomes across species. We have identified that M. luci subgenomes are orthologous
with the subgenomes of the MIG species, indicating that all of these species share an origin
and likely originated from the same hybridisation event between the same parental species.
Extrapolating from this, we hypothesise that the vast majority of clade | Meloidogyne species
- at least those more derived than M. luci - are descendants of hybridisation between the
same parental species. We determine that subgenome dominance is acting with opposing
pressures at a gene level, but that no single subgenome is overall dominant over the other.
Alongside this we detect signals of methylation of the genome of M. javanica. Finally, we
characterise and describe the Cg-1 region using modern resources, discovering a large
deletion in one copy of the virulent VW5 lineage of M. javanica responsible for the deletion
or disruption of several transcriptionally active genes, some of which are heavily implicated
in host-pathogen interactions and make very promising candidates for being responsible for
gain-of-virulence adaptations in this species. Overall, we have contributed valid and
consequential findings to this field of research, as well as generating several useful genomic
resources, bioinformatic methods, workflows, and hypotheses for continued study and
advancement toward our understanding of the genomics of this important and complex

group of species.
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7.0 Supplementary

7.1 Supplementary Figures
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Supplementary Figure 2.1: Length and quality statistics of concatenated and quality

controlled PacBio HiFi libraries. X axis is read length. Y axis is probability density.
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Supplementary Figure 2.2: Length and quality statistics of concatenated and quality
controlled Oxford Nanopore libraries. X axis is read length. Y axis is probability density.
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Supplementary Figure 2.3: Chromatin contact map following Hi-C scaffolding and

manual curation. Ordered according to length. Generated by Juicebox.
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in megabases. Green dashed line indicates the end of scaffold 33.

196



80000

60000

Nemateda (55:149.67M8;5,739,182nt)
no-hit (10;0.6MB;125,000nt}
Streptophyta (1:0.13MB;130,914nt)
Arthropoda (2:0.1MB;50,833nt}
Chordata (1:0.05MB;50,000nt)

40000

Span (kb)
eeo e

20000

103

10 . i ———

o 10!
(=]
e
[
>
(=1
o
100:
1071
479,800nt 959.600nt 2,398.800nt
0.0 0.2 0.4 0.6 0.8 10°e s N @
GC proportion 8 3 =3
(=] o o
Span (kb)

Supplementary Figure 2.5: Blobplot of contamination in our Meloidogyne javanica
assembly. Generated in Blobtools. The x-axis represents the GC proportion, and the y-axis
the coverage depth of sequences in the assembly. The size and colour of each blob indicate
the relative abundance and taxonomic identity of the contaminating organisms according to
the key.
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Supplementary Figure 2.6: Assembly-wide distributions of coverage depth. A,
Distribution of coverage depth at all bases in the assembly. B, Distribution of coverage depth
of all bases in the assembly, capped at 800x. C, Distribution of coverage of all bases in the
longest 33 scaffolds, capped at 800x. D, Distribution of coverage of all bases in scaffolds

phased to a subgenome, capped at 800x. Breaks = 1000. Bin size = 0.8.
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Supplementary Figure 2.7: Scaffold-level distributions of coverage depth
frequencies. Subgenome A in blue, subgenome B in red, and unphased scaffolds in purple.
X-axis shows coverage depth, Y-axis shows frequency. Breaks = 80. Bin size = 10.
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Supplementary Figure 2.8a: Coverage depth of individual bases across scaffolds 1-5.
Horizontal lines mark 120x and 240x coverage depth, corresponding to peaks seen in

Supplementary Figure 7.
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Supplementary Figure 2.8d: Coverage depth of individual bases across scaffolds 16-
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Supplementary Figure 2.8f: Coverage depth of individual bases across scaffolds 26-
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Supplementary Figure 7.
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Supplementary Figure 2.9: Subgenome-phased dendrogram of scaffolds. Generated
in R using hierarchical clustering based on presence of ancestral k-mers. Scaffolds in blue
are assigned to subgenome A. Scaffolds in red are assigned to subgenome B.
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Supplementary Figure 3.1.1: Codon usage frequencies for each subgenome of all
species included in these analyses.
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Supplementary Figure 3.1.2: Codon usage frequencies for each subgenome of all
species included in these analyses (continued).
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Supplementary Figure 3.2.1: Methylation patterns of scaffolds 1-18. X axis is the base
position on the scaffold. Y axis is the frequency of reads covering that base that were
methylated. Dots represent bases. Pink bars show CDS positions along the scaffold. Only

calls >2 log likelihood and at frequency over 40% are shown.
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Supplementary Figure 3.2.2: Methylation patterns of scaffolds 19-33. X axis is the base
position on the scaffold. Y axis is the frequency of reads covering that base that were
methylated. Dots represent bases. Pink bars show CDS positions along the scaffold. Only

calls >2 log likelihood and at frequency over 40% are shown.
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Supplementary Figure 3.3.1: Descriptive statistics of alignments. Top left, proportion
of variable sites across alignments. Top right, number of variable sites across alignments.

Bottom left, percent of missing sequence across alignments. Bottom right, alignment
lengths.
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Supplementary Figure 3.3.2: Top left, length of alignment against percent of missing
sequence. Top right, length of alignment against the number of variable sites. Middle left,
length of alignment against the proportion of variable sites. Middle right, percent of missing
sequence against number of variable sites. Bottom left, percent of missing sequence
against proportion of variable sites. Bottom right, number of variable sites against the
proportion of variable sites. All comparisons showed positive relationships except length of
alignment and proportion of variable sites which showed that proportion of variable sites
decreased with an increase in alignment length. All comparisons showed significant
relationships (p = 0.0) except the relationship of percent of missing sequence to proportion

of variable sites (p = 0.74).
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Supplementary Figure 4.1.1: Phylogenetic trees of genes identified within the deleted
region of scaffold 15. PB.2354.1 could be indicative of gene conversion/nomoeologous
recombination. PB.2355.1, PB.2358.1, and PB.2359.1 show the same topology as Gene P

and Gene R: four clear clusters, with one cluster containing no representatives from VWS5.
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Supplementary Figure 4.1.2: Phylogenetic trees of genes identified within the deleted
region of scaffold 15. PB.2361.1, PB.2362.1, PB.2364.1 and PB.2365.1 show the same
topology as Gene P and Gene R: four clear clusters, with one cluster containing no
representatives from VW5. PB.2367.1 and PB.2368.1 retain no copies from VW5.
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Supplementary Figure 4.1.3: Phylogenetic trees of genes identified within the deleted
region of scaffold 15. PB.2374.1, PB.2375.1, and PB.2378.1 show similar topology as
Gene P and Gene R: four clear clusters, with one cluster containing no representatives from
VW5. PB.2372.1 is likely an erroneous annotation, with the sequence present in only 4

reads.
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Supplementary Figure 4.1.4: Phylogenetic trees of genes identified within the deleted
region of scaffold 15. PB.2380.1 shows only two clusters, with no copies from VW5 in one
cluster. PB.2381.1, PB.2381.1, PB.2384.1 and PB.2386.1 show the same topology as Gene

P and Gene R: four clear clusters, with one cluster containing no representatives from VWS5.
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Supplementary Figure 4.1.5: Phylogenetic trees of genes identified within the deleted
region of scaffold 15. PB.2390.1 and PB.2391.1 show only three clusters, with only two
containing VW5. This indicates that there are no copies of these genes on one subgenome
of VW5, and that the region of that subgenome containing these gene sequences is a single
copy in VW4, PB.2393.1 and PB.2395.1 also show only three copies, however the cluster

containing only VW4 is not on a lone branch, but instead shares a node with a closely related

. VW4
. VW5

copy. PB.2396.1 is also suggested to be a cathepsin-like gene or PLCP.
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Supplementary Figure 4.1.6: Phylogenetic trees of genes identified within the deleted
region of scaffold 15. Only 6 reads containing sequences similar to PB.402.1 were found

in VW4, and none in VW5.
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7.2 Supplementary Tables

Supplementary Table 2.1: Descriptive statistics of assembly and its contemporaries.

Accession | Species Year | Scaffolds | Assembly | Nuclear N50 CEGMA % BUSCO v5 % GC %
size (Mbp) DNA (Kbp) (complete: C, (complete: C
Content partial: P) [single: S,
(Mbp) duplicated: D],

fragmented: F,
missing: M)

GCA_0347 | M. javanica* 2023 69 150.5 NA 5,793 | C:93.95(1.88) C:69.5 [S:37.3%, 30.1

85575.1 (Hulr) P: 95.56 D:32.2%], F:13.7%,
M:16.8%

GCA_0036 | M. javanica 2017 34,394 142.6 NA 14.1 C :89.52 (2.71) C:70.2% [S:30.2, 30.2

93625.1 (Hulr) P:95.16 D:40.0%], F:13.3%,
M:16.5%

GCA_9000 | M. javanica 2017 | 31,341 235.8 297+ 27 10.4 | C:92.74 (3.68) C:70.2% [S:14.9%, | 30

03945.1 (Avignon) P :95.56 D:55.3%], F:14.1%,
M:15.7%

GCA_0141 | M. incognita 2017 12,091 183.5 189 +- 15 38.6 C:94.76 (2.93) C:71.7% [S:18.8%, 29.8

32215.1 (Morelos) P :96.77 D:52.9%)], F:11.4%,
M:16.9%

GCA_0036 | M. incognita 2017 33,735 122 NA 16.5 C: 82.66 (2.34) C:61.6% [S:29.4%, | 30.6

93645.1 (Hull) P :89.52 D:32.2%)], F:16.9%,
M:21.5%

GCA_0001 | M. hapla 2008 1,523 53.6 121 +-3 83.6 C :93.55 (1.19) C:66.7[S:65.9%, 27.4

72435.1 (VW9) P: 95.56 D:0.8%)], F:16.1%,
M:17.2%

GCA_0036 | M. floridensis | 2018 9,134 74.9 NA 13.3 C:77.42 (1.71) C:58.4% [S:53.3%, | 30.2

93605.1 (SJIF1) P: 83.87 D:5.1%], F:17.3%,
M:24.3%

GCA_9027 | M. luci (SI- 2020 327 209.2 NA 1,712 C: 95.56 (2.92) C:73.7% [S:14.9%, 30.2

06615.1 Smartno) P :96.77 D:58.8%)], F:11.0%,
M:15.3%

GCA_9039 | M. enterolobii | 2021 4,437 240 275 +- 19 143 C: 94.76 (3.30) C:73.7%[S:13.3%, | 30

94135.1 (Swiss) P: 96.77 D:60.4%], F:10.6%,
M:15.7%

GCA_9000 | M. arenaria 2017 26,196 258.1 304 +-9 16.5 C :94.76 (3.66) C:70.5% [S:12.9%, | 30

03985.1 (Guadeloupe) P :95.56 D:57.6%)], F:13.3%,
M:16.2%

GCA_0031 | M. arenaria 2019 2,224 284.05 NA 204.6 | C:94.76 (3.57) C:72.6% [S:17.3%, | 30

33805.1 (A2-0) P :96.77 D:55.3%], F:12.2%,
M:15.2%

GCA_0027 | M. 2022 4,304 38.18 NA 20.4 C: 84.27 (1.34) C:65.1% [S:56.1%, 23.05

78205.2 graminicola P:90.73 D:9.0%], F:13.3%,

(IARI) M:21.6%
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Supplementary Table 2.2: Summary of longest 33 scaffolds of diploid assembly of M.

javanica.
Scaffold Length Mean Phase assignment Comments
Number (bp) coverage (x) (A, B, or unphased)
1 9595054 245 B Some collapse.
2 9577269 337 ] Extensive collapse.
3 8254935 181 A
4 7520906 251 A Some collapse.
5 7228418 184 A
6 7199321 177 A
7 7044505 169 A
8 6281301 186 A
9 6143287 260 B Some collapse.
10 5957753 164 B
11 5739182 247 B
12 5730042 205 B
13 5673700 219 B
14 4766193 189 B
15 4415488 196 A
16 4345108 204 B Some collapse.
17 3893252 201 B
18 3682237 314 B Some collapse.
19 3649086 168 0] Some collapse.
20 3413746 207 A
21 3407168 264 B
22 162 A Low coverage, possibly single copy. Phased
3386470 manually.
23 2744999 231 B Phased manually.
24 2512086 131 U Low coverage, possibly single copy.
25 2178917 178 A
26 2011659 171 A
27 2002407 183 B Phased manually.
28 1997981 214 B Phased manually.
29 1951323 210 B
30 1735511 151 0]
31 1316575 219 u
32 1091457 211 B
33 125 B Low coverage, possibly single copy. Phased
898067 manually.
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1 Here collapse refers to regions of a scaffold with more than 2 copies predicted based on read depth.
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Supplementary Table 2.3: Tabular breakdown of repeat annotation from
RepeatMasker.
Number of Length occupies (bp) Percentage of sequence (%)
elements

Retroelements 11491 7443793 4.94
SINEs 0 0 0.00
Penelope 0 0 0.00
LINEs 663 657807 0.44
- CRE/SLACS 0 0 0.00
- L2/CR1/Rex 588 633246 0.42
- R1/LOA/Jockey 0 0 0.00
- R2/R4/NeSL 0 0 0.00
- RTE/bOV-b 0 0 0.00
- L1/CIN4 34 3868 0.00
LTR Elements 10828 6785986 451
- BEL/Pao 2888 3074846 2.04
- Tyl/Copia 0 0 0.00
- Gypsy/DIRS1 3129 2254025 1.50
DNA Transposons 7992 5674442 3.77
Hobo-Activator 1547 261731 0.17
Tcl-1S630-Pogo 1847 601027 0.40
En-Spm 0 0 0.00
MuDR-IS905 0 0 0.00
PiggyBac 0 0 0.00
Tourist/Harbinger 0 0 0.00
Other (Mirage, P-element, 0 0 0.00
Transib)

Rolling-circles 4285 1796873 1.19
Unclassified 129631 25417075 16.88
Total interspersed repeats - 38535310 25.60
Small RNA 1092 1514780 1.01
Satellites 526 59215 0.04
Simple repeats 55163 2683708 1.78

Low complexity 24100 1270259 0.84
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Supplementary Table 2.4: Full table of results from structural annotation with
MAKERS3.

Metric Count
Number of genes 22433
Number of mrnas 22433
Number of mrnas with utr both sides 2811
Number of mrnas with at least one utr 12486
Number of cds 22433
Number of exons 227617
Number of five_prime_utrs 10044
Number of three_prime_utrs 5253
Number of exon in cds 224453
Number of exon in five_prime_utr 12537
Number of exon in three_prime_utr 5783
Number of intron in cds 202020
Number of intron in exon 205184
Number of intron in five_prime_utr 2493
Number of intron in three_prime_utr 530
Number of single exon gene 91
Number of single exon mrna 91
mean mrnas per gene 1
mean cds per mrna 1
mean exons per mrna 10.1
mean five_prime_utrs per mrna 0.4
mean three_prime_utrs per mrna 0.2
mean exons per cds 10
mean exons per five_prime_utr 1.2
mean exons per three_prime_utr 1.1
mean introns in cds per mrna 9
mean introns in exons per mrna 9.1
mean introns in five_prime_utrs per mrna 0.1
mean introns in three_prime_utrs per mrna 0
Total gene length 70550747
Total mrna length 70550747
Total cds length 29119128
Total exon length 30170066
Total five_prime_utr length 525976
Total three_prime_utr length 524962
Total intron length per cds 40117619
Total intron length per exon 40585865
Total intron length per five_prime_utr 365056
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Total intron length per three_prime_utr 85815
mean gene length 3144
mean mrna length 3144
mean cds length 1298
mean exon length 132
mean five_prime_utr length 52
mean three_prime_utr length 99
mean cds piece length 129
mean five_prime_utr piece length 41
mean three_prime_utr piece length 90
mean intron in cds length 198
mean intron in exon length 197
mean intron in five_prime_utr length 146
mean intron in three_prime_utr length 161
Longest genes 85925
Longest mrnas 85925
Longest cds 58605
Longest exons 36616
Longest five_prime_utrs 1124
Longest three_prime_utrs 2255
Longest cds piece 36616
Longest five_prime_utr piece 871
Longest three_prime_utr piece 2230
Longest intron into cds part 46014
Longest intron into exon part 46014
Longest intron into five_prime_utr part 6288
Longest intron into three_prime_utr part 5958
Shortest genes 24
Shortest mrnas 24
Shortest cds 6
Shortest exons 2
Shortest five_prime_utrs 1
Shortest three_prime_utrs 1
Shortest cds piece 1
Shortest five_prime_utr piece 1
Shortest three_prime_utr piece 1
Shortest intron into cds part 5
Shortest intron into exon part 5
Shortest intron into five_prime_utr part 5
Shortest intron into three_prime_utr part 5
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Supplementary Table 2.5: List of pairs that share CDS and amount of shared links.

Reference Scaffold Target Scaffold Shared CDS
2 13 46
3 11 284
4 14 307
5 12 182
6 19 216
6 1 206
7 10 206
8 16 273
8 33 162
8 29 58
8 28 49
9 5 102

13 15 351
17 25 112
18 26 63
20 23 214
20 32 120
24 30 20
25 27 64
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Supplementary Table 2.6: Validation of homoeologous pairings.

Scaffold number Orthology MASH BUSCO Consensus homoeologous counterpart
1 6 6 6 6
2 13 - 52 13
3 11 11 7 11
4 14 14 6 14
5 12 12 9 12
6 21 21 - 21
7 10 10 - 10
8 16 16 - 16
9 5 - 7 5

10 7 7 3 7
11 3 3 5 3
12 5 5 15 5
13 15 15 45 15
14 4 4 - 4
15 13 13 8 13
16 8 8 25 8
17 25 25 26 25
18 26 - 21 26
19 6 6 30 6
20 23 23 6 23
21 6 6 - 6
22 10 10 - 10
23 20 20 - 20
24 30 - - 30
25 17 27 - 17
26 18 - 49 18
27 25 - - 25
28 8 - 8 8
29 8 - - 8
30 24 - - 24
31 6 - - 6
32 20 - - 20
33 8 - - 8

227




Supplementary Table 2.7: Descriptive statistics of each phased subgenome.

Subgenome A

Subgenome B

Number of sequences 11 17
Length 58,935,666 69,619,210
N50 7,199,321 5,673,700
GC% 29.8 30.27
Largest contig 8,254,935 9,595,054
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Supplementary Table 3.1: Primary codon per residue.

M. javanica M. incognita M. arenaria M. luci M. enterolobii
Amino acid A B A B A B A B NA
Alanine (A) GCT | GCT GCT GCT GCT GCT GCT | GCT GCT
Arginine (R) AGA | AGA | AGA AGA | AGA | AGA | AGA | AGA AGA
Asparagine (N) AAT AAT AAT AAT AAT AAT AAT AAT AAT
Aspartic Acid (D) | GAT GAT GAT GAT GAT GAT GAT | GAT GAT
Cysteine (C) TGT TGT TGT TGT TGT TGT TGT | TGT TGT
Glutamine (Q) CAA CAA CAA CAA CAA CAA CAA | CAA CAA
Glutamic Acid (E) | GAA GAA GAA GAA GAA GAA GAA GAA GAA
Glycine (G) GGA | GGA | GGA | GGA | GGA | GGA | GGA | GGA GGA
Histidine (H) CAT CAT CAT CAT CAT CAT CAT CAT CAT
Isoleucine (1) ATT ATT ATT ATT ATT ATT ATT ATT ATT
Leucine (L) TTA TTA TTA TTA TTA TTA TTA TTA TTA
Lysine (K) AAA | AAA | AAA | AAA | AAA | AAA | AAA | AAA AAA
Methionine (M) ATG ATG ATG ATG ATG ATG ATG | ATG

Phenylalanine (F) | TTT TTT TTT TTT TTT TTT TTT TTT TTT
Proline (P) CCA | CCA CCA CCA | CCA | ccA CCA | CCA CCA
Serine (S) TCT TCT TCT TCT TCT TCT TCT TCT TCT
Threonine (T) ACA | ACA ACA ACA ACA ACA ACA | ACA ACA
Tryptophan (W) | TGG | TGG | TGG TGG | TGG | TGG | TGG | TGG TGG
Tyrosine (Y) TAT TAT TAT TAT TAT TAT TAT TAT TAT
Valine (V) GTT GTT GTT GTT GTT GTT GTT GTT GTT
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Supplementary Table 3.2.1: Average number of genes per-species in orthogroup

Average number of genes per- Number of Percentage of | Number of |Percentage of
species in orthogroup orthogroups orthogroups genes genes
<1 11,974 62.4 48,928 341
1 6,366 33.2 74,985 52.2
2 681 3.6 14,096 9.8
3 112 0.6 3,334 2.3
4 20 0.1 795 0.6
5 12 0.1 567 04
6 4 0 238 0.2
7 2 0 130 0.1
8 4 0 303 0.2
9 0 0 0 0
10 0 0 0 0
11-15 2 0 259 0.2
16+ 0 0 0 0

Supplementary Table 3.2.2: Number of species

in orthogroups

Number of species in orthogroup

Number of orthogroups

1

2,223

4,698

2,761

1,867

2,323

1,692

1,397

1,374

© 00N o o |~ Tw N

842
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Supplementary Table 3.3.1: Subgenome specific orthogroup statistics.

Species M. arenaria | M. incognita M. javanica M. luci M. enterolobii
Subgenome A B A B A B A B NA
Number of genes 5178 | 10997| 6031 | 11270, 9412 | 11076 | 17316 22319 59773
Number of genes in

orthogroups 4997 | 10448 5832 | 10820, 8993 | 10531 | 15313 | 19894 56807
Number of unassigned

genes 181 | 549 199 450 419 545 2003 | 2425 2966
Percentage of genes in

orthogroups 96.5 95 96.7 96 95.5 95.1 88.4 89.1 95
Percentage of

unassigned genes 35 5 3.3 4 4.5 4.9 11.6 10.9 5
Number of

orthogroups

containing species 3675 | 6861 | 4587 | 7733 | 7133 8289 | 10218 | 12079 16911
Percentage of

orthogroups

containing species 19.2 | 358 | 239 | 403 | 37.2 43.2 53.3 63 88.2
Number of species-

specific orthogroups 20 62 18 60 113 60 139 205 1546
Number of genes in

species-specific

orthogroups 41 129 39 124 289 146 307 474 5556
Percentage of genes in

species-specific

orthogroups 0.8 1.2 0.6 1.1 3.1 1.3 1.8 2.1 9.3
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Supplementary Table 3.3.2: Subgenome specific orthogroup statistics - number of

genes per orthogroup (orthogroup counts).

Number of orthogroups for OTU

M. arenaria M. incognita M. javanica M. luci M. enterolobii
Number of genes
per-species in
orthogroup A B A B A B A B NA
0 15502 | 12316 | 14590 | 11444 | 12044 | 10888 | 8959 | 7098 2266
1 2704 4325 | 3589 | 5403 5796 | 6535 | 6706 | 6884 3420
2 745 1815 809 1796 1018 | 1469 | 2527 | 3566 3586
3 147 495 148 379 211 168 641 1046 4317
4 52 158 28 110 66 77 226 367 2527
5 14 43 10 27 18 21 64 121 1151
6 11 18 2 14 17 9 25 51 695
7 0 4 1 3 1 4 17 21 388
8 1 2 0 1 2 1 3 11 245
9 0 1 0 0 2 2 1 3 135
10 1 0 0 0 0 2 2 4 94
11-15 0 0 0 0 1 1 4 5 205
16-20 0 0 0 0 1 0 2 0 61
21-50 0 0 0 0 0 0 0 0 80
51-100 0 0 0 0 0 0 0 0 5
101-150 0 0 0 0 0 0 0 0 2
151+ 0 0 0 0 0 0 0 0 0
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Supplementary Table 3.3.3: Subgenome specific orthogroup statistics - number of
genes per orthogroup (orthogroup percentages).

Percentage of orthogroups (%)
M. arenaria M. incognita M. javanica M. luci M. enterolobii
Number of genes
per-species in
orthogroup A B A B A B A B NA
0 80.8 64.2 76.1 59.7 62.8 56.8 | 46.7 | 37 11.8
1 14.1 22.6 18.7 28.2 30.2 34.1 35 35.9 17.8
2 3.9 9.5 4.2 9.4 53 7.7 13.2 | 18.6 18.7
3 0.8 2.6 0.8 2 1.1 0.9 3.3 5.5 225
4 0.3 0.8 0.1 0.6 0.3 0.4 1.2 1.9 13.2
5 0.1 0.2 0.1 0.1 0.1 0.1 0.3 0.6 6
6 0.1 0.1 0 0.1 0.1 0 0.1 0.3 3.6
7 0 0 0 0 0 0 0.1 0.1 2
8 0 0 0 0 0 0 0 0.1 1.3
9 0 0 0 0 0 0 0 0 0.7
10 0 0 0 0 0 0 0 0 0.5
11-15 0 0 0 0 0 0 0 0 1.1
16-20 0 0 0 0 0 0 0 0 0.3
21-50 0 0 0 0 0 0 0 0 0.4
51+ 0 0 0 0 0 0 0 0 0
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Supplementary Table 3.3.4: Subgenome specific orthogroup statistics - number of
genes per orthogroup (gene counts).

Number of genes
M. arenaria M. incognita M. javanica M. luci M. enterolobii
Number of genes
per-species in
orthogroup A B A B A B A B NA
0 0 0 0 0 0 0 0 0 0
1 2704 | 4325 | 3589 | 5403 | 5796 | 6535 | 6706 | 6884 3420
2 1490 | 3630 | 1618 | 3592 | 2036 | 2938 | 5054 | 7132 7172
3 441 1485 444 1137 633 504 1923 | 3138 12951
4 208 632 112 440 264 308 904 1468 10108
5 70 215 50 135 90 105 320 605 5755
6 66 108 12 84 102 54 150 306 4170
7 0 28 7 21 7 28 119 147 2716
8 8 16 0 8 16 8 24 88 1960
9 0 9 0 0 18 18 9 27 1215
10 10 0 0 0 0 20 20 40 940
11-15 0 0 0 0 11 13 49 59 2561
16-20 0 0 0 0 20 0 35 0 1083
21-50 0 0 0 0 0 0 0 0 2191
51-100 0 0 0 0 0 0 0 0 310
101-150 0 0 0 0 0 0 0 0 255
151+ 0 0 0 0 0 0 0 0 0
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Supplementary Table 3.3.5: Subgenome specific orthogroup statistics - number of
genes per orthogroup (gene percentages).

Percentage of genes (%)
M. arenaria M. incognita M. javanica M. luci M. enterolobii
Number of
genes per-
species in
orthogroup A B A B A B A B NA
0 0 0 0 0 0 0 0 0 0
1 52.2 39.3 59.5 47.9 61.6 59 38.7 30.8 5.7
2 28.8 33 26.8 31.9 21.6 26.5 29.2 32 12
3 8.5 13.5 7.4 10.1 6.7 4.6 11.1 14.1 21.7
4 4 5.7 1.9 3.9 2.8 2.8 5.2 6.6 16.9
5 1.4 2 0.8 1.2 1 0.9 1.8 2.7 9.6
6 1.3 1 0.2 0.7 1.1 0.5 0.9 1.4 7
7 0 0.3 0.1 0.2 0.1 0.3 0.7 0.7 4.5
8 0.2 0.1 0 0.1 0.2 0.1 0.1 0.4 3.3
9 0 0.1 0 0 0.2 0.2 0.1 0.1 2
10 0.2 0 0 0 0 0.2 0.1 0.2 1.6
11-15 0 0 0 0 0.1 0.1 0.3 0.3 4.3
16-20 0 0 0 0 0.2 0 0.2 0 1.8
21-50 0 0 0 0 0 0 0 0 3.7
51-100 0 0 0 0 0 0 0 0 0.5
101-150 0 0 0 0 0 0 0 0 0.4
151+ 0 0 0 0 0 0 0 0 0
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Supplementary Table 3.4.1: Significant HyPhy results using the aBSREL model.

Orthogroup OoTU Omegal Percent sites Omega2 Percent sites

M. arenaria A 0 0.9441880363 586.4894174 0.05581196366
0G0000055

M. incognita A 0 0.9950100058 132.1500633 0.004989994221
0G0000114 M. luci A 0 0.9967664915 5000.0002 0.003233508527

M. javanica B 0 0.9566690114 852.1723014 0.04333098858
0G0000139

M. luci B 0 0.9358272809 2248.03848 0.06417271908
0G0000142 M. javanica A 0 0.9980010149 1.00E+25 0.001998985113
0G0000243 M. incognita B 0.03807277283 0.7981223056 109.3695148 0.2018776944
0G0000271 M. arenaria A 7.57E-08 0.9872799253 1.00E+25 0.01272007474

M. arenaria A 0 0.9955774441 158.8941006 0.004422555897
0G0000275

M. incognita A 0.003145523848 0.9913654289 83.76666107 0.008634571133
0G0000286 M. enterolobii 0.03702402973 0.9803211468 225.8029361 0.01967885323

M. arenaria B 0.04133860455 0.9193079971 113.9153009 0.08069200289
0G0000294 M. incognita A 0 0.9575405461 677.1423468 0.04245945391

M. javanica B 0.0484536568 0.9778876577 264.8756222 0.0221123423
0G0000297 M. javanica B 0 0.966465248 93.86654736 0.03353475197

M. arenaria B 0 0.9612094327 9.607253735 0.03879056725
0G0000347

M. incognita B 0.003390029372 0.9966810956 1.00E+25 0.00331890436

M. luci B 0.03560953412 0.9961919831 72.88577165 0.003808016888

M. arenaria A 0 0.9237395993 1718.319621 0.07626040071

M. i ita A .98745831 170.9352294 .0125416841
0G0000350 incognita 0 0.9874583158 0.935229 0.01254168416

M. javanica A 0.01633268139 0.917691332 749.8596662 0.08230866803

M. javanica B 0.04784675648 0.9506907624 53.76395638 0.04930923764

M. luci A 0 0.9900300418 560.3463869 0.009969958222
0G0000410

M. javanica A 7.35E-08 0.9963528174 1.00E+25 0.003647182624

M. javanica B 4.66E-14 0.9757773053 415.3901417 0.02422269473
0G0000419

M. arenaria A 7.59E-08 0.9919113311 1.00E+25 0.008088668882
0G0000469 M. javanica B 0 0.9852962441 519.6149362 0.01470375591
0G0000479 M. arenaria A 0 0.9634236629 62.68617287 0.03657633707
0G0000489 M. javanica B 0 0.9871507128 385.0990302 0.01284928722
0G0000503 M. luci A 0 0.6815448977 31.91333202 0.3184551023
0G0000584 M. arenaria B 6.54E-08 0.9552691703 1.00E+25 0.04473082966

M. incognita B 0 0.9790222933 3905.699246 0.02097770672
0G0000601

M. arenaria B 0 0.9724620337 5711.894055 0.02753796631
0G0000688 M. arenaria A 0 0.967643349 163.0063198 0.03235665096

M. arenaria B 0 0.9346294186 1.00E+25 0.0653705814
0G0000724

M. incognita A 1.48E-11 0.9707823673 1.00E+25 0.02921763266

M. arenaria A 4.63E-10 0.9540414909 1.00E+25 0.04595850906
0G0000738

M. arenaria B 6.64E-08 0.990761009 1.00E+25 0.009238990998
0G0000844 M. javanica A 6.66E-08 0.8891240206 1.00E+25 0.1108759794

M. luci B 0 0.9841758082 81.28292051 0.01582419179
0G0000900

M. arenaria A 0 0.9803041272 1.00E+25 0.01969587275
0G0000911 M. javanica A 0 0.9933030691 1.00E+25 0.006696930915
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M. luci B 0 0.9328874286 22262040327 0.06711257143
0G0000946

M. incognita A 0 0.9935419594 303.3378809 0.006458040601

M. javanica B 0 0.9740102519 8205931110 0.02598974806
0G0000949

M. arenaria A 0 0.9882676411 20995.40299 0.0117323589
0G0001069 M. javanica A 0 0.9940855179 1.00E+25 0.00591448214
0G0001100 M. incognita A 0 0.9592722769 1718.408712 0.04072772307
0G0001103 M. incognita B 0 0.9878906892 198.6432922 0.01210931075
0G0001126 M. arenaria A 0 0.8364795685 59.45919335 0.1635204315

M. javanica A 0 0.9456323957 1.00E+25 0.05436760432
0G0001181

M. javanica A 0.03947914695 0.9859729317 477.5693431 0.01402706834
0G0001213 M. incognita B 0 0.9895651801 1.00E+25 0.01043481986

M. arenaria A 0 0.9970640932 2356.813417 0.002935906757
0G0001353

M. arenaria B 0.02766212598 0.9641841263 1.00E+25 0.03581587371
0G0001356 M. arenaria B 0 0.9552823454 83943292743 0.04471765463
0G0001450 M. javanica A 0 0.9833178034 88.66356021 0.01668219662

M. javanica B 0 0.9803864323 1.00E+25 0.0196135677
0G0001497

M. incognita A 0 0.9772753059 1.00E+25 0.02272469405

M. javanica A 2.51E-10 0.9604581504 1.00E+25 0.03954184963
0G0001498 M. arenaria A 7.99E-08 0.9978929081 1.00E+25 0.002107091856

M. incognita A 0 0.98837807 194.2877339 0.01162193
0G0001509 M. javanica B 0.02018148139 0.9880165446 461.3813854 0.01198345541
0G0001517 M. incognita A 0 0.9401786803 1.00E+25 0.05982131973
0G0001525 M. javanica B 0 0.9882164712 172472411.2 0.01178352883

M. arenaria A 0.01810523088 0.9759246733 215.6754624 0.02407532668
0G0001531

M. arenaria A 0 0.9829125413 17036.59454 0.01708745871
0G0001542 M. arenaria A 0 0.9808361824 592779.6723 0.01916381763
0G0001718 M. arenaria B 0 0.8420994336 1.00E+25 0.1579005664
0G0001735 M. incognita A 0 0.9896417774 2905.111739 0.0103582226
0G0001764 M. luci B 0.03571956181 0.992629108 5711.751651 0.007370891981

M. arenaria A 0 0.9964910802 692.0733478 0.003508919804
0G0001775

M. incognita A 0 0.9847383768 1.00E+25 0.01526162321

M. luci A 0.01975595014 0.8618541603 4999.999742 0.1381458397

M. arenaria A 0 0.9298555098 1151373615 0.07014449024
0G0001783

M. arenaria B 0 0.9807169729 4192.878222 0.01928302709

M. incognita A 0 0.9860567498 1.00E+25 0.01394325019
0G0001799 M. arenaria A 0 0.9675905575 1.00E+25 0.0324094425

M. javanica B 0 0.9907966295 19130145091 0.009203370484
0G0001810

M. javanica A 1.09E-09 0.9167690476 1.00E+25 0.08323095241
0G0001815 M. javanica B 0 0.9330195488 63.25833799 0.06698045121
0G0001845 M. luci B 0.02893810942 0.9943568487 1.00E+25 0.005643151271
0G0001858 M. javanica B 0 0.9783623824 412.2356453 0.02163761761

M. javanica A 0.09214729051 0.7656995747 304.5610254 0.2343004253
0G0001859

M. arenaria A 0 0.9943163343 1.00E+25 0.005683665734
0G0001869 M. javanica A 0.04403968962 0.991013516 1.00E+25 0.008986483952
0G0001871 M. arenaria B 0 0.9873473365 1.00E+25 0.01265266351
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M. incognita A 0 0.9965075014 479.715146 0.003492498641
M. javanica B 0 0.9562261716 226.4484829 0.04377382836
0G0001893 M. incognita B 0 0.9905633196 17601.0612 0.009436680444
0G0001893 M. javanica A 0 0.9880435023 1.00E+25 0.01195649775
0G0001906 M. arenaria B 7.09E-08 0.9880376038 1.00E+25 0.01196239618
M. incognita B 0.04583722131 0.9570040261 1.00E+25 0.04299597393
0G0002268
M. javanica A 0 0.8539192371 1.00E+25 0.1460807629
0G0002282 M. luci B 0 0.9970767319 42677460.57 0.002923268138
0G0002312 M. javanica B 0.02872047465 0.7628242811 3708.305244 0.2371757189
0G0002363 M. arenaria A 0.00750953 0.8931876681 109.7279659 0.1068123319
M. incognita B 0 0.9886116849 1.00E+25 0.01138831509
0G0002363
M. javanica A 0.04303734598 0.973108822 42.01521613 0.02689117796
M. luci B 0 0.9851072595 1.00E+25 0.01489274046
0G0002399 M. arenaria B 0 0.9466073998 992.3244398 0.05339260021
M. incognita B 6.73E-08 0.9929182737 8085457140700 0.007081726288
M. luci B 0.07154758362 0.9373884055 18.91407987 0.06261159447
M. arenaria A 0 0.9531474797 1.00E+25 0.04685252035
0G0002421 M. arenaria B 0 0.8206921494 2181.131337 0.1793078506
M. incognita A 0.0315761962 0.996765398 5000 0.003234601985
0G0002472 M. javanica A 0 0.9752452962 1.00E+25 0.02475470377
0G0002500 M. javanica A 0 0.9377227222 1.00E+25 0.06227727779
0G0002501 M. arenaria A 0 0.9909761533 52.50433855 0.00902384668
0G0002504 M. javanica B 0.03334215146 0.8165486244 202.7292141 0.1834513756
0G0002524 M. arenaria A 0 0.9736171381 1262.722062 0.02638286188
0G0002525 M. arenaria B 0 0.9729442856 1.00E+25 0.02705571444
0G0002530 M. javanica B 0 0.9453459699 181.9387159 0.05465403014
M. javanica A 0.0006865495722  |0.8839617455 1.00E+25 0.1160382545
0G0002541
M. incognita A 0 0.9906898372 5000 0.009310162805
0G0002543 M. luci B 0 0.9554257886 5003.085146 0.0445742114
0G0002595 M. luci A 0 0.9967262897 182.734044 0.003273710335
M. luci B 0 0.9521169397 168.3389394 0.0478830603
0G0002599
M. arenaria A 1 0.969689435 1.00E+25 0.03031056505
M. luci B 0.02472957778 0.9757885515 1.00E+25 0.02421144845
0G0002617 M. arenaria B 0.04184566714 0.9622868015 149.9296138 0.03771319846
M. incognita A 0 0.975793112 1.00E+25 0.02420688798
0G0002619 M. incognita B 0 0.9672287633 1.00E+25 0.03277123671
0G0002996 M. javanica A 0.0005419552596  |0.946159756 1.00E+25 0.05384024405
0G0003060 M. javanica A 7.06E-08 0.9814443276 1.00E+25 0.01855567238
0G0003068 M. javanica B 7.35E-08 0.9930996728 10097757012041 | 0.006900327155
0G0003116 M. luci A 0 0.9974396264 1.00E+25 0.002560373606
0G0003119 M. arenaria B 6.25E-08 0.9859327401 1.00E+25 0.0140672599
M. javanica B 0 0.8353008759 199480189.4 0.1646991241
0G0003182
M. javanica A 0 0.9823391059 2499 0.01766089407
0G0003209 M. javanica A 0 0.9829504308 27790.584 0.01704956916
0G0003225 M. javanica B 0 0.9644765693 6403.583881 0.0355234307
M. incognita A 6.51E-08 0.9805453743 14844038462 0.01945462575
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M. javanica A 0.00078196601 0.9251197083 1.00E+25 0.07488029172
0G0003278 M. luci A 0 0.9585256791 129.5090816 0.04147432089
0G0003279 M. incognita A 0.00078196601 0.9777305021 1.00E+25 0.02226949791

M. javanica B 0 0.9698813278 6538.830153 0.0301186722
0G0003348

M. arenaria B 0.01920519693 0.9640889527 983.0493708 0.03591104733

M. incognita B 0.04902206505 0.9950333436 550.8070978 0.004966656443
0G0003350

M. javanica A 7.26E-08 0.9745735022 1.00E+25 0.02542649781
0G0003917 M. luci A 0 0.9496645679 68.92141978 0.05033543205

M. incognita B 6.62E-08 0.9767034061 1.00E+25 0.0232965939
0G0003952

M. javanica B 0 0.9922516152 1.00E+25 0.007748384774

M. javanica A 0 0.9407339744 1.00E+25 0.05926602557
0G0003978

M. javanica A 0 0.9936062102 9662.16918 0.006393789845

M. javanica B 0 0.9933490092 3715.223704 0.006650990784
0G0003986

M. arenaria A 0 0.9843609051 1.00E+25 0.01563909485
0G0003986 M. javanica A 0.0396723195 0.9641643668 66.29679003 0.03583563316

M. arenaria A 0 0.9788387789 1.00E+25 0.02116122111
0G0004037

M. javanica A 0.02472204233 0.9867966177 1.00E+25 0.01320338234
0G0004098 M. javanica A 0 0.9913278116 2000.734934 0.008672188449
0G0004178 M. incognita A 0 0.8754031635 159.176141 0.1245968365

M. javanica B 0 0.9687351258 165837977.5 0.03126487423
0G0004179 M. incognita A 0 0.9828460425 1568.582457 0.0171539575

M. incognita B 0.01342584521 0.9909555017 540.8873005 0.009044498291
0G0004186 M. javanica B 0 0.9887090013 60.86719239 0.01129099869
0G0004209 M. incognita A 0 0.9773976927 1.00E+25 0.02260230725

M. luci A 0 0.9528533706 1.00E+25 0.04714662944
0G0004256

M. javanica A 0 0.9948102771 987.6184728 0.005189722935
0G0005199 M. javanica B 0 0.9973723628 1296.034846 0.002627637228
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Supplementary Table 4.1: Genes detected as disrupted or deleted by the deletion in
VWS5. Putative function was assigned based on best match to known proteins in the NCBI
RefSeq database. Genome-wide coverage ratio of VW4 to VW5 is 4.7:1. Transcript names

are taken from annotations published by Winter et al. (2024).

Transcript| Disrupted/deleted | Ontology (best BLAST hit) Coverage Notes
in VW5 ratio
(VW4:VW5)
PB.2352 - Nucleoside phosphorylase domain 4.92:1 -
and Uridine phosphorylase
PB.2353 - - 16.85:1 -
PB.2354 - Calcium binding EGF domain 13.66:1 -
containing protein
PB.2355 - cyclin domain protein 12.33:1 -
PB.2356 - Probable protein phosphotase 24.81:1 -
PB.2357 - RhoGAP domain-containing protein 16.08:1 -
(Gene R)
PB.2358.1 - Protein CBR-NAS-32 9.86:1 -
PB.2359.1 - - 13.27:1 -
PB.2360.1 - Formin 9.32:1 -
PB.2361 - Hypothetical protein 12.49:1 -
GCK72_010392
PB.2362 - Hypothetical protein 9.93:1 -
GCK72_009756
PB.2363 - - 11.79:1 -
PB.2364 - - 11.05:1 -
PB.2365 - Arrestin domain-containing protein 15.19:1 -
PB.2366 - BTB/POZdomain-containing protein 13.6:1 -
PB.2367 Deleted from Hypothetical protein 138.29:1 -
subgenome A GCK72_008905
PB.2368 Deleted from Hypothetical protein N/A Zero coverage in
subgenome A GCK72_008905 VW5
PB.2369 - Potassium voltage gated channel 11.61:1 -
subfamily H member 6
PB.2370 - Endonuclease/Exonuclease/Phosph 8.72:1 -
atase
PB.2371 - Nematode cuticle collagen N- 13.98:1 -
terminal domain containing protein
PB.2372 - Hypothetical protein 14.29:1 -
GCK72_024950
PB.2373 - Globin family profile domain- 11.44:1 -
containing protein
PB.2374 - Uncharacterized protein 10.85:1 -
BM_BM11030
PB.2375 - Uncharacterized protein 11.07:1 -
BM_BM6883
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PB.2376 - Protein CBR-STR-131 6.92:1 -
PB.2377 - - 10.43:1 -
PB.2378 - uncharacterized protein 10.82:1 -
HO173_005441
PB.2379 - - 7.86:1 -
PB.2380 - - 7.08:1 -
PB.2381 - - 6.91:1 -
PB.2382 - Splicing factor 11.83:1 -
PB.2383 - Adenylate/Guanylate cyclase 8.39:1 -
catalytic domain protein
PB.2384 - Hypothetical protein LOAG_11276 7.68:1 -
PB.2385 - Lipase 3 isoform X2 8.81:1 -
PB.2386 - Hypothetical protein LOAG_11276 8.34:1 -
PB.2387 - Thryotropin-releasing hormone 8.95:1 -
receptor
PB.2388 - KH domain-containing protein 8.28:1 -
PB.2389 - Pilus assembly protein 26.24:1 -
PB.2390 Deleted from Integrative alpha pat-2 precursor 22.11:1 Zero coverage
subgenome A
PB.2391 Likely deleted in Hypothetical protein LOAG_16918 77.56:1 Half of exons at 1
subgenome A coverage, rest at 0
PB.2392 Deleted from - N/A -
subgenome A
PB.2393 - Uncharacterised protein 8.56:1 -
BM_BM7512
PB.2394 Disrupted Hypothetical protein LOAG_16918 20.40:1 Several exons at
zero coverage
PB.2395 Likely deleted in - 108.39:1 Coverage is <1
subgenome A
PB.2396 Disrupted Cathepsin B 10.69:1 One of four exons at
zero coverage
PB.2397 | Deleted in subgenome A Cathepsin B-like isoform X1 N/A Zero coverage of
transcript and all
exons
PB.2398 - - 10.26:1 -
PB.2399 - - 6.31:1 -
PB.2400 Disrupted Aldehyde dehydrogenase domain- 7.05:1 One exon at zero
containing protein coverage
PB.2402 - Cathepsin B-like isoform X1 9.94:1 -
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7.3 Supplementary Methods

2.1 DNA extraction and sequencing

High molecular weight DNA isolation

Two ml of lysis buffer containing 2100mM NacCl, 10 mM Tris-HCI pH 8.0, 25 mM EDTA,
0.5% (w/v) SDS and 100ug/ml Proteinase K was added to the tube containing ~1,000,000
flash frozen eggs. Samples were mixed with gentle pipetting and homogenised at room
temperature overnight. Lysate was then treated with 20pg/ml RNAse at 370C for 30 minutes.
The lysate was cleaned with equal volumes of phenol/chloroform using phase lock gels
(Quantabio Cat # 2302830). The DNA was precipitated from the cleaned lysate by adding
0.4X volume of 5M ammonium acetate and 3X volume of ice-cold ethanol. The DNA pellet
was washed with 70% ethanol twice and resuspended in an elution buffer (10mM Tris, pH
8.0). Purity of gDNA was accessed using NanoDrop ND-1000 spectrophotometer and
260/280 ratio of 1.9 and 260/230 of 2.29 were observed. DNA yield was quantified using
Qubit 2.0 Fluorometer (Thermofisher Scientific, MA).

PacBio HiFi

All PacBio HiFi libraries were prepared the following way. HiFi SMRTbell libraries were
constructed using the SMRTbell Express Template Prep Kit v2.0 (Pacific Biosciences,
Menlo Park, CA; Cat. #100-938-900) according to the manufacturer's instructions. HMW
gDNA was sheared to a target DNA size distribution between 15 kb — 20 kb using
Diagenode’s Megaruptor 3 system (Diagenode, Belgium; Cat. B0O6010003). The sheared
gDNA was concentrated using 0.45X of AMPure PB beads (Pacific Biosciences, Menlo
Park, CA; Cat. #100-265-900) for the removal of single-strand overhangs at 37 °C for 15
minutes, followed by further enzymatic steps of DNA damage repair at 37 °C for 30 minutes,
end repair and A-tailing at 20 °C for 10 minutes and 65 °C for 30 minutes, ligation of
barcoded overhang adapters v3 at 20 °C for 60 minutes and 65 °C for 10 minutes to
inactivate the ligase, then nuclease treated at 37 °C for 1 hour. SMRTbell libraries were
purified and concentrated with 0.45X Ampure PB beads for size selection using the
BluePippin/PippinHT system (Sage Science, Beverly, MA; Cat #BLF7510/HPE7510) to
collect fragments greater than 7-9 kb. HiFi SMRTbell libraries were sequenced at UC Davis
DNA Technologies Core (Davis, CA) using one SMRT® Cell 8M Tray (Pacific Biosciences,
Menlo Park, CA; Cat #101-389-001), Sequel Il sequencing chemistry 2.0, and 30-hour

movies each on a PacBio Sequel Il sequencer.
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cDNA synthesis was prepared using NEBNext Single Cell/Low Input cDNA Synthesis
& Amplification Module kit (New England Biolabs Inc., Ipswich, MA; Cat #£6421L) according
to manufacturer's instructions with a slight modification to the PCR cycles of 15 cycles.
Amplified cDNA samples were purified using 0.86X of ProNex beads (Promega, Madison,
WI; Cat #NG2003) for equal molar pooling of barcoded cDNA. The pooled cDNA was
constructed into the SMRTbell Express Template Prep Kit v2.0 (Pacific Biosciences, Menlo
Park, CA; Cat. #100-938-900) according to the manufacturer's instructions. The enzymatic
steps included DNA damage repair at 37 °C for 30 minutes, end repair and A-tailing at 20
°C for 30 minutes and 65 °C for 30 minutes, and ligation of adapters v3 at 20 °C for 60
minutes. The SMRTbell library was purified with 1X ProNex beads. The Iso-Seq SMRTbell
library was sequenced at UC Davis DNA Technologies Core (Davis, CA) using one SMRT®
Cell 8M Tray (Pacific Biosciences, Menlo Park, CA; Cat #101-389-001), Sequel Il
sequencing chemistry 2.0, and 30-hour movies each on a PacBio Sequel Il sequencer.

Oxford Nanopore

A sequencing library was prepared starting with 2 pug of gDNA using the ligation
sequencing kit SQK-LSK109 (Oxford Nanopore Technologies, Oxford, UK) following
instructions of the manufacturer except for extended incubation times for DNA damage
repair, end repair, ligation, and bead elutions. 30 fmol of the final library was loaded on the
PromethlON flow cell R9.4.1 (Oxford Nanopore Technologies, Oxford, UK) and the data was
collected for seventy-two hours. Base calling was performed real-time on the PromethION

compute tower using MinKNOW 20.06.9 and guppy v4.0.

2.2 Draft assemblies

Draft assemblies were generated with different assemblers to discern which assembly
method or package would perform better with our data. We applied Canu, FALCON, Shasta,
IPA, and HiFiasm with iteratively differing parameters (Chin et al., 2016; Koren et al., 2017;
Shafin et al., 2020; Cheng et al., 2021). All assemblers barring HiFiasm produced highly
fragmented assemblies in comparison, and HiFiasm was chosen as the best applicable
assembly method. Using HiFiasm and iterating through different parameters, we produced
upwards of fifty draft assemblies, of which the primary assembly generated during our

fifteenth parameter iteration was deemed the best for downstream analysis.
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2.3 Assembly appraisal

All the following analyses and assessments were performed as part of the asmapp
workflow (Winter, 2022), a genome assembly appraisal workflow that automates these

processes.
Mitochondrial detection and analysis

The mitochondrial genome was detected using BLAST (Altschul et al., 1990), querying
a previously published M. javanica mitochondrial genome (ACC: NC_026556.1) against a
database generated from our assembly. Mitochondrial annotation was performed using the
MITOS web server (Bernt et al., 2013).

Core Gene Analysis

A core gene presence and completeness analysis was performed by both CEGMA
(Parra et al., 2007) and BUSCOV5 (Siméo et al., 2015). CEGMA was used with its default
settings. BUSCOV5 was used with the eukaryota_odb10 database. We chose to use the
eukaryote dataset due to the lack of Meloidogyne representation in the nematode BUSCO
dataset, although analysis with nematoda_odb10 was also performed (Supplementary Table
2.1).

Contamination analysis

Contaminants were detected using Blobtools (Laetsch & Blaxter, 2017). Blobtools uses
GC%, coverage, and taxonomic assignment to identify contaminant contigs within the
assembly. Taxonomy was assigned based on Phylum level matches to the complete NCBI
BLAST nucleotide database.

Coverage

Coverage information was generated using samtools coverage (Li et al., 2009). Plots
of coverage are generated from the samtools coverage output using several custom R

scripts.
QUAST

Full descriptive statistics of all assemblies were generated using QUAST (Gurevich et
al., 2013).
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2.4 Annotation

Repeat annotation

A repeat model library was generated by RepeatModeler (Smit et al., 2015b). This
library was then used to inform RepeatMasker to identify and mask repeats in the genome
(Smit et al., 2015a).

PacBio Iso-Seq

Following sequencing, Iso-Seq reads were provided as full-length non-chimeric
sequences which were transformed, mapped to the assembly, and collapsed using the

IsoSeq3 pipeline from Pacific Biosciences with default settings (PacificBiosciences, 2022).
MAKER3

MAKER3 was used to perform prediction-based annotations (Campbell et al., 2014).
An initial run was performed using MAKER3's Exonorate module, informed by previously
published M. javanica annotations (Szitenberg et al., 2017) and the Iso-Seq transcriptional
library we generated here. Following this, annotations were validated by fathom, and a
second MAKER3 run was initiated using the SNAP module (Korf, 2004). Annotations were

then validated based on annotation edit distance (AED) and extracted as .gff and .fasta.

2.5 Pairs analysis
Orthology

Candidate homoeologous pairs were identified through shared CDS. Iso-Seq
transcripts were queried against the assembly using BLAST (Altschul et al., 1990) to find
orthologs throughout the assembly, with coordinates and counts of matching pairs recorded.

Hits were only counted over 97% similarity.
Duplicated core genes

Scaffolds that shared more duplicated BUSCO genes than expected by chance were
designated as potential homoeologous pairs. BUSCO genes are represented in a single
copy, per copy. Scaffold pairs that share duplicates of the same BUSCO genes are likely

homoeologous.
MASH distance

Candidate pairs were also identified using MASH hash mapping (Ondov et al., 2016).

A sketch was created of the genome and scaffolds were iteratively compared against it. Non-

245


https://paperpile.com/c/p4xWg9/aJnp
https://paperpile.com/c/p4xWg9/eVFW
https://paperpile.com/c/p4xWg9/UVq6
https://paperpile.com/c/p4xWg9/qvMB
https://paperpile.com/c/p4xWg9/NPk4
https://paperpile.com/c/p4xWg9/ey1M
https://paperpile.com/c/p4xWg9/xESm
https://paperpile.com/c/p4xWg9/VWuJ

zero MASH similarity scores to non-self scaffolds suggest sequence similarity and

homology.
Nucleotide similarity

Scaffolds that share regions of high similarity are potentially homoeologous. We used
a combination of BLAST and Nucmer to identify for each scaffold in the assembly which
other non-self scaffold exhibited the highest level of nucleotide similarity (Marcais et al.,
2018).

2.6 Phasing subgenomes

Scaffolds identified as present in homoeologous pairs were phased using a method
based on that used by Cerca et al. (2021). This method works on the logic that in a hybrid
we would expect to find k-mers unique to each subgenomes' lineage, resulting from genomic
divergence accumulated since speciation from a common ancestor. Identification of such
sequences in a scaffold enables us to assign it to a subgenomic lineage. First, k-mer spectra
for each scaffold was generated using jellyfish (Marcais & Kingsford, 2011). After importing
these k-mer spectra into R, tables are created for each homoeologous pair, with each
column containing the counts for each given k-mer observed in the pair. These counts are
then filtered for abundance; k-mers must appear in a given scaffold at least 75 times, and
pairs must share more than 75 orthologs. A second filter is applied to keep only k-mers that
are doubly distributed in one counterpart of the pair over the other, to remove k-mers that
are not ancestral. To control for varying scaffold lengths, and therefore total k-mer counts,
all k-mer counts passing the previous two filters were converted to binary ratios. Scaffolds
were then hierarchically clustered according to presence or absence of k-mers and
organised into a cladogram, containing two clusters representing scaffolds assigned to
subgenome A or subgenome B. The cladogram was plotted using R's base plotting library.
Scaffolds assigned to pairs but not phased by the k-mer method were assigned to a

subgenome based on the k-mer based assignment of its counterpart.

2.7 Sequence divergence
Within subgenomes

Allelic divergence within subgenomes was estimated in the following way. For each
subgenome, a subset of reads exclusive to a given subgenome was extracted from the total

mapped HiFi reads. A k-mer distribution was then generated for these reads, and a

histogram file generated. These histograms were interpreted with Genomescope?2 (Ranallo-
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Benavidez et al., 2020), which predicted the amount of allelic divergence between each

subgenomes’ alleles.
Between subgenomes

Sequence divergence between subgenomes was calculated for both whole sequence
and CDS regions. For whole sequence similarity, subgenome A and subgenome B assigned
scaffolds were aligned with minimap2 (Li, 2018) using the —ax asm10 preset, and divergence
calculated from the number of aligned bases divided by the number of concordant bases.
For CDS alignment, the same method was applied using paired CDS extracted during
synteny analysis.

2.8 Synteny analysis

We used MCScan (Python) (Tang et al., 2008) to detect synteny between phased
subgenomes. Subgenome specific CDS annotations generated from Iso-Seq transcript data
and gene predictions identified by MAKERS3 were extracted and transformed into bed format.
LAST aligner was then used to detect orthologs of each feature on the opposing subgenome.
Identified syntenic pairs were grouped into blocks based on proximity, producing an anchor
file. We then converted this anchor file into a pseudo-bed format containing coordinates of
start and stop positions of each syntenic block. These coordinates were used to plot the
synteny using R. Scripts are available in our Zenodo repository (doi:
10.5281/zenodo.7858245) and also upon request.
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