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CHAPTER 1

General Introduction

Joris J.M. van Steenbrugge1

1 Laboratory of Nematology, Wageningen University and Research, The Netherlands



2 General Introduction

1.1 Plant parasitic nematodes and Control strate-

gies

As the human population continues to expand, there are increasingly significant concerns

regarding the safeguarding of food security. Various factors, including climate change,

pathogens, and pests [Cole et al., 2018], pose additional challenges to food production.

Among the most destructive pests are plant-parasitic nematodes, small roundworms that

primarily target plant roots [Jones et al., 2013]. In agro-ecosystems, these nematodes are

responsible for significant annual yield losses of approximately 12.3% [Nicol et al., 2011,

Singh et al., 2015]. While control measures have previously managed the damages, the

phasing out of nematicides [Commission, 2022] combined with the rising global population

intensifies the demand for food security [Cole et al., 2018]. Therefore, addressing the threat

posed by nematodes is crucial for establishing a stable and secure food production system.

To achieve this, it is essential to acquire knowledge about the nematodes’ parasitic abilities

and effective strategies to combat them.

Most of the crop yield losses caused by plant-parasitic nematodes are caused by root-knot

nematodes (Meloidogyne spp.) and cyst nematodes (Globodera spp. and Heterodera spp.).

They are sedentary endoparasites, necessitating their migration into the host to feed and

complete their life cycle. Root-knot nematodes tend to have a relatively large host range.

For example, M. chitwoodi can parasitise multiple economically important plant species,

including the food crops potato, wheat and tomato [Santo, 1980]. Cyst nematodes generally

have a smaller host range. For example, the potato cyst nematode Globodera pallida can

only infect several solanaceous species, of which its impact on potato is economically the

most relevant [Price et al., 2021]. Cyst nematodes are most commonly present in temperate

climate zones, while root-knot nematodes are typically present in (sub)tropical climates.

Once settled in a field, they are nearly impossible to exterminate. Several strategies to

control a plant-parasitic nematode population in the field exist, and among the most widely

used are:

• Nematicides - Probably the most widely used method to control plant-parasitic ne-

matodes is the application of chemical nematicides. The application of nematicides to

the soil has many adverse side effects on human health, and the environment. [World

Meteorological Organization, 2003], and are therefore unfavourable as long-term solu-

tions [Commission, 2022]. In addition, no nematicide is effective enough to eradicate a

population from a field completely, which requires regular reapplication of the pesticide

to maintain high yields [Desaeger et al., 2020].

• Crop rotation - Additionally, crop rotation is used to limit the growth of a nematode

population in the field [Bullock, 1992]. Crop rotation works by rotating between
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suitable and non-suitable host crops every few years. As a result, the nematode is

regularly deprived of a suitable host for feeding and reproduction. However, this

method does have a few drawbacks as well. Firstly, the availability of unsuitable

hosts may be limited, depending on the specific nematode species present in the soil.

The broader the range of hosts that the nematode can infect, the more challenging it

becomes to implement effective crop rotation strategies. Secondly, this method does

not directly exterminate individuals, but limits the population size through natural

decline. This means that when an unsuitable host is present in the field, a proportion

of the population remains in the soil. This is especially an issue for cyst nematodes, as

they are known to stay dormant in the soil for up to 20 years [Evans and Stone, 1977].

Consequently, relying solely on crop rotation as a control method will only serve to

postpone the issue. Crop rotation is therefore commonly combined with other control

strategies.

• Resistant crops - An effective method that is relatively straightforward to apply for

growers is the usage of resistant crop varieties. Resistance is usually conferred by a

specific allele of a gene or multiple genes that target a subset of plant-parasitic nema-

tode species. In commercial crop varieties, this resistance is often derived from wild

varieties. These wild varieties obtained this resistance through mutations and recom-

bination events, driven by natural selection [Williamson and Kumar, 2006]. Resistance

proteins typically serve as immune receptors that detect the presence of nematodes and

initiate a hypersensitive response, thereby inhibiting the formation of a feeding site

and the reproduction of the nematode [Castagnone-Sereno, 2002]. A notable concern

regarding the reliance on resistant varieties as a control strategy is the uncertainty

of their durability [Davies and Elling, 2015]. For example, a resistance gene such as

Mi-1 in tomato, which confers resistance against M. incognita, M. arenaria and M.

javanica [Williamson et al., 1994], has been an effective control strategy for multiple

decades [Milligan et al., 1998]. However, since 2005, resistance-breaking populations

have been reported [Tzortzakakis et al., 2005]. In contrast, the H1 resistance gene in

potato confers resistance against specific pathotypes of G. rostochiensis [Mullin and

Brodie, 1988]. This resistance gene has proven durable for decades as well, and there

have been no reports of host-plant resistance populations. It is possible that, under

the evolutionary pressure to overcome H1 resistance, there may emergence G. ros-

tochiensis populations that can break the H1 resistance in the future, similar to Mi-1.

The primary challenge is that the identification of resistance genes remains limited in

number [McDonald and Linde, 2002]. To enhance our understanding of how resistance

is circumvented and make informed decisions regarding the deployment of resistant

varieties, extensive knowledge on nematode virulence genes is necessary.
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1.2 Pathotyping and Effectors

Importantly, certain resistance genes are effective only against specific subsets of populations

within the same nematode species. It is therefore important to understand the differences

in virulence between populations, to use resistant varieties effectively. To characterise these

differences, nematode field populations are pathotyped. In this thesis, I use the definition of a

pathotype as having a common gene or multiple genes for virulence, as defined by [Andersen

and Andersen, 1982], originally for cyst nematodes. Currently, there are multiple pathotyp-

ing schemes in place that assess the reproductive capabilities of nematode populations on a

predetermined set of host-plant races exhibiting varying levels of resistance. For example,

G. pallida and G. rostochiensis populations are tested on the same standardised set of eight

potato hybrids [Kort et al., 1977]. Five pathotypes are defined for G. rostochiensis (Ro1

- Ro5), while originally three pathotypes were described for G. pallida (Pa1 - Pa3) [Kort

et al., 1977]. However, in a later study, a distinction between Pa2 and Pa3 could not be

reliably made [Trudgill, 1985], hence nowadays Pa2/3 is used as denominator. This high-

lights a flaw of the predefined differentials. The choice of these differentials typically has

historical origins. For example, when Kort et al. [1977] proposed the pathotyping scheme

for G. rostochiensis and G. pallida, differentials carrying the H1, /H2, K1 and K2, and two

polygenic resistances were selected based on previous pathotyping schemes used in Europe

[Kort et al., 1977, Andersen and Andersen, 1982]. Such a pathotyping method therefore

serves as a proxy for virulence, as the actual virulence gene(s) are not necessarily known.

Using a phenotypical pathotyping scheme, it is impossible to determine whether different

populations of the same pathotype share the same virulence gene/genes. Consequently,

when new resistant material is introduced, it is possible for populations of the same patho-

type to exhibit varying levels of virulence. The development of a molecular-based pathotype

scheme, in which virulence genes are mapped against corresponding resistance genes, would

be highly desirable. Such a scheme would enable the informed utilisation of the limited

host resistances available. However, to achieve this, extensive knowledge of the nematode’s

virulence genes and the genetic variation among populations is necessary.

Root-knot and cyst nematodes deploy specialised virulence proteins, known as effector pro-

teins, inside the host. These effectors serve a broad range of functions and are aimed towards

the manipulation of the host, including the modification of the plant cell wall (e.g., pectate

lyases [Kikuchi et al., 2006] and cellulases [Smant et al., 1998]), the suppression of plant

immunity (e.g., SPRYSEC [Sacco et al., 2009] and Gr-1106 [Barnes et al., 2018, Finkers-

Tomczak, 2011] ), and the formation of a permanent feeding site (e.g., CLE [Mitchum et al.,

2012] and glutathione synthetase [Lilley et al., 2018] ). The genes that code for effector

proteins are often members of (expanded) gene families. Effector genes have two likely

evolutionary origins: horizontal gene transfer, and gain-of-function after gene duplication.

Multiple cell-wall modifying enzymes have been previously hypothesised to be of bacterial
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origin [Keen and Roberts, 1998]. In contrast, other effector families are the product of

diversified non-effector genes that gained a novel function through selection [Lilley et al.,

2018]. For example, a single nucleotide polymorphism in the Gp-rbp1 gene can make the

difference between either recognition or avoidance of the plant immune system in G. pallida

[Sacco et al., 2009]. To advance the molecular pathotyping of root-knot and cyst nematode

populations, it is essential to have a comprehensive understanding of their genetic diversity

and its connection to virulence. Reference genome assemblies serve as valuable tools for

conducting this research.

1.3 Nematode Genome assembly

The first assembled genome sequences of parasitic plant nematodes were of Meloidogyne

incognita [Abad et al., 2008] andM. hapla in 2008 [Opperman et al., 2008]. The genome ofM.

incognita was assembled into 2,817 scaffolds, with a total size of 86 Mb, whereas the assembly

of M. hapla represents a genome of 53 Mb across 1,523 scaffolds. Both studies provided

diverse genomic insights, including on gene content and information on virulence genes.

Notably, they highlighted the probable occurrence of horizontal gene transfer, specifically

the transfer of cell wall-degrading enzymes from bacteria to these plant-parasitic nematode

species. [Bellafiore et al., 2008, Opperman et al., 2008]. At the time both studies were

conducted, no other genome sequences of plant-parasitic nematodes were available. The

authors therefore compared the genomes mainly with other nematode species, including the

model organism Caenorhabditis elegans and the animal parasite Brugia malayi. This made

it challenging to gain insights into the evolution of effector genes.

In later years, other genome sequences became available, including those of the potato cyst

nematodes G. pallida [Cotton et al., 2014] and G. rostochiensis [Eves-van den Akker et al.,

2016]. In contrast to the genome studies of M. hapla and M. incognita, the availability of the

G. pallida and G. rostochiensis genomes allowed for a comparison with other plant-parasitic

nematode genomes. One of these comparisons revealed high similarities between the G.

rostochiensis genome and that of G. pallida, while demonstrating significantly less similarity

to the two root-knot nematode species [Eves-van den Akker et al., 2016]. Furthermore, Eves-

van den Akker et al. [2016] identified putative effectors based on similarities with previously

published effectors. It was found that a large fraction of putative effectors is physically

clustered together in gene-rich regions on the genome. In a later study a correlation was

found between copy number variation and adaptations to changes in the environment and

host resistance [Castagnone-Sereno et al., 2019]. Due to the high degree of fragmentation

of these assemblies, 6,873 scaffolds in G. pallida and 4,281 scaffolds in G. rostochiensis, it

remained difficult to examine the full scale of the genomic organisation of effectors genes.

Moreover, the utilisation of short-read sequencing data posed an additional challenge in
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accurately discerning between sequence variants and copy number variants. To thoroughly

investigate the genomic organisation of effector genes, a highly contiguous reference genome

is essential to ensure accuracy and comprehensiveness of the analysis.

The process of generating a reference genome assembly is complicated. Through DNA

sequencing, sequence reads are obtained which are then assembled in the largest contiguous

sequences possible. One could consider the assembly of a genome to be similar to resolving

a jigsaw puzzle with millions of pieces, of which many pieces are missing, duplicated, or

contain errors. In the past, many genome assemblies were produced using high-throughput

short-read sequencing technologies such as Illumina HiSeq (e.g., [Cotton et al., 2014, Eves-

van den Akker et al., 2016]). The main advantage of short-read sequencing is that high

genome coverage can be reached, and therefore can produce high confidence base calls.

However, the main disadvantage is that low-complexity regions in the genome, such as

repeats, are difficult to resolve using short reads. As a consequence, de novo assemblies

generated from short-read data often exhibit significant fragmentation. In recent years,

long-read sequencing technologies developed by Pacific Biosciences and Oxford Nanopore

have reached a point of maturity and are commonly used. While short-read sequencing

technologies yield reads up to 300bp in size, long-read sequencing technologies sequence

reads of, on average, 10,000 - 25,000 in size, while the longest read length ever sequenced is

measured at 2.3Mb [Payne et al., 2019]. Long read sequencing technologies historically have

a lower base calling accuracy compared to short-read sequencing. Therefore, many genome

assembly pipelines use a hybrid approach, combining the strengths of both technologies

[Deshpande et al., 2013, Antipov et al., 2016, Walker et al., 2014].

Genome assembly for plant-parasitic nematodes presents additional challenges. With the

current technologies, it is not possible to extract enough DNA from an individual nematode

(due to their microscopic size) to perform high-coverage sequencing. As a result, DNA is

extracted and sequenced from multiple genetically different individuals from a population.

This introduces many haplotypes to the pool of sequences that make it difficult to distinguish

between sequence variants and copy number variation during the assembly process. So,

although plant-parasitic nematode genome sizes are often small (ranging from roughly 50

Mb to 120 Mb on average) [Opperman et al., 2008, Eves-van den Akker et al., 2016, Siddique

et al., 2022], producing a contiguous genome assembly requires additional measures. To

resolve these issues, a number of steps are taken including a more stringent error correction

of sequence reads, and the pruning of the assembly artefacts that results from the high levels

of heterozygosity in the starting material [Roach et al., 2018].
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Figure 1.1: Flowchart of the assembly pipeline. 1) Both short- and long-read sequence

data is obtained from a nematode population. 2) The overlap in sequence identity between

long-reads is determined. Similar long-reads that deviate at most 15% in their nucleotide

composition are merged to reduce noise. 3) Long-reads are assembled into contiguous se-

quences (contigs) based on their overlap. A haploid representation is then extracted by

pruning diploid contigs. 4) Contigs are scaffolded in the correct order, introducing gaps in

the assembly. 5) Structural errors such as large insertions, deletions, or gaps are detected

and possibly resolved using the unmerged long-reads. 6) Smaller insertions, deletions, or

gaps are detected and resolved using short-reads.
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1.4 In this thesis

In this thesis, I produce five high-quality reference genomes of economically relevant plant-

parasitic nematode species (G. rostochiensis, G. pallida, H. schachtii, M. chitwoodi) by over-

coming the challenges of generating highly contiguous plant-parasitic nematode genome as-

semblies. Long-read sequencing technologies from Oxford Nanopore and Pacific Biosciences

were used to generate assemblies that are highly contiguous and provide a solid basis to

study copy number variation and genetic diversity. In my experimental chapters, my objec-

tive is to identify and analyse genetic diversity within different pathotypes and species, with

a particular focus on effector gene families. The acquired knowledge on effector gene di-

versification will contribute to the identification of pathotype and species-specific molecular

markers. This knowledge contributes to the development of molecular pathotyping in the

future, as it can improve the delineation between pathotypes, and enable a more effective

usage of the limited resistance genes.

In Chapter 2, I use a comparative genomics approach to study the differences between

two inbred lines of the potato cyst nematode Globodera rostochiensis - Gr-Line19 and Gr-

Line22. These two inbred lines were originally derived from different field populations, and

are mainly characterised by their difference in virulence. Gr-Line19 is completely avirulent

against the H1 resistance gene, whereas Gr-Line22 is fully virulent against the H1 resistance

gene. The genetic aspect of their difference in virulence is however poorly understood. I

therefore present reference genome assemblies of the two inbred lines and identify numerous

genetic variations in effector gene families.

In Chapter 3, I study the history of the introduction of G. rostochiensis in Indonesia

through a population genetics approach. While potato was already being cultivated in

Indonesia in 1711, the first report of G. rostochiensis appeared in 2003. However, it remained

unclear when G. rostochiensis was introduced. I conducted a comparison of genetic diversity

at both the genome-wide level and within specific effector gene families across fourteen

Indonesian populations ofGlobodera rostochiensis. These populations were compared against

a population from the United Kingdom, using the Gr-Line19 genome assembly from Chapter

2 as a reference. Based on the diversity that was present between the Indonesian and United

Kingdom populations, we hypothesise thatG. rostochienis was likely introduced to Indonesia

concurrently with the introduction of potato cultivation in the country.

In Chapter 4, the focus of the study is to characterise evolutionary contrasts within effector

gene families with the aim of gaining a better understanding of their origins. By comparing

the assembled genomes of the other potato cyst nematode G. pallida, the beet cyst nematode

Heterodera schachtii, and the genome of G. rostochiensis we find that effector gene families

have different diversification patterns.
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InChapter 5, I present a reference genome of a Dutch population of the root-knot nematode

Meloidogyne chitwoodi, and study the genetic diversity by comparing the genome to three

other populations from the United States. We discovered that the over-all genetic variation

is remarkably low, and most of this diversity is concentrated in five polymorphic regions,

which harbour putative effectors.

In Chapter 6, I study the overlap in secreted proteins between the cyst nematode G. pallida

and the root-knot nematode M. chitwoodi. Since the parasitic ability of these species likely

has evolved independently, it is challenging to identify effector homology through sequence

similarity searches. I therefore conducted a novel approach where I predicted the protein

structures of all secreted proteins in both species. Alignments were then made based on the

structurally similarities. This resulted in several structurally similar proteins between the

two species that would not have been identified based on sequence similarity
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Abstract

Background

Potato cyst nematodes belong to the most harmful pathogens in potato, and durable man-

agement of these parasites largely depends on host-plant resistances. These resistances are

pathotype specific. The current Globodera rostochiensis pathotype scheme that defines five

pathotypes (Ro1 - Ro5) is both fundamentally and practically of limited value. Hence,

resistant potato varieties are used worldwide in a poorly informed manner. We generated

two novel reference genomes of G. rostochiensis inbred lines derived from a Ro1 and a Ro5

population. These genome sequences comprise 173 and 189 scaffolds respectively, marking

a 24-fold reduction in fragmentation as compared to the current reference genome. We pro-

vide copy number variations for 19 effector families. Four dorsal gland effector families were

investigated in more detail. SPRYSECs, known to be implicated in plant defence suppres-

sion, constitute by far the most diversified family studied herein with 60 and 99 variants

in Ro1 and Ro5 distributed over 18 and 26 scaffolds. In contrast, CLEs, effectors involved

in feeding site induction, show strong physical clustering. The 10 and 16 variants cluster

on respectively 2 and 1 scaffolds. Given that pathotypes are defined by their effectoromes,

we pinpoint the disparate nature of the contributing effector families in terms of sequence

diversification and loss and gain of variants. Two novel reference genomes allow for nearly

complete inventories of effector diversification and physical organisation within and between

pathotypes. Combined with insights we provide on effector family-specific diversification

patterns, this constitutes a basis for an effectorome-based virulence scheme for this notori-

ous pathogen.
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2.1 Introduction

Plant-parasitic nematodes have a significant impact on food and feed production worldwide.

Every cultivated crop can be parasitized by at least one nematode species, resulting in

a net loss of over 70 billion US dollar annually [Nicol et al., 2011]. From an economic

point of view root-knot and cyst nematodes have the highest impact [Jones et al., 2013].

Whereas root-knot nematodes have a higher impact in warmer climate zones, cyst nematode

problems mostly occur in the temperate regions. Unlike root-knot nematodes, most cyst

nematodes have a defined center of origin. For example, soybean cyst nematodes originate

from north-east Asia and have spread as a successful and highly harmful parasite to all major

soybean-growing areas. Potato cyst nematodes diversified in the Andes in South America,

and have now proliferated to all major potato production areas in the world (e.g., [Plantard

et al., 2008]). Outside of their centers of origin, cyst nematodes belong to the most harmful

pathogens of the crops mentioned above.

One of the most widely applied control measures is the use of resistant host plants. Resis-

tances against potato cyst nematodes tend to have a long agronomic life span due to cyst

nematodes’ unique biology. Potato cyst nematodes usually have only one generation per

year through obligate sexual reproduction, go into diapause for months, and - once hatched

- their motility is in the range of a few cm per day. Apart from this, remarkably low effec-

tive population sizes have been reported for multiple cyst nematode species [Montarry et al.,

2019, Jan et al., 2016]. Together these characteristics drastically slow down the process of

selection and proliferation of virulent individuals, a process that happens underground and

therefore often goes unnoticed for years. Potato breeders have introgressed the resistance

gene H1 from Solanum tuberosum ssp. andigena CPC 1674 into numerous potato culti-

vars from the 1960’s onwards [Fuller and Howard, 1974]. The H1 gene confers resistance

against G. rostochiensis pathotypes Ro1 and Ro4 [Toxopeus and Huijsman, 1952], and this

resistance gene is still effective in virtually all major potato producing countries.

Based on a number of Solanum differentials, pathotypes have been defined within the two

potato cyst nematode species G. rostochiensis and G. pallida. Five pathotypes named

Ro1 - Ro5 have been proposed for G. rostochiensis, whereas three pathotypes (Pa1 - Pa3)

were discriminated within G. pallida [Kort et al., 1977]. Apart from being laborious and

time-consuming, the current pathotype scheme has limited value as it lacks a solid genetic

basis. The distinction between for instance the G. pallida pathotypes Pa2 and Pa3 is elusive

[Phillips and Trudgill, 1983]. For G. rostochiensis, genome-wide allele frequencies correlate

with the geographical distribution of populations, regardless of pathotype [Mimee et al.,

2015, Thevenoux et al., 2020]. This indicates that the genetic basis of the predefined patho-

types is small. A robust pathotyping scheme for potato cyst nematodes is highly desirable

because it would lead to far more efficient and durable use of the limited number of host plant
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resistances currently available. The availability of high-quality reference genome sequences

from individual pathotypes would be an ideal starting point for pathotypes’ molecular char-

acterization.

Resistant plant species deploy R proteins as surveillance molecules that recognize either

directly or indirectly specific effector molecules - or their activities - secreted by nematodes.

Nematodes use a protrusible stylet to inject effector proteins into plant cells. Effectors are

diverse and fulfil functions ranging from plant cell wall degradation to the induction of

a feeding site and suppressing the plant’s innate immune system [Ali et al., 2015a]. The

nematode produces effectors mainly in the subventral and the dorsal esophageal glands.

Effectors are usually members of diversified gene families, and potato cyst nematode typically

produces multiple variants per effector. An example is the SPRYSEC gene family that

codes for a highly expanded set of proteins that act as activators and suppressors of plant

defence [Diaz-Granados et al., 2016]. One variant of this family, RBP-1, was shown to

trigger the activation of the potato resistance gene Gpa2 [Sacco et al., 2009] resulting in

local hypersensitive response. Effector proteins secreted by the cyst nematode parasite are

most likely responsible for the activation of plant resistance proteins. However, this was

demonstrated for only a small number of resistance genes (Gpa2 ; [Sacco et al., 2009], Cf-2;

[Lozano-Torres et al., 2012]).

Sequencing the genome of plant-parasitic nematodes is more challenging than for other,

larger organisms. With the currently available methods, it is practically impossible to iso-

late and sequence DNA from an individual nematode to gain enough coverage to generate a

high-quality reference genome sequence especially when isolating high molecular weight DNA

required for long-read sequencing technologies. Reference genomes of plant-parasitic nema-

todes are therefore often based on the genetic material from a population. Consequently,

the reference genome includes a substantial heterozygosity level, as the starting material

includes a high degree of allelic variation. The current reference genome sequences of potato

cyst nematodes Globodera rostochiensis [Eves-van den Akker et al., 2016] and G. pallida

[Cotton et al., 2014] were each generated using heterozygous starting material (selected field

populations), and are relatively fragmented (respectively 4,377 and 6,873 scaffolds). In G.

rostochiensis, Eves-van den Akker et al. [2016] predicted 138 high confidence effector genes

based on sequence similarity with previously described effector gene families. Furthermore,

a third of these genes were identified to cluster on effector gene islands. Among these ex-

panded gene families, sequence divergence between different pathotypes was estimated as

well. While many single nucleotide polymorphisms and insertions/deletions were observed

[Eves-van den Akker et al., 2016], the highly fragmented reference genome sequence made it

challenging to distinguish between sequence and copy number variation. Less fragmentation

in the genome sequence would similarly make it possible to display the degree of clustering

of effector genes more accurately.
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We generated a new set of reference genome sequences to allow for the accurate organization

of effector genes and to compare copy number variation and sequence variation between the

Ro1 and Ro5 pathotypes. A precise representation of these two sources of genetic variation is

essential for developing molecular pathotyping methods in the future. The current reference

genome sequence of G. rostochiensis shows a haploid genome size of 95.9 Mb [Eves-van den

Akker et al., 2016] and is expected to spread over eighteen diploid chromosomes [van der

Voort et al., 1996]. For this, we used two G. rostochiensis lines, one fully avirulent and

one fully virulent with regard to the H1 gene. The starting materials for these lines were

two distinct field populations sampled from The Netherlands (Ro1-Mierenbos) and Ger-

many (Ro5-Hamerz) [Janssen et al., 1990]. The selection process started with a single cross

between an individual male and a female. After multiple generations, fully avirulent Ro1

(Gr-line19) and fully virulent Ro5 (Gr-line22) lines were generated regarding the H1 resis-

tance in potato [Janssen et al., 1990]. As a result, both Gr-Line19 and Gr-Line22 harbour

limited genetic variation, with a theoretical maximum of 4 alleles per locus. For diploid sex-

ually reproducing species, this is the minimum level of heterozygosity that can be present

in a population.

New genome assemblies were generated for each of the inbred lines based on PacBio long

read-sequencing technology. Using these newly generated G. rostochiensis reference genome

sequences with a substantially reduced number of scaffolds, we investigated the genomic

organisation and the diversification of 19 effector families. A large number of differences

in the number of paralogs and variation in sequence content were identified between the

effector arsenals of the avirulent Gr-line19 and the virulent Gr-line22. These pathotype-

specific effector variants form the basis for the generation of a virulence scheme for potato

cyst nematodes.
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2.2 Results

2.2.1 Genome Assemblies

Two inbred lines of the potato cyst nematode G. rostochiensis were initially derived

from crossings between individuals from two populations, Ro1-Mierenbos and Ro5-Harmerz

[Janssen et al., 1990]. DNA from these lines, Gr-Line19 and Gr-line22, were sequenced us-

ing PacBio sequencing technology with respectively 119X and 132X coverage and assembled

into two reference genome sequences (Table 2.1). Benefiting from this long read technology

and the significantly smaller genetic background, the two newly generated G. rostochiensis

genome assemblies are less fragmented than the first genome sequence that was published

(nGr.v1.0) [Eves-van den Akker et al., 2016] while maintaining a comparable assembly size.

The number of scaffolds in the new assemblies is about 24-fold lower than in the original

G. rostochiensis reference genome sequence (Table 2.1). At the same time, the scaffold N50

increased about 20-fold from 0.085 to around 1.7 Mb. Regarding the assembly size and

BUSCO score, the novel assemblies are comparable to the current reference. The assemblies

of Gr-Line19 and Gr-Line22 harbor 2,733 and 6,572 gaps, respectively, covering in total 130

Kb and 150 Kb. As compared to the current G. rostochiensis reference [Eves-van den Akker

et al., 2016], the number and lengths of gaps showed a 29-fold reduction.

Table 2.1: BUSCO (Benchmarking Universal Single-Copy Orthologs) - eukaryota odb10

G. rostochiensis population Size (Mb) No. scaffolds N50
BUSCO results

Single duplicated fragmented missing

JHI-Ro1 96 4377 0.085 82.8 1.0 8.3 7.9

Gr-Line19 92 173 1.70 82.2 1.7 7.9 8.2

Gr-Line22 101 189 1.80 81.5 1.3 8.3 8.9

The repeat content in both reference genome sequences is relatively low, 2.6% for Gr-Line19

and 1.6% for Gr-Line22. The GC content in repeat regions for Gr-Line19 (40.3%) was

comparable to this genotype’s overall GC content (39.1%). In Gr-Line22, the GC content in

repeat regions (32.5%) was lower than the overall GC content (38.3%). In predicted protein-

coding regions, the GC content is comparable between both reference genome sequences (Gr-

Line19: 50.8%, Gr-Line22: 50.9%). Using braker2 as a gene-prediction tool, 17,928 and

18,258 genes were predicted in the Gr-Line19 and Gr-Line22 genome assemblies, coded for

21,037 21,514 transcripts, respectively. The protein-coding regions take up approximately

33% (Gr-Line19) and 30% (Gr-Line22) of the genomes at an average density of 89.3 (Gr-

Line19) and 86.6 (Gr-Line22) genes per Mb.

Synteny between the newly generated genomes and the current reference genome [Eves-van

den Akker et al., 2016] was evaluated using a progressive genome alignment. Homologous
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regions larger than 3 kb and their genomic organization are presented in Figure 2.1. A broad

span of regions in the nGr.v1.0 reference assembly shows homology to both new assemblies

(respectively 67%, 72%, and 61% of the total assembly sizes for JHI-Ro1, Gr-Line19 and

Gr-Line22). While the total numbers of base pairs that are covered in a homologous region

are roughly within a 10% range of each other, both new assemblies show substantially larger

contiguous, and so far, uncovered regions.

Figure 2.1: Synteny between Gr-Line19, Gr-Line22, and JHI-Ro1 based on a progressive

genome alignment in Mauve. Only syntenic regions larger than 3 kb are shown. Yellow lines

represent regions that are exclusively syntenic between Gr-Line19 and Gr-Line22

2.2.2 Heterozygosity and structural variation between the two Globodera ros-

tochiensis genomes

The inbred lines Gr-Line19 and Gr-Line22 originate from single crossings of individuals, and,

as a result, the genetic variation is expected to be smaller than for field populations. To

pinpoint the effect of this genetic bottleneck caused by a single crossing, a comparison was

made between the proportion of heterozygous and homozygous single nucleotide variants
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between Gr-Line19 (Ro1) and JHI-Ro1, the selected field population used to generate the

current G. rostochiensis reference genome [Eves-van den Akker et al., 2016] while using

the Gr-Line22 (Ro5) genome as a reference. Among the called variants that passed the

quality filter (JHI-Ro1 n = 584,145; Gr-Line19 n = 716,491), 37% of the JHI-Ro1 loci

were homozygous, as compared to 47% of the variants in Gr-Line19 (Fig. 2.2 A). The

increased level of homozygosity in Gr-Line19 reflects the relatively narrow genetic basis

of this inbred line. Secondly, structural variation (e.g. insertions, deletions, inversions)

of approximately 1 kb or larger within the individual lines and between Gr-Line19 and

Gr-Line22 was determined. The proportions of heterozygous and homozygous structural

variants with fragment sizes > 1 kb were compared (Fig. 2B). The structural variation

within Gr-Line19 and Gr-Line22 was minimal (Fig. 2.2 B). This observation confirms the low

level of structural intra-population heterozygosity. The proportion of homozygous variants

was nearly identical while comparing Gr-Line19 with Gr-Line22 and vice versa (Gr-Line22

versus Gr-Line19: 85.09% & Gr-Line19 on Gr-Line22 85.06%).
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Figure 2.2: (A) Relative level of SNP heterozygosity of Gr-Line19 and JHI-Ro1 (JHI –

James Hutton Institute, Scotland, UK). Both lines were compared to Gr-Line22. JHI Ro1

was used as the current G. rostochiensis reference genome. (B) Comparison overall genomic

constitution of G. rostochiensis inbred lines 19 and 22. In this overview structural variants

are shown. Structural variants are DNA region of approximately 1 kb and larger in size,

and can include inversions, insertions, deletions

2.2.3 Expansion of Effector gene Families

We identified homologs of 19 known effector gene families from which at least one member

was shown to be expressed in the subventral (6) or the dorsal (11) oesophageal gland cells, or

in the amphids (1) (Table 2.2; Fig. 2.3 A). For each of these gene families, the copy number

differences between Gr-Line19 and Gr-Line22 were determined. The number of paralogs per

effector families varied from 99 SPRYSEC variants in Gr-Line22 to a single Hg-GLAND14

gene with signal peptide in the same line. Among the 19 effector families, six have a lower

number of paralogs in Gr-Line22, seven have an equal number of paralogs, whereas six have

a higher number of variants in Gr-Line22 (Fig. 2.3 A).
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Four effector families show a relatively large difference in the number of paralogs between

Gr-Line19 and Gr-Line22. SPRYSEC is by far the most speciose effector family in both lines,

but Gr-Line22 harbor 36 more paralogs with signal peptide than pathotype Ro1. Similarly,

11 Hg-GLAND5 homologs were present in Gr-Line19, while Gr-Line22 comprised 18 paralogs

with a signal peptide. The reverse was also observed for the subventral gland effector family

GH30. Whereas six variants with signal peptide were identified in Gr-Line19, only two were

found in Gr-Line22. It is noted that the GH30 family harbors various glycoside hydrolases

that were previously categorized as GH5.

Table 2.2

Expression
Effector family Functionality / similarity

Reference

Subventral esophageal glands

GH5a Beta 1,4 endoglucanase

CWDE

[Smant et al., 1998]

GH30 xylanase, glucosylceramidase, etc. [Mitreva-Dautova et al., 2006]

GH43 candidate arabinanase [Eves-van den Akker et al., 2016]

GH53 candidate arabinogalactanase [Eves-van den Akker et al., 2016]

PL3b Pectate lyase [Popeijus et al., 2000]

Hg-GLAND 10 cellulose binding protein [Hewezi et al., 2008, Noon et al., 2015]

VAL Venom allergen-like protein Immune [Wilbers et al., 2018]

Dorsal esophageal gland

SPRYSEC Suppression and activation of plant innate immunity Immune [Rehman et al., 2009]

GSS glutathione synthetase-like effectors involved in redox regulation Feeding site [Lilley et al., 2018]

CLE CLAVATA3/ESR-related peptides, mimic plant CLEs Feeding site [Lu et al., 2009]

1106 PTI and ETI suppressor

Immune

Finkers-Tomczak [2011]

Hg16B09 Suppression plant innate immunity [Hu et al., 2019]

Hg-GLAND1 ETI suppressor [Noon et al., 2015, Pogorelko et al., 2020]

Hg-GLAND5 PTI suppressor [Noon et al., 2015, Pogorelko et al., 2020]

Hg-GLAND6

(4D06)
PTI suppressor [Noon et al., 2015, Pogorelko et al., 2020]

Hg-GLAND 12 Pioneer (function unknown)

Feeding site

[Noon et al., 2015]

Hg-GLAND 13 Invertase (Rhizobium) [Noon et al., 2015]

Hg-GLAND 14 Endopeptidase (Ascaris suum) [Noon et al., 2015]

Amphids HYP hyper-variable extracellular effector Unknown [Eves-van den Akker et al., 2014]
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Figure 2.3: (A) Copy numbers of effector gene families expressed in the secretory gland

cells. A comparison was made between Gr-Line19 (Green) and Gr-Line22 (Red). Bright

shades of green/red indicate copies that contain a signal peptide for secretion. Faded shades

of green/red indicate the absence of a signal peptide for secretion. Upward and downward

pointing arrows are used to indicate increase or decrease of the number of variants with

a predicted signal peptide for secretion in Gr-Lin22 as compared to Gr-line19. (B) Gene

density comparison of all genes (total), eukaryotic universal single copy genes (BUSCO),

effector genes secreted from the subventral esophageal gland cells (SG), and effector genes

secreted from the dorsal esophageal gland cells (DG). The shortest distance of each gene

was based on the closest adjacent gene (3’ or 5’) and is measured as the log10 number of

base pairs. Statistical significance for each group was determined by comparison with the

BUSCO gene set using a Wilcoxon test (P < 0.0001)

2.2.4 Genomic organisation of effector genes

To characterise the genomic organisation of effector genes, the shortest distance between

each gene and the closest adjacent gene was calculated (either at the 3’ or 5’-end of the
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full genomic sequence ). This was done for effector genes, as well as for known non-effector

genes (i.e., BUSCO gene set). The distances based on the full set of predicted genes ranged

from extremely gene sparse to extremely gene dense regions (Fig. 2.3-B). BUSCO genes are

generally located in regions that are more gene dense than expected at random (Wilcoxon

Rank Sum test P < 0.0001). Effector genes expressed in either the dorsal or the subventral

esophageal gland cells are often located in more gene sparse regions both as compared to

non-effector genes and to any random gene (Wilcoxon Rank Sum test, P < 0.0001).

Furthermore, the spatial organization and diversification between two pathotypes of G.

rostochiensis lines is presented for four selected effector families that are expressed in the

dorsal esophageal glands during parasitic life stages. Hg-GLAND5 effectors are known as

plant triggered immunity suppressors [Pogorelko et al., 2020]. Members of the effector family

1106 were demonstrated to suppress both plant triggered immunity and effector triggered

immunity [Finkers-Tomczak, 2011]. The highly speciose SPRYSEC family was shown to be

involved in both the suppression and the activation of the plant immune system [Ali et al.,

2015a]. CLE-like effectors were demonstrated to be involved in feeding site induction by

mimicking the functionality of endogenous host-plant CLE peptides [Mitchum et al., 2012].

Concentrating on the distribution of individual family members over the relevant scaffolds,

large differences in the level of clustering per family are observed (Fig. 2.4). While the

60 and 99 SPRYSEC variants are distributed over respectively 18 and 26 scaffolds, the

moderately diversified CLE family is concentrated on two scaffolds in case of Gr-Line19,

and on a single scaffold for Gr-Line22.
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Figure 2.4: Spatial distribution of genes belonging to the effector families Gr1106 (Red),

CLE (Green), GLAND5 (blue), and SPRYSEC (purple). Each triangle indicates the genomic

position of a single gene. At the right, the number of variants per effector family are given

for each scaffold.

2.2.5 A. Hg-GLAND5

Hg-GLAND5, also referred to as ‘putative gland protein G11A06’ [Gao et al., 2003], has first

been discovered in soybean cyst nematode Heterodera glycines. This effector is expressed in

the dorsal gland during a range of parasitic life stages, and it functions as a PTI suppressor

[Pogorelko et al., 2020]. In a transcriptional analysis of two H. glycines races, the expression

level of Hg4J4-CT26, a GLAND5 family member, was shown to be highly race-dependent

[Wang et al., 2014]. Searches in public genome database revealed that both PCN species

harbour homologs of HG-GLAND5 [Yang et al., 2019b].

In G. rostochiensis, the GLAND5 effector family comprises 13 and 23 members in Gr-Line19

and Gr-Line22, respectively. Among these variants, three and five are unlikely to be involved

in parasitism as the corresponding protein sequences are not preceded by a signal peptide
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(SP) for secretion (Fig. 2.3 A). A phylogenetic analysis of the GLAND5 family based on the

coding sequences using RaxML revealed an initial split between four effectors without an SP

in one clade, and all functional GLAND5 effectors in the other (Fig. 2.5). Four clusters with

mainly secreted GLAND5 variants could be discerned. Differences in numbers of effector

paralogs were observed, and in three clusters more Gr-Line22 paralogs are present. Most

notable is the diversification in Box I, where eight related GLAND5 representatives from

Gr-Line22 surround a single Gr-Line19 variant. Box III and Box IV illustrate expansion in

Gr-Line22 (or gene loss in Gr-Line19) as well, although less extreme. On the other hand, in

Box II two paralogs of Gr-Line19 are present and a single variant of Gr-Line22.
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Figure 2.5: Phylogeny of GLAND5 effector genes of both Gr-Line19 (Green) and Gr-Line22

(dark red). A multiple sequence alignment was made using MUSCLE on the coding sequence.

A phylogenetic tree was made using RAxML using a GTRGAMMA model, validated by 100

bootstrap replicates. Bootstrap values <50% are indicated by a “-”. Lighter shades of green

or red indicate effector variants that lack a signal peptide for secretion. Boxed clusters

(Roman I – IV) highlight asymmetric representations of variants among one of the two G.

rostochiensis lines



2.2 Results 25

2.2.6 B. 1106

The 1106 gene family encodes mainly secreted proteins, and members were demonstrated

to suppress both PTI and ETI responses [Finkers-Tomczak, 2011]. In this previous study

by Finkers-Tomczak [2011], a conserved region of 1106 variants was shown to hybridize in

the dorsal gland of infective juveniles of G. rostochiensis. Gr-Line19 contains ten paralogs,

whereas 14 1106 paralogs were found in Gr-Line22. In terms of organization, the genes

in Gr-Line22 and Gr-Line19 show a comparable degree of physical clustering (Fig. 2.4).

To investigate the diversification of the effector family 1106, the phylogenetic relationship

between the variants identified in Gr-Line 19 and Line 22 was examined (Fig. 2.6). In

many cases, an 1106 variant in Gr-line 19 had a single, orthologous equivalent in Gr-line22

(see e.g. Gros19 g2102 and Gros22 g4744, and Gros19 g2104 and Gros22 g4746). Notably,

the relationship between the small clusters of 1106 variants was largely unresolved. Within

cluster I in Fig. 2.6, four Gr-Line22 variants were present, and only one representative from

Gr-Line19. Two variants, Gros22 g4703 and Gros22 g4696, deviate substantially from the

other 1106 family members. It is noted that these variants are not preceded by a signal

peptide for secretion and thus are unlikely to act as effectors. Clusters II is highlighted as

it represents a local expansion of this effector family in Gr-Line22.
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Figure 2.6: Phylogeny of Gr1106 effector genes of both Gr-Line19 (green) and Gr-Line22

(dark red). A multiple sequence alignment was made using MUSCLE on the coding sequence.

A phylogenetic tree was made using RAxML using a GTRGAMMA model, validated by

100 bootstrap replicates. Bootstrap values <50% are indicated by a “-”. Lighter shades

of green or red indicate effector variants that lack a signal peptide for secretion. Boxed

clusters (Roman I - II) highlight asymmetric representations of variants among the two G.

rostochiensis lines. Dashed lines are used in case there was uncertainty about the location

of the 5’end of a given effector family variant.

2.2.7 C. SPRYSEC

The SPRYSEC gene family encodes for secreted proteins that contain an SPla and RYan-

odine receptor. SPRYSECs are produced in the dorsal esophageal glands, and this effector

family is by far the most expanded one among the plant-parasitic nematodes [Diaz-Granados

et al., 2016]. Several SPRYSECs from G. rostochiensis were shown to be implicated in the

suppression and the activation of defence-related cell death [Postma et al., 2012]. Suppres-

sion was demonstrated for the variants SPRYSEC-4, -5, -8, -15, -18, and −19, whereas only
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SPRYSEC15 elicited a defence response in tobacco [Ali et al., 2015a]. In the closely related

cyst nematode species G. pallida, a single SPRYSEC variant - RBP-1 - was shown to be

responsible for the evasion of the potato resistance gene Gpa2, thus preventing a local HR

Sacco et al. [2009]. No direct ortholog of RBP-1 could be found among the G. rostochiensis

SPRYSECs (identity < 50%), with the used filtering criteria.

The diversification of the SPRYSEC-like variants in Gr-Line19 and Gr-Line22 was inves-

tigated by analysing the phylogenetic relationships. Although the number of SPRYSECs

in Gr-Line19 (n = 60) was already higher than for any other effector family, Gr-Line22

was shown to harbour even more members of this effector family (n = 99) (Fig. 2.3 A).

Maximum-likelihood-based inference revealed several SPRYSEC clusters (Fig. 2.7). Due

to the poor backbone resolution, no statements can be made about the relationship be-

tween these clusters. It is noted that the support values for the more distal parts of the

SPRYSEC tree are substantially higher than the support values for most of the more prox-

imal bifurcations. Three large (A, B, and D) and two smaller (C, E) SPRYSEC clusters

could be identified. The majority of Gr-Line19 gene family members have a single orthol-

ogous equivalent in Gr-Line22, while Gr-Line22 contains additional paralogs in each of the

clusters.

As compared to B and D, cluster A shows the highest level of diversification. Both types of

asymmetric SPRYSEC expansion were found in this cluster. Box I in Cluster A comprises a

single Gr-Line22 and three Gr-Line-19 SPRYSECs. Box II exemplifies Gr-Line22 expansion,

where four closely related Gr-Line22 SPRYSECs surround a single Gr-Line19 variant.

Cluster B harbours three of the SPRYSEC variants described in [Ali et al., 2015a]

(SPRYSEC-4, -5 and -8), all of which seem to be represented by a single orthologous pair.

Cluster C is characterized by a set of genes homologous to SPRYSEC-15 that are consider-

ably expanded in Gr-Line22. It is noted that Gros19 g2329.t1 also is the closest match of

SPRYSEC-18, however only with 60% identity.

Cluster D unites SPRYSEC variants with a low degree of diversification. Although most

Gr-Line-19 variants have a single equivalent in Gr-Line22, there are a few examples of fur-

ther diversification in Gr-Line22. Box III shows a notable example of a diversification event

where a single Gr-Line19 variant has five closely related equivalents in Gr-Line22.

SPRYSEC-19, a variant that was demonstrated to suppresses programmed cell death medi-

ated by several immune receptors [Postma et al., 2012], localized in cluster E. SPRYSEC-19

was first identified in a G. rostochiensis Ro1 Mierenbos population [Rehman et al., 2009],

which is the population Gr-Line19 was originally derived from. Cluster E shows the Gr-line

22 equivalent of SPRYSEC-19 (g7323).
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Figure 2.7:
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Figure 2.7: Phylogeny of SPRYSEC effector genes of both Gr-Line19 (green) and Gr-Line22

(dark red). Only SPRY proteins with a signal peptide for secretion are included A multi-

ple sequence alignment was made using MUSCLE on the coding sequence. A phylogenetic

tree was made using RAxML using a GTRGAMMA model, validated by 100 bootstrap

replicates. Bootstrap values <50% are indicated by a “-”. Closest homologs to the function-

ally described SPRYSEC-4, SPRYSEC-5, SPRYSEC-8, SPRYSEC-15, and SPRYSEC-19

[Mimee et al., 2015] are shown. Clusters of SPRYSEC variants are boxed (A- E). Boxed

clusters (Roman I – III) highlight asymmetric representations of variants among the two G.

rostochiensis lines. Dashed lines are used in case there was uncertainty about the location

of the 5’end of a given effector family variant.

2.2.8 D. CLE-like

The CLE-like gene family is an unusual effector family coding for pro-peptides that are

delivered via the stylet of the infective J2 to the syncytial cell. For CLEs from the related cyst

nematode species Heterodera glycines with domain structures similar to G. rostochiensis, it

was shown that the mature pro-peptide comprised a nematode-specific translocation signal

that facilitated the export from the developing syncytium to the apoplast [Wang et al.,

2021]. Subsequently, the protein is cleaved outside the plant cell, and bioactive CLEs are

released [Gheysen and Mitchum, 2019]. Two classes of CLE-like proteins were found to be

expressed in the dorsal gland of G. rostochiensis. Members of the Gr-CLE-1 class showed

moderate (10 fold) up-regulation in early parasitic life stages (peak in parasitic J-3), whereas

Gr-CLE-4 representatives showed an over 1,000 fold in later parasitic stages (at 21 dpi) Lu

et al. [2009].

The two G. rostochiensis lines 19 and 22 harbour 10 and 16 CLE variants, and both lines

comprise members of the Gr-CLE-1 and the Gr-CLE-4 class. As shown in the phylogenetic

analysis (Fig. 2.8), members of class Gr-CLE-4 show little variation among each other, while

Gr-CLE-1 s show a higher level of diversification. As compared to Gr-Line19, the number

of Gr-CLE-4 variants had doubled from four to eight in Gr-Line22. On the contrary, each

of the Gr-Line19 representatives of Gr-CLE-1 had a single homolog in Gr-Line22. In Fig.

2.8, clusters A and B include four Gr-Line22 variants with no immediate ortholog in Gr-

Line19. In cluster C, a Gr-Line19 variant is present that deviates substantially from the

closest Gr-Line22 orthologous sequence. Cluster D contains an example of a homologous

gene pair, with a tentative duplication in Gr-Line22. In addition to sequence similarity

within the Gr-CLE function classes, there is also a high degree of physical clustering (Fig.

9). The Gr-CLE-4 variants are all located adjacent to each other, and not interspersed by

any other gene. Based on this remarkable physical organization, we hypothesize that one

or more duplication events in this region underlies the copy number difference of Gr-CLE-4

effectors (n = 4 in Gr-Line19; n = 8 in Gr-Line22).
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Figure 2.8: Phylogeny of CLE effector genes of both GrLine19 (Green) and GrLine22 (dark

red). A multiple sequence alignment was made using MUSCLE on the coding sequence.

A phylogenetic tree was made using RAxML using a GTRGAMMA model, validated by

100 bootstrap replicates. Bootstrap values <50% are indicated by a “-”. Lighter shades

of green or red indicate effector variants that lack a signal peptide for secretion. Genes

belonging to the functional classes Gr-CLE-1 and Gr-CLE-4 [Lu et al., 2009] are labeled

with dashed boxes. A boxed cluster (Roman I) highlights an asymmetric representation of

variants among of the two G. rostochiensis lines. Dashed lines are used in case there was

uncertainty about the location of the 5’end of a given effector family variant.
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Figure 2.9: Spatial organization of CLE functional classes CLE-1 (A) and CLE-4 (B) [Lu

et al., 2009] for both Gr-Line19 (Green) and Gr-Line22 (Dark red). In panel A, the spatial

organization of CLEs belonging to Class Gr-CLE-1 are shown for both lines, as well as

the other CLEs residing in the same major CLE clade (Fig. 2.8). In panel B, the spatial

organization of CLEs belonging to Class Gr-CLE-4 are shown (grey panel in Fig. 2.8), as

well as CLE variant Gros19 16098 as this variant was located close to the Gr-Line19 Class-4

CLEs.
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2.3 Discussion

Due to specific biological characteristics of plant-parasitic nematodes, host plant resistances

tend to be a remarkably durable means to manage this category of soil-borne pathogens. The

main challenge is the actual developing and breeding resistant host-plant varieties. As the

genetic basis for virulence in plant-parasitic nematodes is unknown, breeding for resistance

can only be done on a trial-and-error basis. The whole process is, therefore, inefficient,

and thus time consuming and expensive. The availability of molecular-based pathotyping

methods of plant-parasitic nematode populations would allow for the deployment of more

targeted resistance. Here we concentrated on two Globodera rostochiensis inbred lines, Gr-

Line19 and Gr-Line22, with distinct pathotypes [Janssen et al., 1990]. Resulting from a

single male-female crossing by Janssen et al. [1990], each of these lines’ genomic background

is small, with a maximum of 4 haplotypes per locus. These small genomic backgrounds

significantly simplify the generation of high-quality reference genome sequences, which has

been a challenge for sexually reproducing plant-parasitic nematodes in the past. Therefore,

we expect that the reference genome sequences of Gr-Line19 and Gr-Line22 are a more

accurate representation of the G. rostochiensis genome, making the process of molecular

pathotyping a step closer. Furthermore, long-read sequencing technology allowed us to

generate reference genomes about 24 fold less fragmented than the current reference genome

[Eves-van den Akker et al., 2016]. This higher contiguity made it possible to pinpoint the

physical distribution and the diversification in a way that was not possible with the highly

fragmented JHI-Ro1 reference genome sequence. Four effector families that, together with

other effectors, define this potato cyst nematode’s pathogenicity were explicitly studied in

detail.

One of the main technical challenges we tried to overcome was generating high-quality

reference genome sequences of a highly heterozygous nematode species. In terms of assembly

sizes, we see a comparable size to the G. rostochiensis JHI-Ro1 genome [Eves-van den Akker

et al., 2016] as well as to the estimated G. rostochiensis genome size [Grisi et al., 1995].

Therefore, it is likely that the high levels of heterozygosity did not negatively impact the

assembly by the presence of haplotigs [Roach et al., 2018]. Another possibility is that

the presence of many haplotypes negatively influenced the fragmentation of the assembly.

Due to more variation in the bases, it might have been more challenging to combine more

contigs into scaffolds. To further reduce the number of scaffolds, possibly to a chromosome

level, it might be advantageous in the future to supplement long-read sequencing with other

techniques such as optical mapping [Deschamps et al., 2018, Field et al., 2020].

We furthermore assessed the effect of generating a genome assembly of a highly inbred line

instead of a regular population. A comparison was made between SNPs’ zygosities called

on short-read data and found that Gr-Line19 had a 10% higher proportion of homozygous
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SNPs than the JHI-Ro1 population. This suggests that there is indeed a smaller number of

haplotypes present in the inbred-lines than in the JHI-Ro1 population. Since more than 50%

of the called SNPs in Gr-Line19 are still heterozygous, it seems reasonable to assume that

the measured heterozygosity levels provide a more realistic picture of the heterozygosity that

is present in an individual. Which is in line with previous findings in the cyst nematode

Heterodera glycines by Ste-Croix et al. [2021], who described that individuals can have

mixing levels of zygosity.

A more detailed analysis of four effector families for which at least a subset of members are

known to be expressed in the dorsal gland of nematodes during feeding site induction or

maintenance revealed dozens of novel potential virulence-associated variants.

To some extent, our starting point was comparable to the approach taken by Bekal et al.

[2008]. Within the soybean cyst nematode Heterodera glycines subsets of populations with

comparable pathogenicity have been defined based on their multiplication characteristics on

a set of seven soybean indicator lines. Populations that shared multiplication characteristics

were coined ‘HG types’ [Niblack et al., 2002]. Subsequently, Bekal et al. [2008] used two

inbred lines that were either avirulent (‘TN10’; HG type 0)) or virulent (‘TN20’; HG type 1,

2, 3, 4, 5, 6, 7). 454 micro-bead sequencing of these indicator lines resulted in the generation

of tens of millions of short reads (110–120 bp), which allowed for whole-genome comparative

analysis. These efforts resulted in 239 homozygous SNPs between TN20 and TN10 [Bekal

et al., 2008]. Although the relationship between these SNPs and pathogenicity is unclear,

these SNPs could be considered one of the first molecular markers for pathogenicity in cyst

nematodes. Here we took it one step further, by identifying copy number variation that

might serve as potential pathotype specific molecular markers. Copy number variation is

relevant, as it has been linked to virulence in various pathogens [Brynildsrud et al., 2016,

Zhao and Gibbons, 2018] including plant parasitic nematodes [Castagnone-Sereno et al.,

2019].

For potato cyst nematodes, Folkertsma et al. [1996] used AFLP assays [Vos et al., 1995]

to characterize pathotypes of the potato cyst nematodes G. rostochiensis and G. pallida.

Almost 1,000 marker loci were employed to genotype populations of both potato cyst nema-

tode species. These analyses revealed genetic markers that can distinguish between the G.

rostochiensis pathotypes Ro1, Ro3 and Ro4, while such loci appeared to be absent for the G.

pallida pathotypes Pa2 and Pa3. In a more extensive approach focusing on G. rostochien-

sis only, Mimee et al. [2015] employed a restriction enzyme-based genotyping-by-sequencing

approach. The genotypic characterization of 23 populations, covering all five pathotypes, re-

vealed a clear distinction between pathotypes Ro1 and Ro2 on the one hand, and Ro,3, Ro4,

and Ro5 on the other. Moreover, their analyses seemed to demonstrate intra-pathotype vari-

ation within Ro1. However, it is noted that with 14 populations from 9 different countries,

Ro1 was over-represented in this research.
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The first reference genome for G. rostochiensis was published by Eves-van den Akker et al.

[2016], and - in conjunction with this - the intra-species variation regarding members of

known effector families was mapped. All five G. rostochiensis pathotypes were represented

in this study, and whereas homozygous molecular markers to discriminate between Ro4 and

Ro5 could be identified, this was not possible for the remaining three pathotypes. More-

over, this research confirmed the large genotypic diversity of populations that are all labeled

Ro1, indicating that there are many possible genotypes that yield a similar Ro1-like viru-

lence. Here it might be mentioned that Ro1 and Ro4 share the inability to parasitise potato

genotypes that harbor the H1 resistance gene from Solanum tuberosum ssp. andigena CPC

1673. Moreover, the H1 resistance genes have been introgressed in most commercial potato

varieties, and potato cyst nematode populations worldwide have been exposed to these resis-

tance genes likely including the ones characterized by [Eves-van den Akker et al., 2016]. So,

although these pathotypes share their avirulence concerning the H1 gene, they belong to an-

other G. rostochiensis genotype and differ significantly in intra-pathotype variation.

Hence, as a starting point, we used pathotypically characterized inbred lines from which we

generated new reference genome sequences. On this basis, complete effector families could

be mapped and compared. In essence, the make-up of effector families in lines with distinct

pathogenic characteristics could vary because of (1) non-synonymous variants in sequence in

a given set of effector genes and/or (2) effector gene loss or gain (3) quantitative variation in

expression levels due to SNPs in the promotor region (4) quantitative variation in expression

levels due to copy number variation. The balance between these two (dependent) sources

of variation varies in a pathogen-dependent manner. The genome-wide comparison of three

Microbotryum species parasitising distinct Caryophyllaceae allowed Beckerson et al. [2019] to

define the secretomes of the individual species. Their analyses revealed that host specificity

was explained by rapid changes in effector genes rather than by variation in the effector

copy numbers. With a similar underlying question, Qutob et al. [2009] investigated two

effector genes families of Phytophthora sojae, Avr1a and Avr3a in a range of races. The

presence of multiple copies of nearly identical genes on the Avr1a and the Avr3a locus was

suggested to contribute to the fitness of these races, and races with distinct pathogenicities

were characterized by variations in effector gene numbers. These examples demonstrate that

both sources of variation can generate differences in pathogenicity among plant pathogens.

Here we specifically focused on effector gene loss and gain effects, and observed that both

events happen in the avirulent Gr-Line19 as well as the virulent Gr-Line22. Previous studies

show that, at least in potato cyst nematodes, single nucleotide polymorphisms are also

related to virulence (e.g., [Sacco et al., 2009]), which indicates that both types of genomic

variance are relatable with virulence.

In case of the tropical root-knot nematode Meloidogyne incognita, Castagnone-Sereno et al.

[2019] tried to pinpoint the genetic basis of avirulence and virulence with regard to the
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tomato resistance gene Mi-1.2. Genome-wide characterization of two pairs of avirulent and

virulent lines revealed 20 gene families that all showed a lower number of copies in both

virulent M. incognita lines. It is noted that the 20 families included pioneers and household

genes, and not known effector families. Hence, although a lower copy number per gene

family was associated with virulence, this research did not identify gene loss events that

could be causally related to virulence.

We separately considered the dorsal esophageal gland-expressed effectors that are thought to

be involved in immune response suppression and feeding site induction, and the subventral

gland-expressed effectors that are active during plant penetration. Concerning dorsal gland-

expressed effector families, G. rostochiensis Gr-Line19 harboured on average 14 genes per

effector family, while on average, 19 members were identified per effector family in Gr-

Line22, a homozygous virulent line regarding the H1 resistance gene. In our analysis, four

effector families showed a higher number of variants in the avirulent Gr-Line 19, and four

other families showed a reverse pattern (Fig. 2.3 A). The aforementioned difference in the

average number of variants per family is explained by the differences in the extent to which

the number of variants had changed in the two lines.

The effector families expressed in the subventral glands that are included in this study

showed less expansion than the dorsal gland specific families, with only small differences in

copy numbers between the two lines. Strikingly, a substantial number of genes belonging

to this category lack a signal peptide presence. Since many of these genes (e.g., glycoside

hydrolases, pectate lyases) code for cell wall-degrading or modifying enzymes, the proteins

would have to be secreted to make physical contact with the plant in order to perform their

function. One hypothesis could be that these genes are, in fact, pseudogenes. However, this

seems unlikely as manual inspection showed that most of these SP lacking genes show a

RNAseq signal (results not shown). Whereas ample RNAseq data allowed for an accurate

prediction of the intron-exon structure, the transcription start site is more difficult to predict

without additional experimental data. If transcription start sites were misplaced, we could

have missed a preceding signal peptide. Alternatively, it could be that this cyst nematode

genuinely harbours effector variants without apparent signal peptide similar to the invertases

identified in Meloidogyne incognita. These effectors were suggested to be acquired at a late

stage during cyst nematode evolution [Flier et al., 2003].

Phylogenetic analysis of effector families as presented here takes along both effector di-

versification and effector loss and gain. These data clearly demonstrate that the balance

between both sources of variation differs per effector family. Whereas effector family 1106

showed overall little copy number variation, SPRYSEC genes were 65% more abundant in

Gr-Line22, and in case of the GLAND5 family significant diversification was accompanied by

a large difference in copy numbers between both lines. Other population genetic studies on

plant-pathogenic fungi and oomycetes showed exclusively low [Talas and McDonald, 2015]
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or high [Flier et al., 2003] levels of diversification between effector genes. We are not aware

of other plant pathogens for which such drastic contrasts in diversification pattern between

effector families were described.

Because of its extreme level of physical clustering of CLE effectors in both G. rostochiensis

inbred lines we investigated its genomic organisation in more detail. Potato cyst nematodes

produce and secrete mimics of plant CLEs. Plant CLEs are signalling components that

were shown to be conserved in both Arabidopsis and potato roots [Lu et al., 2009]. Among

Globodera CLE genes two functional classes are distinguished, CLE1 and CLE4. The main

difference between these classes is the composition of CLE peptides that are present as

small cleavable units separated by small spacers at the protein’s C terminus. Mitchum et al.

[2012] described a single CLE1 representative, and here a second potential CLE1 variant is

identified in both G. rostochiensis lines (Fig. 2.8 & Supplemental Figure 1 van Steenbrugge

[2022]). This second variant has a domain structure similar to GrCLE1 (Supplemental Figure

1 [van Steenbrugge, 2022]), and the conservation of the domain structure makes it plausible

this variant has a CLE1-like function. Notable is the putative duplication event of Gr-CLE4

genes in Gr-Line22. Gr-CLE-4 genes are highly conserved, even between pathotypes and we

assume that this duplication event might result in a higher production of GrCLE4 peptides.

A dose effect for a nematode effector was previously reported for the 32E03 effector of the

beet cyst nematode Heterodera schachtii [Vijayapalani et al., 2018]. So our finding might

suggest that the virulent G. rostochiensis line 22 might exert a stronger CLE4 peptide-based

effects on its host.
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2.4 Conclusions

Molecular pathotyping is an essential element in durable disease management. After all,

this will allow breeders to use host plant resistances in a targeted way, and it allows farmers

to make a more informed decision which potato variety to grow in the field. The existing

pathotyping system forG. rostochiensis classifies populations into five pathotypes (Ro1-Ro5)

on the basis of their relative multiplication rates on a number of Solanum differentials, and

this systematic was used as starting point for the generation of new pathotyping platform.

By generating high quality reference genomes from two pathotypically-distinct inbred lines,

we were able to generate broad overviews of effector families including their diversification

and spatial organisation. On the basis of a selection of four effector families, dozens of

effector variants could be pinpointed that were unique for either of the two inbred lines Gr-

Line19 (Ro1) and Gr-line22 (Ro5). Once these data are supplemented by re-sequencing data

from well-characterized G. rostochiensis field populations, comparative effectoromics would

be within reach. Comparative effectoromics will provide a foundation for our understanding

of compatible and incompatible host-nematode interactions as well as for a new, biologically

insightful pathotyping scheme as a basis for the durable use of host plant resistances.
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2.5 Methods

2.5.1 DNA isolation and sequencing

Cysts from two G. rostochiensis lines that were previously selected by Janssen et al. [1990]

for being fully avirulent Ro1 (Gr-line19) or fully virulent Ro5 (Gr-line22) with regard to

the H1 gene were used as starting material for the collection of pre-parasitic second-stage

juveniles (J2). J2 nematodes were concentrated, and sucrose centrifugation was used to

purify the nematode suspension [Jenkins et al., 1964]. After multiple rounds of washing of

the purified nematode suspension in 0.1 M NaCl, nematodes were resuspended in sterilized

MQ water. Juveniles were lysed in a standard nematode lysis buffer with proteinase K and

beta-mercaptoethanol at 60 °C for 1 h as described by Holterman et al. [2006]. The lysate

was mixed with an equal volume of phenol: chloroform: isoamyl alcohol (25:24:1) (pH 8.0)

following a standard DNA purification procedure, and finally, DNA was precipitated with

isopropanol. After washing the DNA pellet with 70% ethanol for several times, it was re-

suspended in 10mM Tris-HCL (pH 8.0). DNAs of both inbred lines (each 10–20 µg) were

sequenced using Pacific biosciences smrt sequencing technology at Bioscience (Wageningen

Research, Wageningen, The Netherlands) Gr-line19 was sequenced to a depth of approxi-

mately 119X with an average read length of 5,641 bp, whereas Gr-line22 was sequenced 132X

with an average read length of 7,469 bp. Depth was calculated based on the assembly sizes.

In parallel, a 2x250 bp Illumina NovaSeq run resulted in 188x coverage of paired-end reads

per line used to polish the initial assemblies. The raw sequencing reads and the genome

assemblies are available under ncbi accession PRJNA695196.

2.5.2 Genome assembly

Raw PacBio reads were first corrected by merging haplotypes with the correction mode

of canu v1.8 [Koren et al., 2017], allowing a corrected error rate of 15% and a corrected

coverage of 200. Using long-read assemblerwtdgb2 v2.3 [Ruan and Li, 2020], approximately

one hundred assemblies were generated per inbred line, optimizing the parameters minimal

read length, k-mer size, and minimal read depth. The quality of the initial assemblies was

assessed based on whether the assembly size was close to the genome size estimate [Eves-van

den Akker et al., 2016]. Completeness of the genome was assessed using busco v3 [Seppey

et al., 2019] using the standard library of eukaryotic single copy genes. Based on the criteria

mentioned before, the most optimal assembly was then selected for each line and used for

post-assembly processing. For Gr-Line19 a minimal read length of 6,000 was used, together

with a k-mer size of 20 and a minimal read depth of 6. For Gr-Line22 a minimal read length

of 5,000 was used, together with a k-mer size of 15 and a minimal read depth of 6.

After determining the most optimal assembly, remaining unmerged haplotigs were fil-
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tered from the assembly using purge haplotigs v1.0.4 [Roach et al., 2018]. The as-

sembly was then tested for contamination using the blobtools pipeline v.1.0.1 [Laetsch

and Blaxter, 2017]. Contigs were scaffolded with PacBio reads using sspace-longread

with a minimum overlap length of 1000 bp and a minimum gap between two contigs

of 500 bp [Boetzer and Pirovano, 2014]. The remaining gaps in the scaffolds were

then filled using a consensus alignment approach with a minimum coverage per posi-

tion of 10 reads [van Steenbrugge, 2021]. NovaSeq data were used to polish the re-

sulting assemblies using three iterations of arrow v2.3.3 at default settings (https://

github.com/PacificBiosciences/GenomicConsensus) and five iterations of pilon v1.23

[Walker et al., 2014] each. Repeat regions were soft masked using repeatmodeler

v1.0.11 (https://github.com/Dfam-consortium/RepeatModeler) and repeatmasker

v4.0.9 (http://www.repeatmasker.org/RepeatMasker/). Gene annotations in gff3 format

were predicted for both assemblies using braker v2.1.2 [Br̊una et al., 2021]. The predic-

tion of gene models was aided by RNAseq datasets of different life stages of G. rostochiensis

(ncbi BioProject accessions: PRJEB12075, PRJNA274143). While this data originates

from a different G. rostochiensis population (JHI-Ro1), addition of this type of data greatly

improved the quality of the gene predictions using braker. Sequencing reads from these

RNAseq datasets were mapped on both genomes using hisat v2.2.0 [Kim et al., 2019]. All

scripts used for the generation of the genome assemblies including all relevant details are

available on github (https://github.com/Jorisvansteenbrugge/GROS_genomes).

2.5.3 Genome Synteny

Genome synteny was determined between the genome assembly of Line19, Line22 and the

previous Ro1 reference genome (ncbi bioproject PRJEB13504) through a progressive

genome alignment using mauve v2.4.0. The alignment was then visualized in circos

v0.69-9 [Krzywinski et al., 2009], showing only syntenic regions of 3 kb and larger.

2.5.4 Estimating Heterozygosity levels and structural variation

Heterozygosity levels were estimated based on the frequency of heterozygous versus ho-

mozygous variants (SNPs and small indels). A comparison was made between Gr-Line19

and the JHI-Ro1 population, using the Gr-Line22 genome assembly as a reference. Illumina

reads were mapped with burrows-wheeler aligner [Li and Durbin, 2009] using default

settings. For Gr-Line19, a library of Illumina NovaSeq reads (accessions: SRR13560389,

SRR13560388) was used, and for JHI-Ro1, Illumina HiSeq reads (accessions: ERR114519)

were mapped against the reference. Variants were called with bcftools v.1.9 [Li, 2011]

with multiallelic variant calling enabled, at a maximum depth of 1,000 reads.

The structural variation between the newly generated assemblies of Gr-Line19 and Gr-Line22

was estimated by the frequency of heterozygous versus homozygous structural variants (SVs)
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with fragment size > 1 kb. Raw Pacbio reads of Gr-Line19 were mapped against the Gr-

Line22 (and vice versa) using ngmlr v0.2.7 [Sedlazeck et al., 2018] with default settings.

SVs were then called using sniffles v1.0.10 running the standard settings [Sedlazeck et al.,

2018].

2.5.5 Identification of Effector Homologs

Effector genes were identified in both line Gr-line19 and Gr-line22 based on the proteomes

predicted by braker2 [Br̊una et al., 2021]. phobius [Käll et al., 2004] was used to check for

the presence of a signal peptide for secretion. Homologs for glycoside hydrolase (GH) families

5, 30, 43, 53, Pectate lyase 3, Glutathione Synthetase were identified with hmmer v3.2.1

[Mistry et al., 2013] based on pre-calculated profile HMMs in the pfam database [Bateman

et al., 2004] (entries PF00150, PF02055, PF04616 and PF07745, PF03211, PF03199 respec-

tively). SPRYSEC homologs were identified by testing protein sequences for a SPRY do-

main (hmm profile PF00622). Arabinogalactan galactosidase homologs were identified with

a custom profile HMM-based on uniprot sequences (entries O07012, Q65CX5, Q65CX4,

D9SM34, P48841, O31529, Q8168, Q5B153, O07013, P83692, P48842, P83691, Q4WJ80,

B0XPR3, A1D3T4, Q2UN61, Q0CTQ7, A2RB93, Q9Y7F8, B8NNI2, Q76FP5). CLE-like

homologs were identified with a custom profile HMM-based on uniprot sequences (D1FNJ7,

D1FNK5, D1FNJ9, D1FNK2, D1FNK8, D1FNK3, D1FNK0, D1FNK4). genbank peptide

sequences JQ912480 to JQ912513 were used to generate a custom profile HMM for the ef-

fector family 1106. Based on genbank entries KM206198 to KM206272, a custom profile

HMM was made for the HYP effector family. Homologs of the Hetereodera glycines effec-

tor families Hg16B09 (genbank: AAO85454) and GLAND1-18 (genbank: KJ825712 to

KJ825729) were identified with blastp, with the following cut-offs: an identity score higher

than 35%, a query coverage of at least 50%, and an E-value lower than 0.0001.

2.5.6 Phylogeny

Multiple Sequence Alignments were generated based on the coding sequences of the orthologs

per effector family, using muscle v3.8.1551 [Edgar, 2004] using standard options. To test

for the best model of DNA substitution, modeltest-ng [Darriba et al., 2020] was used.

Except for GLAND5, the best model for all effector families was gtrgamma. For GLAND5,

gtrgammai was marginally better. As the resulting phylogenetic tree was almost identical

to the gtrgamma, we decided to stick to this model for sake of uniformity. Phylogenetic

trees were then generated with raxml v8.2.12 [Stamatakis, 2014] running a gtrgamma

model with 100 bootstrap replicates. The resulting trees were visualized and organized in

figtree v. 1.4.4.
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2.6 Supplemental Data

2.6.1 Supplemental Figures

Figure 2.10: BlobTools-based interrogation of genome assembly of Gr-Line 19 to verify for

single-taxon origin of the original sequences. Panel A: Each Gr-Line19 scaffold is represented

by a single filled circle. Each scaffold is positioned in the main panel based on its GC

proportion (x-axis) and coverage by reads from PacBio sequences (y-axis). On the top right

the colours of the individual blobs are linked to their taxonomic origin. At the bottom of

the main Blobtool figure, the size of the circles is linked to scaffold size. Panel B: on the left

the percentage of unmapped versus mapped Gr-Line19 PacBio reads are presented, and the

right the taxonomic origin of the reads.
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Figure 2.11: BlobTools-based interrogation of genome assembly of Gr-Line 22 to verify for

single-taxon origin of the original sequences. Panel A: Each Gr-Line22 scaffold is represented

by a single filled circle. Each scaffold is positioned in the main panel based on its GC

proportion (x-axis) and coverage by reads from PacBio sequences (y-axis). On the top right

the colours of the individual blobs are linked to their taxonomic origin. At the bottom of

the main Blobtool figure, the size of the circles is linked to scaffold size. Panel B: on the left

the percentage of unmapped versus mapped Gr-Line22 PacBio reads are presented, and the

right the taxonomic origin of the reads.
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Figure 2.12: Multiple sequence alignment of Gr-CLE-1 protein sequences to verify the con-

servation of the CLE domain in putative CLE-1 genes. Each gene is represented by a gene

identifier. Two genes are included for Gr-Line19 (Gros19 g2219.t1 and Gros19 g2223.t1) and

two for Gr-Line22 (Gros22 g4869.t1 and Gros22 g4874.t1). The CLE1 sequence identified

in Heterodera glycines (Q9BN21) is included as an outgroup.
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3.1 Abastract

Potato cyst nematodes (PCNs), the umbrella term for Globodera rostochiensis and G. pal-

lida, co-evolved with their Solanaceous hosts in the Andean Mountain region. From there,

PCN proliferated worldwide to virtually all potato production areas. PCN is a major factor

limiting the potato production in Indonesia. In our survey, only G. rostochiensis was found.

Fourteen field populations were collected on Java and Sumatra, and unique variants were

called by mapping re-sequencing data on a G. rostochiensis reference genome. A phylo-

genetic tree based on 1.4 million unique variants showed a genotypic separation between

the outgroup, a Scottish Ro1 population, and all Indonesian populations. This separation

was comparable in size with the genotypic distinction between the Javanese and the Suma-

tran PCN populations. Next, variants within PCN effector gene families SPRYSEC, 1106,

4D06, and venom allergen-like protein (VAL) that all interfere with the host innate im-

mune system were compared. Distinct selective pressures acted on these effector families;

while SPRYSECs (4,341 single-nucleotide polymorphisms/insertions or deletions of bases)

behaved like neutral genes, the phylogenetic trees of 1106, 4D06, and VAL proteins (235,

790, and 150 SNPs/indels, respectively) showed deviating topologies. Our data suggest that

PCN was introduced on Java not too long after the introduction of potato in the middle of

the eighteenth century. Soon thereafter, the pathogen established on Sumatra and started

to diversify independently. This scenario was corroborated by diversification patterns of the

effector families 1106, 4D06, and VAL. Our data demonstrate how genome re-sequencing

data from a non-indigenous pathogen can be used to reconstruct the introduction and di-

versification process.
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3.2 Introduction

Potato is worldwide the fourth most important staple food and the most widely produced

non-grain. One of the attractive aspects of potato production is the high average yield

per acreage. Whereas corn, wheat, and rice typically yield 10 tonnes or less per hectare

(hectare−1) annually (year−1), a potato crop on average produces ∼20 t ha−1 y−1. China

and India are the largest potato producers, but a large gap in productivity between develop-

ing and developed countries is worth noting. In developing countries, potato yields are in the

range of 15 to 20 t ha−1 y−1, while more than double this production is commonly reached in

northwestern Europe and North America [Faostat, 2015]. With regard to potato consump-

tion, a slight decrease is observed in developed countries, whereas in developing countries

potato consumption has doubled between 1960 and 2005 [Jennings et al., 2020].

By far, most potato production is realized outside the center of origin of this crop, the

Andean Mountain region in South America. Potato as we know it, Solanum tuberosum ssp.

tuberosum, is a member of the species-rich genus Solanum (1,500 to 2,000 species). Repre-

sentatives of this genus are found all over the world with concentrations of species diversity

in Central and South America and Australia [Hawkes, 1988]. Tuber-bearing Solanum species

all originate from Central and South America. First reports about human consumption of

potatoes outside of its center of origin were found in the account books from 1576 of the

Hospital de la Sangre in Seville (Spain; [HAWKES and FRANCISCOORTEGA, 1992]). In

the nineteenth century, we see a rapid proliferation of the cultivation of potato as a main

crop in Europe.

Large-scale production of a main crop outside its center of diversity is often associated with

serious pest and pathogen issues. In the case of potato, this vulnerability is aggravated

by the genetic homogeneity of the crop in most production settings. Probably the best

illustration of the vulnerability of potato production outside of its native range to pests and

diseases is the enormous impact of the oomycete Phytophthora infestans, the causal agent of

potato late blight, on food production in Ireland in 1845 to 1850. In those years, the potato

production collapsed, and in the resulting Irish Potato Famine, the population dropped by

∼50%, mainly because of starvation and emigration (e.g., [Yuen, 2021]).

Potato cyst nematode is the causal agent of a potato disease that co-evolved with potato in

the Andean Mountain region and one that has a severe impact on potato production world-

wide. Potato cyst nematode is the common name for two related plant-parasitic nematode

species, Globodera rostochiensis and G. pallida. Unlike P. infestans, infection with potato

cyst nematodes is not immediately clear in the above ground plant parts. These nematodes

are soil borne pathogens causing an overall reduction in the growth of the potato plant and

an increased vulnerability to other environmental stresses such as drought and opportunistic

pathogens. Together with P. infestans, potato cyst nematodes belong to the most critical
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biotic crop-limiting factors in potato production.

Over the last decades, a worldwide increase in potato production has been accompanied by

a focal shift from Europe and North America to Asia. Indonesia is one of the countries

in which the steady increase in local production accompanied the increased consumption of

potatoes. For smallholder farmers, potato is attractive as potato is one of the most profitable

crops. Potato production in Indonesia is not new; the first written report on the cultivation

of “Irish potato” was published in 1711 [Lockyer, 1711]. In a historical overview, Boomgaard

[2003] reported that potatoes were grown continuously but on a relatively small scale in the

highlands of Java and Sumatra from the 1750s onward. According to this overview, potatoes

were not grown outside these two main islands till the 1950s.

The potato cyst nematode G. rostochiensis was reported for this first time on east Java in

2003 [Indarti et al., 2004]. In a follow-up survey on Java, this potato cyst nematode species

was shown to be present in west, central, and east Java in potato fields at an altitude between

1,500 and 2,000 m [Nurjanah et al., 2016]. G. rostochiensis was for the first time reported

on Sulawesi [Handayani et al., 2020]. In a single report [Suastika et al., 2012], G. pallida, the

other potato cyst nematode species, was described to be present in central Java. Because

of the non-conspicuous nature of potato cyst nematodes and as a consequence, the limited

attention that has been paid to this soil borne disease by producers, the cyst nematode has

spread enormously and is labeled as a major threat to Indonesian potato production.

Host plant resistances are one of the most successful means to control the potato cyst

nematode G. rostochiensis. However, potato cyst nematode resistances are invariably only

effective against subsets of G. rostochiensis populations. These subsets have been grouped

into pathotypes, and the scheme proposed by Kort et al. [1977] is most frequently used.

Pathotype-specific resistance genes such as H1, a single dominant resistance gene against

the G. rostochiensis pathotypes Ro1 and Ro4 [Toxopeus and Huijsman, 1952], are highly

effective and were shown to be durable. Unfortunately, there are no reliable tests to pinpoint

the pathotypic nature of potato cyst nematode in an agronomic setting (see [Folkertsma

et al., 1996]). As a consequence, resistant potato varieties are applied in a non-informed

manner, thereby potentially disappointing the expectations of farmers and shortening the

agronomic life span of these precious resistance genes. Hence, the genotypic characterization

of Indonesian G. rostochiensis populations would be a first and essential step toward the

durable control of this major plant pathogen.

Given the impact of potato cyst nematodes on potato production worldwide, there has

been ample research attention for these notorious plant pathogens. Just like for other

plant pathogens, effectors play a key role in the interaction between cyst nematodes and

their host. Effectors are proteins produced and secreted by pathogens to manipulate their

host. In the case of potato cyst nematodes, effectors facilitate host penetration, weaken the
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host defense responses, and induce the formation and maintenance of a feeding site (for an

overview, [Khan and Khan, 2021]). Effectors are typically encoded by gene families that

show some degree of physical genomic clustering. Host plant resistances are usually based

on the recognition of a specific effector variant by a resistance protein. In the case of potato

cyst nematodes, this can be exemplified by an SPRYSEC variant, RBP-1, that activates

the resistance protein GPA2 [Sacco et al., 2009]. Detailed knowledge about the effector

repertoire present in field populations of potato cyst nematodes is key to a targeted use of

resistant potato varieties.

Whole-genome sequencing has the potential to provide a complete overview of the diversity

and genomic organization of effector families. The genomes of the two potato cyst nema-

todes species have been sequenced [Cotton et al., 2014, Eves-van den Akker et al., 2016], but

these genomes are generally spoken of as being too fragmented (4,281 scaffolds in the case

of G. rostochiensis) to offer a complete picture of the diversification and genomic organiza-

tion of effector families. van Steenbrugge et al. [2021] generated two novel G. rostochiensis

genomes that are approximately 25 times less fragmented than the one presented by Eves-

van den Akker et al. [2016], and these reference genomes were used as a starting point

for the genetic characterization of Indonesian potato cyst nematode populations. Potato

cyst nematode populations were collected from major potato production areas in Java and

Sumatra. These populations were characterized based on a set of neutral molecular markers;

internal transcribed spacer (ITS), mitochondrial cytochrome C oxidase subunit I (COI), and

microsatellites. These first two markers were shown to be too conserved to assess diversity

among populations, whereas microsatellites allowed for the discrimination between popu-

lations from two main islands, Java and Sumatra [Handayani et al., 2020]. Here we used

another approach, whole-genome resequencing, to map the genetic diversity of Indonesian

G. rostochiensis populations and to pinpoint the diversity of effector families. Next to infor-

mation about genetic diversity, this approach offers clues to reconstruct the introduction of

G. rostochiensis in Indonesia and its proliferation within the Indonesian archipelago.
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3.3 Methods

Soil samples were collected from 14 field sites where potato was grown as a main crop (Table

3.1). Cysts were extracted from a sub sample of 100 ml of dried soil using the Baunacke

method (i.e., dried cysts that float in water were decanted and collected on a 250-µm sieve).

Then, the cysts were air dried overnight, counted, and stored dry at 4°C.

Table 3.1: Overview of potato cyst nematode collection sites in Indonesia

Province District Field
Altitude

(m)

Coordinates

Latitude Longitude

North Sumatra Karo

Cinta Rakyat 1,362 3.16333 98.49555

Gajah 1,314 3.15333 98.47416

Guru Singa 1,370 3.19416 98.47861

Lingga Julu 1,256 3.13555 98.47249

Suka Ndebi 1,401 3.19888 98.47500

Central Java

Banjarnegara

Bakal Buntu 1,950 -7.28224 109.97797

Dieng Kulon-1 2,081 -7.20311 109.90293

Dieng Kulon-2 2,079 -7.20281 109.90215

Karang Tengah 2,037 -7.31235 109.76660

Wonosobo

Kejajar 1,507 -7.21111 109.92476

Patak Banteng 1,983 -7.24371 109.94776

Tieng 1,766 -7.23916 109.94499

East Java Batu
Krajan 1,500 -7.86503 112.55813

Lemah Putih 1,637 -7.77360 112.53643

3.3.1 DNA extraction and purification

A quantity of 15 to 50 cysts per sample were added to 150 µl of Milli-Q water (Millipore

Sigma, Burlington, MA) supplemented with two iron beads (Ø = 3 mm) in a 1.5-ml tube,

and samples were bead beaten for 80 s at 30 Hz. Homogenized cyst material (without

beads) was transferred to a new 2-ml tube prefilled with 150 µl of Milli-Q water. A quantity

of 300 µl of 2× nematode lysis buffer [Holterman et al., 2006] was added, and tubes were

incubated in a Thermomixer (Eppendorf, Hamburg, Germany) for 1 to 2 h at 60°C at 650

rpm. Once the sample was cooled back to room temperature, 150 µl of 5 M NaCl was

added to the lysate. Subsequently, an equal volume of phenol/chloroform/isoamyl alcohol

(25:24:1) at pH 8.0 (4°C) was added, and the resulting suspension was gently mixed, followed

by phase separation by centrifugation (2,500 × g for 10 min). The upper aqueous layer was
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transferred to a new tube, and an equal volume of chloroform/isoamyl alcohol (24:1/4°C)
was added. After gentle mixing, the DNA was spun down by centrifugation (15,000 ×
g for 5 min). Thereafter, the supernatant was carefully removed. The DNA pellet was

washed with 300 µl of 70% ethanol and spun down again for 1 min at 15,000 × g. The

supernatant was removed, and the pellet was dried for 1 min at 60°C. The final, gently

dried pellet was resuspended in 50 µl of 10 mM Tris-HCl at pH 8.0. A Qubit fluorometer

(Thermo Fisher Scientific, Waltham, MA) was used to quantify the DNA concentrations in

the samples, and the purity of the samples was checked on a NanoDrop spectrophotometer

(Thermo Fisher Scientific; 260/280 and 260/230 nm). All samples fulfilled the standard

requirements for Illumina sequencing. The resulting purified DNA samples were sent out

for library preparation and subsequently, sequencing on an Illumina NovaSeq 6000 with an

SP flow cell (2 × 250 bp) at Useq (Utrecht, The Netherlands). Sequencing data have been

deposited at the NCBI BioProject database under accession number PRJNA730992.

3.3.2 Mapping and variant calling

The sequence data in fastq format of the Indonesian G. rostochiensis populations were

mapped on the Gr-Ro1-Line19 reference genome sequence (SAMN17613196; van Steen-

brugge et al. [2021]) using the bwa-mem algorithm [Li and Durbin, 2009] at default set-

tings. Sequence variation was determined using the program bcftools mpileup [Li, 2011]

with a maximum read depth and insertion or deletion of base (indel) depth of 1,500 and

minimum mapping quality of 50. Allelic depth information was saved in the output. Vari-

ants were called using the program bcftools call with the built-in alternative model for

multi-allelic and rare-variant calling enabled. The resulting variants with a read depth of

<10 were pruned using the bcftools filter.

3.3.3 Phylogeny

Phylogeny between the populations was determined based on the variants. First, variants

were pruned based on a linear discriminant analysis with a threshold of 0.5. A dissimilarity

matrix was calculated on the remaining variants of each population using the snpgdsIBS

function in the R package snprelate [Zheng et al., 2012]) based on both autosomal and

non-autosomal variants. Hierarchical clustering was then performed on the dissimilarity

matrix using the snpgdsHCluster function in the program snprelate. The phylogenetic

tree was inferred from the clustering using the snpgdsCutTree function in snprelate at

default settings. In our analyses, the genome of a Scottish G. rostochiensis Ro1 population

[Eves-van den Akker et al., 2016] was used as the outgroup.
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3.4 Results

The availability of a high-quality reference genome of the potato cyst nematode G. ros-

tochiensis [van Steenbrugge et al., 2021] that allows for the mapping of numerous short

reads from Indonesian field populations made it possible to characterize and compare their

genomic constitutions. In an attempt to assess the history and the proliferation of Indone-

sian potato cyst nematode populations over various major production areas, cysts of 14

Indonesian G. rostochiensis populations were resequenced. As this plant parasite is strictly

amphimictic, cysts harbor a genetically diverse progeny. Cysts are kept together and pro-

tected by the hardened cuticle of the dead female, and typically harbor 100 to 400 eggs

each. As at least 15 cysts were analyzed per sample, and a minimum of 1,500 genotypes

were characterized per population.

An Illumina NovaSeq run generated approximately 38 million paired-end reads (2 × 250

bp) per population. These reads were mapped back to the G. rostochiensis Gr-Ro1-Line19

reference genome [van Steenbrugge et al., 2021] using the BWA-MEM algorithm. The cover-

age per population was 200× on average, ranging from 181× for population Karang Tengah

to 234× for population Dieng Kulon. Effector diversification among Indonesian potato cyst

nematode populations: The venom allergen-like protein family.

Venom allergen-like proteins (VALs) are effectors for which expression in G. rostochiensis

coincides with migration in the plant. At least one member (Gr-VAP1) was shown to be

expressed in the sub-ventral glands [Postma et al., 2012]. Members of this effector family

are secreted in the apoplast where they suppress the plant’s basal defense response [Lozano-

Torres et al., 2014]. The G. rostochiensis line 19 harbors eight VAL variants. In total, 150

variants were detected among the Indonesian G. rostochiensis populations. Also here, a high

level of dissimilarity was shown between the outgroup (JHI Ro1) and the Indonesian popu-

lations (Fig. 5). Three major subclades can be distinguished: two are island specific, and

one comprises the VAL variants that are found in both the central Javanese and Sumatran

G. rostochiensis populations.

3.4.1 A genome-wide single-nucleotide polymorphism-based comparison of In-

donesian potato cyst nematode populations

Phylogenetic trees were rooted with an Ro1 field population from Scotland (United King-

dom) named JHI-Ro1 [Eves-van den Akker et al., 2016]. Keeping the historic trading routes

for (seed) potatoes in mind, it seems plausible to assume that G. rostochiensis arrived in

Indonesia via one of its northwest European trading partners (e.g., The Netherlands, the

United Kingdom). Variant calling based on resequencing data mapped to the reference

genome Gr-Ro1-Line19 resulted in the identification of 1,404,945 unique variants. Given

that the Gr-Ro1-Line19 genome’s haploid size is 92 Mb, it implies that these variants cover
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∼0.76% of the diploid genome.

A phylogenetic tree based on all variants (Fig. 3.1) demonstrated that all populations

had distinct and discernible genetic constitutions. This can be illustrated by two closely

related populations from east Java: Krajan and Lema Putih (Fig. 3.1). A quantity of

359,618 variants defines the difference in genetic constitution between these two populations

(while they share 1,045,327 variants). Moreover, all Indonesian populations were remarkably

distinct from the outgroup, JHI-Ro1 from the United Kingdom. Three populations from

central Java were positioned at the base of the tree; the remaining central Java populations

are in a clade together with the east Java populations. This clade was found to have a sister

relation with a distinct clade harboring only Sumatran populations.

Figure 3.1: Dissimilarity trees based on 1,404,945 unique variants (single-nucleotide poly-

morphisms [SNPs]/insertions or deletions of bases [indels]). Variants were called by mapping

resequencing data from Indonesian field populations on a reference genome of Globodera

rostochiensis (Gr-Ro1-Line19; van Steenbrugge et al. [2021]). The genome sequence of a

selected field population from Scotland (United Kingdom) referred to as JHI-Ro1 [Eves-van

den Akker et al., 2016] was used as the outgroup.
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3.5 Effector diversification among Indonesian potato

cyst nematode populations: The SPRYSEC fam-

ily

The large majority of the 1.4 million variants that underlie Figure 3.1 is unrelated to

pathogenicity. To verify the effect of potato cultivation on pathogenicity, effector families,

for which at least one member was shown to be expressed in the dorsal esophageal glands

of parasitic juveniles, were investigated. SPRYSEC, a family involved in the disruption of

the host’s innate immunity [Diaz-Granados et al., 2016], is represented by 60 paralogs in

G. rostochiensis Gr-Ro1-Line19. In total 4,341 single-nucleotide polymorphisms/indels were

called among SPRYSEC family members represented in the 14 Indonesian G. rostochiensis

populations. The topology of the SPRYSEC dissimilarity tree (Fig. 3.2) is remarkably con-

gruent to the tree based on all unique variants (Fig. 3.1). Also here, we observed a clear

distinction between the Scottish Ro1 population, and the most closely related Indonesian

central Java populations, Kejajar, Dieng Kulon-1, and Patak Banteng. A sister relationship

was also observed between all Sumatran potato cyst nematodes populations, and all east

Java populations together with central Java populations of Karang Tengah, Bakal Buntu,

Dieng Kulon-2, and Tieng. These observations suggest that the SPRYSEC family as a whole

behaves as a neutral gene family in the Indonesian potato cultivation areas investigated in

this study.
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Figure 3.2: Dissimilarity trees based on 4,341 (single-nucleotide polymorphisms

[SNPs]/insertions or deletions of bases [indels]) among members of the effector family SPRY-

SEC as represented in the sampled Indonesian Globodera rostochiensis populations. SPRY-

SEC variants were called by mapping resequencing data from Indonesian field populations

on a reference genome of Globodera rostochiensis (Gr-Ro1-Line19; van Steenbrugge et al.

[2021]). The genome sequence of a selected field population from Scotland (United King-

dom) referred to as JHI-Ro1 [Eves-van den Akker et al., 2016] was used as the outgroup.

3.6 Effector diversification among Indonesian potato

cyst nematode populations: The 1106 family

The 1106 effector family, also referred to as the GLAND4 family in the soybean cyst nema-

tode Heterodera glycines [Noon et al., 2015], interferes with both the basal and the effector

triggered immunity response by the host plant [Finkers-Tomczak, 2011]. The reference

genome of G. rostochiensis Gr-Ro1-Line19 harbors ten 1106 variants. With an antisense

DNA probe designed on a conserved part of the 1106 gene family, the 1106 gene family

transcripts were shown to localize in the dorsal esophageal gland of infective J2 [Finkers-
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Tomczak, 2011]. Despite the apparently similar functions and expression patterns of SPRY-

SEC and the 1106 proteins in G. rostochiensis, analysis of 235 unique variants in the 1106

gene family members in the Indonesian field populations resulted in a phylogenetic tree

with a topology that deviates from the ones shown in Figures 3.1 and 3.2. As shown in

Figure 3.3, the 1106 gene effector family variants present in Dieng Kulon 2 from central

Java are highly comparable with the diversity present in the JH-Ro1 population. More-

over, the Sumatran populations no longer cluster together. More specifically, four Sumatran

populations (Sukandebi, Cinta Rakyat, Lingga Julu, and Gajah) have their own Javanese

equivalent, in regard to the composition of the 1106 gene family.

Figure 3.3: Dissimilarity trees based on 235 unique variants among members of the effector

family 1106 as represented in the sampled Indonesian Globodera rostochiensis populations.

The 1106 variants were called by mapping resequencing data from Indonesian field popu-

lations on a reference genome of Globodera rostochiensis (Gr-Ro1-Line19; van Steenbrugge

et al. [2021]). The genome sequence of a selected field population from Scotland (United

Kingdom) referred to as JHI-Ro1 [Eves-van den Akker et al., 2016] was used as the outgroup.
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3.7 Effector diversification among Indonesian potato

cyst nematode populations: The 4D06 family

The 4D06 effector family, which has also been described as GLAND6 in H. glycines [Noon

et al., 2015], has been characterized as a suppressor of PAMP-triggered immunity [Pogorelko

et al., 2020]. In the reference genome Gr-Ro1-Line19 the 4D06 family is represented by 23

variants [van Steenbrugge et al., 2021]. The 4D06 family was shown to be expressed in the

dorsal esophageal gland during early stages of plant parasitism in G. pallida [Thorpe et al.,

2014] and H. glycines [Noon et al., 2015], and we assume that members of this effector family

are also expressed in the dorsal gland in G. rostochiensis during the onset of parasitism.

In total, 790 unique variants were identified among the 4D06 family members represented

in the Indonesian G. rostochiensis populations. The dissimilarity tree generated for this

effector family showed a relatively high level of dissimilarity between JHI-Ro1 and the closest

Indonesian population, Patak Banteng from central Java (Fig. 3.4). Moreover, we see a

clustering of the Sumatran populations interspersed with the Kejajar population from central

Java. Hence, unlike the SPRYSEC family that shows a differentiation pattern comparable

to the one generated when all unique variants were taken into consideration (Figs. 3.1 and

3.2), variants of the effector families 1106 and 4D06 show distinct diversification patterns

(Figs. 3.3 and 3.4) that might reflect the effects of exposure to distinct potato genotypes

and agricultural practices.
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Figure 3.4: Dissimilarity trees based on 235 unique variants among members of the effector

family 4D06 as represented in the sampled Indonesian Globodera rostochiensis populations.

The 4D06 variants were called by mapping resequencing data from Indonesian field popu-

lations on a reference genome of Globodera rostochiensis (Gr-Ro1-Line19; van Steenbrugge

et al. [2021]). The genome sequence of a selected field population from Scotland (United

Kingdom) referred to as JHI-Ro1 [Eves-van den Akker et al., 2016] was used as the outgroup.

3.8 Effector diversification among Indonesian potato

cyst nematode populations: The venom allergen-

like protein family

Venom allergen-like proteins (VALs) are effectors for which expression in G. rostochiensis

coincides with migration in the plant. At least one member (Gr-VAP1) was shown to be

expressed in the subventral glands [Lozano-Torres et al., 2012]. Members of this effector

family are secreted in the apoplast where they suppress the plant’s basal defense response

[Lozano-Torres et al., 2014]. The G. rostochiensis line 19 harbors eight VAL variants. In

total, 150 variants were detected among the Indonesian G. rostochiensis populations. Also
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here, a high level of dissimilarity was shown between the outgroup (JHI Ro1) and the In-

donesian populations (Fig. 3.5). Three major subclades can be distinguished: two are island

specific, and one comprises the VAL variants that are found in both the central Javanese

and Sumatran G. rostochiensis populations.

Figure 3.5: Dissimilarity trees based on 150 unique variants among members of the effector

family venom allergen-like proteins (VALs) as represented in the sampled Indonesian Glo-

bodera rostochiensis populations. VAL variants variants were called by mapping resequenc-

ing data from Indonesian field populations on a reference genome of Globodera rostochiensis

(Gr-Ro1-Line19; van Steenbrugge et al. [2021]). The genome sequence of a selected field

population from Scotland (United Kingdom) referred to as JHI-Ro1 [Eves-van den Akker

et al., 2016] was used as the outgroup.
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rostochiensis populations in Indonesia

3.9 Discussion

The potato cyst nematode G. rostochiensis co-evolved with its Solanaceous hosts in the An-

dean mountains in South America in or near Bolivia [Boucher et al., 2013], and although this

pathogen was first described in Germany in 1923 [Wollenweber, 1923], it seems reasonable

to suggest it was introduced in Europe before that time. First reports on the cultivation of

potatoes in Indonesia date back to 1711, and it is plausible that this crop was introduced

by the Dutch with plant material originating from Europe [Boomgaard, 2003]. Potato as a

crop was first introduced on Java, but already in the 1780s potato production was present

in Sumatra. Upland farmers grew them as a cash crop for Europeans. It is noted that in

those days, this crop was seldom found outside of Java and Sumatra [Boomgaard, 2003]. In

our analysis, ∼1.4 million unique variants were called when comparing the Indonesian G.

rostochiensis population and the European outgroup with the reference genome Gr-Line19.

Genome-wide analysis revealed that the distinctiveness between the Javanese and Sumatran

G. rostochiensis is almost identical to the number of unique variants that distinguish the

European Ro1 population from the nearest Javanese population (Kejajar, centra Java) (Fig.

1). For this reason and the aforementioned historical data, we suggest that G. rostochiensis

was introduced in Indonesia at least two centuries ago, first of all on Java and not that

long thereafter, on Sumatra. The suggestion that Sumatran G. rostochiensis populations

originate from Java, and not from an independent introduction from outside Indonesia, con-

firms findings based on microsatellite genotyping [Handayani et al., 2020]. Since the time

of introduction on Sumatra, G. rostochiensis populations have diversified more or less inde-

pendently on these two main islands. Keeping in mind that the presence of G. rostochiensis

was reported in 2004 [Indarti et al., 2004], this analysis points at a long unnoticed presence

of G. rostochiensis in the Indonesian archipelago.

In an alternative scenario, one could suggest that potato cyst nematodes were independently

introduced on Java and Sumatra with G. rostochiensis populations from Europe. In this

scenario, the genotypic constitution of these inocula should have been comparable, otherwise

the dissimilarity tree of effector family 1106 would not have given the observed topology

in which Sumatran populations are interspersed with populations from east and central

Java.

A remarkable finding was the differences in diversification pattern of four effector families,

SPRYSEC (60 paralogs in Gr-Lin19), 1106 (10 paralogs), 4D06 (23 paralogs), and VALs

(8 paralogs), among the Indonesian PCN populations. Except for the VALs, at least one

member of each of these effector families is known to be expressed in the dorsal esophageal

gland of potato cyst nematodes at the initial stages of plant parasitism. Moreover, at least

one member of each of these effector families was demonstrated to interfere with the host

innate immune system, and no other functions of these proteins families are known [Finkers-
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Tomczak, 2011, Pogorelko et al., 2020, Postma et al., 2012]. Despite these similar expression

patterns and functional parallels, the dissimilarity patterns presented in Figures 2, 3, 4, and

5 differed fundamentally. Whereas the SPRYSEC effector family members diversified under

the Indonesian potato production conditions as if it was a neutral gene, the 1106 family

showed a completely distinct pattern. We suggest that these distinct patterns may (at least

in part) be explainable by the distinct number of paralogs per family. We hypothesize that

only a small subset of the 60 SPRYSEC paralogs was directly involved in the interaction with

Indonesian potato cultivars, and no selection took place among the non-involved majority.

On the other hand, the families with the least number of paralogs, 8 (the VAL effector

family) and 10 (the 1106 effector family), behaved as non-neutral genes as demonstrated

by the very distinct topologies of Figure 3 (1106 variants only) and Figure 5 (VAL variants

only) versus Figure 1 (all unique variants).

In its center of diversity, sympatric speciation resulted in the evolution of two potato cyst ne-

matode species, G. rostochiensis and G. pallida. Despite a few reports suggesting otherwise

[Suastika et al., 2012], 2020 surveys in the Indonesian archipelago suggest that G. pallida

is absent in this region [Handayani et al., 2020]. It could be hypothesized that G. pallida

was never introduced in Indonesia. Alternatively, it could be envisaged that the Indonesian

environmental conditions are more suitable for G. rostochiensis than for G. pallida. The

latter seems more likely. G. pallida performs best at soil temperatures <17.5°C, whereas
for G. rostochiensis both the number of females per plant and fecundity were highest at

soil temperatures between 17.5 and 22.5°C [Jones et al., 2017]. As this survey sampled

potato fields at altitudes ranging from 1,300 to 2,100 m (Table 1), the absence of G. pall-

ida can be attributed to the unsuitability of the local climate to this sibling species of G.

rostochiensis.

The exclusive presence of G. rostochiensis in the production regions under investigation

offers a good perspective for durable management of this major potato pathogen. Mul-

tiple resistances against G. rostochiensis such as H1 (a single dominant resistance gene;

Toxopeus and Huijsman [1952]), the Grp1 locus [Finkers-Tomczak et al., 2009], and Gro1

[Paal et al., 2004] have been introgressed in modern potato cultivars. However, keeping in

mind the level of diversification of G. rostochiensis between the probable northwest Euro-

pean founder populations and populations as of this writing in the Indonesian archipelago,

and the diversification between the Javanese and Sumatran populations, careful selection of

potato cultivars with one or multiple resistances against G. rostochiensis will be required to

durably manage this pathogen in the growing Indonesian potato production sector.
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4.1 Abstract

Potato cyst nematodes (PCNs), an umbrella term used for two species, Globodera pallida and

G. rostochiensis, belong worldwide to the most harmful pathogens of potato. Pathotype-

specific host plant resistances are essential for PCN control. However, the poor delineation

of G. pallida pathotypes has hampered the efficient use of available host plant resistances.

Long-read sequencing technology allowed us to generate a new reference genome of G. pall-

ida population D383 and, as compared to the current reference, the new genome assembly

is 42 times less fragmented. For comparison of diversification patterns of six effector fami-

lies between G. pallida and G. rostochiensis, an additional reference genome was generated

for an outgroup, the beet cyst nematode Heterodera schachtii (IRS population). Large

evolutionary contrasts in effector family topologies were observed. While VAPs (venom

allergen-like proteins) diversified before the split between the three cyst nematode species,

the families GLAND5 and GLAND13 only expanded in PCNs after their separation from

the genus Heterodera. Although DNA motifs in the promoter regions thought to be in-

volved in the orchestration of effector expression (“DOG boxes”) were present in all three

cyst nematode species, their presence is not a necessity for dorsal gland-produced effectors.

Notably, DOG box dosage was only loosely correlated with the expression level of individ-

ual effector variants. Comparison of the G. pallida genome with those of two other cyst

nematodes underlined the fundamental differences in evolutionary history between effector

families. Resequencing of PCN populations with different virulence characteristics will allow

for the linking of these characteristics to the composition of the effector repertoire as well

as for the mapping of PCN diversification patterns resulting from extreme anthropogenic

range expansion.
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4.2 Introduction

Worldwide, affordable food and feed production depends on large-scale monocropping. For

practical and economic reasons crop homogeneity in terms of yield quality and quantity is

essential. At the same time, such systems are intrinsically vulnerable to damage by pests and

pathogens. The highest susceptibility to biotic stressors is found in genetically homogeneous

crops. Potato is the third most important staple food [Birch et al., 2012], and in most

production systems clonally propagated seed potatoes are used as starting material. Such

production systems need rigorous disease management. Potato cyst nematodes (PCNs),

the common name for two species, Globodera pallida and G. rostochiensis, are among the

primary yield-limiting potato pathogens worldwide. PCNs co-evolved with potato in the

Andes in South America (see, e.g., [Plantard et al., 2008]), and proliferation of potato

as a main crop outside of its native range was unintentionally paralleled by an enormous

range expansion of PCNs. For decades, PCN control has mainly been dependent on the

application of nematicides. Due to the nonspecific nature of these nematicides, they have

a highly negative impact on the environment, and their use is therefore either banned or

severely restricted in most parts of the world. Currently, crop rotation and the use of

resistant potato varieties are the main means for PCN control. For economic reasons, the

use of plant resistances is preferred over crop rotation. However, potato resistance genes

such as H1 [Toxopeus and Huijsman, 1952], Gro1-4 [Paal et al., 2004], Gpa2 [Bakker et al.,

2003] and H2 [Strachan et al., 2019] are only effective against specific pathotypes of one of

these PCN species. Nevertheless, there is no robust (molecular) pathotyping scheme that

would allow for matching of the genetic constitution of field populations with effective host

plant resistance genes.

Effectors are proteins secreted by plant pathogens that allow manipulation of the physiology

of the host plant and interfere with the host’s innate immune response in favour of the

invading organism (e.g., [Stergiopoulos and de Wit, 2009]). PCN effectors have some peculiar

characteristics. With at least one known exception, HYPer variable proteins (HYPs) [Eves-

van den Akker et al., 2014], most effectors are produced in large single-celled glands referred

to as the subventral and dorsal esophageal glands. These glands empty into the pharynx

lumen, and the lumen is connected to a hollow protrusible stylet with which nematodes

pierce plant cell walls. Via the orifice of the stylet, effector proteins are transferred to the

apoplast or the cytoplasm of infected host plant cells. Notably, subventral gland effectors are

functional during plant penetration. Subsequently, dorsal gland secretions are responsible

for feeding site induction and suppression of the host’s innate immune system [Smant et al.,

2018]. It has been hypothesized that common transcription factors and/or common promoter

motifs might facilitate coordinated expression of effectors during the infection process. Such

mechanisms have been identified to regulate effector expression in plant pathogenic fungi

and oomycetes [Jones et al., 2019, Roy et al., 2013]. Also, among plant-parasitic nematodes,
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promotor motifs have been identified upstream of effectors that could contribute to the

orchestration of the infection process. In the case of the PCN G. rostochiensis, a DOrsal

Gland motif (“DOG box”) was identified by Eves-van den Akker et al. [2016]. For the

pinewood nematode Bursaphelenchus xylophilus, a regulatory promotor motif referred to

as STATAWAARS was demonstrated to affect effector expression [Espada et al., 2018].

Expression of several effectors of Clade I tropical root-knot nematodes [De Ley et al., 2002b]

was suggested to be steered by a putative cis-regulatory motif “Mel-DOG” (Meloidogyne

DOrsal Gland, [Da Rocha et al., 2021]).

Probably as a reflection of the co-evolution between nematodes and their host(s), effectors

are typically encoded by multi-gene families showing family-specific levels of diversification

[Masonbrink et al., 2019, Siddique et al., 2022]. Cyst nematodes harbour numerous effector

families (e.g., [Pogorelko et al., 2020]), and genome (re-)sequencing is a rigorous approach to

generate comprehensive overviews of PCN effector family compositions. The first genomes

of G. pallida and G. rostochiensis were published by Cotton et al. [2014] and Eves-van den

Akker et al. [2016]. Although this constituted a major step forward, both genomes are

highly fragmented, hampering effector family inventories. Recently, long-read technology

allowed for the generation of a less fragmented and more complete reference genome for G.

rostochiensis with—among other things—a 24-fold reduction in the number of scaffolds as

compared to the initial reference genome [van Steenbrugge et al., 2021]. Here, we present a

novel reference genome for the other PCN, G. pallida, characterized by a 42-fold reduction

in the number of scaffolds, together with a reference genome of the beet cyst nematode

Heterodera schachtii. The H. schachtii genome was used to establish the polarity of ef-

fectorome contrasts between the two PCN species. Detailed knowledge of the nematode’s

effector repertoire, a complete overview of variants within effector families and insights in the

evolutionary history of individual effector families are essential for a molecular pathotyping

scheme. In addition to comparing effector diversification patterns, we investigated DOG box

distribution and DOG box dosage (up to 16 DOG boxes were observed per putative promoter

region) both within and among effector families. Scrutinizing putative effector promoter re-

gions in three reference genomes allowed us to pinpoint the distribution of this putative

regulatory motif among cyst nematode species, as well as among and within effector fami-

lies. Subsequently, the impact of these new, long-read technology-based reference genomes

on ecological PCN diversification in general and on the development of effectorome-based

pathotyping systems for PCNs in particular is discussed.
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4.3 Results

4.3.1 Use of long read sequence technologies to generate novel reference

genomes

The mapping of diversification patterns of effector families requires a high-quality reference

genome with preferably a low number of scaffolds and a minimal gap length. Cotton et al.

[2014] were the first to present a reference genome of the PCN species Globodera pallida.

For our specific purpose (i.e., the generation of complete inventories of effector families),

this reference genome was too fragmented, and the total gap length was too large. PacBio

long-read technology allowed us to generate a new reference genome from the G. pallida

population D383 with a 42-fold reduction of scaffolds and a 21-fold reduction of the total

gap length. As one consequence, the number of predicted genes increased from 16,403 to

18,813, and the level of completeness as estimated by busco increased by more than 10%

(Table 4.1).

Table 4.1: Comparative genome statistics of four cyst nematode genome assemblies. In bold,

data from the current paper; data on Globodera pallida Lindley and G. rostochiensis Line 19

genomes were published by respectively Cotton et al. [2014] and van Steenbrugge et al. [2021]

Nematode species population Size (Mb) Number of scaffolds N50 (Mb) N90 (Mb) Number of gaps Gap length Number of genes Number of transcripts

Globodera pallida Lindley 124.7 6873 0.122 0.011 6873 19,990,795 16,403 16,403

G. pallida Pa2-D383 113 163 2.9 0.515 22,788 945,137 18,813 27,787

G. rostochiensis Line 19 92 173 1.70 0.582 2733 130,000 17,928 21,037

Heterodera schachtii IRS 190 705 0.5 0.132 705 4,285,731 29,851 31,564

BUSCO

G. pallida, Lindley C:49.0%:[S:44.3%,D:4.7%],F:21.6%,M:29.4%,n:255

G. pallida, D383 C:59.2%[S:58.4%,D:0.8%], F:19.6%,M:21.1%,n:255

G. rostochiensis Line 19 C:63.5%[S:62.7%,D:0.8%],F:17.6%,M:18.9%,n:255

H. schachtii, IRS C:86.3% [S:80.8%, D:5.5%], F:7.1%, M:6.6%, n:255

In addition, we assembled the genome sequence of the IRS population of the beet cyst

nematode Heterodera schachtii. This allowed us to compare effector family diversification

among the two PCN species, G. pallida and G. rostochiensis, and establish the polarity

of these contrasts by using H. schachtii as an outgroup (both Globodera and Heterodera

belong to the family Heteroderidae). The current genome size, 190Mb, is slightly above

the genome size estimated by flow cytometry, 160–170Mb [Siddique et al., 2022]. Notably,

both the predicted number of genes and transcripts were about 50% higher in H. schachtii

than in the two Globodera species (Table 4.1). These figures largely correspond to a H.

schachtii genome assembly that was recently published from a German population referred

to as “Bonn” with an assembly size of 179Mb, and 26,700 predicted genes [Siddique et al.,

2022].

Two synteny plots were generated based on the alignment of regions >1 and >3 kb to

compare the genomic organization of the three cyst nematode species. Not unexpectedly,

the two PCN species share numerous >1-kb regions (Figure 4.2a). In the H. schachtii
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genome, several homologous >1-kb regions cluster together in genomic segments that span

over 2 Mb (Figure 4.1a, segments 1–8). The homologous >1-kb regions in these segments

have equivalents in both G. pallida and G. rostochiensis. Alignment of >3-kb fragments

severely reduced the number of homologous regions among the three cyst nematode species

(Figure 4.2b). Nevertheless, the number of shared >3-kb regions between G. pallida and G.

rostochiensis (N = 76) is considerably higher than the number of shared regions between H.

schachtii and G. rostochiensis (N = 23) (Figure 4.1b).
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Figure 4.1: Synteny between Globodera pallida (population D383), Globodera rostochien-

sis (Gr-Line19) and Heterodera schachtii (population IRS) based on a progressive genome

alignment in mauve. (a) Syntenic regions larger than 1 kb, (b) syntenic regions larger than 3

kb. In (a), H. schachtii genome regions are indicated where multiple syntenic regions cluster

together into segments spanning over 2 Mb (segments 1–8). Note that these segments have

equivalents in both G. pallida and G. rostochiensis

4.3.2 Effector family selection

In our comparison between the three cyst nematode species, we concentrated on effectors.

Cyst nematodes were shown to harbour numerous effector families. Here we concentrated

on six effector families. For four of these families, one or more representatives are known to

be involved in the suppression of plant innate immune system: SPRYSEC [Diaz-Granados

et al., 2016, Mei et al., 2018], GLAND4 (also referred to as Gr-1106) [Barnes et al., 2018],

GLAND5 (also referred to as G11A06) [Yang et al., 2019b] and VAP [Wilbers et al., 2018].

CLE [Wang et al., 2021] is an intriguing effector family involved in feeding site induction,

and the GLAND13 [Danchin et al., 2016] family is essential in the hydrolysis of plant sugars
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once they are taken up by the nematode.

4.3.3 SPRYSECs

SPRYSEC is an acronym for a family of secreted effectors with an SP1a/RYanodine receptor

domain. This family was recently shown to be highly diverged in the PCN G. rostochiensis

[van Steenbrugge et al., 2021]. Figure 4.2 shows a phylogenetic tree with (supposedly) all

SPRYSECs present in the three cyst nematode species under investigation. The number

of paralogues in G. pallida, G. rostochiensis and H. schachtii is respectively 24, 60 and

20. Despite the poor backbone resolution of the SPRYSEC tree, two moderately supported

SPRYSEC clades (A and B) could be distinguished. Clade A comprises SPRYSEC variants

exclusively from the two PCN species, and G. pallida SPRYSEC paralogs are interspersed

with G. rostochiensis SPRYSEC variants. SPRYSEC Clade A is characterized by zero to

six DOG box elements. Clade B harbours fewer SPRYSEC paralogues than Clade A (27 vs.

35 in Clade A). Notably, Gr19 g7942 includes a transmembrane domain (and is therefore

unlikely to be secreted), whereas three DOG box elements are present in the promoter

region directly upstream of this paralogue. Clade B is characterized by a mix of SPRYSEC

variants solely originating from G. pallida and G. rostochiensis. Compared to Clade A,

Clade B is typified by an overall higher DOG box dosage (on average, 1.7 and 5.2 DOG

boxes per paralogue). Up to 16 DOG box elements were identified in the promoter regions

of paralogues in Clade B. The more basal part of the SPRYSEC tree (Figure 4.2, part c)

harbours, next to paralogues from the two PCN species, all 20 SPRYSEC variants from

H. schachtii. Five promoter regions of the 35 SPRYSEC paralogues in this part of the

SPRYSEC tree harbour a single DOG box. Both H. schachtii and G. rostochiensis harbour

SPRYSEC paralogues with at least one transmembrane domain (gene ID in italics with

lighter colour).
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Figure 4.2:
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Figure 4.2: Phylogeny of SPRYSEC effector genes (see, e.g., Diaz-Granados et al. [2016] of

Globodera pallida (population D383) (ochre), Globodera rostochiensis (Gr-Line19) (green)

and Heterodera schachtii (population IRS) (purple). A multiple sequence alignment was

made using muscle on the coding sequence. A phylogenetic tree was made using raxml using

a GTRGAMMA model, validated by 100 bootstrap replicates. Bootstrap values <50% are

indicated by a dash. GenBank IDs in italics in lighter shades of ochre, green or purple are

used to indicate effector variants with at least one predicted transmembrane domain. Boxed

clusters (A) and (B) highlight two moderately well-supported subclades with on average

moderate (A) and high DOG box dosages. (C) is the basal part of the SPRYSEC tree

Four G. pallida SPRYSEC proteins variants referred to as RBP-1-D383-1, −2, −3 and −4

that were recognized by the potato resistance gene Gpa2 [Sacco et al., 2009] correspond to

Gpal D383 g12854 (Figure 4.2). The four marginally distinct RBP-1 s presumably include

allelic variants of Gpal D383 g12854. Notably, the closest equivalent of GpSPRY-414-2, a

SPRYSEC isolated from the G. pallida Pa2/3 population “Lindley” [Mei et al., 2018], was

not preceded by a signal peptide for secretion in our genome assembly, and therefore could

not be included in Figure 4.2.

4.3.4 GLAND4

The number of GLAND4 (also referred to as Gr-1106) paralogues in Gr-Line19, Gp-D383

and Hs-IRS is respectively 10, nine and 15. The phylogenetic analysis yields a tree with a

well-supported backbone (Figure 4.3) showing a clear separation between the outgroup H.

schachtii and both Globodera species. Except for Gpal D383 g13703, which is positioned at

the base of the G. rostochiensis cluster, GLAND4 variants end up in separate species-specific

clusters. On the other hand, Hs-IRS paralogues show more intra-specific diversification.

All but two G. pallida paralogues (Gpal D383 g17346.t1 and Gpal D383 g13669) contain

a signal peptide for secretion. For all but one of the GLAND4 genes in Gr-Line19, the

promoter region included a DOG box motif, while promoter regions of only four GLAND4

genes in Gp-D383 and one in Hs-IRS contained such a motif. Previously, over expression of a

subset of G. rostochiensis GLAND4 (1106) variants in potato resulted in enhanced host plant

susceptibility as observed by a significant increase in the number of cysts formed [Finkers-

Tomczak, 2011]. The equivalents of two of these variants, E3 and E9, in G. rostochiensis

line 19 are indicated in Figure 4.3.
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Figure 4.3: Phylogeny of GLAND 4 (equivalent to 1106, see, e.g., Noon et al. [2015]) effector

genes of Globodera pallida (population D383) (ochre), Globodera rostochiensis (Gr-Line19)

(green) and Heterodera schachtii (population IRS) (purple). A multiple sequence alignment

was made using muscle on the coding sequence. A phylogenetic tree was made using Raxml

using a GTRGAMMA model, validated by 100 bootstrap replicates. Bootstrap values <50%

are indicated by a dash. GenBank IDs in lighter shades of ochre, green or purple are used

to indicate effector variants lacking a signal peptide for secretion

4.3.5 GLAND5

With 13 homologues, the GLAND5 effector family (also referred to as G11A06) was sig-

nificantly less diversified in Gr-Line19 than in Gp-D383 and Hs-IRS with respectively 25

and 27 paralogues. In all three species, the majority of the GLAND5 paralogues harbour

a signal peptide for secretion. Note that a relatively high percentage of the GLAND5 par-

alogues in Gr-Line19 was not preceded by a signal peptide for secretion (23%). In contrast,

in H. schachtii and G. pallida, respectively, 88.9% and 92% of the paralogues comprised a

signal peptide. Phylogenetic analysis (Figure 4.4) shows that GLAND5 is a diversified gene

family. Several well-supported branching events define a set of subclades that either exclu-

sively comprises H. schachtii or contain GLAND5 variants from both PCN species in the

more distal branches. Even though the GLAND5 paralogues Gr-Line19 and Gp-D383 occur

together in individual subclades, no obvious sets of potential orthologues between the two
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species could be identified. In H. schachtii, 82% of the paralogues contain at least one DOG

box motif in the promoter region. Out of the three GLAND5 paralogues without a signal

peptide for secretion, two (Hs-IRS g6495.t1 and Hs-IRS g22438.t1) had at least one DOG

box motif in their promoter region. DOG boxes were less prominently present among the

G. rostochiensis and G. pallida GLAND5 variants (39% and 20% of the paralogues).
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Figure 4.4: Phylogeny of GLAND 5 (equivalent to G11A06, see, e.g., Noon et al. [2015])

effector genes of Globodera pallida (population D383) (ochre), Globodera rostochiensis (Gr-

Line19) (green) and Heterodera schachtii (population IRS) (purple). A multiple sequence

alignment was made using muscle on the coding sequence. A phylogenetic tree was made

using raxml using a GTRGAMMA model, validated by 100 bootstrap replicates. Bootstrap

values <50% are indicated by a dash. GenBank IDs in lighter shades of ochre, green or

purple are used to indicate effector variants lacking a signal peptide for secretion.
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One of the G. rostochiensis paralogues (Gr19 g15036) showed similarity with Gr4D06, a

GLAND6 effector protein described by Ali et al. [2015a] (Figure 4.4). This effector has an

unknown function, and expression in planta did not result in a phenotype. GLAND5 and

GLAND6 are related effector families [Noon et al., 2015]. H. schachtii GLAND5 variant

Hs IRS g17828 showed similarity to Hs18764 described by Yang et al. [2019a], and over-

expression of Hs18764 in Arabidopsis thaliana resulted in an increased susceptibility to H.

schachtii.

4.3.6 VAP

The levels of diversification in the VAP effector family were highly comparable between the

three cyst nematode species. In Gp-D383, Hs-IRS and Gr-Line19, respectively, eight, eight

and 10 VAP paralogues were identified. Phylogenetic analysis resulted in a tree with a well-

supported backbone (Figure 4.5). The tree contains three clusters (Figure 4.5, boxes A, B

and C) with a high level of diversification between the clusters. At the base of the tree,

a small cluster of four H. schachtii paralogues (Figure 4.5, box C) is present that all lack

a signal peptide for secretion. Box B harbours Gp-D383 and Gr-Line19 VAP paralogues,

of which all but two lack a signal peptide for secretion. Two sub-clusters are present in

Box B: one with exclusively Gr-Line19 variants, a second one with just Gp-D383 variants,

and the third with an orthologous pair between Gr-Line19 and Gp-D383. In the largest

cluster at the top of the tree (Figure 4.5, box A), VAP paralogues of all three species are

present, including the only two secreted VAP variants of Hs-IRS with a DOG box motif in

the promoter region.
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Figure 4.5: Phylogeny of VAP (venom allergen-like protein, e.g., [Wilbers et al., 2018])

effector genes of Globodera pallida (population D383) (ochre), Globodera rostochiensis (Gr-

Line19) (green) and Heterodera schachtii (population IRS) (purple). A multiple sequence

alignment was made using muscle on the coding sequence. A phylogenetic tree was made

using raxml using a GTRGAMMA model, validated by 100 bootstrap replicates. Bootstrap

values <50% are indicated by a dash. GenBank IDs in lighter shades of ochre, green or

purple are used to indicate effector variants lacking a signal peptide for secretion

Heterologous expression of three VAPs from G. rostochiensis (Gr-VAP1) and H. schachtii

(Hs-VAP1, 2) resulted in the loss of basal immunity to the corresponding cyst nematode

species as well as to some other, unrelated pathogens. It was concluded that these VAP

variants interfere with the basal immune response of their host plants [Lozano-Torres et al.,

2014]. VAP variants highly similar to Gr-VAP1 and Hs-VAP1, 2 are indicated in Figure

4.5.

4.3.7 CLE

With 16 variants, the CLE-like effector family is considerably more diversified in H. schachtii

than in G. pallida and G. rostochiensis (respectively, 10 and 11 paralogues). Analysis of

the CLE families on the three cyst nematode species resulted in a phylogenetic tree with a

reasonably well-resolved backbone (Figure 4.6). Note that nearly all variants are united in

species-specific clusters, and in this sense, the CLE diversification patterns resemble the pat-

terns observed for the GLAND4 (Gr-1106) family (Figure 4.3). Whereas Gp-D383 and Gr-
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Line19 are characterized by similar-sized, moderately diverged clusters of CLE paralogues,

the CLE family is far more diverged in H. schachtii.

In G. rostochiensis, two functional classes of CLE peptides have been described, CLE-1 and

CLE-4 [Lu et al., 2009]. The CLE-1 class (Figure 4.6) comprises two Gr-Line19 paralogues

that show only distant homology to G. pallida CLEs. Similarly, four G. rostochiensis CLEs

belonging to functional CLE class 4 (Figure 4.6) do not have clear equivalents in G. pallida

and H. schachtii. Unlike all other effector families investigated so far, all CLE variants from

the three cyst nematode species are preceded by a signal peptide for secretion. At the same

time, none of them has a DOG box motif in the promoter region.

Figure 4.6: Phylogeny of CLE (CLAVATA3/ESR-related peptides, see, e.g., Lu et al. [2009])

effector genes of Globodera pallida (population D383) (ochre), Globodera rostochiensis (Gr-

Line19) (green) and Heterodera schachtii (population IRS) (purple). A multiple sequence

alignment was made using muscle on the coding sequence. A phylogenetic tree was made

using raxml using a GTRGAMMA model, validated by 100 bootstrap replicates. Bootstrap

values <50% are indicated by a dash. GenBank IDs in lighter shades of ochre, green or

purple are used to indicate effector variants lacking a signal peptide for secretion
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4.3.8 GLAND13

GLAND13 effectors investigated so far have been identified in G. pallida and coded for

invertases belonging to glycosyl hydrolase family 32 (GH32). While these enzymes are not

secreted into the plant, they are essential as they catalyse the hydrolysis of the primary

type of sugar the nematode takes up from its host, sucrose [Danchin et al., 2016]. This gene

family shows a large difference in the number of paralogues present in the three species;

while Gr-Line19 and Gp-D383 harbour 10 and seven paralogues, Hs-IRS holds only three

copies. In the phylogenetic tree (Figure 4.7), the paralogues in H. schachtii are positioned at

the tree’s base. In Box A, paralogues of Gr-Line19 and Gp-D383 are interspersed, while in

Box B, all paralogues except one are from Gr-Line19. In Gr-Line19, 70% of the GLAND13

paralogues comprise a signal peptide for secretion; slightly lower percentages (67% and 57%)

were observed in Hs-IRS and Gp-D383. Variants showing high similarity to each of the five

GLAND13 paralogues from G. pallida (population Lindley; indicated as GPLIN number)

are indicated in Figure 4.7. For more than half of the GLAND13 effector variants in Gr-

Line19, a DOG box motif in the promoter region was shown. One gene, Gr19 g13610,

contained the motif twice. In H. schachtii, this motif was present in two of three genes,

while in G. pallida, DOG boxes were found in one variant with a signal peptide for secretion

(Gpal D383 g17582), and in one paralogue without such a signal (Gpal D383 g09388). Note

that these DOG box motifs were found in promoter regions of G. pallida effectors that are

not expressed in the dorsal gland [Danchin et al., 2016]. GLAND13 variants similar to

the five invertase variants characterized by [Danchin et al., 2016] including those with the

highest expression levels (GPLIN 000950400 and GPLIN 001068900) are shown in Figure

4.7.
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Figure 4.7: Phylogeny of GLAND13 (invertases, e.g., Danchin et al. [2016]) effector genes of

Globodera pallida (population D383) (ochre), Globodera rostochiensis (Gr-Line19) (green)

and Heterodera schachtii (population IRS) (purple). A multiple sequence alignment was

made using muscle on the coding sequence. A phylogenetic tree was made using raxml using

a GTRGAMMA model, validated by 100 bootstrap replicates. Bootstrap values <50% are

indicated by a dash. GenBank IDs in lighter shades of ochre, green or purple are used to

indicate effector variants lacking a signal peptide for secretion

4.3.9 Effects of DOG box dosage on SPRYSEC expression

Although DOG box motifs in the promoter regions of effector variants are present in many

effector families, their presence is not a necessity for the functioning of an effector family.

For example, none of the variants of the CLE family contained DOG box motifs, regardless

of the species (Figure 4.8). Dorsal gland-expressed effectors can therefore be expressed and

secreted without the presence of DOG box motifs. This is further illustrated in Figure

8a, which shows DOG box distribution of over the six effector families. For the three cyst

nematode species under investigation, it demonstrates that DOG boxes can be entirely

absent (CLE), present in some species only (VAP) or present in all species (SPRYSEC,

GLAND4, GLAND5, GLAND13). The ample presence of DOG boxes in the diversified

SPRYSEC family among the two PCN species prompted us to investigate whether there is a
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correlation between the DOG box dosage and SPRYSEC expression levels. Although DOG

boxes are present in the putative promoter regions of SPRYSECs from H. schachtii, they

are relatively rare, and only single motifs were found. In Figure 8b, SPRYSEC effectors

from all three cyst nematode species were taken into account. A modest correlation in G.

rostochiensis and G. pallida (R2 = .67 and .62 respectively) between the DOG box dosage

and expression levels based on RNA abundance is present for this family. In G. pallida,

in particular, high expression levels of SPRYSEC variants can be reached in the absence

of DOG boxes in its promoter region (Figure 8b). For H. schachtii, a slightly negative

correlation was found (R2 = −0.11) between DOG box dosage and expression levels.
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4.4 Discussion

In our attempt to fundamentally understand the interaction between plant-parasitic nema-

todes and their hosts, the usefulness of high-quality reference genomes of these pathogens

is vital. Given the enormous impact of PCNs in all major potato production regions of

the world, it is not surprising that high priority was given to the sequencing of both the

Globodera pallida [Cotton et al., 2014] and the Globodera rostochiensis [Eves-van den Akker

et al., 2016] genome. This was done before long-read sequencing technologies became avail-

able. Although some research questions can be well addressed with these reference genomes,

less fragmented genomes are needed for studying effector diversification. Therefore, a new

reference genome was generated from G. pallida population D383. As compared to the G.

pallida Lindley genome assembly, this resulted in a 42-fold reduction in the number of scaf-

folds and a 24-fold increase in N50. In the comparison of the effectoromes of the two PCN

species, we included a newly generated genome of the Heterodera schachtii population IRS

as an outgroup. Note that reference genomes from these obligatory sexually reproducing

pathogens are actually population-based consensus genomes. Long read sequencing tech-

nologies require DNA from tens of thousands of genetically nonidentical nematodes. While

an individual of these diploid species could theoretically carry a maximum of two haplotypes

per locus, a population has the potential to carry many more. It is essential to mine these

haplotypes and assemble them into a single haploid assembly to generate a proper refer-

ence. This is not a trivial process and requires specialized bioinformatics software [Roach

et al., 2018]. As the sizes of the current genome assemblies are comparable to the genome

sizes assessed by flow cytometry, and as the busco duplication scores are relatively low,

we assume that the current genome assemblies are a reasonable reflection of their actual

constitution.

4.4.1 Effector diversification

In our analyses we concentrated on six selected effector families, and this selection included

relatively widespread effector families such as CLE, GLAND13 and VAP, as well as families

that appear to be cyst nematode lineage-specific such as SPRYSEC, GLAND4 and GLAND5.

Although the protein architecture is distinct between lineages [Mitchum et al., 2012], the

CLE family—a category of effectors involved in feeding site induction—were shown to be

present also in root-knot and reniform nematode [Rutter et al., 2014, Wubben et al., 2015].

GLAND13 effectors, members of the glycosyl hydrolase family 32, were shown to be present

in a range of root-knot and cyst nematodes species as well as in other plant-parasitic ne-

matodes such as Nacobbus aberrans and Rotylenchus reniformis [Danchin et al., 2016]. The

distribution of VAPs within the phylum Nematoda is even broader [Wilbers et al., 2018].

VAPs were discovered in the animal parasite Ancylostoma caninum [Hawdon et al., 1996].

They were later isolated from the root-knot nematode Meloidogyne incognita [Ding et al.,
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2000], and subsequently in a wide range of obligatory plant-parasitic nematodes including

various cyst nematode species. A number of VAP variants were shown to be implicated

in the suppression of both PAMP- and effector-triggered immunity [Li et al., 2021] for the

burrowing nematode Radopholus similis. Our effector family selection also included families

that (so far) appear to be specific to the cyst nematode lineages. These include SPRYSEC

[Diaz-Granados et al., 2016], GLAND4 (also referred to as Gr-1106) and GLAND5 (also

referred to as G11A06). For all of these effector families, at least a subset was shown to be

involved in repression of the host plant immune system.

While comparing the overall diversification patterns of the six effector families under in-

vestigation, striking differences were observed. In SPRYSEC, GLAND5 (G11A06) and

GLAND13 (GH32 members), virtually all H. schachtii paralogues appeared to be phylo-

genetically separate from the G. pallida and G. rostochiensis effector family variants, while

representatives from the two PCN species were present in mixed clusters. These results

should be taken with some caution as the backbone resolution of these phylogenetic trees

ranges from poor (SPRYSEC) to robust (GLAND5, GLAND13). These patterns suggest

that SPRYSEC, GLAND5 and GLAND13 effectors started to diversify after the split be-

tween Heterodera and Globodera.

Effector families GLAND4 (Gr-1106) and CLE showed distinct diversification patterns; by

far most paralogues are grouped in species-specific clusters. As both effector families show

a reasonable backbone resolution, we hypothesize that these effector families might have

diverged after the split between G. pallida and G. rostochiensis.

Phylogenetic analysis of the VAP effector family in the three cyst nematode species revealed

an opposite pattern, with almost complete mixtures of representative paralogues from the

individual species. VAPs constitute an exceptionally widespread effector family within the

phylum Nematoda [Wilbers et al., 2018], and our results indicate diversification of this family

before the split between the cyst nematode genera Globodera and Heterodera.

4.4.2 Regulation of effector gene expression

Various stages of the parasitic life cycle of cyst nematodes such as plant invasion, feeding

site induction and feeding site maintenance require the carefully orchestrated expression

of distinct blends of effector proteins [Elashry et al., 2020, Cotton et al., 2014]. For some

obligatory plant-parasitic nematodes, promoter elements have been identified that were sug-

gested to be involved in this orchestration [Da Rocha et al., 2021, Eves-van den Akker et al.,

2016]. For the three cyst nematode species we showed the presence of a short DNA box

motif (“DOG box”; ATGCCA) in the promoter region of some members of some of the

effector families. The absence of DOG boxes in the CLE family, the scattered presence of

DOG boxes in the other five families and the loose correlation between DOG box dosage
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and expression level lead us to conclude that DOG boxes might contribute to the orchestra-

tion of effector expression, but we see little evidence for a central role of this DNA motif in

this process. Further investigation is necessary to elucidate the function of DOG boxes in

effector regulation.

In plant-pathogenic fungi, a few transcription factors have been identified that were shown

to steer effector expression. SIX Gene Expression 1 (Sge1), a conserved member of the

Gti1/Pac2 protein family, was instrumental in the regulation of effector repression in a

range of fungal pathogens including Verticillium dahlia [Santhanam and Thomma, 2013],

Zymoseptoria tritici [Gohari et al., 2014] and Fusarium oxysporum f. sp. cubense [Hou et al.,

2018]. Another example is AbPf2, a zinc cluster transcription factor from the necrotrophic

plant pathogen Alternaria brassicicola. Via a loss of function approach, this transcription

factor was shown to regulate the expression of eight putative effectors [Cho et al., 2013]. Ev-

idently, plant pathogenic fungi are only very distantly related to plant parasitic nematodes,

and these examples should only be considered as an illustration of how effector expression

is organized in other plant–pathogen systems.
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4.5 Conclusions

The PCN Globodera pallida and its sibling species G. rostochiensis co-evolved with potato

in the Andes in South America. These pathogens have been introduced unintentionally

in all major potato-growing regions in the world. Currently, PCNs are the most harmful

pathogens in potato production systems, and as a result of this extreme anthropogenic

range expansion potatoes worldwide cannot be grown without adequate PCN management.

For both G. pallida and G. rostochiensis, host plant resistance are the best way to control

these soil pathogens. However, their effectiveness depends on proper matching between

the genetic constitution of the PCN field population and the set of host pant resistances

present in modern potato varieties. Niere et al. [2014] reported G. pallida populations

that could no longer be controlled by any of the currently used potato cultivars. This,

combined with inherent imperfections of the current G. pallida pathotyping system [Phillips

and Trudgill, 1983], underlines the need for a new pathotyping system. Such a system

will be based on distinctive effector variations present in any given PCN population. The

availability of a high-quality reference genome is a prerequisite for the development of such

a system. We have demonstrated that the quality of the G. pallida genome presented

in this paper allows for the mapping of complete effector families. With this resource,

resequencing data from pathotypically diverseG. pallida populations will provide insight into

the ecological diversification of this extreme range expander, and enable the development of

a new pathotyping system that will facilitate the targeted and durable use of precious host

plant resistances against this notorious plant pathogen.
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5.1 Abstract

Root-knot nematodes (RKN) – Meloidogyne spp. – constitute the most impactful group of

plant-parasitic nematodes. Subtle host plant penetration as well as the induction of exclusive

feeding sites have contributed to the evolutionary success of this genus. In contrast to the

tropical RKNs, Meloidogyne species from the temperate climate zones have been moderately

well characterized. Here we present a highly contiguous genome assembly of a Northwest

European population of the Columbia root-knot nematode Meloidogyne chitwoodi (NWE-

Mc31). This highly polyphagous RKN species is widespread in higher latitudes of both the

northern and southern hemisphere. The genomic constitution of NWE-Mc31 was compared

with published genome assemblies from three phytopathologically distinct M. chitwoodi pop-

ulations from the Pacific Northwest (PNW) (USA). With only 41,779 variable loci the four

M. chitwoodi populations are remarkably similar. Most genomic variation was concentrated

in five polymorphic regions (PR) spanning in total only 3.6 Mb. Whereas two PRs were

variable for all four populations, the remaining PRs showed population-specific levels of

variability. Putative effectors were identified in the PRs, and a chorismate mutase and two

proteins related to cuticle turnover were found in shared variation hotspots. In contrast, five

expansin B variants were found in an essential non variable regions of NWE-Mc31, whereas

the same region was highly polymorphic for Race 2, a range expanding PNW population.

The current comparison of four M. chitwoodi genomes showed a remarkably low overall di-

versification, while both shared and non-shared variation hotspots were identified. These

insights provide a basis for pinpointing the genomic characteristics that underlie pathotype

identity and range expansion of this agronomically relevant root-knot nematode.
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5.2 Introduction

Plant-parasitic nematodes (PPN) reside among the most impactful categories of pathogens

in crop production systems [Jones et al., 2013]. This impact is caused by a small minority

(¡ 5%) of the 4,100 plant-parasitic nematode species that have been described in literature

[Quist et al., 2015]. Most plant parasites are root hair and rhizodermis feeders causing

no detectable damage to their host plants [Qing and Bert, 2019]. Root-knot nematodes

(RKN), a common name that refers to all members of the genus Meloidogyne, belong to

the aforementioned small minority, and from an evolutionary and agronomic perspective

they arguably belong to the most successful (and harmful) plant-parasitic nematodes [Jones

et al., 2013, Danchin et al., 2013]. RKNs are obligatory plant parasites, and their common

name refers to gall formation on the roots. Galls are the result of disorganized proliferation

of roots cells caused by RKN infection. Although there are notable exceptions such as M.

ichinohei, M. spartinae, and M. sylvestris [Castillo et al., 2009, Plantard et al., 2007, Araki,

1992], RKNs tend to have broad host ranges. Some of the most well-known RKN species

can parasitise hundreds of flowering plant species.

Meloidogyne is a species-rich genus, and distal members are organised into three clades

[De Ley et al., 2002a, Tigano et al., 2005]. Clade I consists of RKN species mainly found

in the (sub)tropics such as Meloidogyne incognita, M. javanica and M. arenaria. Clade

II comprises temperate climate zone-bound species such as M. hapla, M. graminis and M.

marylandi. Clade III also includes species that evolved in temperate climate zones, such as

M. chitwoodi, M. fallax and M. naasi. Next to their geographic spread, the dominant repro-

duction modes further characterise these major clades. While Clade I species predominantly

multiply by mitotic parthenogenesis, obligatory or facultative meiotic parthenogenesis are

the dominant modes of reproduction for Clades II and III [Castagnone-Sereno, 2006].

The Columbia root-knot nematode Meloidogyne chitwoodi is a Clade III representative with

a broad host range that includes both mono- and dicotylous plant species. It is relatively well

characterized because of its economic impact on crops such as potato, tomato, barley and

wheat [O’Bannon, 1982]. The species is present in temperate and Mediterranean climate

regions in both the northern and southern hemisphere [Wesemael et al., 2011, Onkendi

and Moleleki, 2013]. It was hypothesised to originate from the pacific north-west region

in the United States as it was first discovered there by [Golden et al., 1980]. However, re-

analysis of diseased, well-preserved potato tubers from 1930 in The Netherlands were shown

to be infected with M. chitwoodi [Brinkman et al., 1996]. Hence, the centre of diversity

of M. chitwoodi is currently unknown. Further research on the genetic variation between

populations of different geographic locations will be required to get insight into the origin

of M. chitwoodi.

A number of widespread and polyphagous Meloidogyne species such as M. chitwoodi, M.
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fallax and M. hapla (race A) multiply via facultative meiotic parthenogenesis (e.g., [Janssen

et al., 2017]). This implies that offspring is the product of the fusion between a pronucleus

and a second polar body (both haploid) resulting from a single meiosis [Liu et al., 2007]. This

mode of reproduction is distinct from asexual reproduction in the very well-characterized

model nematode Caenorhabditis elegans. In C. elegans adult hermaphrodites are essentially

females fertilizing oocytes with self-produced sperm. Hence, fertilisation takes place after

two meiosis events. Just like C. elegans, the RKN species M. chitwoodi, M. fallax and M.

hapla (race A) alternate between asexual and sexual modes of reproduction. This phe-

nomenon is referred to as cyclic parthenogenesis and has been described for nematodes such

as Strongyloides [Viney, 2006] and also for other Ecdysozoa such as monogonont rotifers,

some loriciferans and aphids [Cortés et al., 2008].

To get more insight in the genetic constitution of facultative meiotic parthenogenetic RKNs,

it would be relevant to know more about the frequency of alternations in reproduction modes.

Sexual reproduction is dominant over asexual reproduction, and takes place when males are

formed. Among meiotic parthenogenetic Meloidogyne species, sex is environmentally de-

termined, and males will be formed under stressful conditions only [Triantaphyllou, 1973].

Stressful conditions comprise abiotic stress such as drought or high temperatures, as well as

biotic factors such as crowding and poor nutritional conditions. Hence, the level of outbreed-

ing of facultative meiotic parthenogenesis RKN populations will depend on the level and the

frequency of (a)biotic stress perceived by these populations. We hypothesize that M. chit-

woodi populations isolated from arable farming production systems perceive little (a)biotic

stress and, thus, sexual reproduction will be infrequent among these populations.

The impact of meiotic parthenogenesis on the genetic variation at the genome level has been

studied in detail for M. hapla (race A) [Liu et al., 2007]. An elegant genetic experiment

that used two distinct inbred lines as a starting point revealed unusual marker segregation

patterns. These patterns suggested for a preference for four-strand exchanges at similar

locations, and such a preference would result in rapid genomic homozygosity. Liu et al.

[2007]) hypothesized that these unusual segregation patterns were facilitated by holocentric

nature of the chromosomes and very small chromosome size of M. hapla (on average 3 Mb).

In a more extensive linkage map presented by Opperman et al. [2008], similar segregation

patterns were found for most linkage groups, although some genomic regions deviated from

this ratio. These regions harboured genes involved in survival and parasitism. As M.

chitwoodi has holocentric chromosomes [Abad et al., 2008, Castagnone-Sereno et al., 1998],

as well as similar small-sized chromosomes, we hypothesize that meiotic parthenogenesis

could result in rapid genomic homozygosity in M. chitwoodi too.

To assess the impact of facultative meiotic parthenogenesis on the genetic constitution of M.

chitwoodi, as well as to pinpoint the differences between populations of different geographical

origins, the availability of a high-quality reference genome assembly is a prerequisite. Bali
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et al. [2021] presented draft genome assemblies of three different pathotypes present in the

Pacific Northwest (PNW) region of the United States; PNW-Race 1, PNW-Race 2, and

PNW-Race1-Roza. Race 1 and Race 2 populations cannot multiply on hosts harbouring

the resistance gene RMc(blb) [Mojtahedi et al., 1995], whereas Race1-Roza can break S.

bulbocastanum SB22 resistance. Race 2 deviates from Race 1 because of its extended host

range.

As compared to tropical Clade I RKN representatives, relatively little is known about the

effector repertoire of M. chitwoodi. Recently Zhang and Gleason [2021] compiled a list of

putative effectors in a M. chitwoodi Race 1 population based on the comparison between

RNA sequence profiles ofpre-parasitic and three parasitic life stages. Most effector genes

are under diversifying selection [Carpentier et al., 2012], and we hypothesise that the use of

natural selection metrics will contribute to the identification of putative effector genes.

Here, we present a highly contiguous genome assembly of the Northwest European (NWE)

reference population Mc-31 [Teklu et al., 2016], and compared it with three draft genome

assemblies of M. chitwoodi populations from the Pacific Northwest (PNW) (USA); Race1,

Race2, Race 1-Roza [Bali et al., 2021]. Host range tests suggested that all Dutch M. chit-

woodi populations belong to Race 1 [Van der Beek et al., 1999]. By comparing the genomic

constitution of four M. chitwoodi populations we aimed at pinpointing the level of differen-

tiation between these populations. Next, we investigated the distribution of polymorphic

regions within the genomes, while wondering whether differences in variability were present

among populations in these overall variable regions. By focusing on putative effector proteins

in the polymorphic regions, we investigated whether the nature of the predicted effectors

could be linked to the biological and phytopathological characteristic s of these M. chitwoodi

populations.
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5.3 Results

5.3.1 M. chitwoodi genome assembly resulted in near-chromosome size scaf-

folds

To enable the mapping of polymorphic chromosomal regions, we intended to build a high-

quality reference genome assembly. To this end we generated a set of long-read PacBio

sequencing reads with an average coverage of 228X and an N50 of 28Kb, as well as a dataset

of 185 million paired-end 100bp Illumina HiSeq reads at a coverage of 397X. The refer-

ence genome produced for the M. chitwoodi NWE-Mc31 population has an assembly size of

47.4Mb divided over 19 scaffolds. The NWE-Mc31 assembly contains 972 gaps with a total

gap length of 67Kb. A set of gene annotations generated by Braker2 was complemented by

RNAseq data from nematode eggs and second-stage juveniles. In total, Braker predicted

12,800 genes and 14,173 transcripts. Together, the assembly and annotations provide a

near-chromosome level overview of the NWE-Mc31 genome. The M. chitwoodi NWE-Mc31

assembly was compared with three other publicly available M. chitwoodi reference genomes,

including annotations (Table 5.1). In terms of assembly sizes, the reference genomes are

within a 1Mb range from each other. The Mc31 genome is about 1.7 times less fragmented

than Race2 and Roza, and 1.3 times less fragmented than Race1. We conclude that the qual-

ity of newly generated genome assembly of the Mc31 population is comparable to the M.

chitwoodi assemblies published by Bali et al. [2021], except that the level of fragmentation

that is lower in case of NWE-Mc31. We assessed the completeness score (C) of each assem-

bly using BUSCO, and the four assemblies showed near-identical C scores (64.7%-64.8%),

whereas only a small fraction of the complete genes was classified as duplicated (0.8% –

2.4%). BUSCO completion scores tend to be lower for root-knot nematode genome assem-

blies than for most other eukaryote species. This can be illustrated by representatives of the

three major Meloidogyne clades [De Ley et al., 2002a]. M. incognita (population Morelos,

Meloidogyne Clade I) had a BUSCO completion score of 71.3% [Abad et al., 2008], M. hapla

(population VW9, Meloidogyne Clade II) had a score of 87.4% [Opperman et al., 2008], and

M. graminicola (population IARI, Meloidogyne Clade III) showed a BUSCO completeness

of 82% [Somvanshi et al., 2021].
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Table 5.1: Comparative statistics of four M. chitwoodi genome assemblies, and corresponding

BUSCO (eukaryotaodb10) scores. Draft genome assemblies from M. chitwoodi populations from

the Pacific Northwest of the USA (‘PNW’) were previously published by [Bali et al., 2021]. Mc31

is here referred to as ‘NWE – Mc31’ to underline its Northwest European origin.

BUSCO scores (%), n= 255 for each population

Population Size (Mb) # Scaffolds N50 (Mb) Complete (Single, Duplicated) fragmented missing

NWE - Mc31 47.4 19 2.5 64.7 (63.9, 0.8) 14.5 20.8

PNW - Race1 47.5 30 2.5 64.7 (63.9, 0.8) 14.5 20.8

PNW - Race2 46.9 39 2.3 64.7 (63.9, 0.8) 14.9 20.4

PNW - Race1 Roza 47.7 38 2.4 64.8 (62.4, 2.4) 14.5 20.7

5.3.2 Genome-wide genetic variation is low and mainly located in five divergent

regions

The overall phylogenetic relationship between the four populations was determined by clus-

tering analysis (Fig. 5.1). Out of the four populations, the PNW populations Race1 and

Race 1 Roza are the most similar. PNW - Race2 shows moderate similarity to the Race1 and

Race 1 Roza cluster, while NWE-Mc31 is positioned as an outgroup. This distribution is

in line with the geographical origins of the populations; PNW populations cluster together,

and are distantly related to NWE-Mc31.
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Figure 5.1: Whole-genome heat map showing the pairwise genome conservation distances

between M. chitwoodi populations. NWE: population originating from Northwestern Eu-

rope. PNW: populations originating from the Pacific Northwest of the USA. Colour key (top

left) represents the Euclidean distance based on the frequency of alternative alleles within

a population in a pairwise comparison between populations.

To characterise the genetic variation in M. chitwoodi, Illumina reads of the three PNW

populations and the NWE population were mapped on the NWE-Mc31 reference genome

followed by variant calling. Overall, only 41,779 quality-filtered variable loci were called in

the PNW populations. In addition, we performed a similar analysis by aligning DNA reads of

the NWE-Mc31 population on the NWE-Mc31 reference genome and calling variants. This

resulted in 7,407 sites that are potentially heterozygous within the NWE-Mc31 population.

To further characterise the segregating sites, we compared the distribution of variants across

the M. chitwoodi NWE-Mc31 genome. We determined the nucleotide diversity by binning

the genome in 452 regions of 100 Kb and determining the variants per bin. Each bin

contains 120 variants on average. However, most variants are concentrated at specific loci

on the genome. The top 5% most diverse bins contained 70% of the variants. We identified

five clusters of bins that contain a high number of polymorphisms , McPR1 - McPR5 (Table

5.2, Fig. 5.2). The overall genetic diversity was remarkably low as compared to other

(plant-parasitic) nematodes (e.g., Chapter 2).

The distribution of polymorphic regions was visualized comparing the number of variants

per 100 kb bin, and distinct variant patterns were observed (Fig. 5.2). Within McPR1 on

scaffold 2, a region that variable among all four populations was followed by a region that

showing a high number of variants for populations PNW- Race1- Roza and PNW- Race 2.
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Table 5.2: Polymorphic Regions (PR) resulting from variant calling using NWE-Mc31 as a

reference. Only a relatively low number of variable loci were detected, and most of these loci

were clustered on three scaffolds only.

Name Scaffold (sc)
Polymorphic scaffold regions

(start – end, length)
Mean No. Polymorphisms No. Potential effectors

Mc-PR1 Mc31 sc02 2,200,000 – 2,700,000 (0.5 Mb) 1,136 44

Mc-PR2 Mc31 sc07 1 - 800,000 (0.8 Mb) 1,527 32

Mc-PR3 Mc31 sc08 2,000,000 - 3,000,000 (1 Mb) 1,406 39

Mc-PR4 Mc31 sc08 3,900,000 - 4,800,000 (0.9 Mb) 1,129 60

Mc-PR5 Mc31 sc14 300,000 - 700,000 (0.4 Mb) 256 26

Scaffold 7 harboured a 0.8 Mb region that showing a high level of polymorphism for all four

populations. Within scaffold 8, two regions that were predominantly variable among the

PNW populations only were interspersed by a region that was shown to be variable among

all four M. chitwoodi populations. Within scaffold 14, a genomic region was found that show

mainly variation within the Pacific Northwest populations Race 1 - Roza and Race 2.
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Figure 5.2: Overview of polymorphic regions per scaffold while comparing M. chitwoodi

population NWE-Mc312 with the PNW populations Race 1, Race 2 and Race 1 Roza.

Boxes with a dark red outline are used to delineate regions that are variable for all four

populations, boxes with a light green margin refer to regions that are variable for a subset

of the M. chitwoodi populations only. Scaffolds 04, 10, 13, 16, 17, 22 and 23 were very small

(11-73 kb), and collectively merged in Scaffold 0.

5.3.3 Levels of genomic variation in divergent regions among four M. chitwoodi

populations

The number of polymorphisms in each of the divergent regions presented in Fig. 5.2 is

detailed and quantified in Fig. 3. The highest level of polymorphism was found within

Mc-PR2 and Mc-PR3 with respectively up to 1,371 and 1,304 variants per bin. Notably,

the highest levels of variation were found in genomic regions that were polymorphic for

all four M. chitwoodi populations. As to be expected, the light green boxed regions show

locally disparate levels of genomic variation. In case of scaffold 02, the 2.6 Mb interval

was characterized by the virtual absence of variation in PNW-Race 1 and NWE Mc31. A

similar pattern was observed for scaffold 14 in the 0.1 - 0.2 and the 0.4 - 0.5 interval. Within

scaffold 08, two regions (intervals 2.1 - 2.4 and 4.0 - 4.8 Mb) were identified that were shown
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to be considerably more conserved in the Northwest European population than in the three

Pacific Northwest populations.
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Figure 5.3: Heatmap with number of polymorphisms per M. chitwoodi populations in 100

kb segments for scaffolds with relatively large variable-rich regions (scaffolds 2, 7, 8 and 14).

Polymorphism-rich fragments defined in Table 5.2, Mc-PR1, 2, 3, 4, 5 (PR= Polymorphic

Regions), and visualized as coloured margin around the scaffold identifiers. Colours corre-

spond with colours used in Fig. 5.2.
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5.3.4 Putative effectors located in variable regions of the M. chitwoodi

genome.

Within the selected polymorphic regions, putative effectors were identified on the basis of

the presence of a signal peptide for secretion and the absence of transmembrane domains.

Annotation of 201 putative effectors revealed 23 predicted genes which function directly or

indirectly could be related to the interaction between M. chitwoodi and its hosts (Table 5.3).

It is noted that most putative effectors (88%) lacked a specific annotation (receiving labels

such as ‘hypothetical protein’, ‘unnamed protein product’, or no annotation), and will not

be discussed any further.

Among the putative effectors with informative annotations within regions that are poly-

morphic among all four M. chitwoodi populations, a predicted protein with a chorismate

mutase domain was identified (g6083.t1). Chorismate mutases are widespread among plant

parasitic nematodes, and at least one chorismate mutase from Meloidogyne incognita was

found to suppress plant immunity upon nematode infection [Wang et al., 2018]. Next to

this, three putative effectors (g3702.t1, g3704.t1, g6054.t1) that are involved in moulting,

or functional as component of the cuticle extracellular matrix were discerned in the variable

domains of scaffolds 7 and 8. Root-knot nematodes migrate intercellularly in the plant root,

and composition and structure of the cuticle will co-determine to what extend the plant

innate immune system will be activated. The metallo-endopeptidase encoded by g6224.t1

was functionally linked to defence against Gram-negative bacteria. Inhibition of opportunis-

tic bacteria could easily be envisaged as advantageous for a nematode in the intimate and

relatively long-lasting interaction between a parasite and its host. Among the putative ef-

fectors with variable levels of polymorphism among the four M. chitwoodi populations, the

number of putative effectors related to plant cell wall modifications was notable (g694.t1,

g4196.t1, g9775.t1 - g9777.t1, and g9787.t1 - g9788.t1). Polygalacturonase were previously

identified and characterized in M. graminicola [Petitot et al., 2020], cellulases were detected

in M. incognita and other root- knot nematode species [Ledger et al., 2006], and about 20

candidate expansins were found to be present in the M. incognita genome [Abad et al.,

2008]. The identification of plant cell wall-modifying proteins might not be unexpected,

the fact that they we found them to be located in highly polymorphic regions of the M.

chitwoodi genome is worth noting. A putative effector localized in Mc-PR4 showing a high

level of variation among the PNW populations, and little variation in the European pop-

ulation Mc31 is g3967.t1, coding for a glutathione S-Transferase-resembling protein. Such

transferases have been identified previously in M. incognita, and suggested to be involved

in the protection of the nematode against plant-produced reactive oxygen species [Dubreuil

et al., 2007]. Hence, putative effectors residing in genomic regions showing relatively high

level of polymorphism amongst M. chitwoodi populations were found to be associated with

functions such as plant cell wall modification, neutralisation of the host defence response
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and, and cuticle formation and modification.
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5.4 Discussion

Together with its sibling species Meloidogyne fallax, M. chitwoodi belongs to the most im-

pactful root-knot nematode species in the temperate climate zones, and detailed knowledge

about its genomic constitution could provide us with handles that could be instrumental in

the control of this soil borne pathogen. Just like almost all members of Meloidogyne Clade

III [Holterman et al., 2009], M. chitwoodi multiplies by facultative meiotic parthenogenesis,

whereas this asexual mode of reproduction is occasionally alternated by amphimixis. It is

noted that the formation of males, indicative for a switch towards sexual reproduction, is

triggered by stressful environmental conditions. Here a novel reference genome of a North-

west European M. chitwoodi population was compared to the genomic constitution of three

populations from the Pacific Northwest of the USA [Bali et al., 2021]. As all four popula-

tion were collected from well-managed arable fields with inherent low levels of environmental

stress, we presume that the genomic constitution of all four populations will mainly be a

reflection of a meiotic parthenogenetic mode of reproduction. Our analyses revealed that

the genomic constitution of M. chitwoodi populations showing predominantly asexual re-

production are remarkably similar, despite of their distinct geographical origins, and with

7,407 potentially heterozygous sites the level of heterozygosity the NWE-Mc31 population

is remarkably low. To place the low level of diversification observed among M. chitwoodi

populations in perspective, the inter-population variability at genome level was compared

to variation among populations of two other plant parasitic nematodes, the pinewood nema-

tode Bursaphelenchus xylophilus, and the soybean cyst nematode Heterodera glycines (both

obligatory amphimictic). Comparison of genomes of 181 strains B. xylophilus (genome size:

77 Mb) from 16 provinces in China resulted in the identification of 7.8 million unique SNPs,

and the SNPs were highly associated with the geographic origins of the populations [Ding

et al., 2022]. In case of soybean cyst nematodes (genome size: 123 Mb), re-sequencing of

54 populations from its centre of diversity, China, gave rise to the identification 0.8 million

SNPs [Lian et al., 2022]. Even if the smaller genome size of M. chitwoodi (47 Mb) and

the limited number of populations under investigation are taken into consideration, 41,779

variable loci represent a remarkably low level of inter-population diversity.

Putative effectors in genomic regions showing high levels of polymorphisms for all popula-

tions. Variation in the M. chitwoodi genomes was mainly concentrated in five polymorphic

regions distributed over 4 scaffolds. Two of these variable regions (Mc-PR2 and 3’ part of

Mc-PR3) were shown to be variable in all four populations. One of the putative effectors

in Mc-PR2 is a protein that most closely resembles a type II chorismate mutase (CM II)

from M. graminicola. In M. incognita upregulation of this gene promoted the conversion of

chorismate to prephenate resulting in a suppression of salicylic acid synthesis [Huang et al.,

2005], and thus, plant defence. Among root knot nematodes CMs are distributed between

two separate, functionally distinct clades [Wang et al., 2018]. Hence, diversification within
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the CM family could relate to optimisation of the suppression of plant defence responses

against a wide range of hosts. Two putative effectors (g3702.t1, g6054.t1) related to the

cuticle, the outer layer of nematodes that is directly exposed to soil or plant tissues, were

shown to be present in generally variable genomic regions. The predicted gene g6054.t1

was expressed mainly in the egg stage and barely in infective second stage juveniles, and

is unlikely to play a role in plant-nematode interaction. The g3702.t1 on the other hand

was expressed in eggs and in infective juveniles, and it closely resembles galactoside-binding

lectins from M. graminicola (KAF7635827, KAF7635828, and KAF7626946). An immuno-

histochemical study of a similar β-galactoside-binding lectin in the bacterivorous nematode

Caenorhabditis elegans showed this protein was abundantly present in the adult cuticle and

in the terminal bulb of the pharynx [Arata et al., 1996]. Currently, no function can be

attributed to this protein in relation to its interaction with the host.

Putative effectors in genomic regions showing disparate levels of polymorphisms among

populations. Remarkably, genomic regions were identified that showed large difference in

the level of variability between the M. chitwoodi populations. This can be illustrated by

Mc-PR4 in the 4.5 – 4.8 interval, showing a considerable level of variability among the

PNW populations, and no variation within the NWE population Mc31 (Fig. 3). One of

the putative effectors within this region is g4196.t1 coding for an β-1, 4-endoglucanase.

Cellulases are involved in cell wall breakdown allowing the nematode to enter the host

plant. Previously, M. incognita was shown to secrete 23 cellulases [Gahoi and Gautam,

2017], and we assume M. chitwoodi harbours a diversified cellulase family. This can be

confirmed by another M. chitwoodi cellulase (GenBank AER27807) that showed only 83%

identity at amino acid level with the current cellulase. We hypothesize that nematode

cellulases might be subject to functional diversification. Cellulases belonging to several

glycoside hydrolase families (GHs). For GH45 cellulases from Phytophaga beetles, variants

were identified that were able to degrade glucomannan in addition to cellulose, and other

GH45 family members lost their ability to degrade amorphous cellulose, and were shown

degrade xyloglucan instead [Busch et al., 2019]. We hypothesize that similar functional

diversification processes could explain why M. chitwoodi cellulases reside in polymorphic

regions of the M. chitwoodi genome. Polymorphic region Mc-PR4 comprised 5 expansins

belonging to the subfamily of the B expansins. Expansins are referred to as molecular

lubricants weakening glucan-glucan binding in plant cell walls, and have no catalytic abilities.

Functional diversification was shown for cerato-platanin family that are considered to be the

functional equivalent of expansins in fungi [Luti et al., 2020]. Among 12 cerato-platanins in

the plant-pathogenic fungus Moniliophthora perniciosa, individual proteins were shown to

have specific binding capacities to fungal cell wall components [De O. Barsottini et al., 2013].

We propose that the five nematode expansins in Mc-PR5 that were shown to diverge mainly

in M. chitwoodi populations PNW-Race 2, and – to a lesser extent – PNW-Race 1-Roza

could be subject to functional diversification. We cannot explain why diversifying selection
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among members of the expansin gene family did not take place in all four M. chitwoodi

populations.

5.5 Conclusion

The generation of a highly contiguous reference genome for a Northwest European population

of M. chitwoodi, and the comparison of this assembly with three populations from the Pacific

Northwest of the USA revealed remarkably little diversification among these populations.

Variation was concentrated in five genomic regions, and it is worth noting that only two

regions were variable among all four populations, whereas especially NWE-Mc31 and PNW-

Race 1 showed very little variation in regions that were highly polymorphic among the two

other populations. The M. chitwoodi population selection in this research was based on

their distinct host ranges (PNW-Race1, PNW-Race2), their disparate responses towards S.

bulbocastanum SB22 resistance (only PNW-Race 1 - Roza can multiple on potato harbouring

the resistance gene RMc(blb)), and the their distinct origins (Northwest Europe versus

Pacific Northwest), and it was foreseeable that no molecular features would be found that

are causally related to these three variables. Nevertheless, apart from fundamental genomic

insights, interesting leads were found. This is exemplified by the variability patterns among

the five predicted expansin B proteins in polymorphic region Mc-PR5. Within the 0.4 – 0.5

Mb interval NWE-Mc31 showed in total 1 polymorphism, PNW-Race 1 was characterized

by 9 polymorphisms, PNW-Race 1-Roza by 146, and PNW-Race2 by 628 polymorphisms.

We hypothesize that functional diversification of expansins as discussed above might be

associated with the range expansion that it a key characteristic of PNW-Race 2.
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5.6 Methods

5.6.1 DNA and mRNA sequencing

Pre-parasitic J2’s from M. chitwoodi line NWE-Mc31 were collected from standard suscep-

tible potato plants. J2’s were concentrated, and sucrose centrifugation was used to purify

the nematode suspension [Jenkins et al., 1964]. After multiple rounds of washing the pu-

rified nematode suspension in 0.1 M NaCl, nematodes were resuspended in sterilised MQ

water. Juveniles were lysed in a standard nematode lysis buffer with proteinase K and beta-

mercaptoethanol at 60°C for 1h [Holterman et al., 2006]. The lysate was mixed with an

equal volume of phenol: chloroform: isoamyl alcohol (25:24:1) (pH 8.0) following a standard

DNA purification procedure, and finally, DNA was precipitated with isopropanol. After

washing the DNA pellet with 70% ethanol for several times, it was resuspended in 10mM

Tris-HCL (pH 8.0). M. chitwoodi line NWE-Mc31 (10 - 20 µg) was sequenced using Pacific

Biosciences SMRT sequencing technology at Bioscience (Wageningen Research, Wagenin-

gen, The Netherlands). For gene annotation, mRNA was isolated from two M. chitwoodi

life stages, eggs and J2’s. The quality of both RNA isolations was RIN 10 (RNA Integrity

Number). mRNA sequences were generated using the TruSeq RNA stranded polyA protocol

of Useq (Utrecht Sequencing Facility, Utrecht, The Netherlands).

5.6.2 Genome Assembly and Annotation

The genome assembly was generated as described in (Chapter 2). The raw PacBio reads were

corrected to an error rate of 15% and a corrected coverage of 200 using Canu v1.8 [Koren

et al., 2017]. Initial draft assemblies were created using wtdgb2 v2.3 [Ruan and Li, 2020] to

optimise for the parameters minimal read length, k-mer size, and minimal read depth. The

most optimal initial assembly was selected based on the completeness, assembly size, and

the number of contigs. Completeness was assessed using BUSCO v5.2.2 [Manni et al., 2021]

using the eukaryotaodb10 database. The initial assembly that was generated with wtdbg2

settings minimal read length of 7000, k-mer size of 20 and a minimal read depth of 6 was

used for downstream processing. Unmerged haplotigs were purged from the assembly using

Purge Haplotigs v1.0.4 [Roach et al., 2018]. Contigs were scaffolded with PacBio reads using

SSPACE-Longread [Boetzer and Pirovano, 2014] with a minimum overlap length of 1000bp

and a minimum gap length of 500bp. Gaps in the assembly were then filled by taking the

consensus of aligned Pacbio reads at a position, allowing a minimum coverage per position of

10 reads. Raw Pacbio reads were then used to polish the assemblies with 3 consecutive runs

of Arrow v2.3.3 (https://github.com/PacificBiosciences/GenomicConsensus) at de-

fault settings, followed by five consecutive runs of Pilon v1.23 [Walker et al., 2014] with

the –diploid setting. The resulting assembly was scaffolded an additional time based

on three other publicly available M. chitwoodi genome assemblies ([Bali et al., 2021],
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JACZZP000000000, JACZZO000000000, and JACZZN000000000) using MeDuSa v1.6 [Bosi

et al., 2015] at default settings. Additionally, seven scaffolds originally named Mc31Scaffold4,

Mc31Scaffold10, Mc31Scaffold13, Mc31Scaffold16, Mc31Scaffold17, Mc31Scaffold22, Mc31Scaffold23
that are of sizes between 11Kb and 73Kb were merged in the bucket scaffold Mc31Scaffold0.

Using Braker2 v2.1.6 [Br̊una et al., 2021], gene annotations in gff3 format were predicted,

aided by RNAseq data of the egg and J2 life stages of M. chitwoodi population Mc31.

5.6.3 Variant calling and identification of polymorphic sites

Raw paired-end Illumina Hiseq reads of M. chitwoodi populations Race1, Race2 and Roza

provided by Bali et al. [2021] were mapped on the M. chitwoodi Mc31 genome assembly

using bwa-mem2 [Vasimuddin Md et al., 2019] at default settings. Variants were called

using bcftools mpileup with options -d 1500, -L 1500, and -a AD, followed by bcftools call

with options -m, and -v enabled. Called variants with a phred quality below 30 were pruned

from the final vcf table. To identify hyper-divergent regions in the M. chitwoodi genome,

the assembly was divided into bins of sizes 100Kb. For each bin, the nucleotide diversity

was calculated using the PopGenome package in R v2.7.5 [Pfeifer et al., 2014]. Divergent

bins were defined by a nucleotide diversity above 150. Bins that are adjacent to a divergent

bin were also classified as divergent bin. The top five regions with the most diversity were

defined as polymorphic sites.
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6.1 Abstract

Plant-parasitic nematodes manipulate host plants by injecting specialised effector proteins

into host cells. The ability of cyst- and root-knot nematodes to parasitise plants is believed

to have evolved independently. This idea is supported by the observation that only a few

effector proteins share sequence similarity between them. However, many evolutionary unre-

lated effectors are thought to exert similar functions in plants. For example, the suppression

of the plant immune system, by converging on common host targets. We hypothesise that

convergent evolution on host targets has led to common secondary and tertiary structural

motifs in unrelated effectors. To test this hypothesis, we predicted protein structures of

all predicted secreted proteins in the cyst nematode Globodera pallida and the root-knot

nematode Meloidogyne chitwoodi using alphafold2. We identified 551 unique Globodera pall-

ida proteins and 476 Meloidogyne chitwoodi proteins that exhibited structural resemblances,

even though the majority of these proteins did not display significant sequence similarity.

Using clustering analysis and predicted annotations, we found overlap in predicated effector

protein functions, which enabled the functional prediction of 258 previously unannotated

proteins. Next, a comparison with protein structures of the full Caenorhabditis elegans pro-

teome allowed us to further provide novel annotations for 232 G. pallida proteins. In con-

clusion, our findings give insight into the evolutionary history of secreted proteins between

the cyst nematode G. pallida and the root-knot nematode M. chitwoodi, by distinguishing

between evolutionary related proteins, and proteins that may have converged into a sim-

ilar structure. Furthermore, structure-based comparisons enable functional predictions of

putative effectors.

6.2 Introduction

Plant-parasitic nematodes are one of the most harmful plant parasites worldwide. Among

the most economically damaging are the cyst- and root-knot nematodes [Jones et al., 2013],

which may cause an estimated yield loss of up to 80%-90% without adequate control strate-

gies [Jones et al., 2013]. The plant-parasitic abilities of these two lineages likely evolved

independently (i.e., convergent evolution), as have at least three other plant-parasitic lin-

eages (reviewed in [Quist et al., 2015]). Both cyst- and root-knot nematodes are sedentary

endoparasites, meaning these parasites establish a permanent feeding site inside the host

plant to survive and reproduce. Whereas root-knot nematodes transform plant root cells

into a giant multi-nucleated cell [Escobar et al., 2015], cyst-nematodes form a syncytium by

fusing multiple host cells [Moens et al., 2018]. Despite the differences in feeding site ontol-

ogy, cyst- and root-knot nematodes must overcome similar obstacles such as suppressing the

plant’s immune responses, and reprogramming plant cells to form a nutrient sink [Goverse

and Smant, 2014, Rai et al., 2015]. However, the evolutionary adaptations leading to these
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similar, yet different, strategies remain unknown. While some of the proteins essential for

parasitism by cyst- and root-knot nematodes have been identified, little is known about their

specific functions.

In all plant parasitic nematodes the injection of specialised proteins into the host plant

plays a role. These proteins, referred to as effectors, are functionally categorised into three

groups [Vieira and Gleason, 2019]. The first group contains cell-wall modifying enzymes that

dissolve parts of the plant’s cell-wall, enabling the nematode to enter the root or puncture

the cell. The second group contains immune-suppressing proteins required to survive within

the plant tissue. The third group consists of proteins that are involved in influencing host

processes including cell differentiation to enable the formation of the feeding site. These

effectors are often members of (expanded) gene families (e.g., [van Steenbrugge et al., 2022,

Diaz-Granados et al., 2016, Lozano-Torres et al., 2014]), typically contain a signal peptide

for secretion [Mitchum et al., 2013], are produced in one of the gland cells, and are mostly

excreted via the stylet into the plant. An example of an effector family found in cyst

nematodes are SPRYSECs (SPRY-domain containing secreted proteins) [Sacco et al., 2009,

Ali et al., 2015b]. Due to the convergently evolved nature of their parasitic abilities, cyst-

and root-knot nematodes do not share many homologous effector genes.

While homology in effector genes is rare between cyst- and root-knot nematodes, few con-

served families do exist. For example, venom allergen-like proteins (VAP) – involved in the

suppression of host-immunity – are present in a broad range of nematode species, includ-

ing animal parasites [Wilbers et al., 2018]. Variation in VAPs between cyst- and root-knot

nematodes are therefore likely the result of divergent evolution. Other examples include var-

ious plant cell wall-modifying enzymes including cellulases (GH5, GH43) [Smant et al., 1998,

Haegeman et al., 2011] and expansin-like proteins [Qin et al., 2004]. Interestingly, these are

thought to be acquired via horizontal gene transfer from bacteria or fungi [Haegeman et al.,

2011]. However, for the majority of effector families convergent evolution appears to be

the driver for generating functionally similar effector proteins. The identification of effec-

tor genes that have converged into a similar function is difficult. Since the primary amino

acid sequences of convergently evolved proteins are often different (e.g., [Shafee et al., 2017,

Chen et al., 1997, Mackin et al., 2014]), traditional sequence based similarity searches are

not effective. An alternative method to identify putative effectors is based on protein struc-

ture rather than amino acid sequence, as the protein structure is more conserved [Illerg̊ard

et al., 2009]. Therefore, we hypothesise that protein structures will enable the identification

of functionally similar, convergently evolved, effector proteins between cyst- and root-knot

nematodes.

Producing accurate 3D models is essential to for large-scale comparisons between protein

structures. Until recently, determining a highly accurate 3D structure of a protein was lim-

ited to laboratory techniques such x-ray crystallisation, nuclear magnetic resonance imaging
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[Kendrew et al., 1958], or more recently cryo-EM [Bai et al., 2015]. These techniques yield

accurate models but the costly, time-consuming and complex process limits high-throughput

applications. A commonly used approach to predict a protein structure on a large scale is

homology-based modeling, in which the structure of a protein is predicted based on homology

with a protein for which the structure has been resolved [Jalily Hasani and Barakat, 2017].

However, the prediction accuracy of homology-based modeling approaches is lower than for

laboratory techniques, especially when no similar template structure is available [Nayeem,

2006, Jalily Hasani and Barakat, 2017]. Recently, the protein structure prediction tool al-

phafold2 was published, which predicts highly accurate protein structures, without the

requirement of a homologous protein structure [Jumper et al., 2021]. alphafold2 utilises

a machine learning model that is trained on a large set of known protein structures and

corresponding protein sequences. By combining both structures and amino acid sequences,

the model has learned how different combinations of amino acids fold, and how changes in

amino acids impact protein structure. As a result, alphafold2 can predict highly accurate

structures based on only amino acid sequences, without the necessity of a template struc-

ture like in homology-modeling techniques. alphafold2 is therefore more accurate then

homology-based modeling, and better scalable than laboratory modeling techniques.

Here, We investigated the structural similarities in the secretomes of the cyst nematode

Globodera pallida and the root-knot nematode Meloidogyne chitwoodi to identify secreted

proteins that have evolved convergently. Our hypothesis is that these similarities can reveal

overlapping proteins in these evolutionary unrelated plant-parasitic nematodes. We used

Alphafold2 to predict protein structures of all predicted protein sequences that contain a

signal peptide for secretion. These predicted secretomes contain 1,870 proteins in G. pallida

and 1,129 proteins in M. chitwoodi, and determined pairwise similarity based on structural

alignments. In total, we identified 3,146 pairs of protein structures with significant structural

similarity, comprising of 551 and 476 unique proteins in G. pallida and M. chitwoodi respec-

tively. With an average amino acid sequence identity of 8.5%, most of these pairs would

not have been identified using sequence based alignments. These similar protein structures

contain known both convergently evolved secreted proteins as well as divergently evolved

secreted proteins. Structural alignments are therefore capable to infer homology across

much larger evolutionary distances than amino acid sequence based methods. Furthermore,

structural alignments are capable to distinguish between convergently evolved proteins and

divergently evolved proteins.
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6.3 Results

6.3.1 Protein Structure is more robust than protein sequence to identify re-

mote homology

We aimed to identify functionally similar effector proteins in evolutionary remotely related

plant-parasitic nematode species. We started out with all protein sequences derived from

gene predictions of the cyst-nematode Globodera pallida containing 18,071 protein-coding

genes (Chapter 4), and the root-knot nematode Meloidogyne chitwoodi (Chapter 5) which

contained 12,800 protein-coding genes. We filtered the full sets of protein sequences to

a smaller collection that still likely contains effector proteins, based on the presence of a

signal peptide for secretion, and the absence of a transmembrane domain. [Mitchum et al.,

2013]. This subset included 1,870 proteins in G. pallida and 1,129 proteins in M. chitwoodi

(Supplemental table 6.1). The most commonly used method to detect homology between

proteins is through amino acid sequence alignments. However, when determining sequence

similarity between the two effector subsets, we found that these sequences on average share

a global sequence identity of 0.8% (σ = 1.9%), a local sequence identity of 4.9% (σ = 2.9%),

and a local sequence similarity of 14% (σ = 5.4%) (Supplemental Figure 6.6). We found 691

pairs of homologous proteins (> 25% global protein sequence identity) through this process,

consisting of 271 out of 1,870 (14%) G. pallida and 255 out of 1,129 (23%) M. chitwoodi

protein sequences. Among these homologous genes were VAPs [Lozano-Torres et al., 2014,

Wang et al., 2007]. Members of this family share on average only 29% sequence identity

between G. pallida and M. chitwoodi.

Since protein structure is more conserved than protein sequence [Illerg̊ard et al., 2009],

structural similarities may be a better predictor for similarities in function or resulting from

distant homology for evolutionary distinct species. We conducted an analysis to identify

functionally similar proteins by predicting structures for each of the proteins in the proteome

subsets using Alphafold2. Subsequently, all G. pallida and M. chitwoodi secreted protein

structures were aligned using Fatcat2 [Li et al., 2020]. This analysis yielded 2,111,225

comparisons between protein structures, of which 3,146 were similar (Bonferroni corrected

p < 0.05) (Fig. 6.1-A). These 3,146 significant alignments consisted of 551 unique G.

pallida proteins and 476 unique M. chitwoodi proteins. While the majority of protein queries

matched with a single target protein, many proteins matched with multiple targets (Fig.

6.1-B,C), indicating that many proteins are members of similarly structured protein groups.

Since the similarity of these corresponding protein sequences was found to be low, 89% of

the similarities captured by the structural alignments would not have been captured by

sequence based searches (Fig. 6.1-D,E).

Included in the structurally similar protein structures are members of known effector families.

We found that proteins within the same effector gene family show a high degree of structure
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similarity, expressed as the residual mean square deviation (RMSD). The RMSD is calculated

by comparing the position of atoms in the carbon backbone of one protein to those in

the other, where a lower scores indicates a smaller distance and therefore a more similar

protein pair [Li et al., 2020]. For example, the eight protein structures belonging to the

VAP gene family in G. pallida have an RMSD of between 0.31 and 0.82 (mean RMSD:

0.58; mean p < 1 × 10−8) in all versus one pairwise comparisons, using the structure of

Gpal D383 g01238 as a reference. Similarly, the nine protein structures from the more

diversified SPRYSEC-b cluster [van Steenbrugge et al., 2022] had an RMSD of between 0.97

and 3.02 (mean RMSD: 1.60, mean p = 1.6× 10−5) in all versus one pairwise comparisons,

using the structure of Gpal D383 g12450 as a reference. In contrast, when a VAP protein was

compared with a SPRYSEC-b protein, an RMSD of 8.5 (p = 0.66) was found (Supplemental

Figure 6.7).

Figure 6.1: A) Pairwise comparisons of protein structures between 1,870 G. pallida and

1,239 M. chitwoodi proteins. Protein pairs are colour coded based on the -log10 Bonfer-

roni corrected p-value (significant: orange, insignificant: black. B) Number of structurally

similar M. chitwoodi protein for each G. pallida query. C) Number of structurally similar

G. pallida protein for each M. chitwoodi query. D & E) Pairwise comparisons of proteins

based on sequence alignments (D) and structural alignments (E). Each point represents a

unique protein pair. Structural similarity is expressed as the -log10 Bonferroni corrected

p-value for each protein pair. Protein sequence similarity is expressed as percent identify.
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6.3.2 Protein shape as a predictor of functional similarity in plant-parasitic

nematode species

To identify the groups of structurally similar proteins, a cluster analysis using the 3,146

significant pairwise structural comparisons was performed in Cytoscape. We identified 107

clusters of structurally similar proteins (Supplemental Figure 6.8). Out of the 107 clusters, 46

were pairs containing only one G. pallida and one M. chitwoodi protein. For the remaining

79 clusters the average size was 16.5 proteins, ranging from 3 to 138 (Fig. 6.2-A). On

average, G. pallida (harmonic mean: 49.7%) contributed more proteins to each cluster than

M. chitwoodi (harmonic mean: 36.0%) (Fig. 6.2-B). The average pairwise sequence identity

between M. chitwoodi and G. pallida proteins within a cluster (24.3% identity; σ: 17.6%)

was much higher than the pairwise identity between any random secreted protein pair (0.8%

identity; σ: 2.0% ).

To test our hypothesis, that structurally similar proteins were also predicted to have a sim-

ilar function, we conducted a Gene Ontology analysis. Notably, the majority of clusters

had either no common Gene Ontology (GO) terms or only a small proportion of shared

ones. However, fifteen clusters share more than 50% of their GO annotations (Fig. 6.2-C).

Clusters 5, 6, and 7 (Fig. 6.2-D) overlapped in 46 GO terms including functional annota-

tions (F:GO) such as actin binding (GO:0003779), acyltransferase activity (GO:0016747),

and cysteine-type peptidase activity (GO:0008234). Clusters 70 and 71 (Fig. 6.2-E), and

similarly Clusters 124 and 63 (Fig. 6.2-H), share functional annotations related to signalling

pathways including transmembrane signalling receptor activity (GO:0004888), monoatomic

ion channel activity (GO:0005216), extracellular ligand-gated monoatomic ion channel ac-

tivity (GO:0005230), and chitin binding (GO:0008061). Clusters 4, 37 (Fig. 6.2-F) shared

a term related to kinase activity (GO:0016301), whereas clusters 16 and 101 (Fig. 6.2-G)

were related to serine-type endopeptidase inhibitor activity (GO:0004867) and peptidase

inhibitor activity (GO:0030414).

In the clusters, we identified functional labels for several effector gene families. This in-

cludes VAP [Lozano-Torres et al., 2014], and various cell-wall modifying enzyme including

endoglucanases, glycoside hydrolases, calreticulins, and pectate lyases [Hamamouch et al.,

2012, Smant et al., 1998, Mitreva-Dautova et al., 2006, Popeijus et al., 2000]. For certain

effector families, like VAPs, all members are grouped within a single cluster (Fig. 6.3).

Contrary to VAP, there are also clusters containing members of multiple effector gene fam-

ilies. For example, Cluster 13 contains multiple cell-wall modifying enzymes belonging to

expansins, beta-1,4-endoglucanases, glycosyl hydrolase 30, and glycosyl hydrolase 25 (Fig.

6.4). Notably, the proteins in Cluster 13 form separate sub-clusters that corresponds with

their functional annotations. The group of expansin proteins was connected to the beta-1,4-

endoglucanases by a shared similarity with only a single unspecified cellulose binding protein.

Similarly, GH25 proteins were connected to the endoglucanase group through similarities
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with a single predicted GH53 protein. Much stronger was the connection between GH30

and beta-1,4-endoglucanases which were connected by three putative glycoside hydrolases

through multiple connections. Additionally, the majority of proteins in multiple clusters

(e.g., Cl13, Cl121, Cl24, Cl25, Cl34, Cl74, Cl88) were unannotated or contain annotations

such as “putative effector protein” or “hypothetical protein”. While it may not be possible

to derive a consensus function for these types of clusters, our findings that these groups of

proteins are likely to perform similar predicted functions. These results indicate that the

shape of proteins can be used as a predictor of functional similarity in independently evolved

plant-parasitic nematode species.

Figure 6.2: Statistics of the cluster analysis, showing the distribution of the number of

proteins in a cluster (A), the relative contribution of proteins to each cluster per species (B),

The percentage overlap of Gene Ontology (GO) terms between all clusters (C), Overlapping

GO terms between different groups of clusters (D-H). To determine overlapping GO terms,

only GO terms describing the molecular function were considered.

6.3.3 Protein function prediction based on structural similarity

To further gain insight into the nematode effector proteins, we leveraged the structures to

aid in the annotation of uncharacterized proteins. We defined two groups of effector proteins

based on their annotation status: (1) unannotated proteins from one species that could be

annotated based on structural alignments with annotated proteins from the other species;

and (2) unannotated proteins from either species not matching with annotated proteins from



6.3 Results 115

Figure 6.3: A) Cluster 66 containing members of the VAP/SCP effector family. G. pallida

proteins are shown in orange, M. chitwoodi proteins are shown in blue. Edges are drawn

based on significantly similar protein structures. Edge thickness is based on the pairwise

protein sequence identity (higher equals thicker). B) Superimposed protein structures of

the 17 Venom-allergen like proteins in G. pallida and M. chitwoodi from Cluster 66.

the other species. In total, there are 346 G. pallida and 305 M. chitwoodi proteins across all

clusters that lack a functional annotation. For each unannotated G. pallida protein, we iden-

tified the similar M. chitwoodi proteins and compared the gene annotations (Supplemental

Table 6.3). In G. pallida, 105/346 unannotated proteins (30.3%) shared structure similarity

with functionally annotated M. chitwoodi proteins. In M. chitwoodi, 153/305 (50.2%) unan-

notated proteins share similarity with functionally annotated G. pallida proteins. To provide

an example of this first group, we focused on the effector gene family VAP. While members

of this family could also be identified through sequence-based methods, it serves as a proof

of concept for other effectors that do not share sequence similarity. VAP protein structures

were all present in the same cluster (Cluster 66). Although most were already annotated

as either VAP or SCP domain-containing proteins, four proteins in the same cluster had a

different annotation, such as “putative effector protein”. We inferred that these putative

effectors could be annotated as VAP proteins using structural comparisons. This inference

was supported by the presence of a CAP domain (Supplemental Table 6.2).

The second case where none of the clustering proteins were annotated was more compli-

cated. There we aligned the predicted structures of G. pallida proteins with the complete

predicted proteome of the model species Caenorhabditis elegans. We selected G. pallida for

the comparison as this species contains the most unannotated proteins (241). The C. elegans

proteome consists of 19,694 proteins of which 7,588 structurally overlap with one or more of
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Expansin

GH - 30

beta-1,4-endoglucanase

GH - 25

Putative GH

Unnamed Protein
GH - 53

Cellulose Binding Protein

Figure 6.4: Cluster 13 contains members of four functionally related effector families. G.

pallida proteins are shown in orange, M. chitwoodi proteins are shown in blue. Edges are

drawn based on significantly similar protein structures. Edge thickness is based on the

pairwise protein sequence identity (higher equals thicker).
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the secreted G. pallida proteins. Of the 241 G. pallida proteins, 232 were structurally similar

to C. elegans proteins. The number of similar C. elegans structures for each G. pallida pro-

tein differed, ranging from 1 to 905 (mean: 10.7, σ: 40.5; Supplemental Tables 6.4, 6.5). For

example, Gp Ce Cluster 9 (Fig. 5) illustrates the structural similarity between the two G.

pallida proteins (Gpal D383 g04161 & Gpal D383 g13513) and seven Ground-like domain

containing proteins in C. elegans, a domain that was previously found to only exist in C.

elegans and C. briggsae. The homology between these C. elegans proteins and G. pallida

proteins would not have been identified based on sequence-based searches, as the sequence

identities ranges from 9.0% to 24.9% (average: 17.9%). This example underscores the poten-

tial of structural comparisons to identify putative homology over much larger evolutionary

distances than sequence-based alignments.

Figure 6.5: Gp Ce Cluster 9 of structurally similar G. pallida (orange) and C. elegans (blue)

proteins.

6.4 Discussion

6.4.1 Evolutionary origin of effectors

Plant-parasitic nematode genomes encode for a wide variety of effector proteins, which serve

as a crucial tool for their parasitic abilities [Mitchum et al., 2013]. Effectors can be part

of highly diverse gene families [Vieira and Gleason, 2019] that are formed through various

evolutionary mechanisms, including diversifying selection [van Steenbrugge et al., 2022],

neo-functionalisation [Lilley et al., 2018], and horizontal gene transfer [Abad et al., 2008,

Haegeman et al., 2011]. The parasitic abilities of cyst- and root-knot nematodes are believed

to have evolved independently [Quist et al., 2015], leading to a proportion of effectors that
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are evolutionarily distinct. Nevertheless, several effectors from both cyst- and root-knot

nematodes have similar functions, including cell-wall modifying enzymes, the modification

of cell-differentiation in the host, and the suppression of host immunity. However, also

evolution of similar function – despite difference in sequence – has been described for viral

RNA structures (for instance the xrn1-stalling structures in flaviviruses [Schnettler et al.,

2014, MacFadden et al., 2018]), protein active sites such as disulphide reducing structures,

nucleic acid binding motifs, and other functional domains [Graumann and Marahiel, 1996,

Gherardini et al., 2007, Kuriyan et al., 1991], as well as whole protein shapes, for instance

in defensins [Shafee et al., 2017]. Consequently, we hypothesized that an intersecting set of

effectors exists between CN and RKN, possessing similar functions, which have emerged as

a product of convergent evolution. To identify this overlap of convergently evolved effectors,

we undertook a comparative analysis of 1,870 and 1,129 predicted protein structures in

the predicted secretomes of the cyst nematode G. pallida and the root-knot nematode M.

chitwoodi. Before structure prediction methods such as Alphafold2 [Jumper et al., 2021])

became available, only effectors with significantly similar amino acid sequences could be

studied, while convergently evolved effectors remained a black box.

Our analysis yielded 3,146 pairs of proteins from the predicted secreteomes of G. pallida and

M. chitwoodi that shared significantly similar protein structures. These similar proteins were

organized into 107 clusters based on significant structural similarities with other proteins.

The clusters contained proteins of various functions, including both known and unknown

effector families. Of the similar proteins, 899 protein pairs could also be identified based on

sequence alignments. Therefore, 2,247 of the similarities that we discovered based on protein

structure would therefore not have been captured based on sequence similarity searches. We

propose that for the 899 pairs with significant sequence similarity, having a common an-

cestor is the most likely scenario. However, for the 2,247 pairs that were only identified

by structural alignments, convergent evolution is a possible scenario. Several previously

identified effectors in the clusters exhibited both sequence and structural similarity. These

included the cell wall-modifying enzymes from the glycosyl hydrolases family 30, expansins,

beta-1,4-endoglucanases, and venom allergen-like proteins. Therefore there appears to be an

overlapping core set effectors in G. pallida and M. chitwoodi that can partially be identified

through sequence-based alignment methods, and partially through structure-based align-

ment methods. To determine whether this core set is indeed present in both types of plant

parasitic lineages, more species per lineage need to be included in further analysis.

In the past, homology in molecular research was mainly inferred based on sequence align-

ments. However, for evolutionary remotely related species, such as cyst and root-knot

nematodes, homology can be more difficult to determine due to a generally higher sequence

diversity. The amino acid sequences of some, but not all, effector gene families may be

especially diversified, due to positive selective pressure (e.g.,[Verhoeven et al., 2023]). Re-
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cent insights suggest that for amino acid sequences with less than 35% identity, protein

sequence alignments might not accurately represent structural similarities [Rajapaksa et al.,

2023]. Sequence alignments with a low percent identity are therefore also unlikely to cor-

rectly represent functional similarities, due to misinterpretations on the impact of residue

changes and insertions/deletions. Thus, even when remotely related amino acid sequences

of effectors are detected, there iss significant uncertainty about their functional relationship.

The findings by Rajapaksa et al. [2023] are in line with our results, as not all of the 899

similar amino acid sequences between the secretomes of G. pallida and M. chitwoodi resulted

in significantly similar protein structures. In comparison, we found 3.5 times more similar

protein structures than protein sequences, which highlights the increased sensitivity across

large evolutionary distances. These findings give a unique insight into the hypothesised in-

dependent plant-parasitic evolution of G. pallida and M. chitwoodi. Due to their enhanced

resolution in detecting protein homology, structural protein alignments are suitable for a

comprehensive view of shared effectors between root-knot and cyst nematodes, shedding

light on the evolutionary mechanisms driving their homology.

6.4.2 Structure alignments improve functional predictions

Plant-parasitic nematode effectors exhibit a wide array of functions, ranging from modifica-

tions to the plant cell-wall and the suppression of host immunity, to reprogramming cellular

process in the host to establish a feeding site. While some effectors have been functionally

characterised (e.g., as reviewed in [Vieira and Gleason, 2019, Mitchum et al., 2013]), many

proteins that are predicted as effectors remain uncharacterised. The process of functionally

characterising effectors is rather complex as it involves multiple steps, including validating

expression of the encoding effector gene in the esophageal gland cells (e.g., [Xie et al., 2016]),

the presence of the effector protein in the host tissue (e.g., [Mei et al., 2018]), and measuring

a phenotype (e.g., [Ali et al., 2015b]). Because of the complexity involved in the functional

validation process, it is infeasible to perform these steps for a large number of putative ef-

fectors. To get to a smaller set of putative effectors that can be functionally tested, multiple

strategies currently exist to narrow down the search space. Here, we used the most basal

filter strategy by pruning protein coding genes that lack a signal peptide for secretion or

contain a trans-membrane helix. However other strategies include confirming the encoding

gene to be expressed in parasitic life-stages and the presence of specific esophageal gland

associated promotor motifs [Vieira and Gleason, 2019]. In addition to these steps, we pro-

pose the use of protein structures as an additional method to identify putative effectors by

analysing proteins that share structural similarities to known effectors, maximizing the use

of our current limited knowledge.

The functional prediction of proteins has been studied for many years (e.g., [Sadowski and

Jones, 2009, Laskowski et al., 2005]). Recently, functional prediction tools utilizing pro-
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tein structures have surged [Lai and Xu, 2022, Törönen and Holm, 2022, Xia et al., 2022,

Zhang et al., 2017], coinciding with the substantial increase in available 3D protein struc-

tures, especially with high-throughput prediction tools like Alphafold2 [Jumper et al., 2021].

Compared to the traditional functional prediction approaches based on protein sequences,

protein structures contain more information leading to predictions with higher accuracy.

For example, not only the presence, but also the localisation of functional domains in the

three dimensional structure is important for protein function, including for effectors [Mukhi

et al., 2020]. Using sequence-based search methods such as hmmer (http://hmmer.org),

the presence of a functional domain can be detected, but the correct localisation was pre-

viously nearly impossible to determine. We show that secreted proteins with a predicted

functional similarity tend to have similar protein structures as well. Therefore, we hypoth-

esise that this method could similarly be applied to functionally annotate putative effector

proteins with a previously unknown function, by identifying similarities with other proteins

that have functional descriptions.

In addition to functional prediction based on structural similarities with other proteins, an

interesting follow-up analysis would be to further investigate the interaction between an

effector and the host protein. By studying these interactions in more detail, differences in

binding affinity between effector variants and the host protein may help to better understand

the impact of these variants in the future. Several interactions between the effector and the

host proteins are known, including Gp-RBP-1 and the Gpa-2 immune receptor in potato

[Sacco et al., 2009], Gp-RBP-1 and HECT E3 ubiquitin ligase [Diaz-Granados et al., 2020]

in potato, and 30D08 in the related cyst nematode Heterodera schachtii with SMU2 in

Arabidopsis thaliana [Verma et al., 2018]. Software exists to investigate these interactions

in silico through docking approaches [Watson et al., 2023, Roel-Touris et al., 2020, Baek

et al., 2021, Schöning-Stierand et al., 2020, Jendele et al., 2019]. The examples of known

interactions between the effector and the host protein are prime candidates to study the

impact of variations. However, more often, only a general functional descriptions of effectors

are available. For instance, various SPRYSEC effectors including as SPRYSEC-4, -5, -8, -

15, -18, and -19 [Ali et al., 2015b], the Meloidogyne spp effectors Misp12 [Xie et al., 2016],

Mh265 [Gleason et al., 2017], MiMSP32 [Verhoeven et al., 2023], and Mg01965 [Zhuo et al.,

2019] have been found to suppress host immunity. However, only a few specific interactions

with the corresponding host target are known. Another new avenue for nematode effector

research could therefore be the prediction of host targets. With our current understanding,

host target prediction is also computationally feasible, especially for effectors that suppress

host immunity as these have been previously shown to only interact with a limited set

of host proteins [Mukhtar et al., 2011]. Therefore, the ability to generate hypotheses on

protein function makes it possible in the future to screen large sets of proteins in a small

time frame.
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6.4.3 Potential challenges

The possibility to perform protein structure alignments on complete secreteomes provides

a new way to infer homology and predict functional similarities between plant-parasitic

nematode effectors. To align protein structures, we used a flexible alignment approach, as

implemented in FATCAT2 [Li et al., 2020], which allows in silico adjustments of the protein’s

carbon backbone to improve alignment fit. As a result, the alignments were likely less

sensitive to (subtle) variations, which may have a large influence in protein function [Araya

and Fowler, 2011, Olivier et al., 2006, Stacey et al., 2008, Breast Cancer Linkage Consortium,

1999]. In plant-parasitic nematodes effectors genetic variation, and therefore variation in the

resulting protein structures is abundant [van Steenbrugge et al., 2022]. The most studied

examples is a single nucleotide polymorphism in the rbp-1 gene in G. pallida that results

in either detection or evasion of the plant immune system [Sacco et al., 2009]. Additional

research is therefore necessary to further investigate the accuracy of the molecular function

inference based on flexible protein structure alignments.

6.5 Conclusions

Plant-parasitic nematode effectors have evolved through either horizontal gene transfer,

divergent evolution, and convergent evolution. Horizontal gene transfer and divergent evo-

lution of effectors have been studied extensively in the past. Due to the poor resolution of

sequence-based alignment methods, for low sequence similarities, convergent evolution re-

mained poorly understood. Here, we studied the similarities between all predicted secreted

protein structures of the root-knot nematode M. chitwoodi and the cyst nematode G. pall-

ida. We found that protein structures provide a much higher resolution to infer homology

than protein sequences. Furthermore, protein structures can significantly enhance our un-

derstanding of functional similarities, enabling us to infer the potential function of putative

effectors by aligning their structures with those of well-characterized effectors.

6.6 Methods

6.6.1 Protein sequences

In order to compare protein structures of G. pallida and M. chitwoodi we obtained the

genome assembly of the G. pallida D383 population (Chapter 4; NCBI: GCA 020449905.1),

and the M. chitwoodi Mc31 population (Chapter 5). The corresponding protein sequences

were filtered, keeping only the sequences that contain a signal peptide for secretion and that

lack a transmembrane domain based on predictions by signalP v6.0 [Teufel et al., 2022].

This resulted in 2,181 secreted protein sequences of G. pallida (Supplemental table 1) and
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1,509 of M. chitwoodi (Supplemental table 2).

The selected G. pallida and M. chitwoodi protein sequences were functionally annotated

using blast2go [Götz et al., 2008], based on all Eukaryota sequences in the NCBI NR

database using an E-value cutoff of 1.0E-3.

6.6.2 Protein Models and Pairwise comparisons

For each of the secreted protein sequences the corresponding protein structure was predicted

using alphafold2 v2.2.0 [Jumper et al., 2021]. alphafold2 was ran using a maximum

template date of 2022-03-29 for the genetic databases. All alphafold predictions are avail-

able on Figshare (M. chitwoodi : https://doi.org/10.6084/m9.figshare.22339912 &

G. pallida: https://10.6084/m9.figshare.22339903). Precalculated alphafold struc-

ture predictions of the Caenorhabditis elegans proteome were retrieved from the Alphafold

Protein Structure Database using accession UP000001940 6239 CAEEL v4 [Varadi et al.,

2022].

The G. pallida and M. chitwoodi structures, and G. pallida and C. elegans protein structures

in pdb format were pairwise compared using a flexible alignment approach as implemented

in fatcat v2.0 [Li et al., 2020] in bulk and output in a table using a custom script. The use

of flexible alignments reduces the effect of the mentioned sources of uncertainty two-fold.

It reduces the impact of errors in gene annotations. For example, if an exon is erroneously

added to a gene annotation then the corresponding structure will look different as well.

By allowing twist in the backbone of the structure this deviation is less impactful, which

similarly implies a reduced impact of inaccuracies in structure predictions.

Probability values produced by fatcat were corrected using a modified Bonferroni approach,

where each comparison is only corrected for the number of subjects (i.e., M. chitwoodi or C.

elegans proteins) that each query (i.e., a G. pallida protein) is compared with. Alignments

with an adjusted p-value lower than 0.05 are kept for subsequent analyses. This modified

method (significant hits: 5,384) is less stringent than a true Bonferroni correction (signif-

icant hits: 1,033) but more strict than a False Discovery Rate correction (significant hits:

17,475). As a result, the reported number of structural similarities between G. pallida and

M. chitwoodi is likely an underestimation of the real number of similarities. The modified

Bonferroni correction approach was used to minimise noise arising from a potentially higher

number of false positives, compared to FDR, while maintaining a relatively low number of

true positives, compared to a true Bonferroni correction.

6.6.3 Pairwise statistics

To identify the relation between sequence similarity and protein structure similarity, we ad-

ditionally performed protein sequence alignments. The global sequence identity between two
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protein sequences was calculated using the Needleman-Wunsch algorithm as implemented in

emboss [Rice] using default settings, whereas the local sequence identity and similarity was

calculated using the Smith-Waterman algorithm as implemented in blast [Altschul et al.,

1990] using default settings.

6.6.4 Network Analysis

To identify clusters of structurally similar proteins, the pairwise comparisons were ex-

ported to cytoscape [Shannon et al., 2003] to produce a network of significantly similar

protein structures. Clusters were defined using the “Fast Greedy” algorithm as imple-

mented in the cytoscape package clusterMaker2 at default settings. All custom scripts

to perform alignments, and all figures and tables are available on https://github.com/

jorisvansteenbrugge/NematodeProtFolding.

6.7 Supplemental Data

6.7.1 Supplemental Figures
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Figure 6.6: Pairwise Sequence identity of significantly similar protein structures.
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Figure 6.7: RMSD scores compared between the most and least similar two proteins of the

VAP and SPRYSEC-b effector families. A comparison between a VAP and a SPRYSEC-b

protein pair is included as a negative control.
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Figure 6.8: Network of structurally similar proteins. G. pallida proteins are shown in orange,

M. chitwoodi proteins are shown in blue. Edges are drawn based on significantly similar

protein structures. Edge thickness is based on the pairwise protein sequence identity (higher

equals thicker).
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Figure 6.9: Network of structurally similar proteins between C. elegans (blue) and G. pallida

(orange). Edges are drawn based on significantly similar protein structures.

6.7.2 Supplemental Tables

Table 6.1: All significant pairwise comparisons made between G. pallida and M. chitwoodi,

including statistics, cluster assignment, and functional annotations. Only the first rows and a

subset of the columns are shown, the full table is available on GitHub (https://github.com/

Jorisvansteenbrugge/nematode_protein_folding

Query Subject P.value Identity Similarity Global Identity P.adjusted Cluster . . . Subject Description Query Description

g1002.pdb Gpal D383 g07529.pdb 7.77E-16 29.36 42.94 32.5 1.45299E-12 2 . . . Cathepsin B-like cysteine proteinase 6 Pept C1 domain-containing protein

g1002.pdb Gpal D383 g07721.pdb 0 36.14 50.3 35.3 0 2 . . . cathepsin B Pept C1 domain-containing protein

g1002.pdb Gpal D383 g07729.pdb 0 32.27 44.09 31.5 0 2 . . . cathepsin B isoform X1 Pept C1 domain-containing protein

g1002.pdb Gpal D383 g08427.pdb 0.000000225 17.33 29.07 22 0.00042075 2 . . . cathepsin L Pept C1 domain-containing protein

g1002.pdb Gpal D383 g09608.pdb 5.9E-10 18.89 33.33 16.8 0.0000011033 2 . . . Proteinase inhibitor I25 and Proteinase inhibitor I29 ... Pept C1 domain-containing protein

g1002.pdb Gpal D383 g09916.pdb 3.06E-14 25.62 40.3 27.3 5.7222E-11 2 . . . cathepsin B Pept C1 domain-containing protein
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Table 6.2: Functional domain annotations of all G. pallida and M. chitwoodi proteins in Cluster

15, annotated with Interproscan. All protein sequences, including the ’putative effectors’ contain

the functional CAP domain. Only the first rows and a subset of the columns are shown, the full

table is available on GitHub (https://github.com/Jorisvansteenbrugge/nematode_protein_

folding

Query Subject Annotation IPR ID Description

g10195.t1 PR00837 Allergen V5/Tpx-1 family signature IPR001283 Cysteine-rich secretory protein-related

g10195.t1 PR00837 Allergen V5/Tpx-1 family signature IPR001283 Cysteine-rich secretory protein-related

g10195.t1 PR00837 Allergen V5/Tpx-1 family signature IPR001283 Cysteine-rich secretory protein-related

g10195.t1 SSF55797 PR-1-like IPR035940 CAP superfamily

g10195.t1 cd05380 CAP euk - -

g10195.t1 PF00188 Cysteine-rich secretory protein family IPR014044 CAP domain

g10195.t1 SignalP-noTM SignalP-noTM - -

g10195.t1 PR00838 Venom allergen 5 signature IPR002413 Venom allergen 5-like

g10195.t1 PR00838 Venom allergen 5 signature IPR002413 Venom allergen 5-like

g10195.t1 PR00838 Venom allergen 5 signature IPR002413 Venom allergen 5-like

Table 6.3: Unannotated G. pallida proteins with structurally similar annotated M. chitwoodi

proteins. Only the first rows and a subset of the columns are shown, the full table is available on

GitHub (https://github.com/Jorisvansteenbrugge/nematode_protein_folding

Cluster Species Unannotated gene Target P-value Annotation

2 Gpal Gpal D383 g01135.t1 g9832.t1 0.0000201 Protein CBG11905

2 Gpal Gpal D383 g01135.t1 Gpal D383 g01135.t1 NA —NA—

2 Gpal Gpal D383 g01796.t1 g8382.t1 0.0000204 proline-rich transmembrane protein 1

2 Gpal Gpal D383 g01796.t1 Gpal D383 g01796.t1 NA —NA—

2 Gpal Gpal D383 g02790.t1 g276.t1 0.0000019 CBN-JUD-4 protein

2 Gpal Gpal D383 g02790.t1 g10728.t1 0.0000019 EGF-like domain-containing protein

2 Gpal Gpal D383 g02790.t1 g11244.t1 0.0000081 emp24 gp25L p24 domain containing protein

2 Gpal Gpal D383 g02790.t1 g5956.t1 0.0000133 Pribosyltran N domain-containing protein

2 Gpal Gpal D383 g02790.t1 g8382.t1 0.0000145 proline-rich transmembrane protein 1
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Table 6.4: Network table of structurally similar proteins between G. pallida and C. elegans.

Only the first rows and a subset of the columns are shown, the full table is available on GitHub

(https://github.com/Jorisvansteenbrugge/nematode_protein_folding

Cluster Name

GP CE Cl 3 A0A060Q5Z9

GP CE Cl 3 Gpal D383 g00989

GP CE Cl 3 Gpal D383 g06424

GP CE Cl 3 Gpal D383 g10528

GP CE Cl 3 Gpal D383 g17246

GP CE Cl 3 A0A060Q608

GP CE Cl 3 Gpal D383 g02913

GP CE Cl 3 Gpal D383 g11988

GP CE Cl 3 A0A061AD30

Table 6.5: Functional mapping table of unannotated G. pallida proteins against structurally

similar, and annotated, C. elegans proteins. Only the first rows and a subset of the columns

are shown, the full table is available on GitHub (https://github.com/Jorisvansteenbrugge/

nematode_protein_folding

Gpal ID Wormbase ref Protein Name Gene Name Uniprot ID

Gpal D383 g00009 B0348.10; Uncharacterized protein B0348.10 CELE B0348.10 A0A0K3ARQ1

Gpal D383 g00009 C49F5.13; Uncharacterized protein C49F5.13 CELE C49F5.13 A0A0S4XR61

Gpal D383 g00009 F11G11.15; Uncharacterized protein CELE F11G11.15 F11G11.15 A0A2C9C2N5

Gpal D383 g00009 C32E8.13; Uncharacterized protein C32E8.13 CELE C32E8.13 A0A2K5ATM1

Gpal D383 g00009 F53G2.12a; Complex1 LYR dom domain-containing protein CELE F53G2.12 F53G2.12 A0A2R8F5A8

Gpal D383 g00009 C40C9.4a; Uncharacterized protein C40C9.4 CELE C40C9.4 A0A3B1E543

Gpal D383 g00009 R160.13; Uncharacterized protein CELE R160.13 R160.13 A0A5E4M2K2

Gpal D383 g00009 Y80D4G.2; Uncharacterized protein CELE Y80D4G.2 Y80D4G.2 A0A5S9MMR3

Gpal D383 g00009 F07C6.6; Uncharacterized protein CELE F07C6.6 F07C6.6 A0FLR5



CHAPTER 7

General Discussion
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7.1 Introduction

Plant-parasitic nematodes are a major pest in crop production worldwide, which makes them

an important research topic. Plant-parasitic nematodes have been studied for centuries,

with the first description of a plant-parasitic species dating back to 1743 [Needham, 1743],

however, little is known about what causes their virulence. Over the years, significant effort

has been invested in characterising virulence of plant-parasitic nematodes, with a particular

focus on factors determining host range (e.g., [Santo, 1980, Stone and Roberts, 1981]) and

defining pathotypes (e.g., [Kort et al., 1977, Andersen and Andersen, 1982]). However,

because the first genome assembly of a plant-parasitic nematode was only published in 2008

[Abad et al., 2008], the underlying genetic architecture of virulence, and how genetic diversity

in virulence genes can explain differences in host range and pathotypes, has remained poorly

understood.

An important bottleneck for understanding virulence has been the lack of high-quality ref-

erence genome assemblies. In this thesis, I describe the generation of five high-quality

genome assemblies of lineages of plant-parasitic nematodes, and used these assemblies to

study genetic diversity in virulence in these nematodes. For the potato cyst nematode Glo-

bodera rostochiensis, I found that virulence is correlated with copy number variation and

allelic variation in effector gene families. (Chapter 2). In a comparison among fourteen

Indonesian G. rostochiensis populations of whole-genome genetic diversity versus effector

family-specific diversity, I found that there likely has been a single introduction event of G.

rostochiensis in Indonesia, and that the genetic diversity is correlated with the geographic

distribution of the populations (Chapter 3). In a comparison between the related cyst ne-

matode species G. rostochiensis, G. pallida, and Heterodera schachtii, I describe the diversity

and evolutionary history of six effector gene families. Furthermore, I found that there is no

clear correlation between a previously described dorsal gland specific promotor motif, that

is thought to orchestrate effector expression, and gene expression of these six effector gene

families (Chapter 4). In the Columbia root-knot nematode Meloidogyne chitwoodi, I ob-

served that the overall genetic diversity is remarkably low, with most variation concentrated

in five polymorphic regions. Remarkably, these polymorphic regions encode homologs of

known nematode effectors, which might aid in the adaptation of host range and pathotypes

(Chapter 5). The endoparasitic abilities of cyst and root-knot nematodes have evolved

independently [Quist et al., 2015]. While the evolution of many cyst and root-knot nema-

tode effectors have converged into related functionalities, only a small number of effector

genes seem to share a common ancestor. However, using AI prediction tools we found much

more structural similarity between effector families than previously possible using sequence-

based alignment methods. (Chapter 6). In this chapter, I will discuss how the quality of

the genome assemblies described in this thesis compares to other plant-parasitic nematode

genome assemblies, how the quality of genome assemblies can be more objectively assessed,
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and how assembly quality impacts our understanding of virulence of nematodes.

7.2 Plant-parasitic nematode reference genomes

In recent years, there has been a notable increase in the number of available nematode

genome assemblies, with 31 plant-parasitic nematode genomes currently submitted to Worm-

Base ParaSite (version: WBPS18; [Howe et al., 2017]). These genome assemblies represent

16 different species of plant-parasitic nematodes (Table 1). The assemblies can be cate-

gorised into three generations based on the sequence technology used to generate the reads.

The first generation comprises only two assemblies, theMeloidogyne hapla Freeze 1 assembly

[Opperman et al., 2008] and the original M. incognita Morelos assembly [Abad et al., 2008].

Both assemblies were constructed using Sanger sequencing data of BAC/YAC clones. This

technology can produce accurate reads of moderate lengths (i.e., 500 - 600 bp) resulting in

highly contiguous genome assemblies (e.g., [The C. elegans Sequencing Consortium, 1998]).

However, it is costly to achieve sufficient coverage with Sanger sequencing. The second gen-

eration consists of genomes assemblies that were produced with short-read sequencing data

(i.e., 50 - 300 bp), mostly with Illumina sequencing technology (i.e., HiSeq). Assemblies

generated with short reads are typically fragmented but have a high single base accuracy.

The third generation consists of genome assemblies based on long-read data (i.e., 15 - 20

kb) generated with Oxford Nanopore Technology or PacBio complemented with short-read

sequencing to improve the accuracy. The combination of long-read and short-read sequenc-

ing has resulted in more contiguous assemblies with higher single base accuracy. Due to

the differences in assembly contiguity and accuracy among the sequencing technologies, it is

important to consider how these variations impact our findings on plant-parasitic nematode

virulence.

Research on the genomic organisation of plant-parasitic nematode effectors is valuable as

it provides insights into the evolutionary history of parasitism and virulence. However, in-

vestigating the genomic organisation of effectors has proven to be difficult when working

with genome assemblies generated using short-read sequencing data. For instance, the first

genome assemblies of Globodera pallida (GPAL001; Table 7.1; [Cotton et al., 2014]) and

G. rostochiensis (nGr; Table 7.1; [Eves-van den Akker et al., 2016]) were each generated

based only on short-read sequencing data. Consequently, both assemblies are highly frag-

mented as compared to newer long-read based assemblies (e.g., G. rostochiensis assemblies

WUR GloGros L19 (Chapter 2) and WUR GloGros L22 (Chapter 2), and G. pallida as-

semblies D383 (Chapter 4) and SA Gpal Newton PRJNA702104). For the earlier genome

assemblies of G. pallida and G. rostochiensis, the authors predicted gene models and anno-

tated these models based on sequence homology with previously identified effectors. How-

ever, due to the high degree of fragmentation, the genomic organisation of effector families
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in plant-parasitic nematode could not be resolved accurately. To my knowledge, the only

study applying a short-read based genome assembly to explore effector gene organisation

was based on the G. rostochiensis-nGr assembly [Eves-van den Akker et al., 2016]. The au-

thors studied the genetic organisation of previously reported effectors by determining their

positions on the genome. They observed that most of these effector genes were located in

gene dense regions. This finding was in line with earlier observations that many effector

families have diversified through gene duplication events [Kikuchi et al., 2017].

Long-read sequencing has opened up new avenues for genome research on plant-parasitic

nematode effectors. First and foremost, the higher structural integrity of long-read assem-

blies has enabled more reliable inferences of the genomic organisation of effector genes, as

exemplified in Chapter 2. Second, it allows to assess the impact of diversifying selection

and its distribution across genomes, as shown in Chapter 5 and in more detail by Lee et al.

[2021] Lee et al. [2021]. A more reliable inference of the genomic organisation of effectors

also enables further studies on the regulatory mechanisms driving the expression of effector

genes. Previous work has identified three conserved cis-regulatory motifs that are believed to

influence effector gene expression in the dorsal gland of various nematode species [Eves-van

den Akker et al., 2016, Espada et al., 2018, Da Rocha et al., 2021]. A causal relationship

between presence of these cis-regulatory motifs and gene expression can be investigated fur-

ther by identifying transcription factors that bind to these motifs. A physical interaction

between such transcription factors and these motifs can be established using high-throughput

chromosome conformation capture (Hi-C) [Tomás-Daza et al., 2023].

In addition to studying the genomic organisation of effector genes, long-read sequencing

offers more accurate identification of structural variation within nematode genomes [Hud-

dleston et al., 2017, Chaisson et al., 2015, English et al., 2015]. Structural variants are

abundant in eukaryotic genomes and are known to have an impact on numerous pheno-

types including on disease susceptibility [Conrad et al., 2010] in humans. In plant-parasitic

nematodes, structural variants play an important role in the development of their effector

repertoires through gene loss or gene duplication events [Bird et al., 2015, Kikuchi et al.,

2017, Castagnone-Sereno et al., 2019].
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Table 7.1: Plant-parasitic nematode genome assemblies as published in WormBase ParaSite

(version WBPS18), grouped by their primary sequencing technology.

Species Name Assembly NCBI ID Genome Size (Mb) Number of Scaffolds Publication Year

Moderate Read Length

Meloidogyne hapla Freeze 1 PRJNA29083 53 3452 2008

Meloidogyne incognita Morelos CABB01000001–CABB01009538 86 2817 2008

Short Read Length

Acrobeloides nanus v1 PRJEB26554 248 30759 2018

Bursaphelenchus xylophilus ASM23113v1 submitted PRJEA64437 75 5527 2011

Globodera pallida GPAL001 PRJEB123 124 6873 2014

Globodera rostochiensis nGr PRJEB13504 96 4281 2016

Meloidogyne arenaria ASM90000398v1 PRJEB8714 258 26196 2017

Meloidogyne arenaria ASM369356v1 PRJNA340324 164 46436 2017

Meloidogyne enterolobii ASM369367v1 PRJNA340324 163 42008 2017

Meloidogyne floridensis nMf 1 1 PRJEB6016 97 58696 2014

Meloidogyne floridensis ASM369360v1 PRJNA340324 75 8887 2017

Meloidogyne graminicola Mgraminicola V1 PRJNA411966 38 4304 2018

Meloidogyne incognita Meloidogyne incognita V3 PRJEB8714 183 12091 2017

Meloidogyne incognita ASM369364v1 PRJNA340324 122 33351 2017

Meloidogyne javanica ASM90000394v1 PRJEB8714 236 31341 2017

Meloidogyne javanica ASM369362v1 PRJNA340324 150 34316 2017

Long Read Length

Aphelenchoides besseyi AORJ.fasta PRJNA834627 46 32 2023

Aphelenchoides besseyi AORT.fasta PRJNA834627 47 39 2023

Aphelenchoides besseyi APFT.fasta PRJNA834627 45 80 2023

Aphelenchoides besseyi APVT.fasta PRJNA834627 45 28 2023

Bursaphelenchus xylophilus BXYJ5 PRJEB40022 78 11 2020

Ditylenchus destructor ASM157970v1 PRJNA312427 111 1761 2016

Ditylenchus dipsaci D.dipsaci.v1.0 PRJNA498219 227 1394 2019

Globodera pallida SA Gpal Newton PRJNA702104 120 173 2023

Globodera pallida D383 Gpal 1.0 PRJNA764088 113 163 2023

Globodera rostochiensis WUR GloGros L19 PRJNA695196 93 88 2021

Globodera rostochiensis WUR GloGros L22 PRJNA695196 102 135 2021

Heterodera glycines ASM414822v2 PRJNA381081 158 9 2021

Heterodera schachtii Hsch Bonn V1.0 PRJNA722882 179 395 2022

Heterodera schachtii WUR Hsch IRS 1.0 PRJNA767548 190 705 2023

Meloidogyne arenaria ASM313380v1 PRJNA438575 284 2224 2018

Meloidogyne chitwoodi ASM1518303v1 PRJNA666745 47 30 2021

7.3 Plant-parasitic Nematode Genome Assembly

In this thesis, the genome assemblies are presented of five nematode lineages: Globodera

rostochiensis Line-19 and G. rostochiensis Line-22 (Chapter 2), G. pallida D383 and Het-

erodera schachtii IRS (Chapter 4), and Meloidogyne chitwoodi Mc31 (Chapter 5). Com-

pared to second generation genome assemblies (e.g., [Cotton et al., 2014, Eves-van den

Akker et al., 2016]), a significantly higher degree of contiguity was achieved for these five

assemblies. This improvement was primarily due to the use of long-read sequencing tech-

nologies. The publication of the genome assembly of Ditylenchus destructor in 2016 was the

first genome assembly of a plant-parasitic nematode generated using long-read data [Zheng

et al., 2016]. While this latter assembly used similar sequence technology as the assemblies

in this thesis (i.e., PacBio), it is an order of magnitude more fragmented. Since the as-

sembly size of D. destructor is not significantly larger, this discrepancy can be caused by

either improvements in PacBio chemistry [Rhoads and Au, 2015], differences in the assem-
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bly protocol, or a combination of both. Notably, a more traditional assembly procedure was

used for the D. destructor genome. Contigs were produced using the short-read assembler

ALLPATHS-LG [Gnerre et al., 2011] based on short-read and mate-pair libraries. These

contigs were then scaffolded using a PacBio RSII long-read library, which was sequenced at

low coverage [Zheng et al., 2016]. One possible explanation for this high number of scaffolds

is a low coverage of PacBio sequencing data. Alternatively, the order in which both long-

read and short-read data was used in the assembly process could also cause a lower level

of contiguity. Previous work suggests that short-read derived contigs misrepresent the full

complexity of repeats and transposons [Alkan et al., 2011]. It is therefore possible that the

contigs in the D. destructor assembly contain missing or incorrectly sized repeats, resulting

in mismatches with the long reads that were used for scaffolding. In this thesis, all initial

assemblies were produced using long-read data and subsequently polished using short-read

data, which resulted in much more contiguous assemblies.

It is not yet possible to isolate sufficient high molecular weight DNA from individual mi-

croscopically small plant-parasitic nematodes for high-coverage sequencing. Instead, high

molecular weight DNA is isolated from a large number of individual nematodes (e.g., 10,000

juveniles) from a population rather than a single nematode. Consequently, the template

DNA used for sequencing consists of a diverse pool of haplotypes. This pool of haplotypes

can represent high levels of heterozygosity in diploid, sexually reproducing species due to

DNA crossovers during meiosis (Chapter 2). Genome assembly programs are typically

designed to assemble sequence reads from a single haplotype, instead of merging multiple

haplotypes into a consensus genome sequence. It was, therefore, necessary to adapt the stan-

dard assembly protocols to handle high levels of heterozygosity in the DNA pools isolated

from plant-parasitic nematodes in this thesis.

The assembly protocol used in this thesis dealt with the heterozygosity in two different ways.

First, a rigorous correction step was performed on the PacBio or Oxford Nanopore Technol-

ogy long-reads using the error correction mode in the assembly program Canu [Koren et al.,

2017]. The error correction step essentially detects the overlap of the sequencing reads and

merges overlaps that have a lower error rate than the threshold. For example, the authors of

Canu opted for a default error rate for PacBio reads of 4.5% [Koren et al., 2017]. Therefore,

reads with 95.5% or more identical base calls are merged. When multiple haplotypes of

the same locus are sequenced, these reads could potentially be less similar than the default

threshold and remain unmerged. During the genome assembly phase, the assembler may

identify a proportional amount of these haplotypes as separate loci, introducing spurious

contigs, or so called haplotigs. We raised this threshold from 4.5% to 15%, to allow Canu

to merge haplotypes of the same locus. As a second step to address heterozygosity, remain-

ing haplotigs were removed from the assembly using the Purge Haplotigs program [Roach

et al., 2018]. Especially the first correction step has the risk to incorrectly prune parts
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of the genome by collapsing low-complexity regions, in addition to collapsing the intended

haplotypes. We validated the assemblies for this in two ways. First, we ensured that these

steps produced genome assemblies that are close to the expected assembly sizes based on

flow cytometry estimates. We additionally assessed completeness using BUSCO [Seppey

et al., 2019] (Chapters 2, 4, 5). Second, we mapped the original uncorrected reads to the

assemblies and called structural variants. The number of homozygous structural variants,

which are indicative for miss-assembled regions of the genome, was very low in both G. ros-

tochiensis-Line19 and G. rostochiensis-Line22 genome assemblies (Chapter 2). Altogether,

this suggests that the steps in our assembly protocol adequately dealt with the high levels

of heterozygosity.

To improve the contiguity of the assemblies even further in the future, it would be helpful

to incorporate experimental data from optical mapping technologies. A method like Hi-C

could enable (near) chromosome resolution by resolving very large repeats, for which long-

reads are often still too short [Yuan et al., 2020]. Genome scaffolding using Hi-C data

was first introduced in 2013 to assembly Homo sapiens, Mus musculus, and Drosophila

melanogaster genomes [Burton et al., 2013]. It has since then been applied in numerous

other genome assembly projects, including the mosquito Aedes aegypti [Dudchenko et al.,

2017], sweet cherry (Prunus avium L.) [Wang et al., 2020], the nematode Caenorhabditis

remanei [Teterina et al., 2020], the pinewood nematode Bursaphelenchus xylophilus [Dayi

et al., 2020], and the soybean cyst nematode Heterodera glycines [Masonbrink et al., 2021],

to produce highly contiguous assemblies, up to the chromosome level.

7.4 Evaluation of Assembly Quality

Genome researchers often rate a genome assembly with a qualitative label, such as high-

quality. In 2009, when next/second generation sequencing was more widely adopted, the

number of available genome assemblies increased rapidly. At the same time, large differences

in the quality of assemblies became evident, ranging from draft assemblies with minimal

manual or automatic improvements (e.g., [Ling et al., 2013, Franzén et al., 2009, Chan

et al., 2010]) to (nearly) finished assemblies (e.g., [The C. elegans Sequencing Consortium,

1998, Liu et al., 2009, Church et al., 2009]). To facilitate the categorisation of assembly

quality, Chain et al. [2009] proposed a standardised set of assembly quality labels, Standard

Draft, High-Quality Draft, Improved High-Quality Draft, and Finished. These labels remain

valuable descriptors to date, as they are technology independent. The assemblies generated

in this thesis (Chapters 2, 4, and 5) meet the criteria of an Improved High-Quality Draft

by Chain et al. [2009]. They cover at least 90% of the genome, with attempts made to purge

contaminations, scaffold contigs in the correct order, and resolve gaps. This qualification

still leaves room for misassemblies in repetitive regions, and base call errors in low-quality
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regions.

While the standards set by Chain et al. [2009] aid in determining whether the quality of

an assembly aligns with project goals, the authors did not make recommendations on how

to validate an assembly. The current description of the labels is still quite ambiguous. For

example, the description of an Improved High-Quality Draft includes requirements for scaf-

folding and gap closing (i.e., assembly contiguity), misassemblies (i.e., assembly correctness),

and genome coverage (i.e., assembly completeness). However, there is no golden standard

or metric to valid assemblies. The absence of such an evaluation standard can be explained

by the complexity and nuances involved evaluating a genome assembly. Nevertheless, the

quality of assemblies is currently most often assessed based on three properties, namely

contiguity, correctness, and completeness, which are recently coined as the 3C criterion

[Molina-Mora et al., 2020]. I will elaborate on each of these properties in the subsequent

sections of this chapter.

7.4.1 Contiguity

When producing a genome assembly, most effort is often spent on the contiguity and its rela-

tion to the total assembly size. The assembly size indicates potential missing or erroneously

included sequences. contiguity is furthermore important for gene prediction. Long stretches

of contiguous sequences will increase the number, and the accuracy, of gene predictions, as

genes that span across two contigs will not be (accurately) predicted by gene prediction

programs [Yandell and Ence, 2012]. contiguous genome assemblies therefore facilitate stud-

ies on the genomic organisation of genes and genetic variation within these genes (e.g., this

thesis, [Lee et al., 2021]).

contiguity is commonly assessed using the N50 statistic, and the number of contigs. The

N50 statistic is calculated by ordering all contigs based on size in descending order. Starting

with the largest contig, their size is iteratively summed until the cumulative size reaches

50% of the total assembly size. The N50 is then the size of the contig that exceeds this 50%

mark. This metric is an effective descriptor for assemblies with a gradual size distribution,

however, it is biased against contigs with a highly unequal size distribution [Bradnam et al.,

2013]. This could occur after extensive scaffolding, when the assembly contains a small

number of very large contigs and many extremely small contigs. Such an assembly is then in

fact highly contiguous, but the N50 would be misleading. In this same situation, the number

of contigs would likewise indicate a fragmented assembly. More informative than the N50

would therefore be a contig size distribution plot, sorted from largest to smallest contigs.

Furthermore, considering the genome size and karyotype could make the N50 metric more

informative when conducting cross-species comparisons. An interesting addition to a size

distribution would therefore be the contig/chromosome ratio [Wang and Wang, 2023]. This

ratio represents the number of contigs relative to the number of chromosome pairs, and
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together with the N50 and contig/chromosome ratio, would be a more robust and species

independent way to assess the contiguity of an assembly.

7.4.2 Correctness

There are multiple sources of errors during genome assembly, ranging from base-level errors

that can result from sequencing errors to structural errors. Multiple methods exist to assess

the correctness of an assembly, which can be classified as either reference-based, or reference-

free approaches. Reference-based approaches such as QUAST-LG [Mikheenko et al., 2018]

assesses correctness by identifying small (i.e., ranging from 200bp to 1000kb) and larger

(1000kb+) structural errors based on comparisons between the de novo assembly, the raw

sequencing data, and an existing reference genome assembly. The disadvantage of reference-

based assessment is that it requires a (nearly) finished reference genome sequence. This

limitation is probably the reason why the authors of QUAST-LG demonstrated their software

only on model species with nearly finished reference genome sequences [Mikheenko et al.,

2018]. In many cases, including plant-parasitic nematodes, reference genome assemblies of

such high quality are not available.

The most commonly used reference-free correctness assessment approaches for ab initio

assembled genomes are K-mer based. Software such as Merqury [Rhie et al., 2020] or KAT

[Mapleson et al., 2017] compare the K-mer distribution of the assembly with the K-mer

distribution of raw Illumina sequencing reads, to estimate base level correctness, and identify

possible contaminations. Both of these methods are designed to be performed on genome

assemblies of diploid organisms, and require a high sequencing depth of accurate sequencing

reads [Mapleson et al., 2017, Rhie et al., 2020]. In this thesis, the nematodes of which

the genomes were assembled, are indeed all diploid organisms. However, since DNA was

extracted from a heterogenous population, rather than an individual nematode, the sequence

pool contains highly heterozygous reads. Because in this case the assembly is a consensus

representation of the population, many reads that map on the same locus will therefore not

be identical to the assembly. This heterozygosity will impact the K-mer distribution and

likely results in a higher number of reported errors.

Since the introduction of high-throughput long-read sequencing, various programs have been

developed to resolve structural complexity in genome assembly (e.g., [Koren et al., 2017,

Ruan and Li, 2020]). However, there is only a limited number of methods available to detect

structural errors in an existing assembly. One example is the program Inspector, that detects

both larger structural- and small-scale errors in an assembly using long-read data [Chen

et al., 2021]. Inspector reports on both large and small-scale assembly errors and reports

a normalised Phred Quality Value (QV) score that incorporates all error-types. A genome

assembly with a QV score of 40 (i.e., 99.99% correct) might be considered finished [Schmutz

et al., 2004]. However, for the assemblies in this thesis a lower QV score suffices, as a finished
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assembly is not strictly necessary for the characterisation of the genomic organisation of

effector genes, and their genetic diversity. Only a limited research effort has been dedicated

to structural variants within and between plant-parasitic nematode populations. Structural

variants are abundantly present within human populations and impact a large proportion of

the genome [Sudmant et al., 2015, Feuk et al., 2006]. Structural variants are therefore also

expected to occur in these highly heterozygous plant-parasitic nematode populations. The

majority of structural variants will likely occur in low frequencies [Abel et al., 2020] and

might therefore remain undetected due to a low sequencing coverage. These variants present

in the population will therefore likely have a small impact on the QV score. Future research

is necessary to determine an appropriate QV score threshold for high-quality plant-parasitic

nematode assemblies.

7.4.3 Completeness

As measures of assembly completeness, the most commonly used metrics are the genome

assembly size and quantitative indicators of completeness algorithms such as CEGMA and

BUSCO [Seppey et al., 2019, Parra et al., 2007]. A much smaller assembly size than expected

based on flow cytometry estimations [DOLEŽEL and BARTOŠ, 2005, Vinogradov, 1998]) is

indicative of missing genomic regions, and therefore an incomplete assembly. However, the

assembly size as a completeness index is not sensitive towards erroneous duplications that

may inflate the assembly size and therefore hide unrepresented regions, and should therefore

be used in conjunction with other completeness estimates.

CEGMA and BUSCO use a similar principle, which involves identifying a set of universal

genes in a taxonomic group (e.g., eukaryotes), mapping these genes to the assembly, and

then reporting the percentage of genes found, missing, and fragmented. The main difference

between the two programs is in the composition of the gene sets that are used to measure

completeness. The CEGMA gene sets (COGs) are based on clusters of orthologous genes

found in only seven (nearly) finished genomes of eukaryotic model species [Parra et al., 2007],

which may not be representative for all eukaryotic species [Seppey et al., 2019]. CEGMA fur-

thermore was discontinued in 2015 and therefore does not receive gene-set updates anymore.

Surprisingly, despite this shortcoming, it is still being used to report measure of completeness

(e.g., [Chen et al., 2023, Yan et al., 2023, Song et al., 2023]). BUSCO on the other hand uses

curated sets (BUSCOs) for different taxonomic groups of universal single copy genes (i.e.,

present in > 90% of the species) based on OrthoDB [Kuznetsov et al., 2023]. BUSCO has

two potential shortcomings when used as measure of completeness for genome assemblies of

plant-parasitic nematodes. First, likely due to the small number of finished genomes, the

phylum Nematoda is significantly underrepresented in OrthoDB. In the current release at the

time of writing of this thesis (i.e., release 11) only eight nematode species are included, five

of which are animal-parasitic nematodes species and three are free-living nematode species
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(i.e., members of the genus Caenorhabditis). As a result, the set of universal genes that

occur in 90% of these nematode species, do not represent plant-parasitic nematodes species,

which are evolutionary distinct from free-living and animal-parasitic nematodes.

Secondly, BUSCO maps the genes in a gene set to an assembly by first predicting gene

models using Augustus [Stanke et al., 2006]. The assembly completeness score reported by

BUSCO is therefore not only dependent on the completeness of the assembly, but also on

the accuracy of gene prediction by Augustus. Since other gene annotation pipelines exist

that outperform gene models that are predicted by only Augustus (e.g., [Br̊una et al., 2021,

Campbell et al., 2014]), it would be more informative to calculate BUSCO completeness

scores based on these more accurate gene predictions [Seppey et al., 2019]). I would therefore

recommend publishing both the BUSCO scores of the assembly, as well as the accompanying

gene models. Furthermore, if in a future update of OrthoDB more nematode species would

be included, BUSCO would provide an even more robust completeness index.

7.5 Future perspectives

Effector repertoires deployed by plant-parasitic nematodes display significant diversity, re-

sulting from mutations, gene duplications, diversifying selection, and horizontal gene trans-

fers [Lilley et al., 2018, Haegeman et al., 2011, Vieira and Gleason, 2019]. This thesis sheds

light on the effector diversity in economically important nematode species by examining

the diversification of previously reported effector gene families across different populations.

However, it is essential to recognise that the effector gene families explored in Chapters

2 and 4 represent only a few examples of a much larger effector pool. Given the varying

levels of diversification among effector gene families, capturing a broader spectrum of this

diversity is crucial to fully understand plant-parasitic nematode virulence.

In spite of the public availability of numerous plant-parasitic nematode effector sequences,

the absence of a centralized nematode effector repository requires extensive literature studies

to gain a complete overview of the available information. Furthermore, the same nematode

effectors may be redundantly published under different names, for example Gr-1106 [Finkers-

Tomczak, 2011] and Hg-GLAND4 [Noon et al., 2015], which requires additional manual cu-

ration. To make effector sequences and their metadata more accessible, a complete overview

of all known plant-parasitic nematode effectors in a database is therefore necessary. Such

a database would provide a standardised and non-redundant resource, encompassing the

full spectrum of known effectors. This information can then be used to easily compare

the effector repertoire between nematode species. Using commonly used search tools like

BLAST [Altschul et al., 1990] or HMMER [Eddy, 1998] it can be determined which effec-

tors are present in each of the available genomes, and store this information in a table.

These tables could be continuously updated as new genome assemblies becomes available,
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or when new effectors are identified. Furthermore, the presence-absence information could

be enriched with additional details, including copy number variations and allelic variation.

This database could be compiled from various sources, including published data, and could

also be enriched using predictions based on multiple sources of experimental evidence. To

contribute to this enrichment, an initial step for identifying potential effector candidates for

inclusion may involve utilizing gene models and applying common criteria such as the pres-

ence of a signal peptide for secretion and the absence of a transmembrane domain [Mitchum

et al., 2013]. This prediction step can serve as a preliminary screening to screen candidates,

which can then be further validated through subsequent experimental evidence. As spatial

and temporal gene expression have an important role in differentiating functional roles of

proteins, establishing the expression of putative effectors in specific tissues or life stages,

particularly during host interaction, is valuable for accurate prediction and validation. For

example, requiring the coding gene of a predicted effector to be expressed in parasitic life-

stages [Mitchum et al., 2012] provides a layer of validation, ensuring the predicted effectors

are relevant to parasitism. Newer techniques, such as single-cell sequencing, could further

enhance confidence in these predictions in the future, specifically if the putative effector is

expressed in either the dorsal or sub-ventral esophageal gland cells, where the majority of

effector proteins are produced [Mitchum et al., 2012]. Similar to how the UniProt database

distinguishes between predicted proteins (TrEMBL) and curated proteins (Swiss-Prot), the

effector database could discriminate between predicted effectors curated annotations [The

UniProt Consortium et al., 2023, O’Donovan, 2002]. An intuitive approach would be to

implement a score similar to the UniProt “annotation score,” calculated based on available

experimental data. Putative effectors of which the prediction is only based on the presence

of a signal peptide and absence of a transmembrane domain would receive lower scores,

while those with functional validations at the protein level would score higher. This scor-

ing system would enable researchers to assess the reliability of effector predictions more

effectively.

Another major challenge in plant-parasitic nematode effector research, is the functional

characterisation of effectors, especially at the protein level. While there are instances where

effectors have been rigorously analysed for function - including confirming their interaction

with proteins of their host (e.g., [Sacco et al., 2009, Wang et al., 2011, Verhoeven et al.,

2023]) - we find that many effectors have not been equally explored in terms of their func-

tionality. There is a recognized need to functionally characterize a larger set of effectors,

but due to the complexity of the methods involved, analyzing a large number of putative

effectors at once is not feasible. Hence, leveraging in silico predictions is an important initial

step to narrow down the selection, and focus experimental efforts on a more manageable

subset of proteins. With the recent innovations in artificial intelligence prediction tools such

as the protein structure prediction tool Alphafold2 [Jumper et al., 2021], it is now possible

to predict protein structures at the proteome level (Chapter 6). These structural predic-
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tions may then be used to infer protein function using structural alignments with proteins

with a known function, the prediction of interactions with host-proteins, and active site

predictions. Therefore, employing artificial intelligence tools will improve the accuracy of

functional predictions, which will enable a more reliable identification of potential effectors

for functional screening.

In conclusion, this thesis contributes five high quality genome assemblies, and has provided

insights into the diversification, and genomic organisation of nematode effector genes. These

differences in effectors have mainly been characterised from three angles. First, genetic

variation was studied between different populations of a potato cyst nematode (Chapter

2, and 3). Second, I described the genetic variation between three different cyst nematode

species (Chapter 4). Third, the similarities in putative effectors between a cyst nematode

and a root-knot nematode was described (Chapter 6). These findings, combined with future

research, are important in enhancing our understanding of how plant-parasitic nematodes

gain their virulence and ability to adapt to changes of their host. The improved knowledge

will allow for a better informed and more targeted application of control strategies in the

future.
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Fernando Garćıa. High quality 3C de novo assembly and annotation of a multidrug

resistant ST-111 Pseudomonas aeruginosa genome: Benchmark of hybrid and non-hybrid

assemblers. Scientific Reports, 10(1):1392, January 2020. ISSN 2045-2322. doi: 10.1038/

s41598-020-58319-6.

Josselin Montarry, Sylvie Bardou-Valette, Romain Mabon, Pierre-Loup Jan, Sylvain Four-

net, Eric Grenier, and Eric J. Petit. Exploring the causes of small effective population



166 BIBLIOGRAPHY

sizes in cyst nematodes using artificial globodera pallida populations. PROCEEDINGS

OF THE ROYAL SOCIETY B-BIOLOGICAL SCIENCES, 286(1894), JAN 2 2019. ISSN

0962-8452. doi: 10.1098/rspb.2018.2359.

Nitika Mukhi, Danylo Gorenkin, and Mark J. Banfield. Exploring folds, evolution and host

interactions: Understanding effector structure/function in disease and immunity. New

Phytologist, 227(2):326–333, July 2020. ISSN 0028-646X, 1469-8137. doi: 10.1111/nph.

16563.

M. Shahid Mukhtar, Anne-Ruxandra Carvunis, Matija Dreze, Petra Epple, Jens Stein-

brenner, Jonathan Moore, Murat Tasan, Mary Galli, Tong Hao, Marc T. Nishimura,

Samuel J. Pevzner, Susan E. Donovan, Lila Ghamsari, Balaji Santhanam, Viviana

Romero, Matthew M. Poulin, Fana Gebreab, Bryan J. Gutierrez, Stanley Tam, Dario

Monachello, Mike Boxem, Christopher J. Harbort, Nathan McDonald, Lantian Gai,

Huaming Chen, Yijian He, European Union Effectoromics Consortium, Jean Vanden-

haute, Frederick P. Roth, David E. Hill, Joseph R. Ecker, Marc Vidal, Jim Beynon,

Pascal Braun, and Jeffery L. Dangl. Independently Evolved Virulence Effectors Converge

onto Hubs in a Plant Immune System Network. Science, 333(6042):596–601, July 2011.

ISSN 0036-8075, 1095-9203. doi: 10.1126/science.1203659.

B. A. Mullin and B. B. Brodie. Effects of Host Resistance on Second-stage Juveniles and

Adult Males of Globodera rostochiensis. Journal of Nematology, 20(3):335–339, July 1988.

ISSN 0022-300X.

A. Nayeem. A comparative study of available software for high-accuracy homology modeling:

From sequence alignments to structural models. Protein Science, 15(4):808–824, March

2006. ISSN 0961-8368, 1469-896X. doi: 10.1110/ps.051892906.

Turbevil Needham. XVI. A letter from Mr. Turbevil Needham, to the President; concerning

certain chalky tubulous concretions, called malm; with some microscopical observations

on the farina of the red lily, and of worms discovered in smutty corn. Philosophical

Transactions of the Royal Society of London, 42(471):634–641, December 1743. ISSN

0261-0523, 2053-9223. doi: 10.1098/rstl.1742.0101.

TL Niblack, PR Arelli, GR Noel, CH Opperman, JH Orf, DP Schmitt, JG Shannon, and

GL2620582 Tylka. A revised classification scheme for genetically diverse populations of

heterodera glycines. Journal of nematology, 34(4):279, 2002.

J. M. Nicol, S. J. Turner, D. L. Coyne, L. den Nijs, S. Hockland, and Z. Tahna Maafi. Current

Nematode Threats to World Agriculture. In John Jones, Godelieve Gheysen, and Carmen

Fenoll, editors, Genomics and Molecular Genetics of Plant-Nematode Interactions, pages

21–43. Springer Netherlands, Dordrecht, 2011. ISBN 978-94-007-0434-3. doi: 10.1007/

978-94-007-0434-3 2.



BIBLIOGRAPHY 167

B Niere, S Krüssel, and K Osmers. Auftreten einer außergewöhnlich virulenten population
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English Summary

Plant-parasitic nematodes are among the most economically damaging plant-parasites glob-

ally. From an evolutionary perspective, multiple clades of plant-parasitic nematodes exist,

including the economically relevant cyst and root-knot nematodes. Nematode species be-

longing to these clades parasitise plants using a mixture of specialised secreted proteins,

commonly referred to as effectors. These effectors manipulate the host in multiple ways,

such as modification of the host cell-wall, suppression of host immunity, and hijacking cel-

lular processes in the host to enable the establishment of a permanent feeding site. The

composition of the mixture of effector proteins ultimately determines virulence. However,

the effector repertoire is highly variable and may differ between different species, but also

between individual nematodes of the same species. These differences can be explained by

the encoding genes for effectors, which are often part of diverse gene families. In this thesis,

the genetic diversity within key effector gene families is characterised by examining copy

number variations and sequence variations, both inter and intra species.

Chapter 2 investigates the genetic diversification in effector gene families between two in-

bred lines of the potato cyst nematode Globodera rostochiensis. One of the primary control

strategies against G. rostochiensis is the H1 resistance gene in potato. However, H1 resis-

tance is not effective against all pathotypes of G. rostochiensis. The two G. rostochiensis

lines studied in this chapter, Gr-Line19 and Gr-Line22, were derived from different field

populations with a distinct pathotype. Gr-Line19, derived from a Ro1 pathotype, is avir-

ulent to the H1 resistance gene, while Gr-Line22 originated from a Ro5 population that

is predominantly virulent towards the same H1 resistance. It should be emphasised that

although a population may exhibit a predisposition for virulence against the H1 resistance

gene, genetic variability among individuals within that population can lead to varying de-

grees of virulence. To ensure maximum uniformity within Gr-Line19 and Gr-Line22, both



lines were initiated from a single pair of male and female parents and then inbred. As a

result, Gr-Line19 exhibits complete avirulence, while Gr-Line22 displays complete virulence

against potato carrying H1 resistance. To study the genetic differences between these pop-

ulations, a high-quality reference genome assembly was generated for each inbred line using

a combination of long-read and short-read sequencing to obtain assemblies with both a high

structural and single-base accuracy. These assembled genomes were subsequently utilised

to investigate the copy number variation of 19 previously reported effector gene families.

Additionally, the phylogeny of four of these effector gene families was examined in greater

detail. These analyses resulted in multiple copy number variants and sequence variants that

were unique for either of the two inbred lines. In the future, these insights could be supple-

mented by resequencing data of other populations to develop pathotype-specific molecular

markers.

Chapter 3 investigates the introduction of the potato cyst nematode Globodera rostochien-

sis in Indonesia. While potato cultivation in Indonesia was first documented in 1711, the

species G. rostochiensis was not discovered there until 2003, almost 300 years later. In this

chapter, a genomic reconstruction of the introduction of G. rostochiensis was performed.

This analysis was performed based on genomic sequencing data of fourteen G. rostochiensis

field populations collected on Java and Sumatra, and a Scottish population as an outgroup.

Using the Gr-Line19 genome assembly as a reference, sequence variants were called for each

population and compared, both genome-wide as well as for four effector gene families. Based

on the deviation patterns in comparison with the outgroup, G. rostochiensis was most likely

introduced on Java in the middle of the eighteenth century, followed by an introduction

on Sumatra shortly after. The populations on Sumatra thereafter diversified independently

from the populations on Java.

To manage the damages caused by plant-parasitic nematodes, host-resistance is for environ-

mental and economic reasons an important control strategy. However, plant resistance genes

are often only effective against specific pathotypes of a single species. Since no molecular-

based pathotyping schemes are available, host resistance genes are not always used in an

informed manner. To work towards molecular pathotyping schemes, it is necessary to obtain

detailed knowledge of the nematode’s effector repertoire, an overview of variants within effec-

tor gene families and insights into the evolutionary history of these gene families. Chapter 4

therefore studies the genetic diversification in effector gene families between three cyst nema-

tode species, Globodera rostochiensis, Globodera pallida, and Heterodera schachtii. Thereto,

high-quality reference genome assemblies were generated for the G. pallida D383 population

and the H. schachtii IRS population. For G. rostochiensis, the Gr-Line19 assembly from

Chapter 2 was used. In total five effector gene families were studied in detail. This analysis

revealed distinct evolutionary histories, including effector gene families that diversified after

the split between the genera Globodera and Heterodera, effector gene families that diversified



after the split between the species G. rostochiensis and G. pallida, and an effector gene fam-

ily that diversified before the split between the genera Globodera and Heterodera. Chapter

4 also investigated the role of the promoter motif DOG box. It is hypothesized that this

motif enhances gene expression within the dorsal gland, a secretory gland cell where effectors

are produced. However only a modest correlation was found between DOG box dosage and

dorsal gland gene expression in G. rostochiensis and G. pallida based on RNA sequencing

data. In H. schachtii no correlation was found. Therefore, the DOG box appears to be

highly specific, and might not be required for gene expression of effectors produced in the

dorsal gland.

Chapter 5 presents a highly contiguous genome assembly of the Columbia root-knot nema-

tode Meloidogyne chitwoodi and examines the genomic diversity in the species. Root-knot

nematodes constitute the most impactful group of plant-parasitic nematodes. Subtle host

plant penetration as well as the induction of exclusive feeding sites have contributed to

the evolutionary success of this genus. In contrast to tropical RKNs, Meloidogyne species

from temperate climate zones, such as M. chitwoodi were moderately well characterised.

The reproduction mode of M. chitwoodi was previously characterised as facultative meiotic

parthenogenetic. To study the impact of this reproduction mode on the genetic constitution

of M. chitwoodi, a reference genome assembly was produced of the Dutch Mc31 population

that is remarkably contiguous, achieving near chromosome-level resolution. In a compari-

son with three other M. chitwoodi populations from the United States, an incredibly low

number of sequence variants were discovered, which were centred into separate polymorphic

regions on the genome, which included known effector genes. These genomic characteristics

suggest that, although M. chitwoodi is capable of sexual reproduction, it likely reproduces

predominantly through asexual means. Furthermore, the effector genes that are located in

the polymorphic regions provide basis for further research to study pathotype identity and

host-range expansion.

Chapter 6 explores the evolutionary history of effectors between the cyst nematode G.

pallida and the root-knot nematode M. chitwoodi by investigating structural similarities

between secreted and putative effector proteins. The plant-parasitic abilities of cyst and

root-knot nematodes have evolved independently. As a result, most effectors that are de-

ployed by cyst and root-knot nematodes are not evolutionary related. However, effectors

involved in the modification of the plant cell-wall, suppression of host immunity and in-

fluencing host processes to enable formation of a feeding site, are similar in function and

have therefore convergently evolved. Traditionally, protein homology is determined through

alignments of amino acid sequences. However, proteins that have evolved convergently do

not share sequence similarity, necessitating an alternative approach to determine homology.

In this chapter, similarities between convergently evolved proteins were therefore deter-

mined based on protein structure alignments. The protein structures of the secretomes of



G. pallida and M. chitwoodi were predicted using AlphaFold2, and a significant overlap in

structurally similar proteins was identified. Most of these structurally similar proteins would

have been overlooked by sequence alignment methods. These findings therefore provide a

novel perspective into the evolutionary history of plant-parasitic nematode effectors.

The research presented in this thesis provides new insights into the genetic diversity, genomic

organisation and evolutionary history of plant-parasitic nematode effectors. These findings

are important in enhancing our understanding of how plant-parasitic nematodes gain their

virulence and ability to adapt to changes of their host. The improved insights will allow for

a better informed and more targeted application of control strategies in the future.
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