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Propositions

1. Genome diversity should be used more often to identify key factors in both
nematode virulence and host susceptibility.
(this thesis)

2. The effector MIMSP32 contributes to nematode virulence by suppressing the
host target 12-oxophytodienoate reductase 2.
(this thesis)

3. Careful consideration of the visualization of the predicted data before it is
gathered improves the design process of an experiment.

4. Molecular plant genetics would evolve faster if an economically relevant crop is
chosen as model plant.

5. The ‘race to a COVID-19 vaccine’ is an excellent illustration of how scientists

focus too much on competition.
6. Climate change makes it impossible to preserve the Dutch biodiversity.

7. Exactly following the protocol guarantees successful cake baking, but it hinders

new insights.
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Chapter 1

General introduction

Ava Verhoeven

Laboratory of Nematology, Department of Plant Sciences, Wageningen University & Research,
Wageningen, The Netherlands



‘.. they are a Species of aquatic Animals, and may be denominated
Worms, Eels, or Serpents, which they much resemble.’

John Turberville Needham, 1743

Plant-parasitic nematodes

Of all multicellular eukaryotic organisms on Earth, nematodes are the most numerous
(Decraemer & Hunt, 2013 ), with thousands of nematodes per 100 g dry soil ( Van Den Hoogen

etal., 2019). These typically tiny unsegmented roundworms can be divided in groups of various

feeding types, such as bacterivores, fungivores, and plant feeders. Phylogenetically speaking,
nematodes can be classified in twelve distinct clades. Within this classification system,
plant parasitism has evolved independently multiple times in at least four different clades

(van Megen et al., 2009). While some plant-parasitic nematodes are found in clade 1, 2 or 10,

most are grouped in clade 12. The first discovery of a plant-parasitic nematode species (i.e.
Anguina tritici  from clade 12) was described by Needham in 1743 ( Needham, 1743 ). In contrast

to these seed gall nematodes, most of the 4100 currently described plant-parasitic nematodes
species feed belowground on plant roots ( Decraemer & Hunt, 2013 ). Although root-parasitic

nematodes display a variety of lifestyles, similar morphological characteristics have developed
in different clades by convergent evolution. For example, all root-parasitic nematode species
have large salivary glands and a needle-like stylet to penetrate the sturdy plant cell walls in
order to feed on the cell content ( Hussey, 1989).

Among root-parasitic nematodes, four main lifestyles can be distinguished, i.e. the migratory
ectoparasitic, the migratory endoparasitic, the sedentary ectoparasitic, and the sedentary
endoparasitic lifestyle. Throughout their entire life, migratory ectoparasitic nematodes
migrate in the soil while intermittently feeding on plant root cells from outside the plant.
Migratory endoparasites invade roots of a host plant and subsequently feed on multiple plant
cells while migrating though the plant root system. Migration of these endoparasites through
plant roots typically causes severe damage. Sedentary ectoparasites can (partially) penetrate
plant roots and create a permanent feeding site at specific stages in their life cycle. Sedentary
endoparasitic nematodes are completely embedded within the plant and remain attached to

their permanent feeding site during nearly all stages of development ( Lambert & Bekal, 2002 ).
Typical representatives of sedentary nematodes (belonging to clade 12) are the cyst nema -
todes and root-knot nematodes. As root-knot nematodes ( Meloidogyne spp.) cause most of
all agronomic damage, they are among the best-studied plant-parasitic nematodes ( Jones et
al.. 2013.

Global agronomical problems with M. incognita

The genus of root-knot nematodes includes more than 90 widely distributed and highly
polyphagous species ( Moens et al., 2009). The extremely wide host range, including both




monocotyledons and dicotyledons, makes M. incognita one of the mostimportant and invasive
of all plant pathogens ( Trudgill & Blok, 2001; Jones et al., 2013; Bebber et al., 2014). Nearly every
higher plant species is a host for at least one species of root-knot nematodes ( Mitchum et al.

2013). M. incognita is part of the tropical root-knot nematodes, which is a very successful group

of closely related root-knot nematodes. As the common name implies, it is endemic to tropical

and subtropical regions ( Coyne etal., 2018). Although M. incognita reproduces clonally without
sex, it is highly adaptive to environmental variation ( Blanc-Mathieu et al., 2017).

M. incognita control can be based on three different strategies, i.e. chemical control, biological

control, and the use of nematode resistance genes in crops. The previously widely applied and

effective chemical control by nematicides is increasingly banned due to environmental and

health concerns. Biological control using antagonists such as nematopathogenic bacteria and

fungi as a replacement for chemical control is not yet sufficiently effective to be applied on a

large scale ( Collange et al., 201). Even though the potential activity of several of these antag -

onists is promising in the greenhouse, variable and inconsistent results are achieved in field
trials (Bardin & Pugliese, 2020 ). In the 1940s, the resistance ( R) gene Mi-1.2 against multiple

species of tropical root-knot nematodes was identified in Solanum peruvianum and intro -
gressed into cultivated tomato S. lycopersicum (Smith, 1944 ). To date, the Mi-1.2 gene remains
the most widely used  R-gene against tropical root-knot nematodes in tomato ( Barbary et

al., 2015. However, the breakdown of  Mi-1.2 resistance at high soil temperatures ( Ammati et

al., 1986) is becoming a problem, especially since global temperatures are increasing due to

climate change ( Reddy, 2015). Additionally, damage caused by a growing number of resis -
tance-breaking, virulent M. incognita populations is a major problem worldwide ( Kaloshian
et al., 1996; Iberkleid et al., 2014; Guan et al., 2017). Therefore, there is a clear demand for new

forms of nematode resistance in crops, including novel non R-gene based resistances such
as the so-called susceptibility ( S) genes. The S-gene concept is based on natural variation in
plant genes responsible for a compatible interaction between host and parasite ( van Schie &
Takken, 2014).

Lifecycle of M. incognita

Depending on environmental conditions and plant susceptibility, the lifecycle of M. incognita
takes around six weeks to complete ( Bartlem et al., 2013. Therefore, multiple generations of

M. incognita can occur within one growing season. The infection cycle of M. incognita  starts
when juveniles (J2) hatch from eggs in the soil and subsequently invade the root of a host

plant at the elongation zone (  Figure 1). Thereafter, the juveniles stealthily migrate between
cortical cells in the direction of the root tip. For this intercellular migration, M. incognita uses
both mechanical force and plant cell wall degrading enzymes present in their stylet secretions

to separate cortical tissue cells at the middle lamella ( Williamson & Hussey, 1996 ). After making
a U-turn around the endodermis inside the root tip, the nematodes move into the differentiat -
ing vascular tissue ( Wyss & Grundler, 1992 ).




Inside the vascular cylinder of the plant, the juveniles of M. incognita develop a permanent
feeding site harboring four to ten so-called multiple giant cells ( Blok et al., 2008). These giant

cells arise from undifferentiated vascular plant cells by repeated mitosis without intermittent
cytokinesis, and several rounds of endoreduplication ( Gheysen & Mitchum, 2011 ). Resulting
hypertrophied cells contain multiple endopolyploid nuclei and an extraordinary high density

of subcellular organelles (  Abad & Williamson, 2010 ). While feeding, nematodes profit from the

extremely active metabolism and efficient delivery of assimilates from the plant vasculature
into the giant cells ( Bartlem et al., 2013). Cells surrounding the giant cells are also hypertrophic

and hyperplastic, forming a large protective gall. Juvenile nematodes feed on the cytoplasm of

giant cells for several weeks, and in this period they develop into two more additional juvenile

stages (J3 and, J4) and the final adult stage. Although juveniles of M. incognita can develop
into males occasionally, males are believed to play no role in reproduction ( Abad et al., 2008).

Adult females therefore reproduce clonally by mitotic parthenogenesis and secrete 200-400
eggs per adult female, all of which are deposited in a gelatinous matrix outside of the root.

stylet
amphidal glands

hypodermis

metacorpus,
incl. pump chamber

dorsal gland
excretory/secretory pore
subventral glands

intestine

phasmids

Figure 1. Schematic representation of the M. Figure 2. Schematic representation of a M. incog -
incognita  life cycle. nita juvenile with secretory organs.



Effectors of M. incognita

The elaborate changes in plant roots leading to the formation of giant cells and root galls are

most likely orchestrated by effectors in secretions of M. incognita (Favery et al., 2016)(Table 1).
Effector containing secretions of M. incognita are produced by specialized esophageal gland
cells, i.e. one dorsal gland cell and two subventral gland cells ( Figure 2 ). While compounds from
the two subventral gland cells are associated with both the pre-parasitic and parasitic phases,

secretions from the dorsal gland cells dominate in later parasitic stages ( Hussey & Mims, 1990;

Nguyen et al., 2018). Effector delivery from the nematode gland cells into the plant apoplast

or cytoplasm takes place via a protractible stylet ( Hussey, 1989; Mejias et al., 2019). Alternatively,

effectors can be secreted by amphidal glands, the hypodermis along the nematode body or
via phasmids or the excretory/secretory pore ( Haegeman etal., 2012; Mitchum et al., 2013).

In general, nematode effectors are thought to enable host invasion, to suppress and avoid

host defense responses, and to reprogram root cells into giant cells ( Mejias et al., 2019). So far,
several M. incognita effectors have been found to enable host invasion by the degradation of

plant cell walls ( Haegeman et al., 2012). The suppression of plant defenses is done for example

by interfering with various plant metabolic or signaling pathways ( Shi et al., 2018b). Likewise,

effectors can protect the nematode from harmful plant substances, e.g. by detoxifying
reactive oxygen species ( Dubreuil et al., 2007; Molinari & Rosso, 2014 ). Plant defenses can also

be altered by effectors targeting several plant phytohormones ( Gheysen & Mitchum, 2019 ). In

similar fashion, M. incognita also likely directly secretes plant hormone mimics of cytokinins
and auxins to manipulate plant processes ( De Meutter et al., 2003; De Meutter et al., 2005).

Less studied functions of effectors include feeding site initiation, expansion and maintenance,

and the degradation of plant proteins by the ubiquitination-protease pathway ( Mitchum et
al., 2013.
> Table 1. List of the (putative) M. incognita  effectors so far identified in earlier studies. Nematode

localization abbreviations: DG = dorsal glands, SvG = subventral glands, AG = amphidal glands, RG = rectal
glands. Expression abbreviations: TE = transient expression, IL = immunolocalization. Selection was based

on the total score -5 (in which an unknown protein description = -3 , an unknown (predicted) effector

function = -1, nematode localization not in either SvG or DG = -1, unknown in planta  silencing effects = -1,
unknown in planta overexpression effects = -1).



Gene ID Common Alterna - (Predicted) Protein Nematode Methods  Secretion Develop - in planta in planta Host target Host References Total
name tive function description organs mental RNAI effects overexpression localization score
name stage effects

Minc10536 MiCM3 Plant defense Chorismate SvG ISH Signal peptide Pre-parasitic VIGS reduced Increased Cytoplasm &  (Wang etal., 2018) 0
suppression mutase Early parasitic  virulence susceptibility nucleus (TE)

AF402771 MIiCRT Plant defense Calreticulin SvG and IL Secreted Migration Soaking dsRNA, Increased Cytoplasm &  (Jaubert etal., 2002b ; 0
suppression by DG Pre-parasitic siRNA and HIGS susceptibility nucleus (TE)  Jaubert etal., 2005;
calcium signaling Early parasitic ~ reduced virulence Suppression of PTI apoplast (IL) Arguel etal., 2012

Late parasitic defenses Jaouannet etal. . 2013

Minc03597 MIISE5 Plant defense Zinc-finger SvG ISH Signal peptide Pre-parasitic VIGS reduced Induced Nucleus (TE) Shi et al. , 2018b) 0

suppression protein Early parasitic  virulence susceptibility
Suppression of JA,
SA, ABA

AY 134435 MiMSP16 16D10 Transcriptional CLE-like SvG ISH, IL Signal peptide Early parasitic ~ Soaking dsRNA Induction of root Arabidopsis Huang et al., 2003; 0
regulation to peptide Late parasitic reduced virulence growth scarecrow-like Huang et al., 2006 ; Yang
promote giant cell transcription etal., 2013 Shivakumara
induction factors AtSCL6&11 etal., 2016)

Minc18876/ MiSGCR1 Plant defense Small DG ISH Signal peptide Early parasitic ~ Soaking siRNA Suppression of Cytoplasm &  (Nguyen etal., 2018) 0

KX907771/ suppression glycine- and Late parasitic reduced virulence necrosis nucleus (TE)

Minc10604/ cysteine-rich

Minc10606/

Minc04822

EF370395/ MiVAP2 Recognition Venom SvG ISH Signal peptide Pre-parasitic VIGS induced Progeny of (Wang_etal.,2007;Chiet 0

EF370396 between plant and allergen-like Early parasitic  transcripts VIGS induced al.. 2016)
nematode protein susceptibility

AF100549/ MIENG1 01C11B Plant cell wall Beta-1,4-endo - SvG ISH Signal peptide Pre-parasitic Soaking dsRNA (Rosso etal., 1999 Huang = -1

AF323087 degradation glucanase Early parasitic ~ reduced virulence etal., 2004 ; Bellafiore et

al., 2008 ; Shivakumara et
al., 2016)

ABN64198 MiGST1 Detoxification of Glutathi - SvG ISH, IL No canonical Early parasitic ~ Soaking dsRNA (Dubreuil et al., 2007; -1
ROS one-S-trans - signal peptide; reduced virulence Wang etal., 201!

ferase Secreted

MG585322 MiMIF-2 Interfering Macrophage hypoder - IL Non-classical Early-parasitic ~ HIGS reduced Induced Arabidopsis Cytoplasm (Zhao etal., 2019 -1
with the migration mis secretion Late parasitic virulence susceptibility annexins AnnAtl (IL)
annexin-mediated inhibitory and AnnAt4
plantimmune factor
responses

AF013289 MiMSP1/ recognition Venom SvG ISH Signal peptide Pre-parasitic Soaking dsRNA (Ding_etal., 2000 ; -1

MiVAP1 between plant and allergen-like Early parasitic ~ reduced virulence Chaudhary etal., 2019
nematode protein

AF527788/ MIPEL1 34C04 Plant cell wall Pectate lyase SvG ISH Signal peptide Pre-parasitic Soaking dsRNA (Huang et al., 2003; -1

AAQ09004 degradation Early parasitic ~ reduced virulence Huang etal., 2005a;

Shivakumara et al. , 201

Minc11290 MiPFN3 Disrupts the actin Profilin 3 SvG ISH No canonical Pre-parasitic Induced Arabidopsis actin Actin (Leelarasamee et al. -1

cytoskeleton signal peptide Early parasitic susceptibility monomers filaments 2018)
Dwarf phenotype (TE)

AY098646 MiPG1 Plant cell wall Polygalacturo - SvG ISH Signal peptide Pre-parasitic Soaking dsRNA (Jaubert et al., 2002a;; -1
degradation nase reduced virulence Shivakumara et al. , 2016)

AAF37276 MiXYL1 Plant cell wall Beta-1,4-en - SvG ISH Signal peptide Soaking dsRNA (Mitreva-Dautova et al. -1
degradation doxylanase reduced virulence 2006 ; Shivakumara et

al., 2016)

AAR85527 Mi14-3-3-b Plant defense and 14-3-3 SvG & DG ISH, IL No canonical All stages Cytoplasm &  (Jaubert etal., 2004 ; -2
interaction with signal peptide; nucleus (TE)  Bellafiore etal., 2008;
pathogen Secreted Vieira et al., 2012 Wang

etal., 2012

FN179274 MIASP2 Plant protein Aspartyl SvG IL Secreted Migration Apoplast (IL)  (Neveu etal., 2003b ; -2
degradation protease-like Early parasitic Vieira etal., 201}

AF049139 MiCBP1 42G06 Plant cell wall Cellulose-bind - SvG ISH Signal peptide Pre-parasitic (Ding_et al., 1998 Huang -2

degradation

ing protein

etal., 2003)




Gene ID Common Alterna - (Predicted) Protein Nematode Methods  Secretion Develop - in planta in planta Host target Host References Total
name tive function description organs mental RNAI effects overexpression localization score
name stage effects
AY509032/ MiCM1 02G06B Plant defense Chorismate SvG ISH Signal peptide Early parasitic (Huang etal., 2004 ; -2
AY422834 suppression mutase Huang etal., 2005b)
AY509033/ MiCM2 06D09B Plant defense Chorismate SvG ISH Signal peptide Pre-parasitic (Huang etal., 2004 ; -2
AY422835 suppression mutase Early parasitic Huang etal., 2005b)
AJ557572 MiCPL1 Plant protein Cathepsin Intestine ISH Putative signal Early parasitic ~ HIGS reduced (Neveu etal., 2003a; -2
degradation L cystein peptide Late parasitic virulence Antonino De Souza Jr et
protease al., 2013
AF323086 MIENG2 Plant cell wall Beta-1,4-endo - SvG ISH Signal peptide Pre-parasitic Ledger etal., 2006) -2
degradation glucanase Late parasitic
AY422836 MIENG3 05A12B Plant cell wall Beta-1,4-endo - SvG ISH Signal peptide All stages Huang et al., 2004 -2
degradation glucanase
AY422837 MIENG4 08E08B Plant cell wall Cellulase SvG ISH Signal peptide Pre-parasitic (Huang etal., 2004) -2
degradation Early parasitic
KC237722.1 MilDL1 Giant cell Inflorescence Signal peptide HIGS reduced Presumably binds (Tucker & Yang, 2013 ;Kim -2
formation deficient in virulence to Arabidopsis etal., 2018)
abscission-like receptor-like
peptide kinases such as
HAE and HSL2
AJ278663/ MiIMAP1 Recognition MAP-1 gene AG & SVG ISH, IL Secreted Pre-parasitic Cytoplasm (Semblat et al., 2001; -2
Minc00158/ between plant family Early parasitic (TE) Castagnone-Sereno et
Minc00344/ and nematode, Late parasitic Apoplast (IL)  al.. 2009; Vieira etal., 2011
Minc00365/ induction of giant Tomalova etal., 2012
Minc04584/ cells Vieira et al., 2012 Rutter
Minc10365/ etal., 2014)
Minc10366
AM749994 MiMnSOD Break Mi-1-medi - Anti-oxidant Intestine ISH Mitochondrial Pre-parasitic Active response to (Rosso. 2009 ; Molinari & -2
ated resistance by enzyme transit peptide oxidative stress Rosso, 2014)
handling oxidative manganese
stress superoxide
dismutase
AY327873/ MIPEL2 02B02B Plant cell wall Pectate lyase SvG ISH Signal peptide Pre-parasitic (Huang etal., 2004 ; -2
Minc11772 degradation Early parasitic Huang etal., 2005a
AY861685/ MIPEL3 Plant cell wall Pectate lyase SvG IL Secreted Migration Apoplast (IL)  (Vieira et al., 2011 Vieira -2
Minc11928 degradation Pre-parasitic etal., 2012
Early parasitic
AY714229 MISER1 Plant protein Chymotryp - Signal peptide Late parasitic HIGS reduced (da Rocha Fragoso et al. -2
degradation sin-like serine virulence 2005 ; Antonino De Souza
protease Jretal., 2013
AJ286352 MiSXP1 Unknown SXP/RAL-2 SvG ISH Signal peptide Early parasitic (Tytgat etal., 2005) -2
protein
EU475876 MiXYL3 Plant cell wall Beta-1,4-en - Signal peptide Soaking dsRNA (Haegeman etal.,2009; -2
degradation doxylanase reduced virulence Shivakumara et al. , 2016)
Minc03866 C-type lectin SvG ISH Soaking siRNA (Danchin et al., 2013 -2
reduced virulence
CL2552Contigl_1 Plant cell growth Transthyre - SvG ISH Secreted (Bellafiore et al., 2008) -2
regulation tin-like protein
CL321Contigl_1 Plant cell Translationally SvG ISH Secreted (Bellafiore et al. . 2008) -2
proliferation controlled
tumor protein
CL480Contig2_1 Plant-nematode Triose - SvG ISH Secreted Bellafiore et al. . 2008) -2
interactions or phosphate
metabolism isomerase
AY 135365 Auxins Giant cell Conjugated Secreted (De Meutter _etal., 2005) -3

formation

forms of auxin




Gene ID Common Alterna - (Predicted) Protein Nematode Methods  Secretion Develop - in planta in planta Host target Host References Total
name tive function description organs mental RNAI effects overexpression localization score
name stage effects
AY142117 Cytokinins Giant cell iPm, Z, Secreted De Meutter et al., 2003) -3
formation BA-types of
cytokinins
AY422833 MiASP1 Plant protein Cathepsin Putative signal Early parasitic (da Rocha Fragoso etal., -3
degradation D-like aspartic peptide Late parasitic 2009 ; Vieira etal., 2011
protease Antonino De Souza Jr__et
al., 2013
AF531169 MiISE6 Plant defense SvG ISH Signal peptide Early parasitic ~ HIGS reduced Induced Nucleus (TE)  (Shi etal., 2018a) -3
suppression virulence susceptibility
Suppression of JA
Minc19205 MiMSP12 11A01 Plant defense DG ISH Signal peptide Early parasitic ~ VIGS reduced Suppression of Cytoplasm Huang etal., 2003; Xie et -3
suppression Late parasitic virulence SA and JA related (TE) al.. 2016)
Induction of JA genes
and SA related
genes
CL5Contig2_1 MiMSP21 30G11 Acid SvG ISH Signal peptide Pre-parasitic Cytoplasm (Huang et al., 2003; -3
phosphatase Early parasitic (TE) Zhang etal., 2015
CL1191Contigl_1 MiMSP26 05G05 Zinc metallo - SvG ISH Signal peptide Early parasitic (Huang et al., 2003) -3
peptidase
Minc00108/ MiMSP29 10G02 Thioredoxin DG ISH Signal peptide Early parasitic (Huang et al., 2003) -3
Minc00107/ Late parasitic
Minc00121/
Minc00122/
Minc1149
Minc01696 MiMSP34 10A07/ Sodium/ SvG ISH Signal peptide Pre-parasitic Huang et al., 2003 -3
10A08 calcium/ Early parasitic
potassium Late parasitic
exchanger
Minc00801 MiMSP40 08E10B Suppressing PTI SvG ISH Signal peptide Pre-parasitic Soaking dsRNA Induced Cytoplasm &  (Huang et al.. 2004 ; Niu -3
and/or ETI signals Early parasitic ~ reduced virulence susceptibility nucleus (TE) etal., 2016, Shivakumara
Late parasitic Suppression of cell etal., 2016)
death and callose
deposition
Induction of root
length
AF531161 MiMSP9 08D05 Transport SvG ISH, IL Signal peptide Pre-parasitic HIGS reduced Induced Tomato (Huang et al., 2003; Xue -3
Early parasitic  virulence susceptibility aquaporin etal., 2013
Late parasitic Accelerated shoot tonoplast intrinsic
growth protein 2 (TIP2)
AF531166 MiPM Plant cell Passe-muraille Signal peptide Early-parasitic Soybean subunit Nucleus (TE)  (Bournaud etal., 2018) -3
penetration protein of the COP9
signalosome
(GMCSNS5)
Sec-2 protein SvG ISH Secreted Bellafiore et al., 2008) -3
Minc17998 Plant cell cycle CDC48-like Phasmids ISH Secreted Bellafiore et al., 2008) -3
AY 134437 Metallopepti - DG ISH Signal peptide Early parasitic (Jaouannet etal., 2012 -3
dase
AY 134439 Monopolar SvG ISH Signal peptide Early parasitic Cytoplasm (Rutter et al., 2014) -3
spindle protein (TE)
kinase
AY 134443 Unknown RG/ ISH Signal peptide Late parasitic Soaking siRNA (Danchin_etal., 2013 -3
intestine reduced virulence Rutter etal., 2014)
AY142120 MiMSP2 02G02 Evade the plant SvG ISH Signal peptide Early parasitic ~ HIGS reduced Cytoplasm (Huang et al., 2003; -4
response virulence (TE) Zhang et al., 2015 Joshi

etal., 2019




Gene ID Common Alterna - (Predicted) Protein Nematode Methods  Secretion
name tive function description organs
name

Develop -
mental
stage

in planta
RNAI effects

in planta
overexpression
effects

Host target

Host
localization

References

Total
score

AY142121 MiMSP7 07E12 Gall formation DG ISH Signal peptide

Early parasitic
Late parasitic

Faster and altered
gall formation and
egg enclosion

Cytoplasm
(TE)

(Huang et al., 2003; dos
Santos de Lima e Souza
etal., 2011Zhang etal.
2015)

-4

AY142119 Mi6D4 Giant cell SvG & DG IL Secreted
formation and
maintenance

Early parasitic
Late parasitic

Apoplast (IL)

(Davis et al. . 1992 Vieira
etal., 2011 Vieira etal.
2012)

-5

AY422829 MIEFF1 Manipulate DG ISH, IL Secreted
nuclear functions

of the host cell

Early parasitic

Nucleus (TE)
giant cell
nuclei (IL)

(Jaouannet etal., 2012

-5

AY422830 MiMSP18 17H02 DG ISH Signal peptide

Early parasitic
Late parasitic

Soaking dsRNA
reduced virulence

Cytoplasm
(TE)

Huang et al., 2003;
Zhang etal., 2015
Shivakumara et al., 2016;
Shivakumara et al. , 2017,
Grossi-de-Sa_ et al., 2019

-5

AY422831 MiMSP20 30H07 SvG ISH Signal peptide

Pre-parasitic
Early parasitic

Soaking dsRNA
reduced virulence

(Huang et al., 2003;
Shivakumara et al. , 2016;
Shivakumara et al., 2017)

-5

AY422832 MiMSP24 34F06 DG ISH Signal peptide

Early parasitic
Late parasitic

Soaking dsRNA
reduced virulence

(Huang etal., 2003;

Shivakumara et al. , 201

AF531163 MiMSP33 25B10 DG ISH Signal peptide

Early parasitic

Soaking dsRNA
reduced virulence

(Huang etal.. 2003;
Shivakumara et al. , 2016)

AF531164 MiMSP8 07H08 Transcriptional DG ISH

activation activity

Signal peptide

Early parasitic
Late parasitic

Nucleus (TE)

(Huang etal. . 2003;
Zhang_etal., 2015

Recent advances in M. incognita effector identification

The identification of M. incognita  effectors has undergone drastic changes, accelerated with

the recent developments in high-throughput whole-genome sequencing. These devel -
opments have led to the availability of the M. incognita genome ( Abad et al., 2008) with an
Blanc-Mathieu et al., 2017).

However, revealing the effector repertoire within the genome remains a challenge. The iden -

increasing quality of sequencing, assembly and gene annotation (

tification of effectors using the available genomics data is usually based on typical in silico

selection criteria ( Sonah et al., 2016) and further in vivo and in vitro experiments.
For effector identification in silico , it is possible to identify and prioritize orthologs of known
Danchin et al., 2013.
However, most effector genes are pioneers without any homology or structural similarities to

effector genes conserved in plant-damaging nematode families (

known genes. To search for these pioneer genes, gene expression can be compared between
nematode life stages ( Nguyen etal., 2018; Shukla et al., 2018). Likewise, potential effector genes
can be identified by isolating gland-cell specific mRNA for transcriptomics ( Rutter et al., 2014)

or by a proteomic analysis of nematode secretions (

Gene expansion and variation can indicate potential effector genes under high selection
pressure. Therefore, gene copy number variations of putative effectors can be used as signa -
tures of adaptive evolution. In the M. incognita genome, selection pressure forces certain gene

Castagnone-Sereno et al., 2019). This evidence

regions to undergo more gene multiplications (
of positive, diversifying selection points at the involvement of loci in a molecular arms race with

Bellafiore et al., 2008; Wang et al., 2012).

other organisms ( Baskaran et al., 2017). Likewise, bioinformatic tools can be used to predict

protein secretion by the detection of short patterns, such as signal peptides, non-classical

secretion patterns and the absence of a transmembrane domain (

Additional

invivo and in vitro experimental evidence is required to validate potential effectors.

For example, effector proteins within secretory organs can be detected by

Gahoi & Gautam, 2017 ).

in situ hybridization

or immunolocalization techniques followed by immunolabelling and mass spectrometry

(Huang et al., 2003; Jaouannet

can be used to detect secreted effectors in plant cytoplasm or apoplast (

et al., 2012. Likewise, immunolocalization with antibodies

Vieira et al.

2012,

Although gene knock-outs remain impossible in plant-parasitic nematodes due to the small

size of the nematodes, their obligatory parasitic lifestyle and their incompatibility with micro

injection (

Dutta etal.

2015, several gene silencing methods are available. To transiently silence

a putative effector gene, preparasitic nematodes are traditionally soaked in double-stranded

RNA (Rosso et al.

RNAs to increase target specificity and minimize off-target effects (

2005). More recently, soaking was performed with synthetic small interfering
Dalzell et al., 2010; Lilley et

al., 2012. Additionally, gene silencing during feeding can be achieved by host-induced gene

silencing (HIGS), where the nematode ingests the double-stranded RNA generated by the

plant ( Xue et al.

viral-induced gene silencing (VIGS) in plants (

2013. A recently used development is effector silencing mediated by indirect

Xie et al., 2016; Shiet al., 2018b). To study effector

working mechanisms, possible phenotypic effects can be identified by ectopic overexpression

of the effector, such as an altered plant susceptibility or physiology (

Zhao etal., 2019).




Host targets and susceptibility genes

The identification of host targets is another necessary requisite to unravel the working mech -
anisms of the many identified pioneer effectors ( Abad & Williamson, 2010; Vieira & Gleason,

2019). To identify potential effector host targets, a broad non-target screening can be done
with a yeast-two hybrid analysis using a cDNA library of nematode-infected plant tissue or
an in planta immunoprecipitation assay followed by mass spectrometry ( Varden et al., 2017).

Potential interactors must be validated by additional interaction assays, such as co-expression
in plant cells followed by co-immunoprecipitation assays, or fluorescence lifetime or comple -
mentation assays ( Varden etal., 2017; Bournaud etal., 2018; Zhao et al., 2019). Additional studies

with host-target knockouts in the host plant or in Arabidopsis as a model system ( Sijmons et
al., 199} can reveal the effector working mechanism.

Host target genes hijacked by effectors are considered susceptibility ( S)-genes, i.e. plant
genes that can be used by the phytopathogen to facilitate the infection process or support

compatibility (  van Schie & Takken, 2014 ). Presumably, S-genes are responsible for quantitative
variation in plant susceptibility to phytopathogens. One effective method to locate quantita -
tive variation of susceptibility in a natural population is by genome-wide association (GWA).

GWA focuses on statistically significant associations between gene variants (usually SNPs) of
different individuals and the associated trait of interest ( Bush & Moore, 2012 ). Recently, GWA

was used to identify genes associated with root-knot nematode susceptibility in Arabidopsis
and rice ( Dimkpa et al., 2015; Warmerdam et al., 2018; Warmerdam et al., 2019). Warmerdam

et al. (2018) showed in their study that significant natural quantitative variation exists for the
susceptibility to M. incognita in Arabidopsis that is not related to major R-genes. Therefore, it is
likely that variation in host targets can result in a quantitative variation in plant susceptibility.

Thesis outline

The objective of this thesis was to identify novel effectors of M. incognita based on genetic
variation in the genome of the nematode and to test the hypothesis that quantitative variation

in susceptibility in tomato to M. incognita can be partially attributed to genetic variation in
host targets of these novel effectors.

In Chapter 2 , we address the potential of M. incognita gene diversification or positive selection

in the search for effectors. We identified M. incognita major secretory protein 32 (MiMSP32) as

a candidate effector gene in the M. incognita genome using positive selection as a criterion.

As a pioneer protein with a signal peptide from the dorsal glands of M. incognita , MIMSP32 is a
promising putative effector. Further sequence analyses indicate that the thirty identified MiM -
SP32-like potential genes derived from whole genome sequencing datasets can be classified

into six clades within the ~ Meloidogyne genus.

In Chapter 3 , we use the positively selected, putative effector MiMSP32 to study effector promis -



cuity and functionality. Here, we show that MiMSP32 is indeed an important virulence factor by
silencing MiMSP32 in the nematode and overexpression in tomato plants. An untargeted yeast
two-hybrid screen was used to identify host targets of the effector, which were confirmed by
additional protein-protein interaction assays.

Chapter 4 questions how one of the MiMSP32 host targets, 12-oxo-phytodienoate reductase
AtOPR?2, regulates host susceptibility. Here, we show that AtOPR2 contributes to M. incognita
susceptibility in Arabidopsis. The function of AtOPR2 was assessed by whole transcriptome
analysis, and we performed additional assays to even further investigate its role. The results

lead us to hypothesize a specific role of the OPR-proteins in root attraction, plant invasion or

feeding site development of root-knot nematodes.

In Chapter 5 , we use a genome wide approach in 156 tomato accessions to locate genes asso -
ciated with R-gene independent variation in susceptibility of tomato to M. incognita . By using
additional RNA-Seq of isolated nematode-induced galls on a representative subset of ten

tomato accessions, we identified 37 differentially regulated genes within the gene candidates

from the GWA.

In Chapter 6 , all main findings of this thesis are summized and discussed. Here, the hypothesis

is suggested that host targets of positively selected nematode effectors are likely to generate a
detectable genetic signal in genome-wide association studies of host susceptibility. Therefore,

the overlap is studied between the host targets of MiIMSP32 and the identified genes associ -

ated with R-gene independent variation in susceptibility to M. incognita
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Abstract

Recent developments in high-throughput whole-genome sequencing have caused a major
acceleration in the discovery of putative Meloidogyne incognita  effectors, many of which have
no homology with functionally annotated genes in other organisms. In this study, we used

evidence of gene diversification and subsequent positive selection as a criterion to prioritize

specific putative effector genes for further functional characterization. First, we revisited the
catalogue of known esophageal gland specific genes in M. incognita , which are referred
to as major secretory proteins (MiMSPs) (  Huang et al., 2003; Abad et al., 2008). We found a
remarkably high level of positive selection for MiMSP32-like predicted transcripts and splice

variants. In addition, further sequence analyses indicate that the thirty identified MiMSP32-like

potential genes derived from whole genome sequencing datasets can be classified into six

clades withinthe  Meloidogyne genus. Based on the positive selection and gene expansion, we
hypothesize that MIMSP32 has undergone functional diversification. Since positive selection is

a hallmark of important pathogen effectors in plants, our analyses warrant further functional
characterization of MIMSP32  in planta to elucidate its possible role in host infection by Meloi -
dogyne species.



Introduction

Plant-parasitic nematodes annually cause for billions of dollars of losses in global food pro -
duction ( Abad et al., 2008; Nicol et al., 201). Worldwide crop yield losses due to plant-parasitic

nematodes are estimated to vary between 8.8 and 14.6%, depending on the region and the
climate ( Nicol et al., 201). Among the most destructive plant parasitic nematodes are the

root-knot nematodes (  Meloidogyne spp.), which are globally distributed and able to infect the

vast majority of vascular plants ( Jones et al., 2013; Mitchum et al., 2013. The highly polyph -
agous Meloidogyne incognita is arguably the most invasive biological threat to agricultural
productivity  (Trudgill & Blok, 2001; Jones et al., 2013; Bebber et al., 2014). This is the reason why
M. incognita is one of the best studied species among plant parasitic nematodes ( Abad &

Williamson, 2010 ). Although it reproduces asexually, it shows a high and unexpected capacity

to adapt to environmental constraints by genomic regions with varying gene copy numbers
in response to selection pressure ( Castagnone-Sereno et al., 2019).

When M. incognita juveniles invade a host plant, they secrete a plethora of so-called effectors
(Mitchum et al., 2013). Effectors are defined as secreted molecules aiding the infection process

by targeting important host molecular pathways ( Vieira & Gleason, 2019 ). For example, the

well-known M. incognita  effector 16D10 affects root growth by a specific interaction with two
putative plant SCARECROW:-like transcription factors ( Huang et al., 2006b ). Second stage
juveniles (J2s) of M. incognita secrete effectors with their protrusible stylet into the apoplast

or cytoplasm of host cells ( Hussey, 1989; Mejias et al., 2019). Most effectors are produced in

the nematode esophageal glands, which are named after their position in the body of the
nematode either subventral or dorsal esophageal gland cells. The subventral glands are most
active in the initial stages of infection, such as root penetration and migration. The dorsal
gland on the other hand increases both in size and in activity during later stages, when the
nematode initiates and maintains several giant cells ( Xue etal., 2013.

One large and particularly interesting set of putative secretory proteins was obtained from a
gland cell-specific cDNA library derived by micro-aspiration from the esophageal gland cell

cytoplasm of different parasitic stages of M. incognita (Huang et al., 2003). These M. incog -
nita major secretory proteins (MiMSPs) included many ‘pioneer genes’ of unknown function

that were found only within species of the Meloidogyne genus. Next generation sequencing
revealed additional copies of these pioneer MiMSP genes within the M. incognita genome
(Abad et al., 2008). Since their initial discovery, several of the pioneer genes have been studied

to identify their impact on nematode virulence. However, for most of them, their specific
molecular working mechanisms remain unknown. For example, gene silencing approaches

have been used for some of the MiMSP genes to show their importance in the M. incognita
infection process ( Shivakumara et al., 2016). Moreover, some of the MiMSP genes have been

found to function as effectors associated with the suppression of plant defense-related genes
in host plants ( Xie et al., 2016; Shiet al., 2018). Further support for a role of several of the MiMSP
genes in parasitism was found by Shukla et al. (2018), as they showed a stage-specific expres -

sion profile during parasitic phases of M. incognita infection in susceptible tomato plants.



Evidence of positive, diversifying selection in nematode genomes points at the involvement of
genes in a molecular arms race between other organisms ( Baskaran et al., 2017). For example,

positive selection operates on genomic regions involved in the immunity of the nematode
Caenorhabditis elegans  against the bacterial pathogen Bacillus thuringiensis  (Papkou et al.
2019). For the interaction between nematode and plant host, evidence of positive selection

has also been found in several nematode effectors ( Xu et al., 2001; Blanc-Mathieu et al., 2017).

To detect footprints of positive selection, the direction and magnitude of amino acid changes

within a group of similar genes can be compared. These comparisons are made to estimate

the ratio & between nonsynonymous (d ) and synonymous (d ) mutations to find signs of
divergent evolution ( Stukenbrock, 2013; Booker et al., 2017). The ratio & can then be used as a

sign for an important role in plant-pathogen interactions for pioneering genes.

Recently, the developments in high-throughput whole-genome sequencing have caused

a major shift in the identification of Meloidogyne incognita effectors (See Chapter 1 for an
overview). In this chapter, we tested if gene diversification and positive selection can be

used as a valid criterion to prioritize genes encoding putative secretory proteins for further

functional characterization as effectors in plants. Thereby, we expanded the knowledge on 27

pioneer MiMSP genes identified in the genome sequence of M. incognita (Abad et al., 2008).
We found evidence of positive selection for three MiMSPs, including MiMSP32, a putative

secreted protein from the dorsal gland of M. incognita (Huang et al., 2003). We identified

thirty MiMSP32-like potential genes using a comparative sequence analysis of whole-genome
sequencing datasets  of several other Meloidogyne species. Further cluster analysis showed

a clear separation of MiMSP32-like potential genes over six clades within the genus Meloi -
dogyne . Members of these six clades show no sequence similarity to any other functionally
characterized genes or proteins in protein and nucleotide sequence databases. However,

we noticed a remote homology with several proteins adopting a so-called Rossmann fold (a
three-layer beta-alpha-beta ( ON@-sandwich architecture). This structural homology suggests

that MiMSP32-like genes folds in a similar fashion. Together, the remarkable characteristics

of MiIMSP32 point at a specific role in root knot nematode virulence on plants and warrant

further functional characterization in planta .

Results

Presence of pioneer M. incognita genes among root-knot nematode species

Twelve years after the publication of the first M. incognita genome, the status of 27 previously
identified pioneer genes (  Abad et al., 2008 ) was revisited based on improved and novel -omics
data available to date. First, we searched for significant mMRNA sequence hits in a BLASTN at the
Wormbase Parasite cDNA database of all published nematode genomes containing predicted

transcripts and splice variants. Our search within all published nematode genomes placed all
MiMSP-hits specifically within the genus Meloidogyne . We identified the majority of the 27
genes in the cDNA sequences of the most recent versions of the M. incognita genomes ( Table
1. Within the 27 genes, we found four groups of identical hits, which we grouped together



as close homologs. Additionally, we identified similarities for the pioneer genes only among

cDNA sequences of other root-knot nematodes closely related to M. incognita  (Figure 1). For
MiMSP16, we did not find any similar cDNA sequences, although the MiMSP16 gene encodes

the well-studied M. incognita effector 16D10 ( Huang et al., 2006b; Yang et al., 2013; Shivaku-
mara et al., 2016). To our surprise, the highest numbers of MiMSP-hits could be identified in

cDNA sequences of M. arenaria and M. javanica and some were not at all represented in cDNA
sequences of either of the two recent versions of the M. incognita genome.
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Figure 1. The 27 previously identified M. incognita MiMSP genes and their total unigue BLASTN cDNA

hits. The BLASTN search was performed within all published nematode genomes containing predicted

transcripts and splice variants. All MiMSP gene hits belong to the root-knot nematode genus ( Meloido -
gyne spp.). Colors indicate species.

> Table 1. Details of the 27 previously identified M. incognita MIMSP genes. Their alternative names, close
homologs (identical groups are represented by the same shade of blue), expression data availability, and

known effector characteristics are listed. Additionally, we highlighted (dark grey) the root-knot nematode

species where we identified significantly similar genes by a BLASTN cDNA search within all published
nematode genomes containing predicted transcripts and splice variants. Likewise, BLASTN cDNA hits

within M. incognita are colored yellow. The MiMSP genes are sorted by their occurrence in nematode
genomes.
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Gene ID name Close homologs (clone) name = =2 =2 = =2 = = = = =z = confirmed? Effector characteristics References
AF531161 MiMSP2 MiMSP2 02G02 + o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ HIGS reduced virulence (Huang_etal., 2003; Zhang et al., 2015; Joshiet al.
2019)
AY134436  MIMSP17 MiIMSP17 16E05 + + + + + o+ + o+ o+ o+ NA (Huang_etal. . 2003)
AY134443  MiMSP24 MiMSP24 34F06 + + o+ o+ o+ o+ + o+ + o+ Soaking dsRNA reduced virulence (Huang et al., 2003; Shivakumara et al. . 2016)
AY135363  MiMSP27 MiMSP27 02G10 + + o+ o+ + o+ o+ o+ + o+ NA (Huang_etal. . 2003)
AY142121  MIMSP31 MiMSP31, MiMSP32 35E04 + o+ o+ 4 + o+ o+ o+ NA Huang et al., 2003
AY142116 MiMSP32 MiMSP31, MiMSP32 19F07 + o+ o+ o+ o+ o+ + o+ o+ o+ Yes; (Shukla_et al., 2018) NA Huang_et al., 2003
AY142118 MiMSP33 MiMSP33 25B10 + o+ o+ o+ o+ o+ + o+ o+ o+ Soaking dsRNA reduced virulence (Huang_etal. . 2003; Shivakumara et al., 2016)
AF531169 MiMSP9 MiMSP9 08D05 + + o+ o+ o+ o+ + o+ o+ o+ Yes; Xue etal., 2013 HIGS reduced virulence, OX induced susceptibility (Huang et al. . 2003; Xue et al., 2013
and accelerated shoot growth, host target SITIP2
AF531160 MiMSP1 MiMSP1, MiMSP12, MiMSP14 02E07 + + o+ o+ o+ + o+ o+ o+ Yes; (Shukla et al., 2018) NA (Huang et al. , 2003: Zhang et al. , 2015
AY134431  MiMSP12 MiMSP1, MiMSP12, MiMSP14 11A01 + + o+ o+ o+ + o+ o+ o+ Yes; (Xie et al., 2016) VIGS reduced virulence and induced JA and SA (Huang et al., 2003; Xie et al. . 2016)
related genes, OX suppressed SA and JA related
genes
AY134433  MiMSP14 MiMSP1, MiMSP12, MiMSP14 13A12 + + o+ o+ o+ + o+ [+ o+ NA (Huang et al. . 2003)
AY134439  MIMSP20 MiMSP20 30H07 + o+ 4+ + o+ + o+ o+ o+ Soaking dsRNA reduced virulence (Huang et al. . 2003; Shivakumara et al. . 2016;
Shivakumara et al., 2017)
AY 134444 MiMSP25 MiMSP25 35A02 + o+ o+ o+ o+ + o+ [+ o+ Yes; (Shukla et al., 2018 NA (Huang etal., 2003
AY 134432 MiMSP13 12H03 + oo @ @ + + o+ NA Huang etal., 2003
AY134442  MiMSP23 34D01 + + + o+ o+ + + o+ NA Huang etal., 2003
AF531164  MiIMSP5 MiMSP5 06G07 + o+ o+ + o+ + o+ o+ NA (Huang_etal., 2003; Zhang etal., 2015
AF531165  MiMSP6 07A01 + + o+ o+ o+ + + o+ NA (Huang et al. . 2003; Zhang et al., 2015
AF531167 MiMSP11 MiMSP11 09H10 + + o+ o+ + o+ o+ NA (Huang etal., 2003
AY134434  MIMSP15 14E06 + @ W + o+ NA Huang etal., 2003
AY134438  MIMSP19 21E02 + + o+ + + o+ NA Huang etal., 2003
AY142119  MIMSP35 28B04 + + o+ + + o+ NA (Huang_etal. . 2003)
AF531166 MiMSP7 07E12 + + o+ + + o+ OX induced fast and altered gall formation and egg (Huang et al., 2003; dos Santos de Lima e Souza et
enclosion al., 2011; Zhanget al., 2015
AY134437  MiMSP18 MiMSP18 17H02 + + + o+ + Soaking dsRNA reduced virulence (Huang et al. . 2003; Zhang et al., 2015; Shivakumara
etal., 2016; Shivakumara et al., 2017; Grossi-de-Sa
etal., 2019
AF531168 MiMSP8 MiMSP8 07H08 + + o+ o+ + NA (Huang_etal.. 2003; Zhang etal., 2015
AY 134441 MiMSP22 MiMSP22 31H06 + + + NA (Huang et al. . 2003; Zhang et al. , 2015; Castag-
none-Sereno _etal., 2019
AY142120  MiIMSP30 MiMSP30 35F03 > Yes; (Shukla et al. , 2018) NA (Huang_etal. . 2003)
AY134435  MIMSP16 MiMSP16 16D10 CLE-like peptide. Soaking dsRNA reduced virulence, (Huang et al.. 2003; Huang et al. ., 2006b; Yang et al.

OX induced root growth, host targets AtSCL6&11

2013; Shivakumara_et al. , 2016)




MiMSP17, MiMSP31, and MiMSP32 are under positive selection
Gene copy number as well as the degree of positive selection on a gene can reveal signa -
tures of adaptive evolution and thus be used to identify effectors ( Baskaran et al., 2017). To

identify positive selection in the 27 previously identified MiIMSP genes, we compared models
of codon substitution with a likelihood ratio test. The gene copy number was also included,
as the minimum requirement for this analysis is to include a group of at least three genes.
Therefore, we selected the six MiIMSP genes that met this criterium with hits among the cDNA
sequences of the M. incognita PRJEB8714 genome ( Blanc-Mathieu et al., 2017) (Figure 2A ).
We aligned the MiIMSP gene groups and used these alignments in the CODEML algorithm

of PAML (phylogenetic analysis by maximum likelihood) ( Yang, 1997; Yang & Bielawski, 2000;
Yang, 2007 ) within the EasyCodeML program ( Gao et al., 2019). The log-likelihood ratio tests for
MiMSP17, MiMSP31, and MiMSP32 significantly ( §0.0001) favor model M8 versus M7, suggest -
ing positive selection (  Table 2 ; Supplemental Table S1 ). As the estimated & ratio under model
M8 for positive selection for MIMSP31 and MiMSP32 proved to be much larger than 1 ( Figure
2B), we selected these two genes for further analyses.

MiMSP31 and MiMSP32 show high sequence similarity

MiIMSP31 and MiMSP32 are both putative esophageal gland cell secretory proteins from the

dorsal gland of M. incognita (Huang et al., 2003) that have been grouped together as one
pioneer gene ( Abad et al., 2008) and show the exact same cDNA hits ( Table 1). To identify
related proteins and nucleotide sequences in other organisms than nematodes, we used the

longer MiIMSP32 protein sequence (AAN52090.1) and nucleotide sequence (AY142116.1) in a
BLASTP and BLASTN against the entire NCBI-database using standard settings with a standard
selection for significance. For the protein sequence, significant hits included MiMSP31 and

two unknown released proteins in M. javanica (Table 3). In addition, a hypothetical protein
from Tetrapisispora blattae  was identified, although sequence identity was very low. We did
not identify any known conserved domains or other regions of interest within the MiMSP32
sequences. Likewise, we identified MiIMSP33 as an additional shorter sequence expressed in

the dorsal gland of M. incognita with a close homology to a part of the MiMSP32 nucleotide
sequence ( Table 4 ). Remarkably, MiMSP33 only has similarity to the nucleotide sequence and
not to the protein sequence, likely because a frameshift in the translation has occurred relative

to MiIMSP32. We therefore concluded that MiMSP32 is a putative pioneer effector of tropical
Meloidogyne species in an effector family together with MiMSP31 and possibly MiMSP33 as
potentially smaller derivative proteins.
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Figure 2. MiMSP17, MiMSP31, and MiMSP32 are under significant positive selection. (A) The 27 previously
identified M. incognita MiIMSP genes and their total unique BLASTN cDNA hits within the predicted
transcripts and splice variants of the M. incognita PRJEB8714 genome. In green, the six MiMSP genes
containing sufficient gene copies for use in CodeML (n 3). (B) The &-ratio estimate under the M8 model for
positive selectionin M. incognita . In yellow, the groups with a log-likelihood ratio test significantly favoring
the M8 model for positive selection (P<0.0001).
Table 2. Estimates of parameters for the different models of evolution for MiMSP17, MiMSP31 and
MiMSP32. In addition, log-likelihood ratio test values for model comparisons are given.
Pioneer gene Model Estimates of parameters Comparison LRT P-value
MiMSP17 M8 Positive selection po: 0.976 p: 0.704 q: 1.041 M7 vs.M8 0.000
Ores>1 pli 0024 & 66.155
M7 null model; O p: 0.008 q 0.022
MiMSP31 M8 Positive selection po: 0981 p: 0.026 q: 0.025 M7 vs.M8 0.000
Oreés>1 pl: 0019 & 437.944
M7 null model; O p: 0.079 q:  0.080
MiMSP32 M8 Positive selection po: 0.981 p: 0.054 q: 0.051 M7 vs.M8 0.000
Ores>1 pl: 0019 & 475738
M7 null model; O p: 0078 @ 0.079
Table 3. MiMSP32 BLASTP hits matching the MiMSP32 protein sequence (AAN52090.1).
Description Accession Identity Sequence Total Range Range Range E-value Score
percent length identity length  start end
putative esophageal gland AAN52095.1 100 147 146 146 1 146 0 294
cell secretory protein 31
[Meloidogyne incognita]
unknown released protein 1 AAT28126.1 62.105 121 95 95 1 94 0 106
[Meloidogyne javanica]
unknown released protein 2 AAT28127.1 64.865 83 74 74 1 74 0 87.8
[Meloidogyne javanica]
hypothetical protein XP_004179491.1 28.333 1408 120 153 794 912 14 42

TBLA_0C01580 [Tetrapisis -
pora blattae CBS 6284]
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Figure 3. Clustering divided the identified MiMSP32-like translated sequences into two main groups.

Included are only predicted protein translations with a full coverage of the MiMSP32 protein sequence

with a start codon and no pre-mature stop-codon in the expected coding regions. Identity percentages

are represented with a scale from 60% (yellow) to 100% (purple) and were calculated at protein sequence

level on the core region (MiMSP32; aa 1:215), excluding the highly variable C-terminal end elongations,

using the multiple sequence alignment shown in Figure 4 . The tree was computed using the Maximum
Likelihood method (PhyML implementation) and a substitution model selection based on Bayesian Infor -
mation Criterion. Branches with a bootstrap support below 50 indicating a poor separation were collapsed.



Table 4. MiMSP32 BLASTN hits matching the MiMSP32 mRNA sequence (AY142116.1).

Description Accession Identity Sequence Total Range Range Range E-value Score
percent length identity length start end
Meloidogyne incognita AY142121.1 99.799 497 496 522 1 496 0 911

putative esophageal gland
cell secretory protein 31
(msp31) mRNA, complete
cds

Meloidogyne incognita AY142121.1 98.921 278 275 797 560 836 0 496
putative esophageal gland

cell secretory protein 31

(msp31) mRNA, complete

cds

Meloidogyne incognita AY142118.1 100 50 50 50 1 50 0 93.5
putative esophageal gland
cell secretory protein 33

(msp33) mRNA, partial cds

MiMSP32-like potential genes cluster into six branches within the Meloidogyne
genus

To identify additional genes potentially encoding a MiMSP32 homolog, we collected and
organized all MiMSP32-like hits from whole genome sequencing projects within the Tylen -
choidae superfamily. In addition to the earlier search among predicted transcripts and splice

variants, we identified MiMSP32-like hits using TBLASTN in a whole genome sequencing
database, using an E-value threshold of 10 . Interestingly, all available genome sequences
within the Meloidogynidae family contain multiple MiMSP32-like hits, while no significant

similarities were identified in either Heteroderidae, Hoplolaimidae, or Pratylenchidae ( Supple -
mental Figure S2 ). However, other Meloidogynidae families possibly still harbor MiMSP32-like
sequences, as currently only four of the ten known Tylenchoidae families contain at least one
sequenced nematode species.

Withinthe Meloidogyne genus, several of the matching potential genes showed a full coverage

of the MiIMSP32 protein sequence with a start codon and without a pre-mature stop codon in

the expected coding region. These MiMSP32-like potential genes were identified in M. incog -
nita ,M. javanica , M. arenaria , M. luci, M. enterolobii and M. floridensis . Potential genes covering
the complete MiMSP32 protein sequence were further retained for analysis and predicted

protein translations were used to compute a phylogenetic tree using the Maximum Likelihood

method (PhyML implementation) and a substitution model selection based on the Bayesian

Information Criterion ( Figure 3 ). The resulting tree consists of two main branches segregated

at 65-70% identity at protein level. The first branch further splits into three subgroups; A, B, and

A&B comprising of three M. enterolobii genes sharing 88-92% identity with both group A and

B. The second main branch subdivides into two subgroups C and D, while two genes from M.
javanica share elevated identity (88-93%) with both groups and were therefore labelled C&D.

Less conserved potential genes matching the MiMSP32 sequence were found in M. hapla and
M. graminicola . Altogether, these results suggest a subdivision of MiMSP32-like proteins in six
separate clades.



The two main clusters of MiMSP32-like potential genes contain highly variable

regions per subgroup

MiIMSP32 belongs to the first subgroup A, sharing >90% identity with the other Meloidogyne
species homologs from the same subgroup A, but with only 60-70% identity with the second

group (C, D, C&D clades — Figure 3 ). This second group partially maps with an UniprotkKB entry

(M. javanica Q5QHO01), although the MjQ5QHO01 protein isoform lacks the region correspond -
ing to the second half of the MiMSP32 protein. The multiple sequence alignment was further

profiled to analyze various sequence properties ( Figure 4 ). In this way, a highly acidic stretch
was identified within the amino acid region 78-95 which is absent from the MjQ5QHO01-like

group. In the first MiMSP32-like group, the amino acid region 78-95 comprises 8 negative
charges from a total of around 17 amino acids. In all sequences of the second group, this region

is slightly basic (charge +1 to +3). In addition, they contain a group specific alternate charged

pattern “GKDKE" at the end of this region.

MiMSP32 secondary structure suggests Rossmann O Ngandwich architecture

Next, we analyzed the amino acid sequence of MiMSP32 for predicted secondary structures

and folding, to infer on possible biochemical activities. As a putative secretory protein, MiMSP32

contains an N-terminal signal peptide. In addition, the secondary structure prediction profile is

consistent with the Rossmann fold (CATH 3.40.50) comprising an alpha-beta core composed of

five beta sheet segments and five alternatively distributed helical regions ( Figure 5A ). Consen -
sus predictions of various post-translational modification such as N-, O-, C- glycosylation and

S-, T-, Y- phosphorylation did not retrieve significant sites (with probability values over 50%).
However, the overall sequence homology of MiMSP32 with the available experimentally deter -
mined structures currently available in protein structure databases is very low. Very remote
homology of MiMSP32 is shown by several protein fragments that all display the Rossmann
three-layer beta-alpha-beta ( ON@-sandwich architecture. For instance, the closest MiMSP32
homologue is human Ras-related binding protein C (PDB 3LLU). This matches to a small 64

amino acids region of MiMSP32 with an identity of around 28% ( Figure 5B ).

Large structural differences exist within the Rossmann architecture proteins showing partial
homology to MiMSP32. The 3D structure of the most homologous protein 3LLU does not at

all resemble the 3D structure of the second most homologous protein, Bacillus cereus Imine
Reductase BcSIRED 4 (PDB 4D3D) in terms of both orientation of the helical segments with
respect to the overall sandwich, but most importantly in the beta sheet topology ( Figure 5C ).

Altogether, the lack of a consistent template hampers the reliability of a 3D-model for homology

modelling of MiMSP32, which led us to abandon this approach. Judging by the Rossmann fold
architecture, regardless of how each loop is orientated versus the ONGsandwich, we expect beta
sheet segments to be solvent inaccessible as they should be located in the middle of the protein

sandwich, leaving all other regions of the sequence to be close to the protein surface (therefore

partially or fully solvent exposed). Moreover, the highly acidic region which is fundamentally dif -
ferent in the second group (the MjQ5QHO01-like group) is most likely solvent exposed. Together,



we hypothesize that MiMSP32 probably folds in a similar fashion as a Rossmann architecture
protein, and possibly carries the typical Rossmann-fold associated properties, such as binding

with the ADP portion of dinucleotides such as FAD, NAD, and NADP ( Hanukoglu, 2015 ).
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[V MSP32_UKB M.PYSI LFQLG VSLLL I ALWAPNFL FLI L
M MSP31_UKB M.PYSI LFQLG vsu_Lm| K ALVWAPNEL ;IEMFLI Lm aﬁ
M EXSY01009330  MLPYSI LEQLG VSLLLPRANGHG SSSKI ALVI APNEL LI L ]
M LFQLG VSLLLPHANGV q ‘ALVWVAPNEL F LI L |
M mu 010000156 MPYSl LFQLG VSLLLPHANGV q ‘ALVWAPNFL F FVHFLI L
Al v M.PYS| LFQLG VSLLLI WO | ALVI APNFL| F FVHFLI L
M Ru:Jowozsu MPYSI LFQLG VSLLL SVOSGSSKI ALVI APNFL F FVHFLI L
Ma M.PYSI LFQLG VSLLLPHANGVY q ALVI APNFL F FVHELI L|
W e 010000091 M.PYSI LFQLG VSLLL MY q ALVWVAPNEL F FLI L |
Va QEUI 010000 M.PYSI LFQLG VSLLL q ALVI APNEL LI L |
L 12 RoFi0100308  mpval LFQLG VSLLL { ALVWVAPNFL FLI L i
Ve ROFM)1010954  MLPYSI LFQLG ASLLL NTT! VI APNEL] MNSVEANAL LI L |
AgB b ROFMD1009575  MPYS| LFQLAI ASLLL NTI NALVI APNFL| MNSVFANAL TEKFFVHFLI L
Me RCFMD1011247  MLLYSI LFBLG ASLLLI NTT! INALVI APNFL MNSVFANAL TEKFFVHFLI L!
[ M CEWDI001680  MUEYSMEQLE! ASLLLERANGMOSGSSNT NALVI APNFLI L FLI LNTN
M EXSYOL000827  MLPYSMEQLG SGSSNT! NALVI APNFL] LTEKFFVHFLI LNTN
M SMFQLG ALt SGSSNTI NALVI APNFL] L FLI LNTN
B| 1l Casi 030000085 NLPVSNLFQ_G ASLLL SGSSNTI NALVI APNFLI L FLI LNTN
Ma QEUI 01001404  MPYSM.FQLG ASLLL SGSSNTI NALVI APNEL| L FLI LNTNNEEI
L ¥ CEW01002717  MPYSMFQLG ASLLL BGSSNTI NALVI APNEL] L JFLI LNTNNEE]
Group 2 1

E M FXSY01000593 M.LLSI LFQFG AW.LLTDLNGVKSDSGNTI NKE! EKKRAL VI APNFLEVBFKM. SVFANVL TEEFNVEFLI LNTKNEKDRKNFNRG! DTKI FK(

Cc M CACSLI 010000155 M.LLSI LFQFG AW.LLTDLNGVKSDSGNTI NKEI EKKRAL VI APNFLEVBFKM. SVFANVL TEEFNVEFLI LNTKNEKDRKNFNRG DTKI FRAGIIGKDKEAGNTYQF! S| SPRYPKKLDDGVN
# QBQHO1 KB M_LLSTLFQFG AW LLTDLNGVESDSGNTI NKE! EKKRAL VI APNEL EVBFKM. SVFANVL TEEFNVBFL | LNTKNEN- RRNENRG! DTKI FRQV - - - - TEEMYEIESYRVI==2sssaas
@&D| M RCFK01001119 M.LLS| LFQFGI AWLLL | VI APNFL] IM_SVFANVL FLI L N- RKNF ] QENTYQ |
| Cobiosss?s  MLLSI [FGRG ANLLTE NGARSBSGT! kl ERA V) APNELEVBEO SVEANLLTERFNVEL| LNTRIEN. BRAENRG BT LE
M FXSY01004453 M.LLS| LFQFGI AWLLL m? VI APNEL] M.SVFANAL LI L Gl DRI YQ I GVN
M RCFN01003454 M.LLS| LFGFG AWLLL | NEE! VI APNEL] M_SVFANAL LI L G YQ I GVN
Ma QEUI 01000749 M.LLS| LFQFG AWLLL | NEEI VI APNEL| M_SVFANAL LI L G QENTYQ |
D| va cewmniooosos M.LLS| LFQFG AWLLL | NEEI VI APNEL| M_SVFANAL LI L NRG DTKI YQ I
Ma CEWD1012998 M.LLS| LFQFG AWLLL | NEEI VI APNEL| M_SVFANAL I | L NRG DTKI YQ I GVN
)| RCFK01004615 M.LLS| LFQFG AWLLL | NEE| VI APNFL] ML SVFANAL Fl | L G DTKI AENTYQ | GVN
M CACSLI 010000054 M.LLSI LFQFG AW.LLSDLNGVESDSEDTI NEE! VI APNEL] M_SVFANAL FLI L NRGLDIK! GNTYQ | GVN
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[V NSP32_UKB NLENKFI SQl L] m IDLFENNGA! VHYLKEAKFDL GVFDTVIDTGAL FI LBAAGH KNVFG NI Q.NAVQ:IYAC-FPIN P-ll
iM_MBP31UKB NLENKFI SQ L
M~ FXSY01009330 NLENKFI SQ L]
M CABB01001009 NLENKFI Q5SQ L | GVEDTVIDTGAL FI VG NI QLNAYC N
M CACSLI 010000156 NLENKFI QBSQ L GVFDTWBTGALFI G G NN QLNAY( N
Al v cemoio09761 NLENKFI SQI L GVFDTVBTGALFI G NNI QLNAY( N
Ma RCFJ01002614 NLENKFI SQI L GVFDTVBTGALFI G NNI QLUNAY( N
Ma CEWD1001547 NLENKFI SQI L GVFDTVBTGAL FI NVEG NNI GLNAY N
M CACSLI 010000091 NLENKFI SQI L NNGA! GVFDTVBTGAL FI Gl NNI GLNAY N
Ma QEUI 01000011 SQ L GVEDTVBTGAL FI NVEGH NNI GLNAY N
L V& RCFJ01003109 N SQ L J GVFDTWBTGAL FI INVFGl NNI QLNAY N
Ve ROFMD1010954 NL SQI L] TLNYLI GALFI L Gl NNFQLNAY( YA N
AB| e ROFMD1009575 NL SQl L m e} Gl NNFQLNAY N
Ve ROFMD1011247 N SQ L GALFI Gl NNFQLNAY( N
[ Va CEWD1001680 NLGNKFI SQl L] T GVF GALFI u IIVEE! mFQNAY N
M FXSY01000827 NLENE SQI L GVF GALFI N
B| Y CEmoionisos | SQI L GV GALFI a q.NAv N
GACSLI 010000085 N_ | SQI L T GVF GALFI NVEGH NNI GLNAY N
Vs QEUI 01001 | Q5SQ L T/ GV GALFI G NNI QLNAYC N
Ly 1002707 LB Q5SQ L T/ GV GALFI "GNNI GLNAY N

Group 2
CLYi Sl SREIER S REVIARENE) B QAR STENBICLR ABIS RS WA SENAE A e o i
I::M _G5QH01_LKB &

1} Comeionsrs mm%twmm BB T BNGOLF AES Ko T verk iﬁlwm. i
TGAL| NVPGFYI .-

M FXSY01004453 SL L QNI QI L| Fl INVEG NNTQLNAY( YA PK|
M ROFNOD1003454 SL| L 1 QNI QI L |G°LFI INVEG NNTQLNAY(
Ma QEUI 01000749 SLKNKFL QNI Q) L i TGALFI el Gl NNTQLNAY

D| M CEww1000608 SLKNKFL QNI Q) L Ll TGALFI el G NNTQUNAY(
Ma CEVWD1012998 SLENKFLTRGYI QNI QI L Ll TGALFI G NNTQUNAY(
) ROFK01004615 SLENKFLTRGYI QNI QI L Ll TGALFI NVFG NNTGLNAY(
M CACSLI 010000054 SLENKFL QL (i TGAL Gl NNTQLNAY

I\LAE(-;II\EA’\ilr?oognita Amino acid property color code:

M - leuci Hydrophobic aliphatic (AVLIM)

M - Mv'avenica Hydrophobic aromatic (FVY)

Ma - MVJarenaria Neutral Polar (NQST)

Me - M:emerolobii v Charged + (R v His, Oy

M - M. @ridensis v Charged - () v Pro, Gy

Figure 4. Alignment of the identified MiMSP32-like translated sequences shows highly variable regions
per group. Included are only predicted protein translations with a full coverage of the MiMSP32 protein
sequence with a start codon and no pre-mature stop-codon in the expected coding regions. A highly
acidic region around amino acids 78-95 is fundamentally different in group 2, and contains a small charged
“GKDKE" pattern insertion (dashed boxes).




































































































































































































































































































































































































































