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INTRODUCTION
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Nematodes: underestimated animals

Nematodes or roundworms are among the most anamhtsuccessful creatures on earth.
They have been around for an estimated one bifiears (Wang et al., 1999), and have
occupied almost every possible ecological nicheesirMost of them have a free-living
lifestyle, and can occur both in terrestrial enmireents as in freshwater or marine water.
Others are parasites of plants, animals and hunidesiatodes are so ubiquitous that a
famous nematologist once said “if all the mattetha universe except the nematodes were
swept away, our world would still be dimly recogaite” (Cobb, 1915). They account for
80% of all individual animals on earth, and the bemof different species is estimated to
range from 100,000 to 1 million (Parkinson et 2004).

Although nematodes are relatively unknown to thbkliputhey do have a quite large impact
on human life. They cause severe yield reductinrisad and fiber crops, affect livestock and
companion animals, and can cause exotic human sgisesuch as elephantiasis or river
blindness (Bird & Koltai, 2000; Bird & KaloshianPp@3). Moreover, nematodes have become
extremely important organisms for the scientificmeounity. The free-living nematode
Caenorhabditis eleganstarted to get attention in the seventies anddase become an
important model organism in developmental, phygmal and molecular biology. It was also
the first multicellular organism from which the waaenetic code or genome was unraveled
by theC. eleganssequencing consortium (1998). This opened trem&nad@portunities for
molecular biologists to investigate the functiorddferent genes. To dat€, elegansemains
one of the most important model organisms to shabyc animal biology and diseases.

Some general features of nematodes

Despite their diversity in lifestyle, nematodespity a relatively conserved body plan. They
are unsegmented, vermiform and bilaterally symmeffhe body consists of an external
cylinder (the body wall including cuticle, epidesyand somatic musculature) and an internal
cylinder (the digestive system) separated by adgmsmelomic cavity filled with fluid under
pressure and containing a number of other orgacis as reproductive tracts and a nervous
system (Decraemer & Hunt, 2006). Since nematodesaddhave respiratory or circulatory
systems, they depend on diffusion of water, gaaadsmetabolites in and out of their semi-
permeable body walls. During their life cycle, abmatodes undergo four molts from the
juvenile to the adult stage. They typically haveegg stage, four juvenile stages and the adult
male and female. In some genera, the juvenilehtathes from the egg is the J1 stage, while
in other species it is J2. Juveniles usually redernite adult stage, differing in the absence of
a mature reproductive system and in certain meammts and proportions. In some species,
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the juvenile stages can be more resistant to emviemtal stress conditions (e.g. dauer stage)
(Decraemer & Hunt, 2006).

The emergence of plant-parasitic nematodes

Parasitic animals benefit from a close symbiotsoagtion with their host that is harmed by
the parasite. Current molecular and paleontolog@atience indicates that land plants
originated between 425 and 490 million years ageamng that plants and terrestrial
nematodes have coexisted in the earth’s soil foexdansive period of time (Baldwin et al.,
2004). Recently, nematodes were found in fossiliglesht material of approximately 400
million years old, suggesting that nematodes indadgrestrial plants quite early in plant
evolution (Poinar et al.,, 2008). Plant parasitishnematodes evolved at least three times
independently: twice in the Enoplea class (ordeigldnchida and Dorylaimida) and once in
the Chromadorea class (order Rhabditida) (Blaxteal.e 1998; De Ley & Blaxter, 2002).
Similarly, animal parasitism among nematodes mustehevolved at least four times
independently (Blaxter et al., 1998). Although némda parasites are generally assumed to
have evolved from free-living ancestors, the pecsgin and free-living sister taxa of each
parasitic group are unknown (Blaxter et al., 1998)phylogenetic tree illustrating the
relationships between some selected nematode speakown in Figure 1.1.

All plant-parasitic nematodes have evolved a st@édtollow needle-like structure to puncture
the rigid plant cell wall. Through this stylet, theithdraw food from the plant cell, but also
secrete proteins into the host tissue that falip@rasitism. The three independently evolved
nematode groups each have a different type of tstigdachiostylet, odontostylet and
stomatostylet). This repeated emergence of a stiylehg evolution suggests functional and
perhaps developmental constraints on alternativehamesms to feed on plants (Baldwin et
al., 2004). Other morphological adaptations to plaerasitism include the structure of the
pharynx and two sets of pharyngeal glands, dorsélsabventral. These glands are important
for the production of the proteins which are sesdethrough the stylet (Vanholme et al.,
2004).
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Order Suborder Infraorder Superfamily Species
_ —<Strongy|oidea Ancylostoma caninum :
Rhabditomorpha Angiostrongylus cantonensis
o Caenorhabditis elegans
Rhabditina Rhabditoidea Caenorhabditis briggsae
Diplogesteroidea Pristionchus pacificus

Diplogasteromorpha

Panagrolaimomorpha S Steinernema carpocapsae
g P Strongyloidoidea rpocap :
Parastrongyloides trichosuri

Aphelenchus avenaex
Aphelenchoidea Bursaphelenchus xylophilus
Bursaphelenchus mucronatus %

Tylenchina

Anguina tritici
Ditylenchus dipsaci
Ditylenchus destructor
Ditylenchus africanus

Sphaerularioidea

Tylenchomorpha

N

Heterodera glycines
Heterodera schachtii
— Globodera pallida
Globodera rostochiensis
Globodera tabacum

Rhabditida

Radopholus similis
Radopholus arabocoffeae

Tylenchoidea — Pratylenchus coffeae
Pratylenchus penetrans
Pratylenchus vulnus

Meloidogyne chitwoodi
Meloidogyne hapla
Meloidogyne javanica
Meloidogyne arenaria
Meloidogyne incognita
Meloidogyne paranaensis

Brugia malayi
Brugia pahangi
Onchocerca volvulus

Filarioidea . .
Spirurina Spiruromorpha \ Wuchereria bancroffti

N

Litomosoides sigmodontis
Dirofilaria immitis

Dorylaimoidea Xiphinema index

Dorylaimida Dorylaimina

Figure 1.1: Phylogenetic relationships (not drawsdale) between nematode species mentioned ithdss as
inferred from Bert et al. (2008), De Ley & Blax{@002), Holterman et al. (2009) & Mitreva et al0@B). Light
grey: plant-parasitic nematodes (stars indicatmanily fungal feeders); dark grey: animal-parasiteanatodes;
white: free-living nematodes.
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The different lifestyles of plant-parasitic nematoes

Even within the plant-parasitic nematodes, the nmafdateraction with their host can be very
variable. They can feed on all parts of the plawctuding roots, stems, leaves, flowers and
seeds. Specialisations in plant-parasitic lifestylaclude migratory ectoparasitism and
burrowing endoparasitism as well as various tydesdependently evolved sedentary ecto-
and endoparasitism and a full range of intermesdiéBaldwin et al., 2004). The three main
types of plant parasitism are (Decraemer & Hun®&30

- Ectoparasitic: the nematode remains in the soil f@eds by using the stylet to
puncture plant cells. The longer the stylet, thepae it can feed within the plant
tissues.

- Endoparasitic: the entire nematode penetrates tha tissue. Migratory
endoparasites retain their mobility and have nediXeeding site, whereas the
more advanced sedentary endoparasites induce &lseet fixed feeding site
such as a syncytium or a giant cell. This feeditegenhances the flow of nutrients
from the host and therefore allows the femalesstmne sedentary.

- Semi-endoparasitic: Only the anterior part of tlenatode penetrates the root,
with the posterior part remaining in the soil phase

It must be noted that the above categories arenndially exclusive as some genera may be
for example semi-endoparasitic or migratory ectdegarasitic.

Parasitism genes

Nematode secretions

The most evolutionary advanced adaptations for tpfarasitism by nematodes are the
products of so-called parasitism genes (Gao et28D2). Parasitism proteins are secreted
from the nematode and play a direct role in passitThese secretions mostly originate from
the pharyngeal gland cells, but secretions from dhemosensory amphids might also be
important (Davis et al., 2004). The arrangemerthefpharyngeal glands is of taxonomic and
phylogenetic importance (Decraemer & Hunt, 2006)thW the Triplonchida order five
pharyngeal glands are present, while in the Damilda, the number of gland cells can be
four or five (Baldwin et al., 2004). Within the nabrder Tylenchomorpha (order Rhabditida),
plant-parasitic nematodes have three gland cetis,dorsal and two subventral (Figure 1.2).
Cytological observations in sedentary nematodedirooed that the subventral glands are
highly metabolically active during penetration anugration in the host tissue. Their
secretory activity decreases with the establishroktite feeding site, at which time the dorsal
gland activity increases (Vanholme et al., 2004thdugh the phytonematode gland cells
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function as true animal secretory cells with Galgrived gy
membrane-bound secretory granules and subsequeaytesis
of granule contents through specialised valves ithe
pharyngeal lumen, parasitism protein secretiontvéanematode
stylet may be compared to type Il secretion systahplant- 5™F
pathogenic bacteria with correspondingly similarfeetor
molecule delivery to recipient host cells via aupi(Davis et al.,
2008). Interestingly, the adaptation of enlargedarphgeal iéiiitzz -
secretory cells is also present in nematode pegsif pore
vertebrates, but absent in non-parasitic nemat(dasis et al.,

subventral

2008) glands

dorsal
gland

Identification of parasitism genes

Identification of parasitism genes has proven talifigcult due
to the small size of plant-parasitic nematodes,ctvhinakes it
hard to collect sufficient material for analysisaf\holme et al.,
2004). Immunoaffinity purification was used to efrisecreted

proteins, resulting in the finding of a secretedtgin (endo-1,4-  Figure 1.2: Body p|aﬁ,°2§?a
B-glucanase) from the subventral glands of the potgst tylenchid nematode
nematodeGlobodera rostochiensiéSmant et al., 1998). Anothe(Vanholme etal., 2004).
method is the analysis of collected nematode deosetby 2D gel electrophoresis and
microsequencing. This has been successful for de¢ tyst nematodeeterodera schachtii
(De Meutter et al., 2001) and the root-knot nematdeloidogyne incognitgJaubert et al.,
2002b). More recently, mass spectometry was useddifect identification of proteins
secreted byM. incognitg revealing proteins with host cell reprogrammingtemtial

intestine

cuticle

(Bellafiore et al., 2008). However, the transcriptcs approach became more popular than
the proteomics approach. Expressed sequence t&Fs)Ean be used for homology searches
to identify possible new parasitism genes. EST eegng has resulted in several new
interesting genes from different nematode spedrespéijus et al., 2000a; Dautova et al.,
2001; Jaubert et al., 2002a). Other methods comgame expression between preparasitic
and parasitic stages of nematodes, such as diff@relisplay (Ding et al., 1998) or cDNA-
AFLP (Qin et al., 2000). Elling et al. (2009) com&d microarray expression data of all major
life stages ofHeterodera glycinewith sequence analyses to identify parasitism @stax
proteins. Such integrated approaches will becomeasingly important in the future as more
sequence data is becoming available.
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The plant cell wall
Plant cell walls are of fundamental importancerformal plant growth and development. The

dynamic wall surrounding plant cells regulates @pansion, controls tissue cohesion, is
involved in the exchange of ions and forms a defeagainst external attacks from parasites
or pathogens (Popper, 2008). Cell walls are conpadehree types of layers: the middle
lamella, the primary cell wall and in some casessicondary cell wall (Figure 1.3).

primary | /ﬁ'\

cell wall \//}?

plasma
membrane

cellulose

hemicellulose

Figure 1.3: Structure of the plant cell wall (Lddist al., 2000).

The middle lamella, which is rich in pectin, is dsfied soon after mitosis and connects two
adjacent plant cells (Cosgrove, 2005). The printatywall is formed throughout cell growth
and expansion while the secondary cell wall, thatat always present, is deposited internally
to the primary cell wall once cell growth has cehase

The key structural component of the plant cell wall cellulose, the most abundant
biopolymer in the world. Cellulose is comprised safccessive glucose residues which are
inverted 180°, forming a flat ribbon with cellob@as the repeating unit (Figure 1.4) (Taylor,
2008). These (1,4)-linked glucan chains are able to form extensivdrbgen bounds to
adjacent glucan chains (Mutwil et al., 2008). Appmaately 36 of these crystalline chains are
arranged in parallel in 3 nm thick microfibrils foing insoluble cable-like structures. The
cellulose microfibrils are among the longest molesuknown in nature, since they are
believed to consist of 8000 (primary cell wall) 1%,000 (secondary cell wall) glucose
molecules (Somerville, 2006).

CHOH

0 OH CHOH CHOH
~ OH OH a
o)
OH OH (o]
CHOH ~O  OH OH CHon O ) on —©° om0
1 7
Cellobiose

Figure 1.4: A fragment of a (1,4yglucan chain showing inversion of adjacent sugaidues. The repeating
unit cellobiose is indicated (Taylor, 2008).
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Cellulose microfibrils are embedded in a matrix aafmplex polysaccharides, which are
divided into two classes: pectins and hemicelluld®ctins are a complex and heterogenous
group of polysaccharides which are believed to tealently linked together. Pectins are
perhaps the most complex polysaccharides in thegliworld, including homogalacturonan,
rhamnogalacturonans | and I, galactans, arabimadsother polysaccharides. They can be
solubilised by aqueous buffers and dilute acidictsmns. Hemicelluloses on the other hand,
require strong alkali for solubilisation. Hemicétlses are cellulose-binding polysaccharides
that form a strong but resilient network togethé@hwhe cellulose. They include xyloglucans,
xylans and mannans which have a (B4inRked backbone (D-glucan, D-xylan or D-mannan)
similar to the structure of cellulose (Cosgrove)20

Cell wall modifying enzymes in plant-parasitic né¢odes

To invade plant tissue, plant-parasitic nematodes the physical barrier formed by the plant
cell wall. To overcome this barrier, plant-parasiiematodes produce cell wall degrading and
modifying proteins in the pharyngeal glands andetedhese enzymes through the stylet. The
combinatorial effect of this enzymatic activity aplysical damage caused by the protrusions
of the stylet enable the nematode to break dowrteéHevalls. Over the last decade, different
cell wall degrading enzymes have been isolated fi@mous plant-parasitic nematodes,
mainly sedentary ones. These enzymes generallyr docextensive gene families, and
recently the genome dfleloidogyne incognitavas shown to possess more than 60 cell wall
degrading enzymes (Abad et al., 2008).

Cellulases or endo-1@glucanases, that can degrade cellulose, have foeem in the
nematode genetdeterodera GloboderaandMeloidogyne(Smant et al., 1998; Rosso et al.,
1999; Bera-Maillet et al., 2000; Goellner et aDP@; Yan et al., 2001; Gao et al., 2002; Gao
et al., 2004b; Ledger et al., 2006; Abad et alQ8@Rehman et al., 2009a), which are all
classified into the superfamily of the Tylenchoideader Rhabditida, suborder Tylenchina,
infraorder Tylenchomorpha) (De Ley & Blaxter, 200Besides these sedentary nematodes,
cellulases have also been found in the migratonyatedePratylenchus penetrari®Jehara et
al., 2001). Glycosyl hydrolases are classified idlifferent families according to their
sequence similarity (Henrissat & Bairoch, 1996). éido-1,4B-glucanases mentioned above
belong to glycosyl hydrolase family 5 (GHF5). Imstingly, inBursaphelenchus xylophilus
which belongs to a different superfamily (Aphelenidea), endo-1,4-glucanases were
cloned of GHF45 (Kikuchi et al., 2004). Moreover, Xiphinema indexa nematode from a
different order (Dorylaimida), GHF12 endoglucanasese found (Jones et al., 2005). The
fact that different groups seem to have endoglismsdrom a different glycosyl hydrolase
family is probably a reflection of the separatelationary history of these gene families.
Endo-1,4B-glucanases can degrade polysaccharides with gf-gican backbone, such as
cellulose, but in some cases also hemicellulodes dylans. Another enzyme acting on
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hemicellulose is endo-1@xylanase, identified itMeloidogyne incognitgMitreva-Dautova
et al., 2006; Abad et al., 2008).

Some nematode species migrate intercellularly gitotne middle lamina, rich in pectic
polysaccharides. Pectate lyases can cleave int€r#la-linkages of pectate and have been
identified inMeloidogynespp., but also in intracellularly moving generatsasGlobodera
HeteroderaandBursaphelenchugPopeijus et al., 2000b; Doyle & Lambert, 2002;aHg et
al., 2005; Kikuchi et al., 2006; Vanholme et al00Z; Abad et al., 2008). Furthermore, a
polygalacturonase that cleaves (lgd)nkages in pectate by hydrolysis was identified i
Meloidogyne incognitaJaubert et al., 2002a; Abad et al., 2008).Heteroderaspp., a
putative endo-1,$-galactosidase is thought to hydrolyse (B49alactan in the hairy regions
of pectin. The latter enzymes seem restricted ¢oginusHeterodera since no homologs
were found in the genome bf. incognitaor M. hapla(Vanholme et al., 2009). Nevertheless,
other putative cell wall degrading enzymes ideatifin the genome could have similar
functions, such as arabinases (Abad et al., 2008).

Other cell wall modifying proteins do not have dmdrolytic activity. One of these proteins
is expansin that weakens the non-covalent intenastbetween cellulose and hemicellulose,
inducing plant cell wall extension. Expansin-likeotgins were found inGlobodera
rostochiensisand Bursaphelenchuspecies (Qin et al., 2004; Kudla et al., 2005; Uik et
al., 2007). In theM. incognitagenome, an extensive gene family of a total ofp@tative
expansin-like proteins was identified (Abad et 2D0P8). Another group of cell wall acting
proteins without any enzymatic activity are celk@ebinding proteins, isolated froi.
glycinesandM. incognita(Ding et al., 1998; Gao et al., 2004a). Thesegimstmay have an
indirect role in plant cell wall degradation byigsating a plant pectin methylesterase (Hewezi
et al., 2008).

Other parasitism genes involved in plant-nematatkractions

Next to plant cell wall modifying enzymes, otheotgins play a role in the infection process,
especially in sedentary nematodes. Since sedentmatodes induce a feeding site, several
proteins are being secreted by the nematode thaioca&xample alter the gene expression of
the plant.Heterodera glycinesecretes a protein similar to the CLAVATA/ESR (QLdtass

of plant signal peptides, probably inducing feedoedl differentiation (Olsen & Skriver,
2003). Another example of a nematode protein iotarg with plant pathways is chorismate
mutase, found both in root-knot and cyst nematg¢dasbert et al., 1999; Jones et al., 2003;
Bekal et al., 2003; Long et al., 2006). This enzyrae affect the synthesis of chorismate
derived compounds among which are precursors df wall synthesis, plant hormone
biosynthesis and plant defense compounds.

Plant-parasitic nematodes can also partly couhtedefense mechanisms of the host plant. It
was shown that nematodes secrete proteins invatvprbtein degradation, such as ubiquitin,
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RING-H2 and SKP-1 (Gao et al., 2003). These proi@ascomplex proteins can possibly
target specific host cell proteins for degradaaowl therefore contribute to the establishment
of the feeding site. Several other proteins havenbieentified that could play a role in
parasitism, although it remains unclear what thetual function is. Venom allergen proteins
for example are being secreted from both cyst aattknot nematodes into the plant tissue
(Ding et al., 2000; Gao et al., 2001; Wang et 2007; Lu et al., 2007). These proteins are
also secreted by animal-parasitic nematodes wiene induce host immune responses, but
their function remains unknown (Jasmer et al., 20Q@8her putative parasitism proteins are
SPRYSEC proteins, calreticulin, SXP-RAL2 and 1442uily proteins which may play roles
in alteration of host cell cycle, calcium bindindefense modulation and as cellular
chaperones (Davis et al., 2008; Rehman et al.,[0@me putative parasitism proteins have
nuclear localisation signals that are functionapiant cells (Elling et al., 2007), suggesting
some host cell regulation by nematodes at thedrgoi®nal level (Huang et al., 2006b).

Origin of parasitism genes
Some likely mechanisms for acquisition of parasitigenes include: 1) adaptation of pre-

existing genes to encode new functions, 2) gendicdtion and divergence of paralogs, and
3) horizontal gene transfer (HGT) (Scholl et abp3). One of the most remarkable findings
concerning parasitism genes from plant-parasitimatedes is that some of these genes are
absent from all other nematodes and most otherasistudied to date (Jones et al., 2005).
Many of these genes resemble bacterial sequengggesting that these enzymes could have
been acquired from bacterial plant pathogens thrdugizontal gene transfer. For example
the nematode endo-1f4glucanases from the Tylenchomorpha, which belon@HF5, show
very little similarity to plant endoglucanases aut rather homologous to bacterial sequences.
This has led to the conclusion that these enzyners at some point in evolution acquired
from bacteria, and later extensive gene duplicatesulted in gene families. Remarkably, the
GHF45 endoglucanase froBursaphelenchus xylophilushows the highest homology to
fungal sequences. Sin@ursaphelenchus xylophilus a facultative fungal feeder, it makes
sense that this gene was acquired from fungi. M@ea@n endo-1,8-glucanase (GHF16) is
present inB. xylophilusand the fungal feedd8. mucronatuswith sequence characteristics
that suggest it was acquired by HGT from bactdfiauchi et al., 2005). Endo-1,8-glucans
are important components of fungal cell walls amel grotein is likely to play a role in fungal
feeding. It is possible that these nematodes aeduendo-1,3-glucanase genes from
bacteria to obtain a fungal feeding ability, andudbogroup subsequently acquired cellulase
genes from fungi, which permitted them to parasifikants (Jones et al., 2005).

Next to the parasitism genes, other genes in mardsitic nematodes have also been
attributed to bacterial origins, for example a pilyamate synthase gene or a pathway
involved in the synthesis of vitamin B6 (Veronicoat, 2001; Craig et al., 2008). In animal-
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parasitic nematodes and insects, it was proven dgleaes derived from their bacterial
symbiont Wolbachiaare present in the genome of the nematode or tir{stopp et al.,
2007). This suggests that horizontal gene transf@y play a more important role in the
evolution of nematodes than originally thought. Heer, the horizontal gene transfer
hypothesis should be handled cautiously. The masintonly used - and in many cases the
only - reason to claim that genes are of HGT origithat no homologous genes can be found
in other eukaryotes, only in bacteria. But one &thtwe aware that the sequence data available
nowadays is only from a very limited amount of specAn example of how this can lead to
wrong assumptions is the presence of GHF9 endoghises in insects, which were thought to
be acquired through HGT. However, as more sequeéatzbecame available, it seemed that
it was rather a case of extensive gene loss inrdiheages than HGT (Lo et al., 2003;
Davison & Blaxter, 2005). Could this also be thesecafor the nematode GHF5
endoglucanases? It will probably become more dgledine future when more sequence data
will become available, although endogenous GHF5 @htF45 endoglucanases have also
been found in insects and molluscs (Girard & Jouath®99; Xu et al., 2001; Sugimura et al.,
2003; Lee et al., 2004). The problem is that tlaeeeno strict objective rules about how to test
whether a given gene was acquired from another related organism via HGT.
Nevertheless, a combination of methods can be peapahat together may Ilift the
weaknesses of the individual approaches. For examglcombination of phylogenetic
methods, analysis of the distribution pattern, haditat overlap between inferred donor and
recipient could be applied (Mitreva et al., 2009).

Nematode under study:Radopholus similis (Cobb, 1893) Thorne, 1949

Introduction

Radopholus similisor the burrowing nematode was first discovered thg famous
nematologist Nathan A. Cobb in 1891 when he stub&thna roots from Fiji. In the same
publication in 1893 he described the male and fensalparately as two different species,
respectivelyTylenchus similiand Tylenchus granulosud.ater (1906) he described a third
species,Tylenchus biformiswhen he found males and females together. ltomésin 1968
that the nomenclatural problems were overcome #&ed nameRadopholus similiswas
retained (Luc, 1987).

The burrowing nematode is a migratory endoparasigmatode, widely known as a
destructive pest of citrus, black pepper and bankns an active parasite on more than 250
different plant species throughout the tropical aethi-tropical world. The nematodes have
completely destroyed black pepper plantations dohesia and have caused very large losses
to citrus properties. They continue to be a magst problem for the banana industry in many
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parts of the world and have been introduced to emo glasshouses by way of trade with
ornamental plants, in particulanthurium(EPPO diagnostics report, 2008).

Two physiological races dR. similiswere recognised: one race parasitises banana ang m
other hosts but not citrus, while the other racagitises both banana and citrus. Although no
significant morphological differences were detedietiveen the two races, the citrus race has
been raised to sibling species rank and desigreg®l citrophiluson the basis of putative
biochemical, physiological and karyotypic differesqHuettel et al., 1984). However, more
recent investigations suggest that citrus parasiippears to be associated with only limited
changes in the burrowing nematode genome and dsuppiort assignment of sibling species
status with respect to citrus parasitism (Kaplat©gpermann, 1997). Moreover, citrus and
non-citrus parasitic burrowing nematodes are nptroductively isolated and there is no
possibility to distinguish races @. similis attacking citrus and those not attacking citrus
(EPPO diagnostics report, 2008). Therefétecitrophiluswas later correctly considered as a
junior synonym foR. similis(Valette et al., 1998; Kaplan et al., 2000).

Taxonomy and phylogeny

Radopholus similigs the only one of more than 30 species in theugercognised as a
pathogen of widespread economic importance (DuBcktoens, 2006). It is a member of the
family of the Pratylenchidae within the Tylenchadsuperfamily of the Rhabditid order.
Molecular analyses have however proven that théylerechidae family is polyphyletic and
that R. similisis closely related to ectoparasitic and cyst-fognendoparasitic nematodes
(Hoplolaimidae and Heteroderidae) (Subbotin et24lQ6; Bert et al., 2008; Holterman et al.,
2009). The inclusion of the burrowing endoparastiematodes in a single family
Pratylenchidae is classically defined by similarrpimlogical characteristics that are likely
the result of convergent evolution related to samifeeding modes. With developing
understanding of plant-nematode interactions in ebenomically very important genera
RadopholusandPratylenchuswrong assumptions of monophyly of burrowing eratagitic
nematodes versus convergence have critical imgitatwhen extrapolating insights of one
group (i.e Pratylenchusspp.) to another (i.&adopholuspp.) (Bert et al., 2008).

Some morphological characteristics

The female burrowing nematode is 650-800 um lon@®24 um diameter. The vulva is
located at approximately 54% of the body lengthmfrthe head. The head is rounded and
slightly flattened, offset by a slight constrictjcand is supported by a sclerotised framework.
The stylet, 18 um long, is plainly visible and heminent knobs. The pharyngeal glands
overlap the intestine dorsally. Males do not redenfémales in gross appearance. They are

500-600 um long and more slender than females. Héw, set off by a conspicuous
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constriction, is well rounded and non-sclerotisBage stylet is quite slender and indistinct, 12
pum long, and has small knobs, which are difficols¢e (MacGowan, 1977) (Figure 1.5).

Figure 1.5:Radopholus similis(A) Male; (B) Female; (C) Female head; (D) Makeat (EPPO diagnostics

report, 2008).

Biology

The egg to egg life cycle of the burrowing nematmdesually completed within 3 weeks. All
stages are found inside the root. The nematodetym@scthe root epidermis cells with its
stylet, digesting and sucking the cell contentst &sirrows into the root. Entry is usually at
the root tip or in the region of root hair prodoctiand takes less than 24 hours. The
burrowing nematode attacks only tender young feedets and not hardened, suberised,
senescing or decayed roots. Once inside the fdoetwbrms feed and reproduce. The male,
with its rudimentary stylet, is not known to peragdr roots nor to injure them to any extent.
The female and juveniles feed on roots. Females layayl-6 eggs a day inside the roots.
Lesions formed as a result of nematode activitarge and coalesce. Nematodes will at this
point, or because of population pressure, leavedbeand migrate into the soil. During this
stage while the worm is seeking a new food soufdeealthy roots, the area of infestation
spreads to adjacent plants (MacGowan, 1977).

The burrowing nematode’s ability to survive adversaditions is enhanced by 3 factors: 1)
an extensive host range, 2) a short life cyclevailg rapid reproduction during favorable
periods and 3) the ability of females to reprodtareone or two generations without males
(MacGowan, 1977). The latter reproduction strategg thought to be parthenogenesis, but it
was shown thaR. similisrather is a hermaphrodite. In females that havenmated with a
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male 50 to 60 days after the fourth moult, selfdisation takes place with rod-shaped
spermatids produced in the ovatestis and matureldeirspermatheca (Kaplan & Opperman,
2000).

Most populations oR. similisreproduce best at intermediate (25°C) or high (30&her
than low (15-20°C) temperatures. Populations intoed into European parks and nurseries
appear to have adapted to temperate conditionsydeping at temperatures too low for most
tropical populations. In Florida citrus plantatiprise optimum temperatures occur longest
each year in the deeper soil horizons where rdetiion is greatest. Temperature extremes in
the surface soils are nearer the limits for nematdevelopment, which may explain low
population development in surface roots. The nedeatibes not have a known resting stage,
so recurring moisture deficits typical of surfacgls may also inhibit development near the
soil surface (Duncan & Moens, 2006).

Symptoms and damage
Root damage caused By similishas typical symptoms caused by lesion nematodddish,

brownish to black lesions caused by cell wall qula as nematodes move inter- and
intracellularly (Duncan & Moens, 2006). The rootsvl extensive cavities and the phloem
and cambium may be completely destroyed, leavingatede-filled spaces separating the
stele from the cortex. External cracks may appear the lesion (EPPO diagnostics report,
2008). Tissue rot occurs following secondary intew with fungi and bacteria (Duncan &
Moens, 2006). Infested plants also show poor grpweitiuced leaf size and colour alterations,
and are more susceptible to fungal infections. siefé citrus trees have fewer and smaller
leaves and more dead twigs than healthy treesalvedticed uptake of water and nutrients.
Because of the infection witR. similis the root system of the plants is weakened, which
leads to the toppling over of infected plants, esdky those bearing fruits, after a strong gust
of wind (“toppling over disease”). This is the mo$ivious symptom in the field of nematode
infection (EPPO diagnostics report, 2008).

Figure 1.6: Toppling over of plants in a banananfgion in Martinique due to infection witR. similis
(http:/iwww.ird.fr/).
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R. similisis considered to be among the ten most damagarg-phrasitic nematodes world-
wide (EPPO diagnostics report, 2008). It is of greeonomic importance in the banana-
growing areas of Australia, Central- and South AozrAfrica and the Pacific and Carribean
Islands, causing what is variously called root bddckhead and toppling disease. In Central
and South America for example, crop losses dueppling over of banana plants fluctuate
between 12 and 18% (Sarah et al., 1996). A studplantains in Cameroon shows that the
yield can be reduced by more than 50% over theé fwe crop cycles due to nematode
infection (Fogain, 2000)R. similiswas also responsible for the yellows disease atkbl
pepper, which by 1953 had destroyed 90% of thip ¢noindonesia. In Florida, the citrus
pathotype causes so-called “spreading decline”itmusc fruits, reducing yields by 40-70%
(oranges) and 50-80% (grapefruits) (EPPO quarapise data sheet ¢ citrophilusandR.
similis). As a result of these devastating effect®oimilis the European and Mediterranean
Plant Protection Organisation (EPPO) has classified banana race as an A2 quarantine
organism, and the citrus race as Al since therlstbsent from Europe.

Control measures

Reducing nematode populations in the soil befoentplg and the use of nematode-free
planting material are of primary importance in tomtrol ofR. similis Nematode populations
can be reduced to an undetectable level by fallowrap rotation with non-host plants (e.g.
sweet potato, pineapple), although six or severksveé flooding can be equally effective.
However, the latter method is often difficult toppas flooding requires a permanent water
supply and the land to be leveled (Sarah et aBglL9Additionally, a simple natural fallow
period is often not sufficient to eliminate the tmwing nematodes and to clean the land
properly. Several factors have to be considereth as the efficiency of the destruction of the
old banana plants and the evolution of the floceptible taR. similis It was shown that the
removal of old banana plants by a chemical (glyptelsis much more efficient to reduRe
similis populations levels than mechanical destruction witbpading machine (Chabrier &
Quénéherve, 2003). Nematicides (generally orgarmsydtaies or carbamates) are traditionally
the primary way to control nematodes. Nematicidas imcrease banana yields with 50%
compared to untreated controls (Fogain, 2000)atgd commercial plantations of banana,
nematode control is based on the application ofttwfmur nematicide treatments each year,
having negative toxic side-effects on the environm@Chabrier & Quénéhervé, 2003).
Nowadays, more attention is being paid to an irtegl pest management approach. In
Martinique for example, an alternative croppingtegs has been developed based on the
cleanup of contaminated fields prior to plantingisicleanup is done through either a fallow
period or an appropriate crop rotation, and thematede-freein vitro banana plants are
planted. As a consequence, growers are able tvateltbananas for at least two to three years
without nematicide application. Moreover, the idlwotion of ditches could efficiently isolate
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field sectors and partially protect other bananangd from infestation (Chabrier &
Quénéherve, 2008).

Host resistance is an effective means of nematodéral in many crops. In bananas and
plantains, there has been little progress in brepfbr resistance to nematodes due to the
genetic complexity within the gentusg and to the easy choice of chemical nematicides in
the past. The increasing awareness about the wegetiects of pesticides has led to a
restricted number of permitted nematicides, noy amlthe European Union, but also in the
countries exporting to the EU. The genetic engingeof bananas may be an important
strategy to reduce nematicides. It was shown thi@rsformed Cavendish banana expressing
a rice cystatin, a nematode cysteine proteinasbiioh has a resistance level agaikst
similis of 70% (Atkinson et al., 2004). Alternatively, fdifent banana hybrids are being
screened for nematode resistance. Promising crdtiiave been identified, even partially
resistant to other nematodes as well, which wipdfally lead to an improved sustainability
of banana production (Quénéherve et al., 2009an€herve et al., 2009b).

Nematode under study:Ditylenchus africanus Wendt, Swart, Vrain and Webster, 1995

Introduction

The peanut pod nematodaitylenchus africanyswas first found in hulls and seeds of peanut
in South Africa in 1987. The species remained uoedtfor so long probably because the
symptoms it causes are very similar to a fungaatie and because the nematodes themselves
have a weak stylet and resemble harmless fungigonematodes. The nematodes isolated
from the infected peanut pods were first identifexDitylenchus destructorthe potato rot
nematode (De Waele et al., 199D). destructorwas known mainly as an important pest of
potato tubers and bulbs of flowers in temperatéoresy However, the South African isolate
caused no damage to potato tubers and was thedsignated as a new race and ecotype
(De Waele et al., 1991). Later, based on molecatelyses, the South African race [of
destructorwas considered to be a new species and described aricanus(Wendt et al.,
1995).

Taxonomy
D. africanusis a member of the Anguinidae family, superfan8iyhaerularioidea within the

infra-order Tylenchomorpha of the order Rhabditile Ley & Blaxter, 2002). Of several
economically important genera in the Anguinidae ifgnDitylenchusspp. have the widest
impact on agriculture (Duncan & Moens, 2006). Thars nematodd®. dipsacj a species
complex with an extremely wide host range, is ohéhe most devastating plant-parasitic
nematodes, especially in temperate regions (Ww\vo.epQ).
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Some morphological characteristics

The length of the male and female @f africanusranges from 550 to 1150 um, while the
width is between 20 and 30 um. The nematodes hflatened head with a delicate stylet of
8 to 10 um long with distinct, separated, backwatdping knobsD. africanusdiffers from

D. destructormainly in the stylet length (8-10 um vs. 10-14 panyl spicule length (15.2-22
pm vs. 24-27 um) (De Waele et al., 1997). More itketestudies should be done to confirm
the morphological differences between the two geci

Biology
D. africanusis a migratory endoparasite which is mainly foundgroundnut Arachis

hypogeal.), but can survive on weeds and on a variety ropg such as corn, soybean,
tobacco and wheat. While. africanusis present in the roots of peanut and the sobuab
90% of the total population at harvest is foundtte pods. Soon after the peg of the
groundnut plant has entered the soil and pod foomdias been initiated, the nematodes enter
the plant tissues at the base of the pod neardhe pf connection with the peg. They can
subsequently invade the parenchymous regions opdias, and eventually the seed testa.
Mature pods however have a lignified hull whichraedgo act as a barrier to penetration of
the inner pod tissues (Venter et al., 1995). ReatdykD. africanushas also been observed
feeding and reproducing on the hyphae of commontyathogenic fungi (De Waele et al.,
1997). Since males and females occur in similarbem) amiphimixis is thought to be the
general mode of reproduction. The life cycle ordynprises 6-7 days when the temperature is
optimal (28°C).D. africanuscan undergo dehydratation and enter a state ofdaobiosis,
which makes it possible for the nematodes to serinvthe absence of host plants for at least
32 weeks (De Waele et al., 1997).

Symptoms and damage

In contrast to most othditylenchusspp.,D. africanusoccurs only in underground parts of
the plant, such as roots, pods and pegs. Thesfiraptom is the appearance of dark brown
tissues at the pod base where the peg joins thewdadh can cause the pod to break off
during harvesting (De Waele et al., 1997). In madeanced infections, cells collapse and
tunnels are formed that facilitate the migrationtlté nematodes (Venter et al., 1995). The
most visible result of a severe infection is a kldiscoloration along the longitudinal veins of
the hulls. AlthougiD. africanusis present in the roots, there are no visibleolesi Infected
seeds are usually shrunken and testae and embaus & yellow to brown or black
discoloration (Figure 1.7) (De Waele et al., 1989).
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Figure 1.7: Symptoms on peanut causedDitylenchus africanus(a) pods; (b) seeds. Left: infected; right:
healthy (Kleynhans, 1999).

The peanut pod nematode has been found in all #jermpeanut production areas of South
Africa where 73% of all seed samples examined weeeted withD. africanus(De Waele et
al., 1989). The widespread distribution in Southigsf suggests that it may also be present in
other southern African countries. In Mozambique |aia and Congo peanut pods showing
symptoms typical oD. africanusinfection have been reported (De Waele et al., 19bf@e
short life cycle of the nematode allows it to bullgd extremely high population densities
during the growing season. When peanut seedlingsnaiculated with 500 nematodes per
plant, about 150,000 nematodes are present peresg hulls or seeds after 18 weeks.
Moreover, as few as 5D. africanusindividuals per seedling can cause crop failure tu
downgrading of the seed (Bolton et al., 1990). Aainyield losses of peanut due to nematodes
are estimated at 12% worldwide (Venter et al., 198hd in fields heavily infested witD.
africanus 40 to 60% of the pods and seeds can be dest(BgeWaele et al., 1989).

Control measures

Methods to contain th®. africanus infection and reduce the crop damage are scarce.
Although populations oD. africanus can be suppressed by nematicides, the activity of
nematicides usually lasts for about eight weekdchvimeans that nematodes surviving this
period can still cause a considerable amount ofag@niBasson et al., 1992). Different peanut
cultivars have been tested on resistance, buteaBwasceptible to nematode damage (Venter et
al., 1993). It was however shown that an early éstreould reduce the crop losses to only 12-
13%, while a harvest of 15 days later results issés of 45-49% (Venter et al., 1992).
Furthermore, since eggs and nematodes that hawergore anhydrobiosis survive in the
winter in decaying hulls, removal of the decayingdg after harvesting should reduce the
infection level (Venter et al., 1991). africanuscan also survive on several different weed
species, which is important when peanut is not gr{de Waele et al., 1990).
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Nematodes and molecular biology

During the last decade, a tremendous amount of qulale data has been generated for all
sorts of organisms, particularly nematodes. Ové@0Q,000 ESTs are available from 40
different species, both free-living and parasitrew{v.nematode.net). Moreover, different
genome projects have unraveled the complete genomiese-living nematode€. elegans
(C. eleganssequencing consortium, 1998}, briggsae(Gupta & Sternberg, 2003) and
Pristionchus pacificugDieterich et al., 2008) as well as the animabpdic nematod8rugia
malayi (Ghedin et al., 2007) and many other genome sefugmprojects are in progress.
Recently, the genome of two root-knot nematodiésincognita(Abad et al., 2008) anifl.
hapla (Opperman et al.,, 2008) became available, as aglh rough assembly of the cyst
nematodeH. glycines(Monsanto company).

Next to all this primary sequence information, nestagy has also benefited from new
molecular tools. The function of different genes baen extensively studied by single gene
knockout with the RNAI technique. F@. elegansevery single gene has been targeted and
all resulting phenotypes were documented, providwigrmation about the possible function
of all these genes (Rogers et al., 2008). Nevartisele are only beginning to understand the
biology of nematodes, especially of parasitic o@Enes that are specific for parasitic species
are particularly interesting, but functional stielere very demanding and will take several
years for nematologists and molecular biologistsltcidate.

Scope

Since sedentary nematodes are the most speciaisddeconomically important plant-
parasitic nematodes, nearly all molecular stude®Ilve sedentary nematodes. Almost no
effort has been done in the study of migratory nentes, which can also cause a considerable
amount of plant damage. The main goal of this the&s to search for parasitism genes in
migratory nematodes, especially cell wall modifyiagzymes, and compare these to their
homologs in sedentary nematodes.

The first part of this thesis describes the id@difon of endo-1,4-glucanases or cellulases
in different migratory nematodes by homology baB&R cloning. GHF5 endoglucanases
were found inR. similis (chapter 2),D. africanus (chapter 3) andPratylenchus coffeae
(chapter 4). Moreover, an evolutionary model conicey the gene structure of GHF5
endoglucanases within nematodes was constructegt@tyd). Additionally, another cell wall
modifying protein was identified by homology baselbning, namely an expansin-like
protein inD. africanus(chapter 3).
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Other techniques to search for novel parasitisnegenvolve a more high throughput EST
analysis. This approach revealed the presence ehda-1,48-xylanase inR. similisthat is
characterised in chapter 5, and was also applidd. t@fricanus(chapter 6). Finally, th&.
similis ESTs revealed an unexpected amount of bacteqaksees with a high homology to a
Wolbachia endosymbiont. The presence of this endosymbioniinvithe nematode was
further investigated in chapter 7.






CHAPTER 2

A FAMILY OF GHF5 ENDO-1,4-BETA-
GLUCANASES IN RADOPHOLUS SIMILIS




Adapted from:

Annelies HaegemanJoachim Jacob, Bartel Vanholme, Tina Kyndt andélieve Gheysen.
(2008). A family of GHF5 endo-1,4-beta-glucanases the migratory plant-parasitic
nematoddradopholus similisPlant Pathology, 57, 581-590.
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Abstract

Endo-1,4B-glucanases, which can degrade cellulose, have igestified in a number of
plant-parasitic nematodes, mainly sedentary endgpas. We report the finding of four
different endoglucanases of glycosyl hydrolase land (GHF5) in the migratory
endoparasitic nematodeadopholus similisSpatial expression of these genes was analysed
by in situ hybridisation, which showed the presence of traptcin the pharyngeal gland
cells. A semi-quantitative RT-PCR on different depenental stages was done to study the
temporal expression pattern. Three of the endoghsm genes have a reduced expression in
adult males as opposed to females. This could plieed by the fact that males do not feed
and are considered non-parasitic. Only one of th@oglucanase genes is expressed in
juveniles. The four corresponding proteins havei@tpve signal peptide for secretion and a
catalytic domain. Two of the proteins have an addél linker and carbohydrate binding
module (CBM). Modelling of the catalytic domain uéied in thea/p-barrel typical for GHF5
endoglucanases. Mapping the conserved amino atitie dour endoglucanases onto the 3D
structure revealed that most are positioned nearc#talytic centre of the protein, whereas
less conserved amino acids occur more often imthelices, pointing towards the outside of
the protein. Analyses of the GC contents and coadaptation indices indicate that the
endoglucanase genes are well adapted to the cadge wiRadopholus similisThe GC and
GC3 content of the endoglucanases is significaigyner compared to the average for all
Radopholu€ESTs.
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Introduction

Plant-parasitic nematodes have different adaptationpenetrate the rigid plant cell wall.
They damage the cells mechanically with their $fydad enzymatically by secreting different
cell wall modifying enzymes. The most extensivelydseed nematode cell wall degrading
enzyme is endo-1,B8-glucanase or cellulase, which can degrade cebul@zllulases were
identified in the sedentary nematode genéeterodera GloboderaandMeloidogyne(Smant

et al., 1998; Bera-Maillet et al., 2000) These ehgdbB-glucanases (EC 3.2.1.4) belong to
glycosyl hydrolase family 5 (GHF5) and are beliexedbe adopted from bacteria through
horizontal gene transfer (HGT) (Jones et al., 2008¢restingly, hypothetical proteins similar
to GHF5 endoglucanases were recently found in #eompe of the free-living nematode
Pristionchus pacificuslt is not clear whether or not these enzymesaatire or what their
function is. Possibly, this is a kind of preadaipiattowards a parasitic lifestyle (Dieterich et
al., 2008).

Almost all GHF5 endoglucanases were identifiedeidentary plant-parasitic nematodes, only
two of the known GHF5 endoglucanases originate franmigratory nematode, namely
Pratylenchus penetranfJehara et al., 2001). Another economically impartenigratory
nematode in the Pratylenchidae family is the bumgwmematodé&adopholus similisAll life
stages of burrowing nematodes like similis penetrate into and migrate within the root
cortex. This migratory lifestyle suggests that thésnatode possesses different and multiple
cell wall modifying enzymes. In this chapter weadpon the cloning and characterisation of
four endo-1,43-glucanases belonging to GHF5Rn similis

Materials and methods

Nematode culture

Radopholus similisvas maintained on carrot disks in small petri ééslil 35 mm) at a
constant temperature of 25°C as described by Metdy. (1973). Nematodes were collected
by rinsing the petri dishes with sterile deminesadi water 6-8 weeks after inoculation of the
carrot disks with approximately 30 female adultse Tcollected nematodes were either used
immediately for enzymatic assays iarsitu hybridisation, or stored as a pellet at -80°C for
DNA or RNA extraction. Caenorhabditis elegan®ristol N2 was obtained from the
Caenorhabditis elegan&enetics Center (University of Minnesota, Fawul). The strain was
maintained under standard conditions as descripdttdnner (1974).
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Collection of secretions

Approximately 150,000 freshly harvested nematodesrewcollected in 2 ml sterile
demineralised water with 400 pg/ml 5-methoxy-N,Mdthyl tryptamine oxalate (DMT;
Sigma-Aldrich, St. Louis, MO, USA) to stimulate thelease of secretions (Goverse et al.,
1994). Incubation was performed on a rotator fotinogl aeration for 16h at room
temperature. After incubation, the nematode suspengas centrifuged for 2 min at 250 g in
a table-top centrifuge (Eppendorf, Hamburg, Germanhlye supernatant, which contained the
secretions, was collected and stored at 4°C uprtmamum of 6h. As a negative control,
mixed stages dR. similiswere collected and were allowed to settle in a.tdlbe supernatant
was used as the negative control and was handiedlgdp the other samples.

Zymogram
Protein samples were dried in a SpeedVac vacuuntriftgge (Servant Instruments,

Farmingdale, NY, USA) at room temperature and sadhged in 20 pl 100 mM Tris-HCI (pH
8.9), 10% glycerol and 0.0025% bromophenolbluer(aighldrich). Each sample was loaded
on a native 10% polyacrylamide gel containing 0.d8boxymethylcellulose (CMC; Acros
Organics, Geel, Belgium), prepared in a Mini-PratdaCell system (Bio-Rad Laboratories,
Hemel Hempstead, UK). The SeeBlue Plus2 prestgnetein marker (Invitrogen, Carlsbad,
CA, USA) was useds a molecular weight standard. After running tee (45 min at 45V
followed by 1h at 150V), the gel was rinsed twicghwdemineralised water and incubated
overnight at 37°C in 0.2 M NBIPO, and 0.2 M KHPO, (pH 6.0). The next day, the gel was
rinsed twice with demineralised water and stainéti @.1% Congo Red solution for 30 min
on a shaker. The gel was cleared by rinsing itéawi¢h 1.0 M NaCl for 15 min.

Cellulase activity assays

Approximately 10,000 freshly harvested nematodegwrushed in 0.5 ml TE buffer (10 mM
Tris-HCI, 1.0 mM EDTA, pH 8.0) to which 0.5 mM DTWwas added. The sample was
centrifuged for 5 min at 2000 g in a table-top déinge, and 2 pl of the supernatant was
loaded on a 1.5% agar plate containing 0.5% CMGid&s whole nematode extracts, 2 pul
freshly purified secretions were spotted on théeplafter overnight incubation at 37°C, the
plate was stained for 15 min with 0.1% Congo Red subsequently washed for 15 min with
1.0 M NaCl. A protein extract frorG. elegansas well as water rinsed from uninfected carrot
disks were used as a negative control. As a pesitdntrol 1U cellulase d&spergillus niger
(Sigma-Aldrich) was used.

DNA and RNA isolation and cDNA synthesis
Genomic DNA was isolated from nematodes of mixaeges according to Bolla et al. (1988).
RNA was extracted from mixed stages with TRIzol viirogen) according to the




28 Chapter 2

manufacturer’s instructions. The RNA was treatethvidNAse (Fermentas, St. Leon-Rot,
Germany) to avoid DNA contamination. First stramN& was synthesised with SuperScript
Il Reverse Transcriptase (Invitrogen) in the presenf an oligodT primer. The reaction
mixture contained 1 pg RNA as template, 4 mM dNT®S, uM oligodT primer, 10 mM
DTT, 50 mM Tris-HCI (pH 8.3), 75 mM KCI, 3 mM Mgghnd 200U SuperScript 1l Reverse
Transcriptase. The mixture was incubated for 2428€. For the RT-PCR analysis, RNA was
extracted from approximately 100 individuals and\éDwas prepared and amplified by the
SMART PCR cDNA synthesis kit (Clontech, Palo AI@A, USA).

PCR amplification of gene fragments coding for egfidcanases

Genomic fragments were amplified by PCR using #égederate primers ENG1 and ENG2 as
described by Rosso et al. (1999) (Table 2.1). TheiRreaction mixture contained 150 ng
DNA as template, 0.5 uM of each primer, 4 mM ealchNTPs, 1.5 mM MgGl 20 mM Tris-
HCI (pH 8.3), 50 mM KCI and 1U ofag DNA polymerase (Invitrogen). The conditions for
PCR were as follows: 2 min at 94°C followed by 3&les of 1 min at 94°C, 1 min at 52°C
and 1 min at 72°C. The resulting fragments wereusgpd on a 0.5x TAE 1.5% agarose gel,
excised and purified by the QIAquick Gel Extraction(Qiagen, Hilden, Germany).

Table 2.1: Primers used for cloning and expresaimalyses oRadopholus similiendoglucanases

Primer Primer sequence Primer Primer sequence

Rs-act-F GAAAGAGGGCCGGAAGAG Rs-act-R AGATCGTCCGCGATAAAG

ENG1 TAYGTIATHGTIGAYTGGCA ENG2 GTICCRTAYTCIGTIACRAA

englAupl GGAACCGGCAACCGTTGTCTACC englAup2 TTGTCGTCBSCGGTACGTGTG
englBupl AGGTCTCGTACAGCACATGCGGGTAGG englBup2 GTGEATAAGCATCAGAAAAAATGGC
eng2upl AACCCGATTCGGGACTGACCGTTC eng2up?2 TCGTCCTTGITCGATGGCCCAG
eng3upl GTTGTAGAGCTCGTAAATGATGTTTGG eng3up2 TCCAGTGECCATTGGGTATTTGTGG
englAdownl GAACAGTCCGATCACGGGCCAAAAGAAC  englAdown2 TGCACTACTACGCCGCCACGCACAAAC
englBdownl ATTCCACTACTACGCAGCCACGCATGG englBdown2 ABAAAGGACCGGAACAATGAATTGGG
eng3downl TGCGTTTCGCTGCCCAAATGGCTTACC eng3down2 AEGGTTGAACATGAACACGAATCC
englA-FL-F GTAGTCAATCTCCCCTCAGCCCATC englAstart ARBCTGCTTGTTCCTTTTGCCTC
englB-FL-F ATCGGTTCATACGCGAGTTCGTTG englBstart ATGTTGCGCCTCTGCACTGCT
eng2-FL-F TTGGAGCGGCAACATGACATC eng2start ATGCTTAGCGTTCCTTTTGCC
eng3-FL-F GAACCCAGCATATCCGAACTTG eng3start ATGGCTAATCCCTATTTTC
englA-IS-F CGGTTGCCGGTTCCTGGAACATG englA-IS-R CCGGBSGTAAAGTGTTGTCAAT
englB-IS-F ACATGCGAGTCGTCGGGCAGTG englB-IS-R CCAGRGAAGTAGCTGGCCGTT
eng2-IS-F ATGCTTAGCCTGTTCCTTTTGCC eng2-IS-R ATGATCSTAGATGCCCTCCGCGATG
eng3-I1S-F TGCGTTTCGCTGCCCAAATGGCTTACC eng3-1S-R TEACTTTTCCGTCCTTTCCGC
englAspF ATGAACTGCTTGTTCCTTTTGCCTC englAspR TTGTOGEICTGCGGTACGTGTG
englBspF TCGCCTCAGCCACTGCATTGACT englBspR TGATTGAEGCGGATGCGACTT
eng2spF GGCCGAGTCCAAGACCTGGTGGAA eng2spR GCTCGTCCATCAGCAGCTCAC
eng3spF GATTGTTGGGAGCAAGACGAATG eng3spR ATCGGTAAGATTTGGGCAGC

SP6 ATTTAGGTGACACTATAGAATACTCAAGC T7 TAATACGACTCACRATAGGGCGAATTGG

oligodT TTTTTTTTTTTTTTTTTITTTTITTTTVN
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Purified fragments were ligated into pGEM-T (PromegVadison, WI, USA) and
transformed into heat shock competeBscherichia coli DH5a cells (Invitrogen).
Transformed cells were selected on LB medium camtgi1l00 pg/ml carbenicillin. Resistant
colonies were checked for inserts by colony PCRhv8P6 and T7 primers under PCR
conditions as described above. Plasmids of theegponding positive colonies were isolated
using the Nucleobond AX kit (Macherey-Nagel, Durggermany) and the insert was
sequenced at the VIB Genetic Service Facility (\@BF, Antwerp, Belgium).

Cloning of 5’ and 3’ ends

Three genomic endoglucanase fragments were obtaidblength gene sequences were
obtained by genome walking using the Genome Walkeiversal kit (Clontech). Two
successive PCRs, each with a gene-specific primetaa adapter primer, were carried out on
the different genomic libraries following the maacturer’'s instructions. The longest
obtained fragments were cloned and sequenced esliEsabove. For the first fragment, the
primers used in the first PCR were eng3upl and é¢mgBl to walk upstream and
downstream respectively (Table 2.1). In the neSt€RR the gene-specific primers eng3up2
and eng3down2 were used (Table 2.1). To cloneulh&ehgth sequence of the second gene, a
similar strategy was followed using the primers Hdgpl, englBup2, englBdownl and
englBdown2 (Table 2.1). For the third gene, dovesstr walking was done with primers
englAdownl and englAdown2 in two successive PCRbI€T2.1). This downstream
walking resulted in two different fragments corresging to two different sequences. The
primers used to obtain the 5’ sequences of thel thid fourth endoglucanase by upstream
genome walking were englAupl, englAup2, eng2upleag@up2 (Table 2.1). Based on the
obtained genomic sequences, forward gene-specifiteeps, one in the 5’ untranslated region
and one at the start of the coding sequence werdaped (englA-FL-F, englAstart, englB-
FL-F, englBstart, eng2-FL-F, eng2start, eng3-FLa# eng3start; Table 2.1). These forward
primers were used with an oligodT primer as revergeer in a semi-nested PCR on a cDNA
pool of mixed stages to amplify the correspondibiNé fragments. All resulting fragments
were cloned into pGEM-T and sequenced as descabede.

Sequence analysis

Intron regions were identified by aligning the gemo sequences to the corresponding cDNA
sequences using ClustalW with default parametedsnagnual adjustment (Thompson et al.,
1994). Putative protein sequences were obtaingchbglating the cDNA sequences using the
EMBOSS program “Transeq” (Rice et al., 2000). Sigpeptides were predicted using

SignalP 3.0 (Bendtsen et al., 2004), conserved adwmweere located by the NCBI Conserved
Domain Database (http://www.ncbi.nlm.nih.gov/siéetfez?db=cdd) and N-glycosylation

sites were predicted by NetNGlyc (http://www.cbs.dk/services/NetNGlyc/). Codon usage
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of the retained sequences was calculated as dedchiblow. As reference data set, all
available expressed sequence tags (ESTs; n=115420@7) fromRadopholus similisvere
clustered and assembled using TGICL (Pertea e2@03) and CAP3 (Huang & Madan,
1999) and were translated by prot4EST (Wasmuth &xtlr, 2004), resulting in putative
proteins. The corresponding open reading framed-€pRerived from the ESTs were used to
calculate the overall codon usage by the EMBOS8rpro “cusp” (Riceet al, 2000), which
resulted in a codon usage table. Using this codagel table, the codon adaptation index
(CAI) of the endoglucanases was calculated by tMBESS program “cai” (Rice et al.,
2000). In addition, the average CAIRf similistransthyretin-like (ttl) ORFRs-ttl1to Rs-ttl4
(GenBank accession numbers AM691120 to AM6911243dl et al., 2007) was calculated
for comparison. Overall GC content and GC contehtke nucleotides occurring at the first,
second and third positions of codons were calcdlaiean in-house Perl program. The GC
contents of the endoglucanases were compared tavérage GC contents of &l. similis
ORFs by a one sample T-test.

An alignment of the identified endoglucanases witie two endoglucanases from
Pratylenchus penetran®AB68522 and BAB68523) (Uehara et al., 2001) weesated with
Clustalw and manually adjusted. Protein similasitind identities were calculated with
MatGAT v2.02 (http://bitincka.com/ledion/matgat3D structure of Rs-ENG2 (amino acid 20
to 302) was modelled on the crystal structure &HF5 cellulase oErwinia chrysanthemi
(LEGZC) using SWISS-MODEL and the result was viseal using DeepView spdbv 3.7
(Swiss-PdbViewer) (Guex & Peitsch, 1997) and reedewith POV-Ray version 3.6
(http://www.povray.org/).

Whole mouniin situ hybridisation

An in situ hybridisation was carried out according to Vanhelet al. (2002) with minor
modifications. Nematodes were fixed in 3% parafddelayde for 15h at 4°C, followed by an
additional incubation for 4h at room temperatur@rnieabilisation was performed by
incubation in 0.5 mg/ml proteinase K (Merck, Whiteke Station, NJ, USA) for 40 min at
room temperature. Hybridisation was done overnight47°C. The templates for the
production of DNA probes were generated by a RGR under conditions as described above
on the plasmid pGEM-T containing the cDNA clonetloé corresponding endoglucanase.
Subsequent linear PCRs using the first PCR prodasteemplates with digoxigenin(DIG)-
labeled oligonucleotides (Roche, Mannheim, Germamg) a single primer, generated single

strand DNA probes (F-primers: sense probes; R-panantisense probes). The primer pairs
used for the four endoglucanases were respectrajfA-1S-F and englA-IS-R, englB-IS-F
and engl1B-IS-R, eng2-I1S-F and eng2-1S-R, eng3-#ad-eng3-1S-R (Table 2.1).
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Semi-quantitative reverse transcriptase PCR

Approximately 100 individuals of young embryos, gmiles, adult males and adult females
were manually separated from a batch of freshlyect#dd nematodes. RNA extraction and
cDNA synthesis were done as described above. Tthegluicanases were amplified in a semi-
guantitative RT-PCR. The gene-specific primersafimplification of the endoglucanases were
englAspF, englAspR, englBspF, englBspR, eng2spi2sgR, eng3spF and eng3spR
(Table 2.1). The PCR was carried out in a totalina of 60 ul using conditions as described
above. After a number of PCR cycles (21 for femakdsfor males, 27 for eggs and 30 for
juveniles), a small aliquot (12 pl) was removedifreach sample. This was repeated every
three cycles to detect the exponential phase ofdaetion. Actin (EU000540) was amplified
as a positive control using the primers Rs-act-B Rs-act-R (Table 2.1). The resulting
fragments were separated on a 0.5x TAE 1.5% aggeise

Results

Radopholus similisecretes cellulose degrading enzymes

Total homogenates dRadopholus similishowed clear cellulase activity in the CMC plate
assay (Figure 2.1). A similar activity was obseruegurified secretions (results not shown).
This proved thaR. similisproduces and secretes functional cellulases. Nolase activity
was detected in protein extracts of the free livimgnatodeC. elegansconfirming that the
cellulolytic capacity ofR. similisis a characteristic feature of plant-parasitic atndes. A
zymogram of the secretions corroborated the resilltee plate assay. Three distinct bands
were observed when proteins in the secretions separated. The molecular weights of the
bands were estimated to be approximately 55, 100189 kDa (Figure 2.1). No cellulose
degradation was observed in the negative contnel. la

b - Rs secr.

180 kDa

100 kDa

S kDa

Figure 2.1: (a) CMC plate assay with negative adnand Radopholus similisextract; (b) zymogram with
negative control and secretionsrafsimilis Estimated protein sizes are given.
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Cloning of four endoglucanases genes

A PCR onR. similisgenomic DNA using degenerate primers as desclilyeRosso et al.
(1999), resulted in three fragments of 399 bp, ®hl and 598 bp. A blastx search
(http://www.ncbi.nlm.nih.gov/BLAST/) of the correspding sequences confirmed that they
were fragments of three different endoglucanasés @ndoglucanases from bacteria as well
as other nematodes as top hits. Full length se@seoicthe genes were obtained by genome
walking. During this cloning procedure, one addidbendoglucanase was identified. Using a
cDNA pool, corresponding coding sequences were ifigtgpl All four cloned genes code for
proteins with a catalytic domain and two of thenvéhan additional carbohydrate binding
module (CBM) (Boraston et al., 2004). The two erldognases with a CBM were named Rs-
ENG1A (EF693940) and Rs-ENG1B (EF693941), wherbasother two proteins without a
CBM were named Rs-ENG2 (EF693942) and Rs-ENG3 (B#49). This is because most
plant-parasitic nematode GHF5 endoglucanases itediGs ‘ENG1’ have a CBM (Gr-ENG1,
AF056110; Gts-ENG1, AF182392; Hg-ENG1, AFO06052:EMG1, AJ299386; MI-ENG1,
AF100549; Pp-ENG1, AB045780). Only two proteins i CBM do not follow this
nomenclature, being Mi-ENG3 (AY422836) Bf. incognitaand Mj-ENG3 (AM231138) of
M. javanica The respective lengths of the coding sequenc&sanglARs-englBRs-eng2
and Rs-eng3are 1398, 1404, 960 and 1032 bp. Several introgre wdentified: one irRs-
englA(48 bp), six inRs-englR106, 46, 72, 44, 106 and 248 bp), on&sreng456 bp) and
five in Rs-eng354, 44, 45, 113 and 50 bp). The gene structutbefour genes is shown in
Figure 2.2.

Rs-englA4 1] [ \ \ B \
Rs-englB =1 i i I - Il \ |
‘ [[] signal peptide
Rs-engZ B ‘ L5 [] catalytic domain
[7] linker
Rs-eng3 [ ] || || | | I \ B ) B CBM
[ intron

Figure 2.2: Genomic structure of the four clonedagiucanases dk. similis Different domains and introns are
indicated by colours.

The GC contents of the first, second and third entadles (GC1, GC2, and GC3 respectively)
of all codons of the endoglucanase ORFs were cadparthe overall GC1, GC2 and GC3
contents derived from aRR. similis ESTs (n=1154; Table 2.2). Overall GC and GC3 are
significantly higher in the endoglucanases as oppde the ESTs (p<0.05). In addition, the
codon usage of the endoglucanase genes was compathd average codon usageRof
similis (deduced from EST data) by means of the codontatiap index (CAl). This index is

a measure of the adaptation of a certain geneg@ddon usage of a species (Sharp & Li,
1987). The CAl oRs-englARs-englBRs-engZandRs-eng3ds respectively 0.86; 0.87; 0.86
and 0.83 whereas the average CAI ofRisettl coding sequences is 0.82.
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Table 2.2: GC, GC1, GC2 and GC3 content (%) offthe endoglucanase genes and the availRlal@opholus
similis ESTs (n=1154)

GC% GCl1% GC2% GC3%
Rs-englA 61.6 52.6 53.0 79.2
Rs-englB 59.9 42.5 59.0 78.2
Rs-eng2 62.1 52.8 41.6 91.9
Rs-eng3 57.3 56.1 40.1 75.6
Average 60.2 51.0 48.4 81.2
ESTs 53.7 56.6 42.6 61.9

Characteristics of the putative proteins

The putative endoglucanase proteins Rs-ENG1A, R&H Rs-ENG2 and Rs-ENG3 have
a molecular weight of respectively 49, 48, 39 abkBa. The deduced protein sequences all
have an N-terminal signal peptide for secretiontN@&yc predictions revealed two putative
N-glycosylation sites in Rs-ENG1A: one in the cgfialdomain (Asn87) and one in the CBM
(Asn450). The site in the catalytic domain is dtsand in Rs-ENG2 (Asn88) (Figure 2.3). No
glycosylation sites were predicted in Rs-ENG1B &sENG3. A conserved domain search
confirmed that all sequences are cellulases betgngi GHF5 (pfam00150). Rs-ENG1A, Rs-
ENG1B and Rs-ENG2 follow the GHF5 signature (Peo$tS00659). However, Rs-ENG3
has a glycine in the last position of the GHF5 atgre. This amino acid was not yet
described at this position of this motif. In adadlitito the catalytic domain, which is found in
all four proteins, Rs-ENG1A and Rs-ENG1B contailinger and a CBM of CBM family 2
(pfam00553). Both linkers are enriched in stretoblereonine (Figure 2.3). The CBMs of
Rs-ENG1A and Rs-ENG1B are 76% similar. The sintyaof the CBMs between Rs-
ENG1A and Pp-ENG1 and Rs-ENG1B and Pp-ENGL1 arecotisply 61% and 63%. The
catalytic domains were used to calculate the iterand similarity between the different
proteins (Table 2.3).

Table 2.3: Protein similarities (below diagonal)dadentities (above diagonal) (%) of the catalydizmains
between the different endoglucanases of the migratadoparasitic nematodé&adopholus similigRs) and
Pratylenchus penetran(®p)

Rs-ENG1A Rs-ENG1B  Rs-ENG2 Rs-ENG3 Pp-ENG1 Pp-ENG2

Rs-ENG1A 61.7 80.0 51.6 64.8 66.1
Rs-ENG1B 75.5 62.0 44.6 56.3 51.4
Rs-ENG2 90.9 74.8 49.0 66.0 65.4
Rs-ENG3 66.0 59.4 66.0 46.2 48.3
Pp-ENG1 77.6 74.0 80.3 62.5 80.5

Pp-ENG2 78.5 69.5 81.3 62.5 89.5
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10 20 30 40 50 60 70 80 90
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Rs-ENGIA -—-—-------- MNCLFLLPLFFALAGA---ADPPYGALSVSGTNLKGS--GGONVALHGMSLFWSQWES--EFYNEETVRALKCQWNSNVV
Rs-ENG1B ----MCCASALLGLLCLATFFASATALTATAPPYGQOLSVSGTKLLSS--SGTAVALHGNSLFWSQWYP--DEWTASVVQQLKCNWNANIV
Rs-ENG2  -----—----- MLSLFLLPLFFAFASA---ANPPYGOLSVSGTKLKGS--SGQDVALHGMSLFWSNFGEGAPEYNAATVKALKCKWNSNIV
Rs-ENG3 ----MAKFPIFFVLFALCCFSGSVRA---AAPPYGOLSVSGKKIVGSKTNGAAAKLHGVSLYWSQWLP--REWVTDIVKQIKCGYNGNVV
Pp-ENG1 MTSSSSSMALLVLCLLPLQFFLVVLA---ADPPYGOLKVSGGKLVGS--NGQAVALHGMSLFWSSFSEGSPEYTADVVKQLKCSWNANLV
Pp-ENG2 ----MVLQLLFCLLMVSTTLHLANS----AAPPYGOLSVKGKNVVGS--NGQAVALHGMSLFWSSFSEGSPEYTADVVKALKCQWNANVV
4 signal peptide....) R D R R R catalytic domain..............
100 110 120 130 140 150 160 170 180
T T e T T T 7 |

Rs-ENG1A RAAMAVEEG--GYLSNPSAEQARVEAVINAAISQGIYVIVDWHDHNAQNHGDQAVAFFTAIAQKYGS-NPHVLYEIFNEPL-QVDWSSVI
Rs-ENG1B RAAMGVDQG--GYLTTASTQYALVVAVVEAAITHGIYVIVDWHVS--ATYQSDAVAFFTKVSAAYGS-YPHVLYETYNEPT-SVSWTDVL
Rs-ENG2 RAAMGV-EG--GYLNNPSQEQAKLEAVVOAATIAEGIYVI IDWHDHNAQSHQSQAVSFETAMSKKYGK-NTNILYEIFNEPL-QVDWNSVV
Rs-ENG3 RAAMAARAEDGGYIQNPAQEQAKVDVVVKAAIAQGIYVIVDWHEEEAYKHTEQAKNFETY IAKTYGH-LPNIIYELYNEPGSGVRWESQI
Pp-ENG1 RAAMGVEEGS-GYLSNKQGOMSMVETVIKAAIAEGIYVLVDWHDHNAQNHQSQAIEFEFTYIAKTYGN-NPHIIYETFNEPL-DVDWG-VV
Pp-ENG2 RAAMGVEEGS-GYLSNKQNQRNMVDTVIKAAIAQGIYVIVDWHDHNAQNHLSQANEFEFTYIAQTYGSKNPNIIYEVFNEPL-QVDWNSVI
.................................... catalytic domain...............GHF5 signature.......

190 200 210 220 230 240 250 260 270

T T T e T T T T T LT e |

Rs-ENG1A KPYAERVIAAIRAVDPDNVIIVGTPTWSQDVDVAANSPITGQKNIMYTLHYYAATHKQDLRNKLTTAVNKGLPVEVTEYGTVTADGNGYV
Rs-ENG1B VPYHKAVIAAIRANDADNIIICGTPTWSQDVEVASANPITGYSNIMYTFHYYAATHGASYRSKVTTAVNNGLPVEVTEYGTCESSGSGTI
Rs-ENG2 KPYAQAVIKAIRANDAKNVIIVGTPTWSQDVDVAANSPITGOKNIMYTLHYYAATHKQDLRNKLTTAVNKGLPVEVTEYGTVTADGNGYV
Rs-ENG3 KPYAETVIKTIRTIDRDNLIVVGTPFWDMGVVQAALSPIEGORNIAYTLHFYFQG--QMLRFAAQMAYRLGLPMEVTEYGVWSLDGDWDS
Pp-ENG1 KPYHVAVVAAIRASDPDNVIVLGTPTWSQDVDVAATNPVSG-TNLCYTMHYYAATHKQSLRDKTQAALNKGVCVEVTEYGTVSADGNGGM
Pp-ENG2 KPYHQSVVATIRKYDTKNIIVLGTRTWSQEVDTAANSPVSG-SNLCYTLHYYAASHKQDLRNKAQAALNKNVCIEVTEYGTVNADGNGGM
..................................... catalytic domain............ ... . i i i

280 290 300 310 320 330 340 350 360
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Rs-ENG1A DATESQTWWNFLDGLSISYLNWAMDDKDEKSAALTPGSTSAQVGDSSRWTESGKLVQARLASQNNGVSCSGSAATTTTTRATTTTTRTAA
Rs-ENG1B DSSSSATWWTFLDGLGISYVNWAIDNKDETCAALTTSGSASTVGSSSYWSTSGKLVNAQQVAQSNGVSCSSSATTTTTTTKSGATT-———
Rs-ENG2 DAAESKTWWNFLDGLKISYVNWAIDNKDEKSAALTPGTSSSQVGDSSRWTESGKLVQAKLASQKNGVSC-----————————————————
Rs-ENG3 GKRELDTWWALLDRLELSYCNWGMYDLEEQPAMLLNGTPIAHVADPKWMTTYGQY IQAKLKGQDNGVNCSDRKNER-—————————————
Pp-ENG1 DOASSNEWYTFLDNNKISYANWAVDAKSESSAALNPGTQPSQISSDSVLTASGSFVKAKLKSQNNGVSCSGSPAATTTTKAG-——————-—
Pp-ENG2 DQASSQEWWTFLDNNKISYVNWALDAKNEKSAALNPGTQPSQVGSDSVLSESGKLVKAQLKKQNNGVSCSG---————————————=————
....... catalytic domain...... p q-----..linker......

370 380 390 400 410 420 430 440 450
T T e T T O I e T L |

Rs-ENG1A TTTRAGATTTTTRA-PTTTTRAAASSGSGSVSAAVSRVNSWEGGSQVNVVLTNSGSSAICSVRFSVTIPSGTTVAGSWNMDPVSGTSQYN
Rs-ENG1B TTTKASATTTTTKASATTTTTKASSSSSSSVTASVSTTNSWSGGSQVAITFKNSGSSSVCTIKFTITLPSGTTISSIWNASVVSG-TTYT
Rs-ENG2
Rs-ENG3
Pp-ENG1
Pp-ENG2

Rs-ENG1A TPSWMQIAAGGNTGNQIGMTINGSGTPTVAVASSSAC
Rs-ENG1B TASYFSLAAG-SSDSSIGMVLTGSGTPTVSIVSTSGC
Rs-ENG2
Rs-ENG3
Pp-ENG1
Pp-ENG2

Figure 2.3: Protein alignment Bfadopholus similiendoglucanases Rs-ENG1A, Rs-ENG1B, Rs-ENG2 and Rs-
ENG3 andPratylenchus penetrarendoglucanases Pp-ENG1 and Pp-ENG2. The locatithre secretion signal
peptide, catalytic domain, GHF5 signature, linked £€BM is indicated. Stars indicate the catalygisidues and
dots the conserved cysteines. Asparagine residussxies are possible N-glycosylation sites.

Prediction of the secondary structure showed arredtion betweefl-strands andi-helices.
Subsequent 3D modelling revealedddfi-barrel, the typical GHF5 endoglucanase structure.
Amino acids similar between the four endoglucanasese mapped onto the 3D model
(Figure 2.4). This illustrated that most of the servations in the sequences are located in the
core of the protein, close to the active siteshefc¢atalytic centre. Mutations are found in the
loops or in thea-helices, pointing towards the outside of the prot@he catalytic domain
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contains two conserved cysteine residues (Cys83CGys339; Figure 2.3), which are not
present in bacterial endoglucanases. Unfortuna@g, 339 was not retained in our model
because of its C-terminal location in the protélowever, based on the available structure, it
can be assumed that both residues are in closénptpxmaking disulfide bridge formation
possible.

%
Y

Figure 2.4: 3D model of Rs-ENG2. Amino acids thag @lentical in alRadopholus simili€ndoglucanases or
amino acids that belong to the following strongugrer STA, NEQK, NHQK, NDEQ, QHRK, MILV, MILF,
HY and FYW are indicated in green. The other nonsesved amino acids are indicated in red. The yatal
residues are indicated in blue.

Spatial and temporal expression of endoglucanases
To localise endoglucanase expressiomRinsimilis a whole-mountn situ hybridisation was

performed. Gene-specific antisense probes targdtimglifferentRadopholusendoglucanases
stained the gland cell area, whereas the senseggdve no signal (Figure 2.5). The gland
region was strongly stained when probes agdRsseng2and Rs-englBwere used. Probes
targetingRs-englAandRs-eng3esulted in weaker signals.
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Rs-englA

Rs-englB

Rs-eng2

Rs-eng3

Figure 2.5 Whole mourit situ hybridisation orRadopholus similifemales. Left panel: antisenRs-englARs-
eng1B Rs-engZandRs-engJrobe; Right panel: corresponding sense probede $ar: 20 um.

To reveal differences in temporal expression, ai-sprantitative RT-PCR was performed on
different life stages. Gene-specific primers adaihe different endoglucanases were used in
combination with actin primers as a refereriRe-englAshowed a slightly weaker expression
level than the other endoglucanades-englARs-eng2andRs-eng3are expressed at a lower
level in males than in females (Figure 2.6) as spdoto Rs-englB which is equally
expressed in males and females. Expressid®segnglAs restricted to females amk-eng3
could only be detected in juveniles. In eggs, essimn ofRs-eng3as well as a very low
expression level dRs-englBvas observed.

eggs juveniles females

actin

Rs-englA

Rs-englB

Rs-eng2

Rs-eng3

Figure 2.6 Expression of actin and the endogluamadstermined by semi-quantitative RT-PCR in deyialp
embryos (27, 30, 33 and 36 cycles), juveniles 83),36 and 39 cycles), females (21, 24, 27 andy8les) and
males (24, 27, 30 and 33 cycles)R#dopholus similis
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Discussion

Four endoglucanases (Rs-ENG1A, Rs-ENG1B, Rs-EN@GQ3, Rs-ENG3) of GHF5 were
identified from the migratory plant-parasitic neod@d Radopholus similisThey all have a
signal peptide for secretion and a catalytic domkiraddition, two of the proteins have a C-
terminal CBM, which is connected by a linker to taalytic domain. The catalytic domain is
responsible for the cellulase activity, while thd8M is involved in the binding and
recognition of the enzyme to its substrate (Borastoal., 2004).

The current hypothesis is that the endoglucanases acquired from bacteria by means of
horizontal gene transfer (HGT) (Jones et al., 200%j)is possible HGT event probably
occurred relatively early in the evolution of plgarasitic nematodes. Indeed, the codon
adaptation indices for aR. similisendoglucanases are high and similar to the CAheftl-
genes, which means that the codon usage of thegkmmamase genes has been adapted well to
the overall codon usage of the organism. Moreother,genes and corresponding proteins
depict features characteristic to eukaryotic segeere.g. introns, polyadenylation signal,
eukaryotic signal peptide for secretion).

The percentage of identity between the differenihains suggests that the CBM evolves
more rapidly than the catalytic domain, since tiBMS have a lower similarity (~62%) than
the catalytic domains (~76%) when compared to tleresponding domains of a
Pratylenchus penetrarendoglucanase (Pp-ENG1). The linkers betweendtaytic domain
and the CBM of Rs-ENG1A and Rs-ENG1B are both thie®rich. This is also the case for
the linker of Pp-ENG1 dP. penetransin cyst nematode endoglucanases however, therink
are either glycine-serine (Hg-ENG1 and Gr-ENG1alanine-lysine-proline rich (Gr-ENG2,
an endoglucanase with linker but without CBM). hdeglucanases of root-knot nematodes,
the linkers are glycine-serine and asparagine (MIFENG1 and Mi-ENG3). This illustrates
that the amino acid composition of the linker ig4 nonserved between taxa. Nevertheless
there seems to be a bias towards the use of smalbaacids. This was also observed in the
linker sequences identified in bacteria, which shsmme identity within a species, but not
between species (Gilkes et al., 1991). Most likbly evolutionary pressure on the linker is
low as this part of the protein probably only hastractural function as an extended, flexible
hinge between domains (Gilkes et al., 1991). Tk bf specific functionality could have led
to different linkers in different nematode taxa.

The average GC content of &l similisORFs obtained from the ESTs is 54%, the GC3 is
62%. This last value corresponds well to previoysiplished data of Cutter et al. (2006),
who found thaiR. similishas the highest GC3 value observed in nematodéasr $63.5%).
The endoglucanase ORFs have an average GC and &Ghiage of respectively 60% and
81%. Thus, the overall GC percentage of these dndagases is above average, which is
mainly due to a much higher GC3 content. In thet aysmatode endoglucanases of
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Heterodera glycineandGlobodera rostochiensishe mean GC is 50%, and the GC3 is 59%.
Although the endoglucanases Rf similisand the cyst nematodes have similar structures,
there is a rather big difference in GC content. réhes no clear explanation for this
observation, although it has been reported thateti®ea positive correlation between GC3
content and optimal temperature of the organisnrn@eli, 2000). Sinc®. similislives in
tropical regions and cyst nematodes mainly occueinperate climates, this could fit in this
so called thermal stability or thermal adaptatigpdthesis. It should however be noted that
this hypothesis has been undermined by differetitoas (Hurst & Merchant, 2001; Belle et
al., 2002).

Whole-mountin situ hybridisation clearly showed expression of theegem the gland cell
area ofR. similis Cyst and root-knot nematodes have two subvegtaad cells, which are
mainly active during migration of the nematode tlglo the plant tissue, and one dorsal gland
cell, which is active in sedentary stages (Vanhoénal., 2004). IrRadopholusspecies, the
three pharyngeal gland cells are aligned and fotong dorsal overlap of the intestine (Luc,
1987), but no clear distinction can be made betwkenthree cells (Trinh et al., 2004).
Although thein situ hybridisation of the endoglucanases clearly shostanhing in the gland
cell area, we were not able to distinguish theedéht gland cells. To our knowledge, nothing
is known about the activity of the different glandlls during the life cycle of migratory
nematodes.

The zymogram revealed three different bands, ofclwhonly the lower one most likely
corresponds to one of the characterised proteins.difference between the observed band
and the theoretical MW of this protein could belaxped by the fact that Rs-ENG1A and Rs-
ENG2 contain putative N-glycosylation sites. Ituisclear what the higher molecular weight
bands (100 and 180 kDa) in the zymogram repreBema-Maillet et al. (2000) also observed
bands of high molecular masshh incognitahomogenate, however these were not present in
nematode secretions. It is possible that thesermgmatic complexes since it is known that
cellulases can organise into high molecular weagiiulolytic complexes called cellulosomes
(Bayer et al., 1998).

The spatial expression pattern, combined with thiatpve signal peptide for secretion, and
the cellulase activity found in the secretions catit that the characterised endoglucanases are
secreted by the nematode. Once released in thet@ane, the enzymes will soften the plant
cell wall and facilitate the migration of the pat@snematode in the plant tissue. Only one of
the endoglucanasefg-eng3 was shown to be expressed in eggs and juverAlidsough
unlikely, we cannot rule out the possibility thahse of the developing embryos in the eggs
were in a further stage of development, which coeigblain the presence d®s-eng3
transcripts. HoweverRs-englBwas also detected at a very low level in eggs, fmitin
juveniles. The other endoglucanases are only expdest later life stages. The expression of
few endoglucanases in juvenile stages is ratheprisurg, because juveniles are able to
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migrate through the plant tissue and therefore woeld expect a high expression level of
various endoglucanases instead of dRéyeng3 Nevertheless, plant-parasitic nematodes can
have as much as 21 endoglucanase genes (Abad &0@8), and therefore other, as yet
unidentified, endoglucanases might show complemgbgoression patterns compared to the
four genes studied. Sinc®s-eng3shows less homology to the other three cloned
endoglucanases on protein level, it is possibleithalifferent expression pattern is a result of
different evolutionary paths.

In contrast to sedentary cyst nematodes, wherendogtucanase expression was detected in
adult females (Smant et al., 1998), all endoglusesadentified inR. similis are highly
expressed in adult females. This observation isoolsly related to the different life style of
the nematodesR. similis adult females still migrate through the root tesswhile cyst
nematode adults are sedentary. In contrast to Emnadult males d®. similisare believed to

be non-parasitic, and probably only migrate in cleaf females in order to mate. However,
since R. similis can also reproduce as a hermaphrodite or by partemesis (Kaplan &
Opperman, 2000), males are not essential for reptah. It may be the case that during
evolution, males are gradually losing their ability migrate, and that this process is still
ongoing. This is reflected in their degenerateestylith reduced knobs and a reduced pharynx
(Luc, 1987). In addition to the morphological ditfeces, males are apparently accompanied
by an altered expression of endoglucanase genegarethto females. Transcripts for one of
the four described endoglucanasBs-e€nglA could not be detected in males and the other
genes were expressed at a considerably lower levelpared to females. This lower
expression level of the endoglucanases in malekl dmply a reduced ability to migrate
through the plant tissue.
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Abstract

In this chapter, the finding of putative endogluases and a putative expansin-like protein in
the migratory peanut pod nematoddtylenchus africanusis described. Two cloned
endoglucanase gend3g-englA Da-englB include a signal peptide for secretion, a caitalyt
domain belonging to glycosyl hydrolase family 5 (E3), and a carbohydrate binding module
(CBM). These are the first GHF5 endoglucanases doum the superfamily of the
Sphaerularioidea (order Rhabditida). Moreover, fdditional genes were cloned which have
a very high similarity to the endoglucanases, hakla part of the catalytic domain possibly
due to homologous recombination. Two of these elutagase-like genes with deletions
(Da-engdel2 Da-engdeld code for erroneous proteins, while two othdda-gngdell Da-
engdel3 code for hypothetical protein sequences withraact CBM. The latter two genes
could still exert a function similar to cellulosmbing proteins.

An identified putative expansin-like protein (Da-EX consists of a signal peptide for
secretion, an expansin-like domain and a CBM, aaiormstructure never found before in
nematode expansin-like proteins. Interestingly, @BM of the expansin-like protein is very
similar to the endoglucanase CBMs, suggesting Detexp obtained its CBM through
domain shuffling. The expression of both types obtgins appears to be equal among
different life stages, although the endoglucanasgression is much stronger than the
expansin-like gene expression. The expression tbf Da-englAandDa-expis located in the
gland cell area of the nematode, pointing towah#gssecretion of these proteins in the plant
tissue. They are believed to either degrade tHelosé in the plant cell wall, or loosen the
cell wall to make it more accessible for cell wagigrading enzymes.
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Introduction

The migratory nematodeitylenchus africanuss a member of the Anguinidae family within
the superfamily of Sphaerularioidea, order Rhadditilt occurs on groundnut in South
Africa, where it causes mainly qualitative damagaet, it can also survive on the hyphae of
fungi (De Waele et al., 1997). No molecular knowjedn parasitism genes is available on
any nematode from this superfamily. To study thelwion and occurrence of cell wall
modifying enzymes, it is interesting to look forrtaén genes in this nematode, for example
GHF5 endoglucanase and expansin.

Expansins form a diverse plant protein family imeml in various biological processes
involving the re-arrangement of plant cell wall ygdccharides (Cosgrove, 2000a).
Experimental evidence suggests that expansins noes#l walls via a non-enzymatic
mechanism that induces slippage of cellulose milaritsd in the plant cell wall (Sampedro &
Cosgrove, 2005). The plant andp-expansins consist of a signal peptide and two dwna
domain one related to the catalytic domain of GHpd&teins, and domain two related to
grass pollen allergens, which is possibly a carbodig binding module.

In animals, a functional expansin was first ideeatif in the cyst nematod&lobodera
rostochiensigQin et al., 2004). It consists of two domainge flrst domain is similar to the
CBM of nematode endoglucanases while the secondiidois similar to the first domain of
plantB-expansins. Moreover, it was shown to be presenematode secretions, and cell wall
extension activity of the recombinant enzyme cob&l demonstrated. Qin et al. (2004)
proposed that the synergistic action of expansthather cell wall degrading enzymes could
facilitate the invasion of the host by the nematddeerestingly, the expansin domain is more
similar to two hypothetical proteins from bactetii@n to plant expansins. This could imply
that the nematode expansins are acquired throughontal gene transfer from bacteria, as
suggested for other cell wall degrading enzymesd(&wet al., 2005). Additional putative
expansin-like proteins were found during an ESTeecrofBursaphelenchus xylophileand

B. mucronatus(Kikuchi et al., 2007). In contrast to the endaglnases, it seems that
expansins present in cyst nematodes and pine weottodes are derived from the same
source. Moreover, expansins are likely part of esitee gene families: in the genome of
Meloidogyne incognita20 candidate expansins were identified (Abad.e2@08).

In this chapter, the cloning of GHF5 endoglucanaaed an expansin-like protein in
Ditylenchus africanusis described. Surprisingly, the nematode also esgms different
endoglucanase-like pseudogenes containing deletions
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Materials and Methods

Nematode culture, DNA and RNA extraction and fatsand cDNA synthesis

Ditylenchus africanusvas maintained on carrot disks as described ipteh2 and collected
approximately 6 weeks after inoculation of the otidisks. The collected nematodes were
either used immediately for the enzymatic assain @itu hybridisation, or stored as a pellet
at -80°C for DNA or RNA extraction. Genomic DNA wa®lated from nematodes of mixed
stages according to Bolla et al. (1988). RNA extomcand first strand cDNA synthesis were
carried out as described in chapter 2. For the RR-Rnalysis, RNA was extracted from
approximately 100 juveniles, adult males and atkritales, and cDNA was prepared and
amplified by the SMART PCR cDNA synthesis kit (Clech).

Cellulase activity assay

A cellulase activity assay on 10,000 crushed nedestovas carried out as described in
chapter 2. Water rinsed from uninfected carrot slisias used as a negative control while 1U
cellulase ofAspergillus niger(Sigma-Aldrich) served as positive control.

Cloning endoglucanase and expansin-like genes

Genomic endoglucanase fragments were amplified GR Rising the degenerate primers
ENG1 and ENG2 as described by Rosso et al. (1998pl¢ 3.1). For expansin-like
fragments, degenerate primers EXP1 and EXP2 (T&8hl¢ were designed based on
conserved regions in nematode expansin-like geResyments were amplified by PCR,
purified, cloned and sequenced as described intehap

To obtain the 5’ and 3’ genomic sequences of th#oglucanase fragments, the Genome
Walker Universal kit (Clontech) was used. Two ssstee PCRs, each with a gene-specific
primer and an adapter primer, were carried outhendifferent genomic libraries following
the manufacturer’s instructions. For the endoglasarfragment, Da-eng1A-upl, Da-englA-
up2, Da-englA-downl and Da-englA-down2 (Table 3uEre used to walk up- and
downstream respectively. For the expansin-like rfragt, the primers Da-exp-upl, Da-exp-
up2 and Da-exp-downl and Da-exp-down2 (Table 3.@)ewused. The longest obtained
fragments were cloned and sequenced as describedapier 2. For both genes, another
round of downstream walking was required using pheners Da-englA-down3 and Da-
englA-down4 for the endoglucanase and Da-exp-d@amd3Da-exp-down4 for the expansin-
like fragment (Table 3.1).

cDNA sequences of the endoglucanase and expaksigédine were amplified by PCR on the
cDNA pool of D. africanususing gene-specific primers Da-englA-start andeBgtA-stop
for the endoglucanase and Da-exp-start and Da-estd\(Table 3.1) for the expansin-like
gene. These cDNA sequences were cloned and seguasicescribed above.
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Sequence analysis
Alignments, identification of introns, calculatiaf GC contents, translations and predictions

of molecular weight, putative signal peptides anegly€osylation sites were done as
described in chapter 2. With the expansin-like donoé the putative expansin-like protein, a
blastp search was done (E-value<le-5) to identiipwdiogous proteins. Similarly, a tblastn

(E-value<le-3) search was conducted against alkteled nematode ESTs on the
nematode.net server (Wylie et al., 2004). An aligntrof the putative protein sequences from
the significant blast hits was created with ClustalAn unrooted phylogenetic tree was
constructed based on the expansin-like domain uBengesian statistics with the software
MrBayes 3.1.2 (Ronquist & Huelsenbeck, 2003). A edixnodel for protein evolution was

applied with 1,000,000 generations (sample frequend00), discarding the first 250,000

generations as burn-in.

The genomes ofeloidogyne incognitaand M. haplawere searched for contigs containing
expansin-like domains by tblastn (E-value<le-3)tlom respective websites of the genome
projects (http://meloidogyne.toulouse.inra.fr/ dtp://www.hapla.org/).

Whole mouniin situ hybridisation
An in situ hybridisation was carried out according to Vanholeteal. (2002) with minor
modifications. Nematodes were fixed in 4% parafddelayde for 4h at room temperature,

16h at 4°C, and again 4h at room temperature. Rdgitisation was performed by incubation

in 0.5 mg/ml proteinase K for 1h 30 min at room pemature. Hybridisation was done

overnight at 47°C. The templates for the producttdnDNA probes were generated as
described in chapter 2. The F- and R-primers useedhe endoglucanase and expansin-like
gene were respectively Da-englA-start, Da-engl®drexp-F and Da-exp-R (Table 3.1).

Table 3.1 Primers used for cloning and expressimiyaes of thé. africanusendoglucanases and expansin-
like gene

Primer Primer sequence Primer Primer sequence

ENG1 TAYGTIATHGTIGAYTGGCA ENG2 GTICCRTAYTCIGTIACRAA

EXP1 CYRGYGGMMGYGGMGCKTGYGG EXP2 TCYGGGCATTTRTTRKIKTYGG
Da-englA-upl CCAGCGTATTTTTGTGCCATTTGG Da-englA-up2 CTCTCAACCAATATCTTTGACTTAACAGC
Da-englA-downl AATAGTCGCGTTTAGGACGTGGACGTC Da-engtiawn2 TCCACTTCTACGCCGGCACTCAC
Da-exp-upl TCGGGATAGTTGGATGGCACC Da-exp-up2 TGGGCATGGATCAAACAGC
Da-exp-downl GGGAATATGTCCGACTTTTTCAG Da-exp-down2 GGTTCGATCATAACTTTGC
Da-englA-down3 AATGGCGTGAGCTGCAGTGGTGGAAG Da-engtldwn4 GCGGTAACGGAAAATTGGTGGCTCAAG
Da-exp-down3 CGGTCTTCAATCTGGGGTAATAC Da-exp-down4d ~ GCAACAGCTAATGCTAATCTCAG
Da-englA-start ATGAAATTCTTCGCCAGCCTCG Da-englA-stop TCAGCAATATCCATAAGACACAACGC
Da-exp-start ATGCAATTTGTCACACTTACCTTCAC Da-englA-R CGTCCACGTCCTGACTCCAAG

Da-exp-F ATAAATGCCCGGAATGTGAA Da-exp-R ACCAGAGCCAATGCATACC

Da-act-F GGATACCGGCAGATTCCATA Da-act-R GAAATCGTCCGACATCAA
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Semi-quantitative reverse transcriptase PCR

Approximately 100 individuals of juveniles, adultales and adult females were manually
separated from a batch of freshly collected nenetoBNA extraction and cDNA synthesis
were done as described above. The endoglucanasxpadsin-like gene were amplified in a

semi-quantitative RT-PCR. The gene-specific prinfieramplification of the endoglucanases
were Da-englA-start, Da-englA-R, Da-exp-F and DafexTable 3.1). As a control, actin
was amplified with primers Da-act-F and Da-act-RKE 3.1). The PCR was carried out in a
total volume of 30 pl using conditions as descrilvedhapter 2. The amount of cDNA added
as template and the number of PCR cycles were tg&ithfor each gene product to detect the
exponential phase of the reaction. The resultisgrirents were separated on a 0.5x TAE
1.5% agarose gel.

Results

Cellulase activity assay

A nematode extract was spotted on a CMC plate terane whethebD. africanusshowed
any cellulase activity. The positive control ane tematode extract both displayed a clear
halo, while the negative control did not show amgrdation of the substrate (Figure 3.1).
This illustrates thaD. africanusproduces functional cellulase enzymes.

Da -

Figure 3.1 CMC plate assay wiblitylenchus africanugxtract and negative control.

(Pseudo)endoglucanases
GHF5 endoglucanase fragments were amplified useggwerate primers, and by genome

walking on one of the fragments, a genomic sequen@613 bp was obtained. Based on the
obtained DNA sequence, primers were developeddoecthe corresponding cDNA, which
permitted the identification of introns. The gemamedDa-englA(ABY52965), has five
introns of respectively 67, 110, 103, 183 and 1@9Tthe introns are in respective phases 0, 2,
0, 0 and 0O, and all introns have the common GT/Alkisg site (Blumenthal & Steward,
1997). The coding sequence is 1395 bp, hence ttadiyriprotein counts 464 amino acids.
The putative protein has a molecular weight of £alkand consists of a signal peptide for
secretion and a GHF5 catalytic domain (pfam00156ked to a CBM of family 2
(pfam00553). The GHF5 pattern of the catalytic dion{&@rosite PS00659) is fully present
(VLYETENEPL). Two putative N-glycosylation sitesegpresent, one in the catalytic domain
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(Asn89) and one in the CBM (Asn447). The overall Giitent ofDa-englAis 49.7%; while
GC1, GC2 and GC3 are respectively 47.7, 46.2 ant¥b5

A second genomic fragment of an endoglucanase bhiasned Da-englB. Genome walking

of Da-englBresulted in a fragment of 1694 bpa-englBhas four introns (with GT/AG
splice sites) of respectively 85, 186, 100 and k@8 These four introns are located at the
exact same positions as the first four intron®afenglA The putative protein consists of a
signal peptide for secretion, a catalytic domaitinker and a small part of the CBM. A full
CBM is probably present in this gene, but the higimology ofDa-eng1Bto the other cloned
genes made it impossible to isolate the remainarg @f the fragment. The coding sequence
of Da-engl1Bhas 69 point mutations comparedta-englAresulting in seven altered amino
acids.

During the cloning process, four additional cDNAsezged from the cDNA pool, each with a
large deletion and therefore these probably aredmgenes. The four cDNAs were named
Da-engdell Da-engdel? Da-engdel3and Da-engdel4and have deletions of 312, 637, 189
and 55 bp respectively. Interestingly, in threghs four genes, the sequence at the anterior
part of the deletion is similar to the posteriortjd the deleted sequence. An overview of the
gene structure of all cloned endoglucanases is showigure 3.2.

Da-engfA [11 [ \ \

Da-eng1B 11 [ \ B ! : :
Da-engdel1 1] ! GGAACECG \ \ | giff;?y'tf’fﬂffam
Da-engdelZ:D%CACC SehncoRy \ \ | Egné(l\ilr
Da-engdel3 11 AT areroatoaTy \ \ \ = s
Da-engdeld 11 1 [ \ \ \

Figure 3.2 Gene structure of the (pseudo)endogasmm ofDitylenchus africanus Different domains and
introns are indicated by colours. Similar DNA seqges before and in the deletion are indicated.

To check whether or not these cDNAs are artifactenfthe cDNA synthesis or PCR,
genomic fragments were cloned. For three of the fDNAs, a corresponding DNA
fragment with the deletion was amplified. Full I€m@®PNA sequences dda-engdelZzandDa-
engdel3showed the presence of two and one intron rey@dgtin the same positions as
found for Da-englAandDa-eng1B For Da-engdel4 only part of the 5’ end of the genomic
sequence was cloned, including one intron. Moreawer first intron of botlDa-engdel2and
Da-engdel3has 100% identity to the corresponding introrDafenglA while the intron of
Da-engdeldis more similar to the first intron oba-englB (Figure 3.3). These DNA
sequences including introns prove that the endeglase genes with the deletions are truly
present in the genome, and could be pseudogenes.
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Da-englA GTATATTTTTTATAA--—--—---— TAACATGGAGATTATTCTTATCACAATGGTATTCTTAT---------—-— TTCTTACTTTCTAG
Da-englB GTATATTTTT-ATAA-AAAAATAATAACATGGAGATTATTCTTATCACAAAGAGATGATGATACAAAGAGACATTCTTACGTTATAG
Da-engdel2 GTATATTTTTTATAA--------- TAACATGGAGATTATTCTTATCACAATGGTATTCTTAT---------—-— TTCTTACTTTCTAG
Da-engdel3 GTATATTTTTTATAA--------- TAACATGGAGATTATTCTTATCACAATGGTATTCTTAT---------—-— TTCTTACTTTCTAG

Da-engdel4 GTATATTTTTTATAATAAAAATAATAACATGGAGATTATTCTTATCACAAAGAGATGATGATACAAAGAGACATTCTTTCGTTATAG

Figure 3.3 Alignment of intron 1 of the differeidt africanusendoglucanases. Shading threshold: 60% identity.

Putative protein sequences of these pseudogenesresimilar to the full endoglucanase
genes. However, foDa-engdel2and Da-engdel4 the number of deleted bases is not a
multiple of three, causing a frameshift leadingatoerroneous translation. Hence, these two
genes cannot be functional. Hoa-engdellandDa-engdel3the deletion is in frame resulting
in a truncated protein with disrupted catalytic @gambut with an intact CBM. An alignment
of the putative protein sequences illustrates tleatgsimilarity between them (Figure 3.4).

Da-ENG1A MKFFASLVIILNIAVSFAVSPPYGQLSVSGKNLKGSNGQNVQLRGMSLFWSQWMDKYYNADTIgALKCSWNTNVVRAAMAVDQGGYL
Da-ENG1B MIFFASLVIILNIAVCFAVNPPYGQLSVSGKNLKGSNGQNVQLRGMSLFWSQWMDKYYNADTIQALKCSWNTNVVRAAMAVDQGGYL%@?
Da-ENGdell MKFFASLVIILNIAVSFAVSPPYGQLSVSGKNLKGSNGONVQLRGMSLEFWSQWMDKYYNADTIQALKCSWNTNVVRAAMAVDOGGYLTNA
Da-ENGdel2 MKFFASLVIILNIAVSFAVSPPYGQLSVSGKNLKGSNGONVQLRGMSLEWSQWMDKYYNADTIQALKCSHWNT —=====——-—————————
Da-ENGdel3 MKFFASLVIILNIAVSFAVSPPYGQSSVSGKNLKGSNGONVQLRGMSLFWSQWMDKYYNADT IQALKCSWNTNVVRAAMAVDQGGYL
Da-ENGdel4 MKFFASLVIILNIAVSEFAVSPPYGQLSVSGKNLKGSNGONVQLRGMSLEFWSQWMDKYYNADTIQALKCSWNTNVVRAAMAVDQGGYLIN
4 signal peptide)p d. catalytic domain.....................

Da-ENG1A SAQLNNVNNVVQAAINQGIYVIIDWHVSDNYQSQAVDFFT&MAQKYAGVPNVLYETFN%PLQVSWTGNLVPYHTAVINAIRKYDKNNVII
Da-ENG1B SAQLNNVNNVVQAAINQGIYVIIDWHVSDNYQSQAVDFFSQOMAQKYAGVPNVLYETFNEPLOVSWTGNLVPYHTAVINAIRKYDKNNVII
Da-ENGdell SAQLNNVNNVVQAAINQGIYVIIDWHVSDNYQSQAVDFEFTQOMAQKYAGVPNVLYETENEPLOVSWTGNLVPYHTAVINAIRKYDKNNVII
Da-ENGAel 2 — = m o —
Da-ENGdel3 SAQLNNVNNVVQAAINQGIYVII
Da-ENGdeld4 SAQLNNVNNVVQAAINQ--====—=———————————— DFFSQMAQKYAGVPNVLYETEFNEPLOVSWTGNLVPYHTAVINTIRKYDKNNVII

................... catalytic domain................ GHFS pattern.............. ... ... .. ...

\ * Y
Da-ENG1A LGTPTWSQDVDVASQONPITGQTNIMYTLHFYAGTHKQDLRNKAQTALNNGLPIFVTEYGTVNADGNGGVDTASTQAWWDFLEQNQISYAN

Da-ENG1B LGTPTWSQDVDVASQONPITGQTNIMYTLHFYAGTHKQDLRNKAQTALNNGLPIFVTEYGTVNADGNGAVDTASTQAWWDFLEQNQISYAN
Da-ENGAELl LG P === == mmm o
Da-ENGAel 2 ——— == oo

Da-ENGdel3 LGTPTWSQDVNVASQONPITGQTNIMYTLHFYSGTHKQDLRNKAQTALNNGLPIFVTEYGTVNADGNGAVDTASTQAWWDFLEQNQISYAN
Da-ENGdel4 LGTPTWSQDVDVASQNPITGQTNIMYTLHFYAGTHKQDLRNKA*TALNNGLPIFVTEYGTVNADGNGAVDTASTQAWWDFLEQNQISYAN
..................................... catalytic domain.......... ...

Da-ENG1A WAIEDKSEGAAALVPGTPATVAGVSSDSNLTPSGQIVKAKYKSQNNGVSCSGGSGSTATTKPPTGQTTTTTKIPSATTQKGSVTTTKPSS
Da-ENG1B WAIEDKSEGAAALVPGTPNTVAGVSSDSNLTPSGQIVKAKYKSQNNGVSCSGGSGSTATTKPPTGQTTTTTKKPSATTQKGSVTTTKPSS
Da-ENGdell ---———---------————- ATVAGVSSDSNLTPSGQIVKAKYKSQNNGVSCSGGSGSTATTKPPTGQTTTTTKIPSATTQKGSVTTTKPSS
Da-ENGdel2 --———-—--------—————- ATVAGVSSDSNLTPSGQIVKAKYKSQNNGVSCSGGSGSTATTKPPTGQTTTTTKIPSATTQKGSVTTTKPSS
Da-ENGdel3 WAIEDKSEGAAALVPGTPNTVAGVSSDSNLTPSGQIVKAKYKSQNNGVSCSGGSGSTATTKPPTGQTTTTTKKPSATTQKGSVTTTKPSS
Da-ENGdeld4d WAIEDQSEGAAALVPGTPNTVAGVSSDSNLTPSGQIVKAKYKSQONNGVSCSGG TATTKPPTGQTTTTTKKPSATTQKGSVTTTKPSS
> 4. linker........c.ouuuu..

Da-ENG1A GGGNGKLVAQAVMASSWNGGMQVNIQFTNNDSKAVCSATFSVTPQ;EQTVQSSWNMDSAGSANQYTLPSWANIAPGQQMSSSGMSthSN
Da-ENG1B GGGNGKLVAQAVMAS??2?27?22222222222222222222222222222222222222222222222222222222272222222222222727
Da-ENGdell GGGNGKLVAQAVMASSWNGGMQVNIQFTNNDSKAVCSATFSVTPQSGQTVQSSWNMDSAGSANQYTLPSWANIASGQQLSSSGMN AN
Da-ENGdel2 GGGNGKLVAQAVMASSWNGGMQVNIQFTNNDSKAVCSATFSVIPQSGQTVQSSWNMDSAGSANQYTLPSWANIASGQQLSSSGMN
Da-ENGdel3 GGGNGKLVAQAVMASSWNGGMQVNIQFTNNDSKAVCSATFSVIPQSGQTVQSSWNMDSAGSANQYTLPSWANIAPGOOMSSSGMS
Da-ENGdel4 GGGNGKLVAQAVMASSWNGGMQVNIQFTNNDSKAVCSATFSVIPQSGQTVQSSWNMDSAGSANQYTLPSWANIAPGQOMSSSGMS

Da-ENG1A TALPTVSVVSYGYC

Da-ENG1B 2222222227227

Da-ENGdell TALPTVSVVSYGYC

Da-ENGdel2 TALPTVSVVSYGYC

Da-ENGdel3 TALPTVSVVSYGYC

Da-ENGdel4 TALPTVSVVSYGYC

Figure 3.4 Alignment of the putative protein sequemn of two D. africanus endoglucanases and four
endoglucanase-like genes with deletions. The pretaiarked in red have deletions that cause a fi@fhdsut
for sequence comparison, this frameshift was ctetein the figure. Amino acids indicated in bold arot
conserved among all proteins. Different domainsiadécated, arrows show the positions of the insrostars

indicate the catalytic residues and putative N-gbytation sites are boxed.
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Expansin-like gene

Using degenerate primers, a putative expansinflisgment was cloned, and by genome
walking a DNA fragment of 1908 bp was obtained. Gkee, calleda-exp has two introns
of 189 and 150 bp, both with a GT/AG splicing siténe coding sequence is 936 bp. The
predicted protein (32 kDa) consists of a signaltidepfor secretion, a putative expansin-like

domain and a CBM of family 2. Two predicted N-glggtation sites are present, one in the
expansin-like domain (Asnl146) and one in the CBM{294). The overall GC content of
Da-expis 49.0%; while GC1, GC2 and GC3 are respectivély 454.8 and 47.8%.

A blastp search (E-value<le-5) with the expanda-iomain against the Protein division of
GenBank resulted in the following hits: six exparkke proteins fronBursaphelenchuspp.
(BAG16532, BAG16534, BAG16535, BAG16536, BAG1653BV60414), three expansin-
like proteins from Globodera rostochiensifCAC83611, CAC84564, CAD89105), two
bacterial hypothetical proteins (AAD32751, CAC42pGhd five putative pathogenicity
factors or avirulence proteins froMeloidogynespp (CAP59535, CAP59536, CAP59537,
CAP59538, CAC27774). The average similarity ofékpansin-like domain of Da-EXP to all
Bursaphelenchusxpansin-like proteins is 74.5%, while @oboderaexpansin-like proteins,
the similarity is only 58.4%. The average similaof the expansin-like domain of Da-EXP to
the C-terminal part of the avirulence proteins6s44o.

Searching clustered ESTs by tblastn (E-value<leg)lted in 14 significant hits. These hits
were derived fronPratylenchus vulnysvieloidogynespp.,Xiphinema indexand surprisingly
from the animal-parasitic nematoBarastrongyloides trichosurPutative protein sequences
were determined and an alignment was constructigdirg-3.5). For none of these EST hits,
other domains next to the expansin-like domain waetected. A closer inspection of the
putative expansin-like sequence found in the E®Taty of the animal-parasitic nematode
Parastrongyloides trichosumievealed that it is identical to the expansin-jtketein found in
Meloidogyne paranaensisThis suggests that the EST frobh trichosuriis probably a
contaminating EST from Bleloidogyndibrary.

A quick tblastn search against the nematode genofids incognitaandM. haplarevealed
that these have respectively 12 and 7 contigs sighificant similarity to the expansin-like
domain.

The domain architecture of Da-EXP (SP / expangi@-ldlomain / CBM) is particularly
interesting. Almost all putative expansin-like gerfeund in the databases contain a signal
peptide for secretion and an expansin-like domaiy and in some cases a linker is present
between those two domains. Only two additional gehave a CBM (Gr-EXP1 and Gr-
EXPB1), but the domains are arranged in a differamter (SP / CBM / expansin-like
domain).
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The nematode expansin-like domain does not have sagyificant similarity to plant
expansins. It does have features of plant expansuth as conserved cysteine residues and
one of the conserved plant expansin motifs (HFD)s@ove, 2000b) is partly conserved in
nematode expansin-like proteins (H-D) (Figure 3.5).

10 20 30 40 50 60 70 80
B [ RN RN R AR IR IORR IO IR IO IO IR B S !
Da-EXP AQLNKPVPNSEFTFYGAGG---KGACGLDVSS--CSAAASG-SLFDPNAQWVPSNYPDGR-—--—— YILNDRICNGICIKV
Pv_CV199817 SNLNKALTGGKFTFYGASG---TGPCGLNSGKPAMSAAASG-ALFKSSQQGVAPCK-GSQ-—-—— WVLSDAICINKCVKI
Mh_MH02764 SNLNKTING-KFTFYGTGG---RGACGYEMDEPKFSAAASG-TLFNSGGOWVASCFPDKR-—-—— YVLNDPICMSKCVKI
Hg_HG00639 SYLGKPVKNSIFTFYGAGG---RGACGLNAGVPKMSAAGSG-QLFKSDGOWKDACRADKQ-—-—— YMLDDPICKNICIKV
Ma_MA03038 SNLNKPING-KFTFYGTGG---RGACGYDMDEPKFSAAASG-SLFNSSGOWVESCFKDKR-—--—— YVLNDPICMSKCVKI
Ma_MA00256 WILNYQFNNGILTHYKTG---DGGACGVDTSD-PIMSAAASTELFNPKAPWVESCRPGKP- -~ -~ WMNSDRICINKCVKI
Ma_MA00532 DYMYKPMYDGILTFYLHG---VGGACGINCDKWPIMSAAASTEFFS-KNGWLKSCLPNNPDGTPSYVNPDRVCDNRCAQT
Mj_MJ00149 VPLNQQFTG-SFTFYNDKG---FGACGQQINAETEMLVAIS-—-——— HTQWIGG---NPN-—-——--—- NDPICRNICLKV
Mi_MI01772 VPLNQQFTG-SFTFYNDKG---FGACGQQINAETEMLVAIS-—-——— HTQWIGG---NPN-—-—--—- NDPICRNICLKV
Mp_MP00635 VPLNQQFTG-SFTFYNDKG---FGACGQQINAETEMLVAIS-—-—-— HTQWIGG---NPN-—-—--—- NDPICRNICLKV
Pt_PT00382 VPLNQQFTG-SFTFYNDKG---FGACGQQINAETEMLVAIS-—-——— HTQWIGG---NPN-—-—--—- NDPICRNICLKV
Mc_MC01839 WQLNKPFKG-DFTYYDDKG---TGACGTPLNAANEMLVAIS--—-—— HLEWKTP---NPN-—--—--—— NDPICKNICLKV
Mc_MC01139 QYMNKRMDGRFTWHPITAGTDNGGPCGTGTNY - PMHADVGG-KLFAKNS PHVPSCFPDRH--— -~ YIRNDKVCINKCVKI
Xi_XI100274 VKNVKISDG-EFSFFDGSG---QGACGRONDRTTTPLVAIS-—-——— KEYFTSF--ENLN-—--—--—— NDPVCKDVCVQV
Xi_X100223 PPYGKKQAG-YFTYNRGNG---KGACGTTANYETDMIVAVN----—-— CSYWKTFPSGNPN--—--—-—- EDPICDNTCLKV
Bx_BAG16537 PQLNKPISGGEFTFYGASG---RGACGLDVQON--LSAAVSG-SLFDSNGOWVPSNLPDGR-—--—— YILDDPVCRGICVQI
Bx_BAG16536 PQLNKPISGGEFTFYGASG---RGACGLDVON--LSAAVSG-SLFDSNGOWVPSNLPDGR-—--—— YILDDPVCRGICVQI
Bx_BAG16532 PQLNKPISGGEFTFYGASG---RGACGLDVON--LSAAVSG-SLFDSNGOWVPSNLPDGR-—--—— YILDDPVCRGICVQI
Bm_BAG16534 PQLNKPISGGEFTFTGATG---RGACGLDIGN--LSAGVSS-SLFDSSSQWVPSDLPDGR-—--—— YVLDDPVCKGICVQI
Bm_BAG16535 PQLNKPISGGEFTFTGATG---RGACGLDIGN--LSAGVSS-SLFDSSSQWVPSDLPDGR-—--—— YVLDDPVCKGICVQI
Bx_ABV60414 PKANKPIKGGEFTYYNAVG---DGACGRTLTG--CVAAVAP-TLFDPSAKWVASDLPDKR-—--—— YVLGDKVCQGMCVKV
Gr-EXPBl_CAC83611 KNLNKPFKNSVEFTFYGAGG---RGACGLDAGVPKMSAAGSG-NLFKPDGQWVDACRKDKR- -~~~ TLLDDPICKNICVKI
Gr-EXPB2_CAC84564 QONLNKPFTNGVETFNEATG---RSACGLDAGKPKMSASVSG-KLFKSDGQWKNACRIDQQ-~~--~ YMLDDPICKNICVKI
Gr-EXP1_CAD89105 KNLNKPFKNSVETFYGAGG---RGACGLDAGVPKMSAAGSG-NLFKPDGQWVDACRKDKR- -~~~ TLLDDPICKNICVKI
90 100 110 120 130
VP R IO AR IOt . IR (PSPPI IO PR ISP IO IR
Da-EXP DYK----—- GKSAVFPIDNKCPECEVNHVDLSESAFLVLEPLGGTVGVATGATLTYLFC

Pv_CVv199817 XYKCVGCSVTKTLTVPITNKCPECXVXH- |- —---—————————————————————————
Mh MH02764 TYKCVDCSVAKTLIVPINNKCPECGID| ILSIDAFNYLEPKGGIVGIAKDATITYINC
Hg_HG00639 DYN------ GKTLTVPINNKCPECPP! ILSIDAFNXXEPRGGLVGIAKGATLTYMXC
Ma MA03038 TYKCVGCSTAKTLTVPINNKCPECAI ILSIDAFNYLEPKGGIVGVAKDAS------

Ma MA00256 QYN------ GKTVTVPITNSCPGCPR LSIPTFMWLEPN-WRLGRLFNASITFMTC
Ma MA00532 TYK------ GKTVTVPITNSCPGCPKI ILSVPTWLWLEPN-YRIGRLFNATIMFMY-
Mj_MJ00149 DYK------ GKSITVPIKDKCPSCDSTHADLSQAAFAQLE--NLAVGHAFNALFTYVQC
Mi MIO01772 DYK------ GKSITVPIKDKCPSCDSTHADLSQAAFAQLE--NLAVGHAFNALFTYVQC
Mp_ MP00635 DYK------ GKSITVPIKDKCPSCDSTHADLSQAAFAQLE--NLAVGHAFNALFTYVQC
Pt_PT00382 DYK------ GKSITVPIKDKCPSCDSTHADLSQAAFAQLE--NLAVGHAFNALFTYVQC
Mc_MC01839 DYK------ GKSVKLRIKDKCPGCDKTHADLSKPAFQKLA--DLSVGHVYGATLTYVKC

Mc_MC01139 EYX------ GKT----—————— === m - —mm——m e m e m e — e m
Xi_ XI00274 TYK---—--- GKCIKVPVEDQCPECPKNKLDLSKAAFLOLEP-DLTVGIAKKASWVEVTC
Xi_XI00223 TKG------ SKTIQVKVVDQCRGCGTDHIDLSVAAYKALEP-DMNIGEVKGVTWEFIHC
Bx_BAG16537 EYK------ GKTAVFPADNKCPECAVDI ILSTDAFLILEPAGGTVGIAKPATITYLFC
Bx_BAG16536 EYK------ GKTAVFPADNKCPECAVDI ILSTDAFLILEPAGGTVGIAKPATITYLFC
Bx_BAG16532 EYK------ GKTAVFPADNKCPECAVDI ILSTDAFLILEPAGGTVGIAKPATITYLFC
Bm_BAG16534 EYK------ GSTAVFPVDNECAACDID [LSTEAFLILEPAGGKNGLATNATITYLFC
Bm_BAG16535 EYK------ GSTAVFPVDNECAACDID LSTEAFLILEPAGGKNGLATNATITYLFC
Bx_ABV60414 EYK------ GKTASFPIEDKCPGCQE! SENAFKILEXNLG-VGKAKDATITYVSC
Gr-EXPB1_CAC83611 DYN------ GKTLTVPINNKCPECTP SIDAFNYLEPRGGLVGKATGXRSPI---
Gr-EXPB2_CAC84564 DYK------ GKSLTVPINNKCPECPP! SIDAFTYLESR--AVGKATGATLTYLKC
Gr-EXP1_CAD89105 DYN------ GKT---------- ECTP SIDAFNYLEPRGGLVGKATGLRSPI---

Figure 3.5 Protein alignment of the expansin-likeamdin of Da-EXP and its closest homologs. NemaGene
cluster ids or accession numbers are given. Thmvaimdicates the position of the intron while stardicate
conserved cysteine residues. One of the consenaifisrin plant expansins (HFD) is boxed. Maitylenchus
africanus Pv: Pratylenchus vulnysMh: Meloidogyne haplaHg: Heterodera glycinesMa: Meloidogyne
arenarig Mj: Meloidogyne javanica Mi: Meloidogyne incognita Mp: Meloidogyne paranaensisPt:
Parastrongyloides trichosuri Mc: Meloidogyne chitwoodi Xi: Xiphinema index Bx: Bursaphelenchus
xylophilus Bm: Bursaphelenchus mucronatu@r: Globodera rostochiensisShading threshold: 75% identity.



52 Chapter 3

The CBM of Da-EXP shows high similarity to the CBM Da-ENG1A (81.8% similar), and
the position of the intron is also conserved. ThBMCof a Globodera rostochiensis
endoglucanase (Gr-ENG1, AF004523) is less simiathe CBM of Gr-EXPB1 (53.7%)
(Figure 3.6). The two tryptophans putatively imvadvin cellulose binding (Gilkes et al.,
1991) are also conserved in the expansin-like pretdhe expansin-like domain and CBM
are linked by 54 amino acids relatively rich inghe (G), serine (S) and threonine (T).

10 20 30 40 50 60 70 80 90 100
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Da-ENG1A LVAQAVMASSWNGGMQVNIQFTN-NDSKAVCSATFSVTPQSGQTVQSSWNMDSAG-SANQYTLPSWANIAPGQOMSSSGMS SNTALPTVSVVSYGYC
Da-EXP LSVAANVASSWNGGMQLALVFTN-NDSKSVCSVTFSIGLQSGQTVSNSWNMESES-SSNQYNLPSWVNIAAGQQYSSSGLN SDSTPPTVSVVSYGYC
NG--APTLKL------
SG--KPTAKVLSTTAC

Gr-EXPBl SVTAKLEGKSWNGGGQYVPNFKNNDGSKIACSVKFSLTPKKGTTIGSVWGANAVSGASNQYTLAPPADIAPGATHTNAGVN:
Gr-ENG1 ASVTVVSTNTWNGGGQVNFEVKN-TGSTTLCGVKFSVILPAGTTVAGSWNMNAAG--SNEYTLPSYINIKAKEANKDAGMT

Figure 3.6 Protein alignment of the CBMs of expasiie proteins oD. africanusandG. rostochiensisind the
CBMs of endoglucanases Da-ENG1A and Gr-ENG1. Thewaindicates the position of the intron and the
putative N-glycosylation site is boxed. The two sewved tryptophans (indicated by stars) are pwtiv
involved in cellulose binding. Shading threshol8% identity.

A phylogenetic analysis of the expansin-like dom@igure 3.7) illustrates that Da-EXP is
most closely related to the expansin-like protemsBursaphelenchuspp., although this
grouping is not strongly supported. Most expaniia-proteins oBursaphelenchuspp. are
grouped, however one of them is much less relatede others (ABV60414). Expansin-like
proteins of cyst nematodes are placed togetherhigg support. In contrast, tiveloidogyne
expansin-like proteins are scattered over the timavever, it does seem that expansin-like
proteins with a similar linker length are more élysrelated to each other. For example, one
strongly supported group deloidogyneproteins includes the expansin-like proteins where
the signal peptide is immediately followed by theansin-like domain. The expansin-like
proteins fromXiphinema indexare definitely less related to the other expahkaproteins,
and both proteins are also quite diverged from eattier. TheXiphinemaexpansin-like
proteins are most closely related to the bactexphnsin-like proteins. The latter proteins are
not placed separately from the nematode exparigngdroteins, which is in favour of the
horizontal gene transfer hypothesis. The presefiegpgansins in bacteria was indeed recently
proven (Kerff et al., 2008).

The fact that expansin-like proteins of the sanecigs are not necessarily grouped together
implies that multiple gene copies of the proteinsgxeach with different evolutionary
relationships. The putative pathogenicity and demoe proteins form a separate group,
although one of théVl. chitwoodi expansin-like proteins (MC01139) seems to be égual
related to the avirulence proteins as to other esipalike proteins.
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Figure 3.7 Bayesian unrooted tree inferred frometkgansin-like domain of different proteins. Focle@rotein
the species is indicated by a two-letter codepfedid by the corresponding NemaGene cluster id oession
number. The species two-letter codes are: Barsaphelenchus mucronafuBx: Bursaphelenchus xylophilus
Da: Ditylenchus africanusGr: Globodera rostochiensisig: Heterodera glycinesMa: Meloidogyne arenaria
Mc: Meloidogyne chitwoodiMh: Meloidogyne haplaMi: Meloidogyne incognitaMj: Meloidogyne javanica
Mp: Meloidogyne paranaensi®t: Parastrongyloides trichosurPv: Pratylenchus vulnysXi: Xiphinema index
The gene structure of the different expansin-liketgins is shown: red: signal peptide for secretioliue:
expansin-like domain; green: carbohydrate bindirmglnte. Putative avirulence and pathogenicity pristéiom
Meloidogynespp. are encircled. Posterior probabilities adéceied on the branches.

Spatial and temporal expression pattern

To determine the spatial expression patterninasitu hybridisation was done with probes
againstDa-englAand Da-exp (Figure 3.8). Both probes stained the gland cedhaof the
nematode, the strongest beibg-englA The negative control showed no staining. The
temporal expression pattern was obtained by sewrtgative RT-PCR on different stages of
D. africanus(Figure 3.8). BottDa-expandDa-englAhave the same expression level in all
stages, although the expressiobafenglAis much stronger.
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Figure 3.8 (a)n situ hybridisation orDitylenchus africanusmematodes with antisense probes agddasenglA
and Da-exp As a negative control, a sense probe agddasenglAwas used. Scale bars: 15 pm (b) Semi-
guantitative RT-PCR (35 cycles) of actibg-acl, endoglucanasé@-englA and expansin-like gen®é-exp

on juveniles (J), male adultg') and female adultsy() of D. africanus.

Discussion

The peanut pod nematod®itylenchus africanusa member of the Sphaerularioideae
superfamily (order Rhabidita, infraorder Tylenchapiw), was demonstrated to express
different cell wall modifying enzymes. Endo-134glucanases that degrade cellulose probably
form a gene family in this nematode. Two endoglasas were cloneda-englAandDa-
englB which consist of a signal peptide for secretianGHF5 catalytic domain and a
carbohydrate binding module (CBM) of family 2. Theme the first plant-parasitic nematode
GHF5 endoglucanases cloned outside the Tylencha@dparfamily. Other endoglucanases
have been cloned froursaphelenchuspp. in the Aphelenchoidea superfamily, but those
belong to GHF45 and likely have a different evauoary origin. The finding of a GHF5
endoglucanase family iD. africanusproves that the GHF5 endoglucanases are notatestri

to the Tylenchoidea. A possible horizontal genedfer event, as proposed to be the origin
for the GHF5 endoglucanases (Jones et al., 2005t have occurred in a common ancestor
of both superfamilies. However there is some disioms about the placement of the
Anguinidae family (containind. africanug within the Sphaerularioidea. It was proposed to
consider a broader concept of the Tylenchidae fa(siiperfamily Tylenchoidea) including
the Anguinidae and at least part of the other Spite@oidea (Bert et al., 2008). Therefore,
D. africanuscould actually rather be a member of the Tylendbaj restricting the occurrence
of GHF5 endoglucanases to this superfamily excalgiv

The D. africanusendoglucanase gene family unexpectedly holds endagase-like genes
with deletions. These genes can be described asipgenes, i.e. genes that are structurally
similar to functional genes but that contain defesich as nonsense mutations, insertions,
deletions or frameshifts which make them unablpromluce functional proteins (D'Errico et
al., 2004). Nevertheless, pseudogenes probablyacanire new functions during evolution.
Since the presence of introns was shown in theguadanases with deletions, it concerns so-
called non-processed pseudogenes that usuallyhatggifrom gene duplication or rarely by
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unequal crossing-over (D'Errico et al., 2004). Rekaldly, the sequence just before the
deleted part is the same as the end of the lostesegq in three of the four pseudo-
endoglucanases. This suggests that homologous batatmon could be the underlying
mechanism for the origin of these deletions leadingseudogenes. A comparison of the first
intron shows thabDa-engdell Da-engdelZzandDa-engdel3probably arose from duplicates of
Da-englA while Da-engdeldis more likely to have originated froBa-eng1B The deletions
either give rise to truncated proteiri3atengdel]l Da-engdel3 or erroneous proteins when a
frameshift occursla-engdel?2 Da-engdeld. The latter genes, although no longer functional,
only have a limited amount of mutations comparedthe full endoglucanase genes.
Therefore, these pseudogenes were probably formeeg recently, otherwise it could be
expected that more mutations would have accumulalreédy due to the lack of selective
pressure. The two pseudogeriga-engdelland Da-engdel3code for a putative protein
sequence with part of the catalytic domain delefdte question is whether or not these
proteins could still be functional. Cellulase aityivs most probably lacking due to the loss of
3 a-helices ang3-strands in the case of Da-ENGDEL1 and-Belices ang-strands in the
case of Da-ENGDELS3. Moreover, in both cases, onghefcatalytic residues is missing,
making it very unlikely that these proteins stéive cellulose degrading activity. On the other
hand, the CBM is intact in both cases and coulttstifunctional. BottHeteroderaspp. and
Meloidogynespp. secrete cellulose-binding proteins (CBP), thatist of a signal peptide for
secretion, in some cases an unknown N-terminalesespuand a CBM (Ding et al., 1998; Gao
et al., 2004a; Hewezi et al., 2008; Adam et alQ80Recently, a functional study suggested
that CBP targets and/or activates a plant pectithytesterase, to reduce the level of
methylesterification of pectin in the cell wall. i§hallows improved access of other cell wall
modifying enzymes to cell wall polymers, accelergtenzymatic activities (Hewezi et al.,
2008). A similar activity could be assigned to eafricanusendoglucanases with deletions,
although experimental evidence is needed to elteiithee possible function of these truncated
proteins. Nevertheless, these endoglucanases wiighiahs could either be an early stage of
the evolution of new genes with possible new fuorior just non-functional pseudogenes.

In this chapter, the isolation of another putate&l wall modifying enzyme fronD.
africanusis described, namely a putative expansin-likegino{Da-EXP). The expansin-like
protein has a unique domain structure consistingao$ignal peptide for secretion, an
expansin-like domain and a CBM. The expansin-likendin shows significant similarity to
expansin-like domains previously isolated fronGlobodera rostochiensis and
Bursaphelenchuspp. and to two bacterial hypothetical proteins.d\mificant similarity to
plant expansins was found, although some of thieifes of plant expansins are present, such
as conserved cysteines and a conserved HFD mesf) éhough in nematodes only the
histidine and aspartic acid are conserved. The tigumesvhether this protein truly is an
expansin remains until functional studies provecdll wall loosening activity, although this
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was proven for the homologous expansin-like protéi@. rostochiensigQin et al., 2004). A
search through all nematode ESTs revealed sevigsablbth in sedentary cyst and root-knot
nematodes as well as in migratory nematodes suémaglenchus vulnysBursaphelenchus
spp. (order Rhabditida, superfamily Aphelenchoidem)d Xiphinema index (order
Dorylaimida). This illustrates the relatively wiggead occurrence of the expansin-like
proteins in plant-parasitic nematodes, in contitashe GHF5 endoglucanases, which have so
far not been found irBursaphelenchuspp. orXiphinema index Moreover, it probably
concerns a large gene family, since in both Medoidogyne incognitaand theM. hapla
genome, several expansin-like contigs were idetifiThe finding of expansin-like proteins
in several distantly related nematode taxa sugdbatsan early common ancestor of plant-
parasitic nematodes probably already containedeth@steins. A phylogenetic analysis
showed that Da-EXP is more closely related toBhesaphelenchusxpansin-like proteins.
This should however be handled cautiously, sineessiinpport for this group is low. More
sequence information on expansin-like proteinsdditéonal taxa should reveal more details
about nematode expansin relationships and evolutiorthe future. Surprisingly, some
putative avirulence proteins and pathogenicitydesciof Meloidogynespp. show significant
similarity to the expansin-like domains. One ofdeutative avirulence proteinsgp-1,
CAC27774) was studied in more detail, and is belieto be involved in the early steps of
recognition between resistant plants and avirufearhatodes (Semblat et al., 2001). At the
time of discoverymap-1had no homologs in GenBank. It consists of a sigeatide and
repetitive motifs linked to a C-terminal domain apgntly resembling the expansin-like
domains (46.4% similarity). Themap-1gene and homologs may have a common origin with
the expansin-like proteins and the evolutionarsguee of the constantly changing resistance
gene caused an accelerated evolution leading talence proteins only remotely related to
expansin-like proteins. The recent finding that peeturbation of the cell wall (for example
by the adhesion of CBMs) can elicit plant deferesponses, supports this hypothesis (Dumas
et al., 2008).

Perhaps the most interesting feature of Da-EXRsiSCBM at the C-terminal end of the
protein. Da-EXP has a similar domain architectigeh& endoglucanases, and moreover, the
CBMs of the two proteins have striking resembla(®®.8% protein similarity), and both
have an intron at the exact same position. Evettiriker sequence of both genes is enriched
in the same amino acids, i.e. threonine, serine gigcine. This suggests that both CBM
domains of Da-EXP and Da-ENGs have a common origfiost nematode expansin-like
proteins however do not have a CBM. A possible biypsis could be that Da-EXP originated
from Da-ENG, and that the pseudo-endoglucanasels défetions are an evolutionary
intermediate between the two genes. This wouldyrtit the expansin-like domain emerged
from a GHF5 endoglucanase catalytic domain. Itus that nematode expansin-like proteins
have features of plant expansins, but no significimilarity, pointing towards convergent
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evolution. Nevertheless, the latter hypothesis ugeqradical and probably inaccurate for
different reasons. First of all, the expansin-ld@main has been found in many nematode
species, and has similarity to bacterial protewmsich makes an origin through horizontal
gene transfer more plausible. Second, almost ner @kpansin-like proteins include a CBM,
the link to the endoglucanases. Third, the CBMéasywonserved between Da-EXP and the
Da-ENGs, while the expansin-like domain does neemable the endoglucanase catalytic
domain. This would involve different rates of evadn for the different domains. Overall, a
more reasonable hypothesis is domain shufflingyhich case an expansin-like domain was
linked to a CBM from an endoglucanase. This hypsitheould also explain why in Gr-EXP1
and Gr-EXPB1, the CBM and expansin-like domain iaréhe opposite order compared to
Da-EXP.

A whole-mountin situ hybridisation revealed that bobba-englAandDa-expare expressed
in the gland cell area of the nematode, althougboiild not be determined whether the
expression was located in the dorsal or subvemfiaaid cells. The presence of a signal
peptide in both proteins and the expression ingthad cell area suggest that these proteins
are secreted from the nematode. The expressioDaeénglAin different life stages is
considerably higher than the expressionDaf-exp which is consistent with the stronger
signal ofDa-englAobtained in thén situ hybridisation. The stronger expression leveDaf
englAprobably reflects its higher functional importartceinvade the plant roots thdya-
exp although it is also possible that the primers evable to amplify additional gene
duplicates (e.gDa-engl1B. Both Da-englAand Da-exp show a similar expression level
among different life stages (juveniles, male anddke adults). This implies that both genes
are equally important in juvenile and adult stagésch is in line with the constant migratory
lifestyle of the nematode.
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Abstract

Endo-1,4B-glucanases or cellulases from the glycosyl hydmiamily 5 (GHF5) have been
found in numerous bacteria and fungi, and receaitlg in higher eukaryotes, particularly in
plant-parasitic nematodes (PPN). Previous studieshe structure and evolution of these
genes within the phylum Nematoda have focused pilynan data of sedentary nematodes,
while in this chapter, extra data from migratorymatodes is included: i.e. four
endoglucanases oRadopholus similis(chapter 2), one endoglucanase Ditylenchus
africanus(chapter 3) and a newly isolated endoglucanaseaif/lenchus coffeae

Phylogenetic analyses show that the evolution efdhatalytic domain and the carbohydrate
binding module (CBM) follow a similar evolutionatyact. The exon/intron structure was
compared among the PPN GHF5 endoglucanases andl tmagke location of the introns we
inferred a model for the evolution of the GHF5 egldoanase gene structure in plant-
parasitic nematodes. Our model proposes the ocmaref an early duplication event of an
endoglucanase gene including a CBM, and more regmme duplications at genus or species
level, in some cases accompanied by a loss of Bidd.@he model implies the occurrence of
some interesting evolutionary events, such as nntstiding or reverse transcription.
Moreover, our data confirm a close relationshipMeeinPratylenchusspp. and the root-knot
nematodes, while sonRadopholus similigndoglucanases are more similar to cyst nematode
genes.
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Introduction

Endo-1,4B-glucanases (EC 3.2.1.4), or endoglucanases, aguadkethe (1,4p-linkages of
cellulose, the most abundant component of plamtwals. The endoglucanases are classified
in different glycosyl hydrolase families (GHF) ohet basis of sequence similarity and
hydrophobic cluster analysis (Henrissat & Bairot®93). Animal endoglucanases belong to
three structurally and presumably phylogeneticaiiyelated families: GHF5, GHF9 and
GHF45 (Lo et al., 2003). GHF5 genes are found inoua plant-parasitic bacteria and
nematodes (Smant et al., 1998; Rosso et al., 1988ara et al., 2001) from the order
Rhabditida (infra-order Tylenchomorpha), which iartpof one of the three evolutionary
independent plant-parasitic nematode clades (Blaettal., 1998). In the other two plant-
parasitic orders (Dorylaimida and Triplonchida), @blF5 endoglucanases have been found
so far. The nematode GHF5 endoglucanases consistatalytic domain, and in some cases
an additional linker and carbohydrate binding medi@BM), which is thought to facilitate
the interaction between the enzyme and its subs{Bdraston et al., 2004). Interestingly,
hypothetical proteins similar to GHF5 endoglucasasere recently found in the genome of
the free-living nematod@ristionchus pacificuspossibly a kind of preadaptation towards a
parasitic lifestyle (Dieterich et al., 2008).

Horizontal gene transfer (HGT) from bacteria hasrberoposed to explain the origin of
GHF5 endoglucanases in nematodes (Jones et ak). 280present, no hard evidence for the
HGT hypothesis of GHF5 endoglucanases has beerdfolmo beetle species were also
found to have endogenous GHF5 endoglucanases (Btagiet al., 2003; Wei et al., 2006),
and as more sequence data is becoming availall@ioadl endoglucanases could be found
in other animals as well. An evolutionary schemeppsed for GHF5 genes of sedentary
nematodes by Ledger et al. (2006) hypothesised dfiat the possible HGT event, the
endoglucanase genes must have been duplicatedkinrers, and in some cases a sequential
loss of the linker and CBM occurred. This modelused on genes from cyst and root-knot
nematodes and one migratory nematode, all belonirthe Tylenchoidea superfamily. In
order to have a broader overview of the endoglus@navolution in the infra-order
Tylenchomorpha, the gene structure of six additiggges was incorporated in our study.
These include fouRadopholus similigenes (chapter 2), one froBitylenchus africanus
(chapter 3) and a newly isolated one frBnatylenchus coffeadn this chapter, we propose a
more detailed evolutionary model of the gene stmecof GHF5 endoglucanases within the
Nematoda.
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Materials and methods

Nematode culture

Pratylenchus coffeasvas maintained on carrot disks in small petri eéstat a constant
temperature of 25°C (Moody et al.,, 1973). Nematodese collected by rinsing the petri
dishes with sterile demineralised water approxitge@eweeks after inoculation of the carrot
disks. Collected nematodes of mixed stages weredstrs a pellet at -20°C for DNA or RNA
extraction.

Cloning of endoglucanase gene fr&ncoffeae

Genomic DNA was isolated from the nematodes acongrdo Bolla et al. (1988). RNA
extraction and first strand cDNA synthesis werealas described in chapter 2.

A polymerase chain reaction (PCR) using degengratgers ENG1 and ENG2 (Rosso et al.,
1999) (Table 4.1) was performed on genomic DNAPofcoffeaeand resulting fragments
were cloned and sequenced as described in chapter 2

To obtain the 5’ and 3’ genomic sequences of th#oglucanase fragments, the Genome
Walker Universal kit (Clontech) was used accordingthe manufacturer’s instructions.
Primers used were Pc-engl-upl and Pc-engl-up2lioupatream and Pc-engl-downl and
Pc-engl-down2 to walk downstream (Table 4.1). Dmgést obtained fragments were cloned
and sequenced. The corresponding cDNA sequende andoglucanase gene was amplified
by PCR using gene-specific primers Pc-engl-stattRoiengl-stop oR. coffeaecDNA and
cloned and sequenced as well (Table 4.1). The mdddasequence was submitted to the
GenBank database (EU176871). The putative protijuence was obtained by translating
the cDNA sequence using the EMBOSS program “Trang&ice et al.,, 2000). The
molecular weight of the protein was estimated by ‘thl/Mw” tool of the Expasy server
(http://lus.expasy.org). The presence of a signatigee was predicted using SignalP 3.0
(Bendtsen et al., 2004).

Table 4.1: Primers used for cloningRifatylenchus coffeaendoglucanase

Primer Primer sequence Primer Primer sequence

ENG1 TAYGTIATHGTIGAYTGGCA ENG2 GTICCRTAYTCIGTIACRAA
Pc-engl-upl TTGGAGTCAATGGCCCGGATGG Pc-engl-up2 GATGGIGATTGGAGCCATATTGC
Pc-engl-downl TCAAATCTCTGCTACACTCTCCAC  Pc-engl-downZAAACAATCCCTCAGGGATAAGGC
Pc-engl-start ATGGCATTCACTTTGCTTTCC Pc-engl-stop TBAGCGCCACTGCCTGCTAA

Sequence searches and alignments

All available nematode GHF5 endoglucanase sequemtgéssome selected sequences from
beetles, bacteria, fungi, protists and plants @notmRNA and DNA if available) were
downloaded from GenBank and are shown in Table @diains were identified using the
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SMART tool (Schultz et al., 1998), which is basedtbe PFAM database. Sequences were
aligned using ClustalW (Thompson et al., 1994) tash manually adjusted in BioEdit (Hall,
1999). The recently found GHF5 endoglucanase hagsolio the free-living nematode
Pristionchus pacificugDieterich et al., 2008) are not included in tkisidy. Annotated
versions of these genes are not available yet, camdown blast searches with different
endoglucanase

nematode

GHF5

genes
(www.pristionchus.org) did not reveal any signifitlomologs.

against

the @genoi P.

pacificus

Table 4.2: Sequence data used to construct aligismecluding gene name, accession number and alaila

data

Gene Acc Data Gene Acc Data
NEMATODA Pratylenchus penetrans

Meloidogyne incognita Pp-engl AB045780  partial DNA, cDNA
Mi-engl AF323087 DNA, cDNA| Pp-eng2 AB045781  partial DNA, cDNA
Mi-eng2 AF323088 DNA, cDNA| Pratylenchus coffeae

Mi-eng3 AY422836 cDNA Pc-engl EU176871  DNA, cDNA
Mi-eng4 AY422837 cDNA Radopholus similis

Mi-eng5 AF323090 partial DNA | Rs-englA EF693940 DNA, cDNA
Mi-eng6 AF323091 partial DNA | Rs-englB EF693941 DNA, cDNA
Mi-eng7 AF323092 partial DNA | Rs-eng2 EF693942 DNA, cDNA
Mi-eng8 AF323093 partial DNA | Rs-eng3 EF693943 DNA, cDNA
Mi-eng9 AF323094  partial DNA | Ditylenchusafricanus

Mi-eng10 AF323095 partial DNA | Da-engl EU180235 DNA, cDNA
Meloidogyne javanica PLANTS

Mj-engl AF323099 partial DNA | Arabidopsis thaliana engl AC007357  DNA, cDNA
Mj-eng2 AF323100 partial DNA | Arabidopsis thaliana eng2 AL391147 DNA, cDNA
Mj-eng3 CAJ77137 cDNA Arabidopsis thaliana eng3 AL391150 DNA, cDNA
Meloidogyne arenaria ANIMALS

Ma-engl AF323097 partial DNA | Psacothea hilaris AB080266  cDNA, no introns
Heterodera schachtii Apriona germari AY771358  cDNA, no introns
Hs-engl CAC12958 cDNA BACTERIA

Hs-eng2 CAC12959 cDNA Cytophaga hutchinsonii YP_678708 DNA, cDNA
Heterodera glycines Bacillus licheniformes AAU23613 DNA, cDNA
Hg-engl AF052733 DNA, cDNA| Bacillus subtilis AAK94871 DNA, cDNA
Hg-eng2 AF052734 DNA, cDNA| Erwinia carotovora CAA53592 DNA, cDNA
Hg-eng3 AF056048 DNA, cDNA| Erwinia chrysanthemi AAF18152 DNA, cDNA
Hg-eng4 AY325809 DNA, cDNA | Saccharophagus degradans ABD82494  DNA, cDNA
Hg-eng5 AY336935 DNA, cDNA | Cellvibrio japonicus CAAG60493 DNA, cDNA
Hg-eng6 AY163572 DNA, cDNA | Pseudoalteromonas atlanticaABG39929 DNA, cDNA
Globodera rostochiensis Thermobifida fusca AAC09379 DNA, cDNA
Gr-engl AF056110 DNA, cDNA| FUNGI

Gr-eng2 AF056111 DNA, cDNA| Trichoderma reesei eng2  DQ178347 DNA, cDNA
Gr-eng3 AF408154 DNA, cDNA| Trichoderma reesei eng3  M19373 DNA, cDNA
Gr-eng4 AF408157 DNA, cDNA| PROTISTS

Globodera tabacum Spirotrichonympha leidyi ~ AB189037  DNA, cDNA
Gts-engl AF182392 cDNA protist fronCryptocercus ~ AB274699  cDNA

Gts-eng2 AF182393 cDNA protist fronReticulitermes  AB274531  cDNA

Exon-intron structure analyses

The presence, location and phase of introns weatuated for each open reading frame
(ORF) by comparing DNA and mRNA sequences. Intrositmns were mapped onto the
sequence alignments. Intron phase was named O tvkantron was located in-between two
consecutive codons; 1 if an intron was located betwthe first and second codon nucleotides
and 2 if an intron was found between the secondthind codon nucleotides. The intron
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positions were mapped onto the secondary strucResitions ofa-helices ang3-strands in
the catalytic domain were deduced from an alignméatl nematode endoglucanases with an
endoglucanase frofarwinia chrysanthem{1EGZC) that has a known 3D structure. For the
carbohydrate binding module, the location of fhstrands was inferred by aligning the
sequences to a CBM from an endoglucanase f@ellulomonas fimi(1EXG). GC
percentages of the introns were calculated with theernet tool GC calculator
(http://www.genomicsplace.com/gc_calc.html). A cemsus splice site of all introns was
derived and represented using Weblogo 3 (Crookt,e2004).

Phylogenetic analyses

Maximum parsimony (MP) analyses were executed uBfgP* v4.0b10 (Swofford, 2003),
on the informative characters of the mRNA and pno&dignments using the heuristic search
option with random sequence addition (100 randopfic&tions) and TBR branch-swapping.
Support for the different clusters was evaluateth@ytstrap analysis (100 replicates).
Hierarchical likelihood ratio tests were perfornmdall datasets using Modeltest 3.5 (Posada
& Crandall, 1998) to determine the best-fitting keN@nary model. Estimated model
parameters were applied in a maximum likelihood JMhalysis in PAUP* v4.0b10 using the
heuristic search option with random sequence andifor DNA sequences. Tree-puzzle 5.2
(Schmidt et al.,, 2002) was used for ML analysispoftein sequences. Support for the
different clusters was evaluated by bootstrap aml{100 replicates).

Bayesian analysis was run using MrBayes versior2 Ronquist & Huelsenbeck, 2003). For
the DNA datasets the best-fitting evolutionary mpds identified using Modeltest 3.5, was
applied. For the protein datasets a mixed modahaho acid evolution was applied to allow
model-jumping for fixed-rate models. Bayesian iefese was run for 1,000,000 generations,
and the first 25,000 generations were discarddalasin.

Results

Endoglucanase gene Bfatylenchus coffeae

Endo-1,4B-glucanase fragments were amplified by a degen®@f on genomic DNA d?.
coffeae This resulted in a fragment of 443 bp and theesponding gene was namBd-
engl The full length sequence, obtained by genome imglks 1527 bp from start till stop
codon including 3 introns. The corresponding codirguence amplified from a cDNA pool
is 1377 bp. The putative endoglucanase protein ®&Ehas an estimated molecular weight
of 47 kDa. A conserved domain search confirmed that protein is an endoglucanase
belonging to glycosyl hydrolase family 5 (GHF5, pf@0150). The protein consists of a




66 Chapter 4

predicted N-terminal signal peptide for secretiargatalytic domain, a linker and a CBM of
family 2 (pfam00553).

Phylogenetic analyses

One or more representative GHF5 endoglucanases sedeeted for different lineages for
further analyses. These included GHF5 endoglucasegegences from plants, animals, fungi,
protists and bacteria (Table 4.2). Some of thesegeonsist of both a catalytic domain and a
CBM, while others lack the CBM. Separate alignmemese made for the catalytic domain
and the CBM of the genes. Since not all GHF5 endmgiase genes include a CBM, the
alignment and hence also the phylogenetic treelflerCBM contained less taxa. For both
domains, alignment of the sequences was perforineotia DNA and protein sequence level.
Alignments showed that plant sequences are noticmuffly similar to PPN GHF5
endoglucanases to be useful for phylogenetic aeslyBreliminary unrooted phylogenetic
tree construction with the other endoglucanasesated the fungal sequences to be most
divergent from PPN GHF5 endoglucanases. Therefoeg tvere chosen as outgroup to
construct rooted trees. All alignments were analyssing maximum parsimony (MP),
maximum likelihood (ML) and Bayesian methods. Alokitionary trees, whether based on
DNA or protein data, showed similar clustering,@pdndent of the method used.

Figure 4.1 shows the Bayesian tree based on theipralignment of the catalytic domain,
using the fungal genes as outgroup.

Protist genes form a well-confirmed monophyletiougr nested in the paraphyletic bacterial
cluster. Animal genes also form a monophyletic grao which beetle genes cluster
separately from the PPN genes. Within the PPN, NIGE, Da-ENG1 and Hg-ENG6 are at
the base of the protein family but do not show #-susgpported clustering. This grouping is
correlated with their aberrant exon/intron struet(gee further). The divergence of Da-ENG1
at sequence and structural level is not surprisimge Ditylenchus africanuss the only
species in our study belonging to the Sphaerudemand not to the Tylenchoidea.

A well-confirmed cluster groups the GHF5 endogleses ofPratylenchus coffeaand P.
penetranswith those of the root-knot nematodes (gemdsloidogyng. Cyst nematode
(HeteroderaandGloboderg endoglucanases are grouped together with sonegkrdnases
from Radopholus similigclassified in the Pratylenchidae family), Rs-ENBGAnd Rs-ENG3.
Paralogy between groups of proteins is well-congidnby high posterior probabilities. For
instance, Rs-ENG3 and Hg-ENG5 are orthologous th edher and to two paralogs from
Globodera rostochiensi&Gr-ENG3 and Gr-ENG4). Also, Rs-ENG1B is ortholagdo some
intra-species or intra-genus duplicates fideteroderaandGloboderaspp.




Evolution of endoglucanases 67

Tr-ENGzZ
Tr-ENG:

—— Thermobifida fusca
1.00| Erwinia carotovor:
Bacillus licheniforme
1.00= Bacillus subtili:
| Cytophaga hutchinsonii
Protist fromReticulitermes
_Lm%oirotrichonympha leidyi
0.9_3 1.0

Protist fromCryptocercus

Cellvibrio japonicu:
Saccharophagus dearad:
1.0 Erwinia chrysanthemi
1.0

Pseudoalteromonas atlanti
Psacothea hilari
Apriona germai
Mi-ENG2

1.00

0.98

0.8 Da-ENG1

———— Hg-ENG6
op— Rs-ENGI1A
Rs-ENG2
Lof— Rs-ENG3

10 Hg-ENG5
‘ | l Gr-ENG3
0.89 1.00 Gr-ENG4

Rs-ENG1B

Hg-ENG4
H Hs-ENG2
o Hg-ENG2

PHg-ENG3
0.62 1.0 Hs-ENG1
1.bHg-ENG1

1.oq¢ Gr-ENG1
Gts-ENG1
1.04dr Gr-ENG2

054 Gts-ENG2
Pp-ENG2
Pc-ENG1

Pp-ENG1

Mi-ENG4

1.0 1 Mj-ENG3

od; Mi-ENG1

1.00 Mi-ENG3

Ma-ENG1

SMi-ENG6

Mi-ENG5
1.00f Mj-ENG1

Mj-ENG2

0sx Mi-ENG8

Mi-ENG9

0.84 Mi-ENG7

01 Mi-ENG10

Figure 4.1: Bayesian phylogenetic tree of the GHfgalytic domain of endoglucanases from different
prokaryotic and eukaryotic lineages, using the WiAGdel. The posterior probability is given on eacde The
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The Bayesian tree based on the CBM reveals a sinliiatering, and grouping of most PPN
paralogs is again supported by maximum posteriobadility values (eg. Hs-ENG1 and Hg-
ENG1; Pc-ENG1 and Pp-ENGL1). However, posterior gbiliiies show low support for the
relationships between genes from bacterial and RBRal To compare this tree with the tree
based on the catalytic domain, the Bayesian amsalgsi the catalytic domain was rerun
including genes with a CBM only. Both resultingetseare compared in Figure 4.2. Although
the CBM tree is not fully resolved, most clades @efirmed by both evolutionary trees with
high posterior probabilities and/or bootstrap valué# must be noted that the protein
similarities between CBMs of different genes areawarage lower than the similarities of the
corresponding catalytic domains. This was alreadyicad in chapter 2 within the
Pratylenchidae, and can now be extended to all BP¥5 endoglucanases. This could
suggest that the CBMs evolve faster than catatigioains.

Da-ENG1
1.00r MJ-ENG3
08 [
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b 5 Mi-ENG1 0;;7
90 0.51 81
94 68
1 100 51 L Mi-ENG3
96 —— Pc-ENG1
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Figure 4.2: Comparison between the Bayesian phyletie tree of the carbohydrate binding module Xlafid
the tree of the catalytic domain (right) for alapt-parasitic nematode GHF5 endoglucanase genesaviBM.
Scales of the corresponding trees are given ifotier corners. On each node, three values are girem top
to bottom: the posterior probabilities of the Bagasanalyses; the bootstrap values of the maxinikatiHood
analyses and the bootstrap values of the maximusinpany analyses.
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No data from linker sequences have been includatisnstudy (except for the presence of
intron 22 in the linker oMi-engl, see further) because linkers show very littlgdascale
sequence homology. This is not surprising as theesabservation has been made for linkers
from bacterial endoglucanases (Gilkes et al., 1981)DNA level, only linkers from very
closely related genes show some degree of homologyeneral, nematode linkers, as well as
bacterial linkers, are short and mainly composedméll or tiny amino acids like glycine,
serine, threonine, alanine, proline, and lysine.

Investigation of gene/domain structure and introvpprties
The exon/intron gene structure of the PPN GHF5 glmtanases was compared to the
multiple protein sequence alignment. It was propdsefore that introns appear preferably at

the borders of domains or in between secondargtsies in proteins to facilitate domain
shuffling (Gilbert, 1978). This theory apparentlped not hold for the nematode GHF5
endoglucanases: there is no tendency for intronsctaur at the borders of domains wr
helices of3-strands, as illustrated in Figure 4.3. Only intfors located in-between the signal
peptide and the catalytic domain, and the well-eored introns 20 and 21 are in the
transition zone between the catalytic domain aeditiker.

1 23 4 5 6 78 9101112

Figure 4.3: Intron positions of a typical PPN GHé&&doglucanase in relation to the secondary genetste
and different domains. The signal peptide, catlgbmain, linker and CBM, are indicated in red,ehlyellow
and green respectively. Transition zones are whiteows represeng-strands; boxes-helices. Introns are
represented by a vertical black line and numbeanaxtder of their occurrence, as further specifie&igure 4.4.

All introns and their properties are representedFigure 4.4. The ORF of PPN GHF5
endoglucanase genes is interrupted by maximunr@nisitHg-engl with an average of 5.28
introns. The average length of each intron is 182making a total of 697 bp of intron per
gene, which is smaller than the (already smallyaye intron size observed in the nematode
lineage (467 bp per intron) (Deutsch & Long, 1999).

The GC percentage per intron varies from 5% (inft@rof Mi-eng9 to 58% (intron 2 ofGr-
eng), with an average for all introns (n=110) of 31Afparently there are differences in GC
percentage according to the species. For instaheeaverage GC% of all introns ®f.
incognitaendoglucanase genes (n=23) is 22%, whered®.fsimilisintrons (n=13) it is 42%.
This is probably related to the overall GC% of toeling sequences of a certain spediés.
incognitacoding sequences generally have a relatively lowc@Gi@ent (37%) (Mitreva et al.,
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2006), whereaRR. similis coding sequences have a high GC content (54%pl{Jat al.,
2008).

67% of the analysed introns are in phase 0, whilg 7% correspond to phase 1 or phase 2.
49% (54/110) of the exons are symmetrical. As asequoence of this high over-
representation of phase 0 introns, symmetrical exidriype 0-0 (44%, 48/110) are largely in
excess compared to symmetrical exons of type B4, 4110) or type 2-2 (2%, 2/110). Phase
0 is highly over-represented in PPN endoglucanasesbserved by Ledger et al. (2006) as
well, with twice the expected value for an additimnintron with equal probability for the
three codon sites. This is also considerably higih@n the observed prevalencednelegans
(47%) (Deutsch & Long, 1999). The observed excdgshase 0 introns can be due to the
preferential retention of these introns by natwelection (Sverdlov et al.,, 2003) or as a
consequence of the burst of domain shuffling thtet been shown to coincide with the big
bang of metazoan radiation in the Cambrian pemadthy, 1999; Kaessmann et al., 2002).
Exon-intron boundaries were compared for all insraserved in the available PPN GHF5
endoglucanase gene sequences. The great majotitg afetected introns are of the GU-AG
type. Only three intron positions (intron 13, 1 rald 7b) show the alternative, but rare (0.6%
in C. elegans GC-AG splice site in a minority of the homolog#is non-classical splice site
was already reported by Yan et al. (1998). A cosged’ and 3’ splice site was deduced from
the exon-intron boundaries and is shown in Figue €omparing this consensus with the
previously describe@. eleganssplice site consensus (Blumenthal & Steward, 1888ws a
low degree of conservation both at the 5’ and @&sLow 5’ splice site conservation has been
shown to be correlated with a large intron numbet the ability to generate alternatively
spliced mRNAs (Irimia et al., 2007). Protospliceedendency in PPN GHF5 endoglucanases
is moderately high as 46 % (11/24) of the introhews a consensus splice site that is
completely consistent with the protosplice site (GIR), pointing to a probable recent origin
of these introns.
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homologous when they appear at exactly the sanaidocin the amino acid alignment. Phase of theoirg is shown by gray-scale boxes. Length of th@ms (in bp) is
given inside each box. Domains, as identified BySIMART tool (PFAM database), are represented atfevgenes. Exon/intron and domain length are real to scale.
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5' splice site
-3 -2 1] 1 2 3 4 5 6 7 8 9
A 58 59 5 0 0O 65 83 19 35 45 43 4
C 19 39 2 0 12 4 7 8 11 17 26 1B
G 34 11 85116 O 29 7 68 7 21 14 18
U 5 7 24| 0 104 18 19 21 63 33 33 38

C. elegans consensu AIC A G| G U AG A G
All organism consensu AC A G|G U AG A G

Consensus P o Q____;____u_
U
U

3' splice site

9 8 -7 6 -5 -4 -3 -2 -1 1 2
A 24 28 27 20 11 28 42 116 (¢ 29 19
C 31 38 28 24 13 8 41 O 0 9 21
G 19 11 5 9 3 15 5 0 11p 78 1p
U 42 39 56 63 89 65 28 O (0 0 6p

Consensus :—:é'!——!cu'—', = —— P

C. elegans consensu U U U U C A G|AG
All organism consensu CIT A G| G

Figure 4.5: Nucleotides at the 5" and 3’ splicesiof all studied introns of PPN GHF5 endoglucanaSglicing
occurs at the vertical lines. Positions are nuntberi¢h respect to the splice sites and the conseslice site is
visually represented. For comparison, the consesglie site ofC. elegansand all organisms (Blumenthal &
Steward, 1997) is included below the deduced Péi$ensus sequence.

Even though many clusters of closely spaced intioaie detected in the aligned sequence,
no evidence was found in our study, or in othedigts that proves their possible homology.
Although intron sliding cannot be completely ruledt, the influence of this process is
considered to be negligible (except for slidingabfew bases), and intron position diversity is
indicated to be primarily arising by the gain osdoof introns during eukaryotic evolution
(Stoltzfus et al., 1997). Therefore, a pair of ans was required to occur in the exact same
position in the aligned sequence of the ortholofmralogous genes to be considered
homologous. Noteworthy, there is a strong consemaif the location and phase of introns
within the PPN GHF5 gene family (Ledger et al., @00his conservation is evident among
orthologous genes, but also among paralogs. Sotrenipositions are very well conserved
(intron 2, 10, 13, 16, 17b, 21 and 23) while otraly occur in one gene (intron 3, 6, 7, 8, 11,
12, 15, 19, 22).

Since spliceosomal introns diverge so rapidly g#gjuence similarity indicative of homology
quickly vanishes, significant intron sequence coreten can only be expected in genes
resulting from very recent duplications. Sequenoengarisons between introns that are
conserved in the majority of the dataset indeeaveklcssimilarities between paralogous genes.
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For instance, introns o6r-engl and Gr-eng2 as well asGr-eng3 and Gr-eng4 reveal
remarkable similarity. This is also the case fdrdns inHg-eng2 Hg-eng3andHg-eng4 The
conserved introns of thdeloidogyneendoglucanase genes are also very similar, confiym
the homology of these conserved introns and thal@gy of the genes.

A model for the evolution of introns in the PPN G#ndoglucanases

A model was constructed for nematode endoglucagases by combining the sequence-
based evolutionary tracts with the intron datauFegd.6 shows a Bayesian tree obtained from
the catalytic domain for all genes for which th@mintron structure is available.

A 1 6 8 21
—o—o ® Hg-ENG6
7
A . Mi-ENG2
1115
I B — Da-ENG1
j@( *\ 122
— oo 2 Mi-ENGI1
X 1.001 ¢
| :4 14 L6 igfll |=2 Dﬁl L@~ Pc-ENG1
A B B
. Rs-ENGIA
2 101317b 21 23 *12'(10
1017221 1% Rs-ENG2
Lo-0-0{0.60 4100
: " P Rs-ENG3
2 10 17a 21 23¢
G f f g:f
[ f § At Hg-ENGS5
7a13 Gr-ENG3
1.00
170 Gr-ENG4
2 1013176 21 23 12 10 2
iif Wi ——&—¢— Rs-ENG1B
20 Gr-ENG1
¢ ~11-00 1.00
2 1013 l7b202r y *La Gr-ENG2
o HeENGI
21
or Rl Hg-ENG4
& Intron gain * Duplication

® Intron loss X Loss of linker Hg-ENG2
V Intron shift ~ { Loss of CBM Hg-ENG3

Figure 4.6: Proposed model for GHF5 endoglucanase gtructure evolution in plant-parasitic nemasode
based on a Bayesian tree obtained from genes fathwgene structure information was available. Raste
probabilities are indicated in red for each noaéroins are numbered as specified in Figure 4.4uss gene
structures are schematically drawn for certain sodlee catalytic domain is represented by a white, the
linker is shown as a grey box and the CBM as argteex; Intron presence is shown by dotted lines: RT
Reverse Transcription.

1.00
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The gene evolution model plotted onto this trelased on the parsimony principle, meaning
that the occurrence of intron gain and loss evehsng evolution is minimised. The
evolutionary tree based on the catalytic domairmsnvshthe genes with the same structure
grouped in the same terminal branches, althoughethgth and sequence of introns have
diverged.

Our working hypothesis proposes that the divergaidbe gene structure of the PPN GHF5
gene family is associated with the expansion ofrtmber of members from an ancient or
early eukaryotic ancestral gene. The possible emrgrevolutionary tract of modules, as
observed in Figure 4.2, suggests that the anceBRadl GHF5 gene probably contained a
CBM. Bacterial endoglucanases show significant eege homology in both domains and if
the HGT hypothesis is true then the analysed GHiemglucanases likely evolved from a
bacterial ortholog containing both domains. Basedtle recent indications that introns
emerged during the earliest phases of eukaryottugen (Sverdlov et al., 2007) our model
starts from an intronless ancestral PPN GHF5 endaglse gene.

The exon/intron structure dfig-eng6and Mi-eng2 and their sequence divergence from the
other genes indicate that they have probably caiguh from a different type of GHF5 gene
(type A). This implies that the ancestral PPN GHR8oglucanase must have been duplicated
already early in the Tylenchomorpha lineage. Thisyeduplication event was also suggested
by Ledger et al. (2006). During or shortly afteistiduplication one of the copies (type A)
must have lost its linker and CBM. All other gerage proposed to have evolved from the
second copy (type B) containing linker and CBM. \iee intron 23 has been gained before,
during or shortly after the duplication cannot haleated based on the available sequence
data. In the ancestral nematode of the lineagergad the cyst nematodes aRadopholus
similis, a second gene duplication took place.

At intra-species level, the conserved gene straadfiicertain paralogs and the observation of
some sequence conservation in their introns ingliadtistory of recent duplication events in
the present-day genomes of plant-parasitic nematddesome cases, intra-species duplicates
lost their CBM and occasionally also their linkegion. Generally, the observed variation in
exon/intron structures between homologous and pgoak genes implies that introns have
been gained and lost along all major lineages efttee and at different time points during
evolution. Concordant with the fact that the comaBon of protosplice sites strongly supports
the recent origin of an intron (Yoshihama et al0&), recently gained introns in our model
(intron 5, 6, 12, 15, 19 and 22) show a strongeseovation of the protosplice site (MAG|R)
than older introns.

Our model implies some special evolutionary gereictiire processes for which little
information is available and that are thereforédift to prove.

The phylogenetic hallmark of intron sliding is astdibution in which one intron is nested
within the distribution of another (Stoltzfus et, dl997). We propose the occurrence of intron
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sliding for two introns in our model, namely slidiof intron 17a to intron 17b and intron 2 to
intron 3, and this hypothesis is based on theiseclaicinity (1 nucleotide between 17a and
17b and 3 nucleotides between 2 and 3) and theeqpaested distribution. While the nested
clustering theory of Stoltzfus et al. (1997) pertafor these introns and they are located in
very close vicinity, the fast evolution of introeciences precludes the ability of finding
significant sequence similarity at intron level. literature, the few established reports of
intron sliding all involve very recent events (Khkoet al., 1993; Schafer et al., 1999; Sato et
al., 1999; Rogozin et al., 2000). Alternative matbms like separate gain and loss events
might equally likely have been involved in the alveel pattern of intron distribution.

The genes with no or only one intron probably hiee their introns by reverse transcription
and subsequent homologous reinsertion of the sgisite cDNA, affecting either the whole
gene or only a part of itlg-eng5is an example of a gene where this process migh h
happened. We propose a similar mechanisnRenglAandRs-eng2involving a reverse-
transcribed mRNA containing only a catalytic domawt in this case the recombination
must have been followed by a duplication event. Téws of introns through reverse
transcription of mMRNAs followed by the recombinatiof the synthesised cDNA in the
genome (Liaud et al., 1992; Charlesworth et al981%verdlov et al., 2004) is hard to prove
and an alternative gene duplication event cannaulesl out because the genomes of plant-
parasitic nematodes contain more GHF5 endoglucageses than currently available in
databases, for example in thkeloidogyne incognitgenome, 21 endoglucanases have been
found (Abad et al., 2008). If a gene duplicationudohave given rise to these genes, then a
closely related paralog, generated in the sameidition event, should be found in the
genome (Boudet et al.,, 2001). The impossibilityesiablish a clear relation between the
intronless gendHg-eng5and any other gene from the same species sugipedtseverse
transcription followed by a homologous reinsertisrmost probable. FdRs-englAandRs-
eng2,the reverse transcription event is supposed t@ haken place earlier in evolution,
involving only the 5’ end, and should have beetofeéd by a duplication event, the loss of
linker and CBM and a gain of intron 21 in one o fharalogs.

Discussion

Glycosyl hydrolase family 5 (GHF5) endo-134glucanase genes have been identified in
various plant-parasitic nematodes. These genes thiffezent structures: all have a signal
peptide for secretion and a catalytic domain, sbene an additional linker and carbohydrate
binding module (CBM) and others only have an adddi linker but no CBM. This modular
gene structure could have arisen by exon or dostairffling, a process by which a chimeric
protein is created by domains or segments of tWferdnt genes.
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Present-day PPN GHF5 endoglucanase genes exhildirga diversity of exon/intron
structures, but protein sequences in the catalgtimain are relatively well-conserved.
Generally, PPN GHF5 endoglucanases contain a raigarnumber of introns. It is known
that paralogs undergo functional diversificationhieth tends to be accompanied by a
weakened selection and the acceleration of sequewaietion (Lynch & Conery, 2000).
Babenko et al. (2004) observed two clear trendkerevolution of paralogous gene families:
the evolution of their gene structure is notablyaiyic, and this evolution involves more
intron gains than losses. In addition, Logsdonle(1®95) noticed that nematodes have a
particularly high rate of intron turnover compatedother animals. These tendencies are also
recognizable in the PPN GHF5 gene family.

While still a lot of uncertainty exists about thencent origin of the PPN GHF5
endoglucanases, in this chapter we assume thailtlyene cassette (i.e. catalytic domain and
CBM) was the ancestral endoglucanase gene, sirtbedoonains have similar evolutionary
tracts. We discard the possibility of independemttyjuired domains that occasionally are
assembled as a result from domain shuffling, asrdexl for an endoglucanase in the
bacteriumMyxococcus xanthufQuillet et al., 1995). Some additional trendstlie gene
structure data also support the absence of earyaoto shuffling. Firstly, exon or domain
shuffling is more likely to involve large introns aecombination frequency through cross-
overs is known to be proportional to DNA lengththslugh we cannot exclude the possibility
that larger introns were present in an ancestraF&HFPN endoglucanase, intron sizes in the
present-day nematode genes are extremely smallf@lstrons 20 and 21) and are therefore
less likely to be involved in recombination. Sedgndve could not find a significant
correlation between specific locations of intromsl ssecondary structure elements, which
would imply a role for introns in the evolution pfoteins as proposed by Gilbert (1978).
Moreover, successful domain shuffling requires thatdomains are bordered by introns that
are of the same phase, that is, that the domasgnsnetrical in accordance with the phase-
compatibility rules of exon shuffling (Patthy, 199%ecause shuffling of asymmetrical
exons/domains will result in a frame-shift. Theyopbssible symmetric, and hence movable,
domain would be a 1-1 domain bordered by intromd iatron 21. Although 1-1 symmetrical
domains are suggested to be frequently associataddemain shuffling events (Kaessmann
et al., 2002), the low conservation of intron 1 agahe investigated gene structures (it is
only present in 2 genes) as well as its well-corexiprotosplice site point to a quite recent
origin, and therefore make its involvement in agilole domain shuffling event very unlikely.
While we assume that exon shuffling did not ligte origin of the emergence of the PPN
GHF5 endoglucanase gene structure, more recent/dornin shuffling events at lower
taxonomic levels cannot be ruled out.

A well-confirmed cluster groups the GHF5 endogluses ofPratylenchus coffeaand P.
penetranswith those of the root-knot nematodes (gemdsloidogyng. Cyst nematode



Evolution of endoglucanases 77

(Heteroderaand Globoderg genes are grouped together with some genes Radopholus
similis. These observations corroborate recent phylogenetes derived from rRNA data
(Subbotin et al., 2006; Bert et al., 2008; Holtenne& al., 2009) revealingadopholus similis
to be more closely related to Heteroderidae thaAr&tylenchidae. This distinction was also
observed on a morphological level by Luc (1987)pvidund that the genu8adopholuscan

be distinguished from other genera in Pratylenahidey its strong secondary sexual
dimorphism and the distinctive lip pattern.

Ledger et al. (2006) proposed an evolutionary seheior the evolution of GHF5
endoglucanases in plant-parasitic nematodes. Thedtel proposed two ancestral copies of
the GHF5 endoglucanase gene: one with and one wtithBM, which is in agreement with
our data. However, the model of Ledger et al. (30f&es not take duplication events in
ancestral taxa (e.g. as we have detected in thesemmcofRadopholus simili@nd the cyst
nematodes) into consideration and is therefore usamd in regard of gene and species
evolution. Our evolutionary model proposes a filgplication event already early during the
evolution of the ancestral GHF5 endoglucanasejigad a copy without and a copy with the
linker and CBM domain, similar to the model of Ledget al. (2006). Of the first copy, only
two descendants with a remarkably similar exorgmtstructure have been found up till now
(Hg-eng6andMi-eng2d. The second copy is much more represented anmenkniown GHF5
endoglucanases. Selection might have played aimallee preferential conservation of this
type, possibly due to a positive effect of the CBMter this early duplication, a second
duplication event must have taken place in the comancestor of the cyst nematodes Bnd
similis. These nematodes all contain two divergent tyde&ldF5 endoglucanases within
their genomes. At intra-species level, the presef@me completely and largely conserved
structures between paralogs and the possibilifinding some sequence conservation in their
introns indicate the presence of relatively recewénts of duplication in the present-day
genomes of plant-parasitic nematodes.

The lack of support for evolutionary relationshipstween nematode genes and genes from
other major lineages precludes drawing conclusialbsut possible HGT events between
bacterial and eukaryotic genomes which is why ia study the HGT hypothesis has neither
been accepted nor rejected. Additional sequeneefdan other major eukaryotic lineages are
awaited before a thorough and sound investigatighi® problem can be attained.
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Abstract

Plant-parasitic nematodes have developed an arsémaizymes to degrade the rigid plant
cell wall. In this chapter we report the presenta putative endoxylanase in the migratory
endoparasitic nematodRadopholus similisThis enzyme is thought to facilitate the migratio
of the nematode through the plant tissue, as @ksrelown xylan, the major component of
hemicellulose. The corresponding geRs-yl) was cloned and the sequence revealed three
small introns. Interestingly the position of allrék introns was conserved in a putative
endoxylanase fromMeloidogyne haplaand one of them in two endoxylanases Nf
incognitg which suggests a common ancestral gene. Spatlateanporal expression of the
Rs-xyll gene was examined by situ hybridisation and semi-quantitative RT-PCR. The
putative protein consists of a signal peptide fecrstion, a catalytic domain and a
carbohydrate binding module (CBM). The catalyticmdon showed similarity to both
glycosyl hydrolase family 5 (GHF5) and GHF30 enzgmésing Hidden Markov Model
profiles and phylogenetic analysis, we were ableshow that Rs-XYL1 and its closest
homologs are not members of GHF5 as previously estgd, but rather form a subclass
within GHF30. Silencing the putative endoxylanagedsRNA targeting the CBM region
resulted in an average decrease in infection of,@@8icating that the gene is important for
the nematode to complete its lifecycle.
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Introduction

The major component of hemicellulose, a compleypdaf/meric carbohydrates in plant cell
walls, is xylan. Next to cellulose, xylan is thesed most abundant polysaccharide in nature.
It is composed of (1,4-linked xylopyranose units and can have variousssuients and
variable structures according to the plant spe(@adlins et al., 2005). Xylan is found at the
interface between lignin and cellulose, where @ypla role in fiber cohesion and plant cell
wall integrity. In monocotyledons, it is located the primary cell wall whereas in
dicotyledons it is the major constituent of themw®tary cell wall. Endo-1,8-xylanases (EC
3.2.1.8) depolymerise the nonhydrolysed xylan p@lyiny the random cleavage of the xylan
backbone (Subramaniyan & Prema, 2002). These ermyare mainly produced by plant
pathogenic bacteria and fungi as well as by endbgyms located in the digestive tracts of
various wood-boring insects (Brennan et al., 20@Hcosyl hydrolases are classified into
different families according to their sequence knty (Henrissat & Bairoch, 1996). Endo-
1,4B-xylanases are mostly classified in glycosyl hydsel families 10 and 11, but some have
also been designated to GHF 5, 7, 8, 16, 26, 4an8162 (Collins et al., 2005) (Carbohydrate
Active Enzymes website http://www.cazy.org) (Cobbn& Henrissat, 1999). To our
knowledge only three endoxylanases have been faondnimals: one in Gastropoda
(Ampullaria crosseaAY46801, GHF10), one in InsectRlfaedon cochlearia€AA76932,
GHF11) and one in NematodM¢loidogyne incognitaAAF37276, GHF5). The nematode
endoxylanase, Mi-XYL1, has similarity to a range lmdcterial endoxylanases (Mitreva-
Dautova et al., 2006). Most of these have beergdased to GHF5, although there is some
confusion about this classification since the prsténave similarity to GHF30 enzymes as
well. Originally, the first enzyme of this group,a® classified into a new family located
between families 5 and 30 (Keen et al., 1996). O#uthors also suggested to classify them
into a new family (Suzuki et al., 1997; HurlbertReston, 2001). However, since the first
crystallographic structure of one of these xylasaseas unraveled, they have been
inconsistently classified as GHF5 (Larson et 8002 Mitreva-Dautova et al., 2006; John et
al., 2006).

A recent EST study on the migratory nemat&elopholus similisevealed some interesting
genes, including an EST with homology to an endepixylanase (Jacob et al., 2008). In this
chapter we report the further characterisatiorhefdorresponding gene. It is the first putative
endoxylanase in a migratory plant-parasitic nemgtodnd moreover it is the first
characterised animal endoxylanase that includesitatipe carbohydrate binding module
(CBM).
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Materials and methods

Nematode cultures, DNA extraction, RNA extraction @DNA synthesis

Radopholus similisvas cultured on carrot discs as described in eh&htMixed stages were
collected by rinsing the petri dishes with distillavater 6-8 weeks after inoculation.
Meloidogyne incognitavas cultured on the roots of peRiqum sativh The seeds were
sterilised by soaking them for 30 min in sterilstidlied water, 5 min in 100% ethanol, 15 min
in 5% NaOCI and 1% Tween-20 and afterwards washwchés in sterile water. The sterile
seeds were germinated on KNOP medium (Sijmons.,e1@91) and grown at 21°C. After 2
to 3 weeks, the root tips were infected with nerdasoof the J2 stage and the plants were
incubated at 28°C. About 7 weeks after inoculatgails with egg masses were dissected and
allowed to hatch in sieves in sterile water at 28°C

Genomic DNA was isolated from approximately 500@ividuals as described by Bolla et al.
(1988). RNA extraction and first strand cDNA syrdisevere done as described in chapter 2.

Activity assay and cloning d®s-xyl1

Approximately 10,000 freshly harvested nematodegwrushed in 0.5 ml TE buffer (10 mM
Tris-HCI, 1.0 mM EDTA, pH 8.0) to which 0.5 mM DTWwas added. The sample was
centrifuged for 5 min at 2000 g in a table-top déinge, and 2 pl of the supernatant was
loaded on a 1.5% agar plate containing 0.5% xylam foeechwood (Sigma). After overnight
incubation at 37°C, the plate was stained for 18 with 0.1% Congo Red and subsequently
washed for 15 min with 1.0 M NaCl. Water rinsednfraninfected carrot discs was used as a
negative control.

Primers Rs-xyl-F and Rs-xyl-R (Table 5.1) constedcon EST EY194441 were used in a
PCR with conditions as described in chapter 2. Raguragments were purified, cloned and
sequenced as described in chapter 2. Based omthieed sequence, primers were developed
for upstream and downstream walking using the Gendvalker Universal Kit (Clontech)
according to the manufacturer’s instructions in tewaccessive PCRs. Primers used for
upstream walking were Rs-xyl-upl and Rs-xyl-up2ysth for downstream walking Rs-xyl-
downl and Rs-xyl-down2 (Table 5.1). The fragmeritgiterest were cloned and sequenced.
An additional primer set (Rs-xyl-start and Rs-xidys Table 5.1) was developed to amplify
the full length coding sequence of the putativeosiythnase from a cDNA pool. The resulting
cDNA fragment was cloned in pGEM-T and sequenced.

Primers Mi-xyl-F and Mi-xyl-R (Table 5.1) were ddoped based on the endoxylanase
coding sequence dMeloidogyne incognita(AF224342). These primers were used in a
standard PCR reaction on DNA ®eloidogyne incognitaand resulting fragments were
cloned and sequenced as described in chapter 2.
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Sequence analysis

The identification of introns, calculation of GC ntents, translations and predictions of
molecular weight, putative signal peptides and gsylation sites were done as described
in chapter 2. Tertiary structure predictions weomalin SWISS-MODEL (Guex & Peitsch,
1997) using the first approach mode and the crystiaicture of a xylanase dErwinia
chrysanthemi(PDB entry 1NOF) (Larson et al., 2003) as templ&tevalue 2.0e-81). The
obtained PDB coordinates were visualised using ieepspdbv 3.7 (Swiss-PdbViewer)
(Guex & Peitsch, 1997) and rendered with POV-Ragiva 3.6 (http://www.povray.org/).
Due to lack of similarity to 1INOF, the first 12 ami acids of the mature protein were not
modelled by the first approach mode, and these werpually fitted into the model. To
identify possible domains in the putative protegyuence of the endoxylanase, a domain
search was done with InterProScan (Zdobnov & AmveR001). A blastp search with default
settings was performed with the catalytic domainl éime putative carbohydrate binding
module (CBM) (September 2008). Sequences of theestohomologs were retrieved from
GenBank and a protein alignment was constructell thié ClustalW algorithm (Thompson et
al., 1994) in BioEdit 7.0.5.3 (Hall, 1999). A loddldden Markov Model (HMM) search was
done with HMMER 2.3.2 (http://hmmer.janelia.orglaatst the closest homologs of the Rs-
XYL1 catalytic domain with profiles from GHF5 andHE30 downloaded from the PFAM
website (Finn et al., 2006). The CAZy website (fittpvw.cazy.org) was searched to find
which carbohydrate binding modules the closest Hogsoof the Rs-XYL1 CBM were
assigned to. A local HMMer search was done ag#estlosest homologs of the CBM with
the following CBM profiles downloaded from the PFAMebsite: CBM4_9 (PF02018),
CBM6 (PF03422), CBM13 (PF00652). The HMM profile@BM35 was constructed locally
from raw sequences. To identify homologous sequeitether nematode species, tblastn
searches with the catalytic domain and the CBM vpemrormed against all nematode ESTSs.
The nematode genome BF. haplawas searched for putative endoxylanases by tbiasin
Rs-XYL1 as query on the website of the genome ptdjettp://www.hapla.org) (Opperman
et al., 2008).

A phylogenetic tree was constructed including tB8 hest hits from a blastp search with the
catalytic domain. Ten protein sequences which leliinthe PFAM seed alignment from
GHF5 were selected, as diverse as possible (botmamases and endoglucanases from
bacteria and fungi). Three protein sequences belgng GHF10 were chosen as outgroup.
The phylogenetic analysis was done by Bayesiarsttatusing the WAG model in MrBayes
3.1.2 (Ronquist & Huelsenbeck, 2003), with 1,000,8@nerations and a sample frequency of
100. The first 250,000 generations were considexedburn-in. The resulting tree was
visualised in Treeview 1.6.6 (Page, 1996).
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Spatial and temporal expressionRs-xyl1

An in situ hybridisation was performed as described in chaht®robes were generated by a
linear PCR with a single primer (Rs-xyl-F: senseha; Rs-xyl-R: antisense probe) in the
presence of DIG-labeled oligonucleotides (Rochenht@im, Germany). As template for the
probe generating PCR, the product of a first PGRtren was used. This PCR was done on a
plasmid containing the corresponding xylanase cDiNgment with primers Rs-xyl-F and
Rs-xyl-R. All PCR reactions were carried out ascdesd in chapter 2.

A semi-quantitative RT-PCR on different life stagess done as described in chapter 2. The
primers used were Rs-xyl-F and Rs-xyl-R and asstige control, actin (EU000540) was
amplified using the primers Rs-act-F and Rs-act-&ble 5.1).

Generation of dsRNA, soaking, infection tests amisquantitative RT-PCR

Two different regions oRs-xyllwere selected as target for silencing by RNAI, on¢he
catalytic domain (286 bp) and one in the putatiBMC(242 bp) ofRs-xyll These regions
were amplified by PCR under standard conditionshwibhe T7 promoter sequence
incorporated at the 5’ end of either the sens@é®mntisense strand. Primers used for the first
region were Rs-xyl-catdomF and Rs-xyl-catdomR dmedprimers for the second region were
Rs-xyl-CBMF and Rs-xyl-CBMR. Double-stranded RNAaatst green fluorescent protein
(gfp) was prepared from gfp containing construct using primers GFP-F and GFPREBR
products were used as templatesifovitro transcription reactions using a Megascript RNAI
kit (Ambion, Huntingdon, UK). The dsRNA was quarmd spectrophotometrically. A few
thousand nematodes of mixed stages were soake@l nm\Vb octopamine, 3 mM spermidine,
0.05% gelatin and 0.5 mg/ml dsRNA for 24h at roemperature on a rotator in the dark. As
an extra negative control, nematodes were incubatdee same solution but without dsRNA.
To check whetheR. similisis stimulated to ingest molecules in the presecactopamine,
nematodes were soaked under the same conditiofs thagt fluorescent dye fluorescein
isothiocyanate (FITC) added. The uptake of FITC wiasialised with a Nikon TE 2000-E
inverted microscope, equipped with a %06il objective (NA 1.2, Plan corrected) and a
standard Nikon RGB camera. Excitation and detectias done with filter cubes of the
following composition (EX: excitation, DC: dichrQiEM: emission): EX: 465-495; DC: 505;
EM: 515-555. Images were acquired with NIS-Elemerdsftware version 2.10
(http://www.nis-elements.com/) and analysed withag@®) (Abramoff et al., 2004). After
soaking, nematodes were sterilised for 1h in 0.88%pital antiseptic concentrate (HAC) on a
rotator at room temperature and subsequently watsined times with sterile water. Seedlings
from Medicago truncatuld.. var. Jemalong were grown in six well platesnoodified Strullu
Romand medium (Elsen et al., 2000). After threeksgethe seedlings were infected with 50
sterilised soaked nematodes per plant, 11 plantsaich condition. The plants were grown at
22°C and light/dark cycles of 16/8h. Ten days latiee roots were stained with acid fuchsin
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(Byrd et al., 1983), destained using acidified glyt and the nematodes inside the roots were
counted using a dissection microscope. Results wtstically analysed in S-PLUS 7.0
(http://www.insightful.com/). Normality was checkeslith the Kolmogorov-Smirnov test,
homoscedasticity with a modified Levene test andOMA analysis was done with the Tukey
method. The soaking and infection tests were regedtree times. For semi-quantitative RT-
PCR, approximately 5000 soaked nematodes were Rd&M.extraction and cDNA synthesis
were done as described above. The primers Rs-anttRs-act-R were used to amplify actin,
whereas Rs-xyl-F2 and Rs-xyl-R2 were used to ampig-xyll The amount of cDNA added
as template and the number of PCR cycles were tggithfor each gene product to detect the
exponential phase of the reaction. Resulting prtsdwere separated on a 0.5x TAE gel.

Table 5.1: Primers used for cloningp situ hybridisation, RT-PCR and RNAi dRadopholus similisand
Meloidogyne incognit@ndoxylanases

Primer Primer sequence Primer Primer sequence

Rs-xyl-F AAGGGCAAGCAGGTGTGGATG Rs-xyl-R TGATGCTCAGIGGAGACGAAG
Rs-xyl-upl CATCATACTGGTCCAGTCGAAGC Rs-xyl-up2 TAGTGI CCGTCATCCACACCTGC
Rs-xyl-downl ~ AAGAGCGGCGCATTCACCTACTC Rs-xyl-down2 ~ TCCGTCTCCAACTGAGCATCA
Rs-xyl-start ATGTTCGCCCTTCTCGTTCCTG Rs-xyl-stop TGATGGAGACGAAGGTGGTGACG
Rs-act-F GAAAGAGGGCCGGAAGAG Rs-act-R AGATCGTCCGCGATAAAG
Mi-xyl-F TTTGGTGGTTCTAGTGCTTGG Mi-xyl-R TGTTGTTGGATTTCAGTAGCA
Rs-xyl-catdomF ~ CCGCCTCGATGAAGTCCAACAAC Rs-xyl-cat® GGGTCAGTGAGTGCCTTGTTG
Rs-xyl-CBMF ~ CCAACGTGTTTCTGAGCGCCTAC Rs-xyl-CBMR  TGBTTGGAGACGAAGGTGGTGAC
GFP-F ATCCGCCACAACATCGAGG GFP-R TTGTACAGCTCGTCCATGC
Rs-xyl-F2 GGTATGCAGTTGGCTCTGGT Rs-xyl-R2 GACACAACAGACAGTTGG
Results

Putative endoxylanases Radopholus similisndMeloidogynespecies

The xylan activity assay on nematode homogenata Rosimilisshowed a clear halo which
was not present in the negative control, indicathgR. similiscontains active enzymes that
are able to break down xylan (Figure 5.1).

Rs -

Figure 5.1: Xylan activity assay witRadopholus similigxtract and negative control.
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Screening over 7000 ESTs &. similisrevealed a tag of 521 bp with homology to an
endoxylanase oAeromonas punctatéblastx E-value = 2e-34) (Jacob et al., 2008).eBasn
this sequence primers were constructed to clonke thet genomic (1337 bp) as well as the
coding sequence (1203 bp) of the corresponding.gdéme gene was naméts-xylland was
submitted to the GenBank database (EU190885). Congpthe genomic DNA to the cDNA
revealed three short introns (43, 44 and 47 bpg. first two introns, respectively in phase 2
and phase 0, have the consensus GT/AG spliceBitenénthal & Steward, 1997) whereas
the third intron (phase 0) has the alternativecepdite GC/AG. The coding sequence has an
overall GC percentage of 61%, a GC1 and GC2 of d8éh and a GC3 of 85%. The introns
have a GC percentage of 60%.

Nematode endoxylanases were previously only destrifor the sedentary nematode
Meloidogyne incognitdMitreva-Dautova et al., 2006) and in the recepiljplished genome

of M. incognitasix endoxylanases were identified (Abad et alQ80Since to date only
coding sequences are publicly available for theseeg and we were interested in the number
and specific position of introns, primers were d¢omded to isolate the corresponding
genomic clones. Two genomic fragments were amglifrem M. incognitaof respectively
1503 and 1357 bp and were namddxyl2 (EU475875) andMi-xyl3 (EU475876). Their
deduced coding sequences showed minor differeiacdsetoriginal cDNA sequence Mfi-

xyll as presented by Mitreva-Dautova et al. (2006)p(@bcase oMi-xyl2 and 15 bp in case
of Mi-xyl3). These isolated genomic sequences are probably coipges of the gene in the
genome, or it also could be allelic variants. Bg#imomic sequences contain a single intron in
phase 0, holding the canonical GT/AG donor/accempintif. The intron oMi-xyl2 is 642 bp,
whereas the intron dfli-xyl3 is shorter (496 bp). The introns only show siniijaat the
extensions: approximately 80 nucleotides at thersl of the introns and 120 nucleotides at
the 3’ end. Interestingly, both introns were lodaé¢ the same position as the second intron of
Rs-xyll

A tblastn with Rs-XYL1 against the genome Meloidogyne haplarevealed one contig
(contig 2188) with significant similarity (E-value4e-24). This putative endoxylanaseMf
haplaincludes the putative CBM and contains three ptediintrons of respectively 148, 214
and 275 bp, all with a GT/AG splice site. The insare located at the exact same position as
the three introns froRs-xyl1
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Protein properties and structure

The putative protein sequence of 400 amino acidy,(alled Rs-XYL1, contains a putative
21 AA signal peptide for secretion. The predictenlenular mass of the mature endoxylanase
is 40 kDa. NetNGlyc predictions revealed one puéhl-glycosylation site at position 270 of
the mature protein.

A search for protein domains resulted in hits fgluecosylceramidase of glycoside hydrolase
family 30 (GHF30; EC 3.2.1.45) (E-value=3.3e-07)damlthough with low support, a
carbohydrate binding module of family Il (E-value#8+02). Alternatively, the CATH
database (Pearl et al., 2003) was searched and shigport was found for a glycoside
hydrolase domain (E-value=1.4e-68). Thus, the prot®nsists of an N-terminal signal
peptide for secretion of 21 AA, and two putativedules: a glycoside hydrolase catalytic
domain of 274 AA and a C-terminal carbohydrate bigdnodule (CBM) of 90 AA. This
putative endoxylanase is the first animal xylarfased with a putative CBM.

The putative endoxylanase found in Mehaplagenome has a predicted signal peptide of 24
AA, a catalytic domain of 272 AA and also a putati€BM of 91 AA. One possible N-
glycosylation site is present. The protein sequeateshiced fromMi-xyl2 of M. incognitais
identical to Mi-XYL1, whereas Mi-XYL3 differs in tiee amino acids from Mi-XYL1. An
alignment of Rs-XYL1 with the endoxylanase sequengEM. incognitaand M. haplais
shown in Figure 5.2.

10 20 30 40 50 60 70 80 90 100 110
e e I [P I I
Rs-XYL1 MFALLVPVFLALVACAANVNA--ATGSVALGSMRQTIQGFGGSSAWMGAMTDAQMNTLFGNGNNNQYGLSLLRLRID-~--PGKSWAN-—----— ELSNAQKAGARGAQVFA
Mh-XYL MNKLKIFLLIFIIIFSSQFDCINGDININLNDKRQVIDGFGACSAWQGVVSDQIMKELYE--—--— TLGYSILRIRID---ENKKWNE------ ELLNAKKALQFNAKVFA
Mi-XYL1 MKLFNFFFLFNLILFYYSVKC-DNIAKINSDITYQSIDGFGGSSAWLGNIPDKGIGNIFG----- KLGLSILRVGIVDLCKNQKWGNYRCIGQEALTAQKASKYGVKIFS
Mi-XYL2 ———-——mm e FGGSSAWLGNIPDKGIGNIFG----- KLGLSILRVGIVDLCKNQKWGNYRCIGQEALTAQKASKYGVKIFA
Mi-XYL3 —-—- - FGGSSAWLGNIPDKGIGNIFG----- KLGLSILRVGIVDLCKNQKWGNYRCIGQEALTAQKASKYGVKIFA
4 signal peptide » Qe catalytic domain............ ... ...

120 130 140 150 160 170 180 190 200 210 220

Rs-XYL1 TPWSPPASMKSNNNVVGGSLNTASYGAYAAYLKSFVDYLKAGGVSIYAISVNNEPDIT--VTYESCDWTAAQLVNFVKNYG-SAVGT---KLIAAESFKFNKALTDPILS
Mh-XYL SPWSAPSNMKNNK-----. ALLSSQYSNYAYYLKSFVDYMKNNGVNIYAISIINEPDYANEAPYNTMSFSTDEMKDFLKNNAKI IKEGNNIKIMAPETYGYNVDMNNKILS
Mi-XYL1 SPSTSPISFKTNNNEVMGELREDKYNDYVEYLQSAVDELNKVGVNIYAISLQSEPDFS--PPYCSIKWSPKQIAAFLKSYSRKIKGP---KIMAPECAHFVPEYNDAILN
Mi-XYL2 SPSTSPISFKTNNNEVMGELREDKYNDYVEYLQSAVDELNKVGVNIYAISLQSEPDFS--PPYCSIKWSPKQIAAFLKSYSRKIKGP---KIMAPECAHFVPEYNDAILN
Mi-XYL3 SPSTSPISFKTNYNEVMGELREDKYNDYVEYLQSAVDELNKVGVNIYAISLOSEPDFS--PPYISIKWSPKQIAAFLKSYSRKIKGP---KIMAPECVHFVPEYNDAILN

............................................ “GHFS5” signature. . ... ... ...ttt ittt ittt e

|
Rs-XYL1 DSSAVSQVSIIAGHIYGSGLADYSSAQNKGKQVWMTEHYNAGFDWTSMMATAKEIHDAMTVASYNAYVWWWFVDLN--NEFTSLTDKS @PTKRGY IMAQWSKY IRPGYT
Mh-XYL DKDAAAAVDIDAIHGYGFFMSPQPVVKKSGKPFWMTEHATIDGNKWNSVMQTAKD IHDFMT IAEVTAYVHWWLKSTNPS SONMY LLYONMQLTPKAFVIGHFAKFIRPGYF
Mi-XYL1 NPDVAKGVDIIAWHMYGMQLVSQTKAQKMGKSAWMTEKTNDGNDWKSFMETAKDIHDCMTIANYNAYVYFWFKDP----KYVSIVDNNYEITSRGYILGQYAKYIRPGYF
Mi-XYL2 NPDVAKGVDIIAWHMYGMQLVSQTKAQKMGKSAWMTEKTNDGNDWKSFMETAKDIHDCMTIANYNAYVYFWFKDP----KYVSIVDNNYEITSRGYILGQYAKYIRPGYF
Mi-XYL3 NPDVAKGVDIIAWHMYGMQLVSQTKAQKMGKSAWMTEKTNDGNDWKSFMETAKDIHDCMTIANYNAYVYFWFKDP----KYVSIVDNNYEITSRGYILGQYAKYIRPGYF

Rs-XYL1 RVDATYQPTTNVFLSAYKSG-SKVVLVAVNTGSSAVSQTFSLSGGTIPASFTPHITSSSKSLSNEASVSVKSG-AFTYSLPGQSVITEVSN
Mh-XYL  RVNS-DNSNGNLLVSAYTGGKGKVIIVAINMGKSSISQQFYINGGKPPSSFIPYITSQDKNLDKQNNIKLSEGGSFLYSIPGQSLITFVSV
Mi-XYL1 RINATENPTTIEYKE ~— = = === = = o o o o e o o e e e e e
Mi-XYL2 RINATENPTT - == === = == o o o o o o e e e e e e
Mi-XYL3 RINATENPTT - == === = == o = o o o o e e e e e e

Figure 5.2: Alignment of Rs-XYL1 with Mi-XYL1, thésolated sequences Mi-XYL2 and Mi-XYL3 and the
putative Mh-XYL. The location of the signal peptidetalytic domain, the putative GHF5 signature &mel
putative carbohydrate binding module (CBM) are d¢atitd. Stars indicate the two catalytic residud three
arrows indicate the positions of the introns in)R4-1 and Mh-XYL. Possible N-glycosylation sites drexed.
The threshold for shading is 100%.
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A 3D model was created using a xylanase friarwinia chrysanthemis template (PDB
identifier INOF) (Figure 5.3). Since the proteine @5% identical and 75% similar, the
simplest homology modelling scenario could be used.

The a- andp-chains of the catalytic domain fold into an{)s barrel structure (indicated in
green in Figure 5.3) whereas eight consecufhstrands of the CBM form #-sandwich
(indicated in yellow in Figure 5.3). Orfestrand at the N-terminal end of the mature protein
(13 amino acids) contributes to the C-termii@landwich (indicated in purple in Figure 5.3).

Figure 5.3: 3D model of the putative endoxylanaseXRL1 from Radopholus similisbased on the 3D model
of the Erwinia chrysanthemendoxylanase 1NOF (left: front view: right: sideew). The catalytic domain is
indicated in green and the carbohydrate bindinguteCBM) in yellow. The3-strand at the N-terminal end of
the protein which contributes to the CBM is in derprhe catalytic residues (Glul153 and Glu240)iared and
the possible N-glycosylation site (Asn291) is iraded in blue and with a star.

Database searches and phylogenetic analysis

A blastp search was performed using the catalytroan as query. There were two groups of
blast results. The first group included the tops HE-value between le-73 and le-22) and
consists of 24 bacterial sequences and the nematwibxylanases. Both the literature as well
as the CAZy website (http://www.cazy.org) classfimost of these proteins as GHF5
enzymes although they all show higher similarity G#1F30 enzymes according to the
conserved domain database (E-value<le-3). Simil&tiMMer searches using the GHF30
profile classified all proteins (including Rs-XYL13s GHF30, except for Mi-XYL1. No
significant matches were found when using the GidFkgile. These observations question
the classification of the proteins to the GHF5 $aks. The second group of blast hits, which
show less homology to Rs-XYL1 (E-value between 4eafhid 1e-4) appeared to be GHF30
enzymes from both bacteria and fungi, mostly namglycosyl hydrolase or
glucosylceramidase. It should however be noted daht two of these hits are classified as
GHF30 according to the CAZy database. The othevs hat been classified at all, although
they all have a significant match to the GHF30 ibeof
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A phylogenetic tree including the two groups ofdblaits and some GHF5 enzymes revealed
a clear separation of two clusters, highly supmbviéth a posterior probability value of 1.00
(Figure 5.4). The first cluster includes the “trt8HF5 enzymes, whereas the second cluster
includes all proteins which showed homology to¢h&lytic domain of Rs-XYL1. From now
on, we will call the first cluster “GHF5 clusternd the second cluster “GHF30 cluster”.
Within the GHF30 cluster, a first group containifigngal sequences and one bacterial
sequence is separated from the other proteins fgh support (posterior probability of
1.00). The rest of the GHF30 cluster is not wefloteed (posterior probability values less
than 0.60). However, Rs-XYL1 and all the blast tofs, with very low E-values, form a
monophyletic group. This group is not well resolfeain the other blast hits with higher E-
values, as the posterior probability is only 0.%#ich is mainly due to the protein
ZP_01576533. Discarding this protein from the deattassults in a monophyletic cluster of all
other top blast hits with high support (posterioolgbility of 1.00). Despite the fact that more
basal branches within the GHF30 clusters are nétresolved, the GHF30 cluster itself does
form a monophyletic group with high support.
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Figure 5.4: Phylogenetic tree including the clogesmhologs of the catalytic domain of Rs-XYL1. Ter b
enzymes were included and three GHF10 enzymesahesen as outgroup. The tree was deduced by Bayesia
analysis with 1,000,000 generations with a sampguency of 100. Posterior probabilities are shawrthe
branches. The GHF5 cluster includes true GHF5 epsyselected from the PFAM seed alignment for GHF5.
The lower cluster, indicated as Rs-XYL1 top blags,hincludes all blast hits from a blastp seardthwhe
catalytic domain of Rs-XYL1 as query with E-valustween 1le-73 and 1e-22. The other sequences wlidin
GHF30 cluster include blastp hits with E-valueswsstn 1e-14 and le-4. Fungal and nematode sequarees
indicated, all other sequences are bacterial. Stdisate enzymes that are classified as GHF5 daupto the
CAZy classification.
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A blastp search with the putative carbohydrate ibgnaenodule resulted in fewer hits, all from
bacteria (Table 5.2). An alignment is shown in Fg®.5. Only the first two hits (both
xylanases fromAeromonas punctatapave a significant match in the conserved domain
database (CDD) and are classified as CBM6 (E-valleed5 and 7e-10). The other blast hits
have no matching domains in CDD, although somelassified in different CBM groups by
the CAZy classification (Table 5.2). A HMMer searwlas performed with profiles for
different CBMs against the different proteins ret by the blast search. HMM profiles for
which a significant hit was found (positive bit separe indicated in Table 5.2. The closest
homologs, from A. punctata have been assigned to CBM35 according to CAZy.
Nevertheless, some homologs belong to CBM13 and ZBMhereas others have not been
assigned to a CBM family at all. A HMMer search twdifferent CBM profiles resulted in
even more confusion, as some CBMs showed positivecbres to different CBM families,
for example CBM35 members were also recognisedBd8Table 5.2). None of the HMM
profiles matched the putative CBM of Rs-XYL1.

Table 5.2: Closest homologs to the Rs-XYL1 carbeatal binding module (CBM) as identified by blask (
value<le-4). The species name, accession numberdascription of the protein are given. The CAZy
classification (http://www.cazy.org) and HMM pr@&# that resulted in a significant hit (positive §ibre) are
indicated.

Species ACC Description blastp CAZy HMM search
E-value

Radopholus similis EU190885 endo-1,8-xylanase - - -

Aeromonas punctata AAB63573 xylanase D 2.00E-14 CBM35 CBM6, CBM35

Aeromonas punctata BAA13641 endo-xylanase 9.00E-14 CBM35 CBM6, CBM35

Clostridium cellulolyticum ZP_01574162 Carbohydrate binding family 6 2.00E-12 - -

Bacillus subtilis NP_389697 hypothetical protein 4.00E-11 - -

Bacillus subtilis Q6YK37 Glucuronoxylanase xynC 5.00E-11 - -
preprecursor

Bacillus amyloliquefaciens YP_001421408 YnfF 7.00E-11 - -

Clostridium acetobutylicum NP_149281 Possible xylan degradation  3.00E-09 CBM13 CBM13
enzyme

Clostridium acetobutylicum NP_149282 Possible xylan degradation ~ 3.00E-08 CBM13 CBM13
enzyme

Clostridium cellulolyticum ZP_01576533 cellulosome enzyme, dockerin8.00E-08 - CBM6, CBM35
type |

Ruminococcus albus BAB39494 xynC 8.00E-08 CBM22 CBM4(9)

Ruminococcus albus BAB39495 xylanase C 3.00E-07 CBM22 CBM4(9)

Clostridium thermocellum YP_001039401 Carbohydrate binding family 6 5.00E-07 CBM6

Cytophaga hutchinsonii YP_678647 CHU large protein, candidate 7.00E-07 - -
xylanase

Bacillus subtilis AANO07016 YnfF 2.00E-05 - -
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Rs-XYL1
Mh-XYL
Mc|CB931318

Mc |CD418879
Cc|zZP_01576533
Ap|AAB63573
Ap|BAA13641
Cc|zP_01574162
Ca|NP_149281
Ca|NP_149282
Bs|Q6YK37
Ba|YP_001421408
Bs|NP_389697
Bs|AANO7016
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TRVDATYQPTTNVFLSAYKSGS--KVVLVAVNTGSSAVSQTFSLSGGTIPASFTPHITSSSKSLSNE-ASVSVKSGAFTYSLPGQSVTTFVSN--
FRVNSD-NSNGNLLVSAYTGGK-GKVIIVAINMGKSSISQQFYINGGKPPSSFIPYITSQDKNLDKONNIKLSEGGSFLYSIPGQSLITFVSV--

QRFAATSNPVSNVYVTAYKDPATGKFAIVAMNDGYTNQSITYTLKG-FTPDSVTPYTTSSTODLAEG-TKITVSGGSFTANLAANSITTFVGGSD
LRVDATKNPDTNTFVSAYK-GD-NKVVVVAINRGTSATSQRFVLONGN-ASTVSSYVIDSSRNLASL-APINVSNGAFTAQLPAQSVTTFVADLT
YRVDATKNPDTNTSVSAYK-GD-NKAVIVAINRGTSAVSQKFVLONGN-ASTVSSWVIDSSRNLASG-AQITVSGGAFTAQLPAQSVTTFVANIT
VRVDATKNPNTNVYISAYK-GD-GKAVIVAINKGTSAVSQKFNLQGASSVAKVSSWVIDGSRNVA---AATSYTGTSFTAQLPAQSVTTEFVADLG
VRVDATKNPVGNVYVSAYT-GN-NKVVIVAINKGTYPVNQSFNIQNST-VSNVSSWVISGTLNMAKTNSNINAANGRFNASLPAQSVTTEFVADLN
SRVDATNSPQSNVYVSAYT-GN-NKVVIVAINQGTYPVNQSFNVQONST-VSNVSSWVSSGTLNMAKTNSNISAANGRFNASLPAQSVTTEFVADLN
VRIDATKNPEPNVYVSAYK-GD-NKVVIVAINKNNTGVNONFVLONGT-ASQVSRWIT-SSSSNLQPGTDLKVTDNHFWAHLPAQSVTTFVVKR-
VRIDATKNPEPNVYVSAYK-GD-NKVVIVAINKNNTGVNONFVLONGT-ASQVSRWIT-SSSSNLQPGTDLKVTDNHFWAHLPAQSVTTFVVKR-
VRIDATKNPNANVYVSAYK-GD-NKVVIVAINKSNTGVNONFVLONGS-ASNVSRWIT-SSSSNLQPGTNLTVSGNHFWAHLPAQSVTTEFVVNR-
VRIDATKNPEPNVYVSAYK-GD-NKVVIVAINKNNTGVNONFVLONG----TLRKYPD-GSRAAA-----—————=———, AIFSLERISK------

Ra|BAB39494
Ra|BAB39495
Ct|YP_001039401
Ch|YP_ 678647
Figure 5.5: Alignment of the carbohydrate bindingdule of Rs-XYL1 with its closest homologs (blasiips
with E-value<le-4), Mh-XYL and two translated ESTm Meloidogyne chitwoodi Cc: Clostridium
cellulolyticum Ap: Aeromonas punctataCa: Clostridium acetobutylicumBs: Bacillus subtilis Ba: Bacillus
amyloliquefaciensRa Ruminococcus albysCt: Clostridium thermocellumCh: Cytophaga hutchinsoniiMc:

Meloidogyne chitwoodiMh: Meloidogyne haplaThe threshold for shading is 75%.

VRVDVTEQPSSNVFVSAYK-NNKNQVTIVAINNSSSGYSQQFSLNGKT-IIDVDRWRTSGSENLAETDNLTIDNGTSFWAQLPAQSVSTFVCTLS
VRVDVTEQPSSNVFVSAYK-NNKNQVTIVAINNSSSGYSQQFSLNGKT-IIDVDRWRTSGSENLAETDNLTIDNGTSFWAQLPAQSVSTFVCTLS
VRVDATKNPTYNVYLSAYKNKKDNSVVAVVINKSTEAKTINISVPGTS-IRKWERYVITGSKNLRKE-SDINASGTTFQVTLEPQSVTTEFVGGGS
KRVDATKNPATGVYISAYK--KGDDVVVVAINRSTSSQTITLSVPGTK-VITWEKYVTSGSKSLAKE-ANINSSTGSFQITLDPQSTTSFVGTAP

All nematode ESTs were searched for homologs tceetitoxylanase domains. The top hits
(E-value<le-20) of the tblastn search with the lgatadomain were all ESTs derived from
the genus Meloidogyne being M. chitwoodi (CB931318, CD418879)M. arenaria
(CF357210, CF357155) arM. javanica(CF350477, CF350376). Other hits (E-value<le-4)
were from Globodera pallida(BM415401, CV578872) and fror@aenorhabditis elegans
(AU208008, BJ762920, CB388002). The latter show Emilarity and are most likely not
endoxylanases but other glycosyl hydrolases andogiiceramidases, probably involved in
glycan degradation and sphingolipid metabolism (2345, BRENDA database)
(Barthelmes et al., 2007). A tblastn search wite ®BM resulted in only two hits (E-
value<le-3), both frorM. chitwoodi(CB931318, CD418879) (Figure 5.5).

Temporal and spatial expressionRs-xyl1

The expression level d®s-xyllwas compared for different life stages by semingjtative
RT-PCR (Figure 5.6). In developing embryos and fifes, no expression d®s-xyllwas
detected whereas males and females revealed apatety similar expression levels. To
localise the transcripts, a whole moumtsitu hybridisation was carried out (Figure 5.7). The
antisense probe showed clear staining in the giaficirea. The sense probe used as negative
control showed no staining.

eggs juveniles females males
Rs-xyl1 G — "
actin . — e - .. - - .. - .. e

Figure 5.6: Expression &ts-xylland actin in developing embryos (27, 30, 33 and\&fes), juveniles (30, 33,
36 and 39 cycles), females (21, 24, 27 and 30 syeled males (24, 27, 30 and 33 cycledR ofimilis
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Figure 5.7: Whole mourih situ hybridisation orRadopholus similis(a) Rs-xyllantisense probe; (f3s-xyl1
sense probe. Scale bar: 20 pum.

Silencing ofRs-xyl1by RNAI and infection tests

Batches of freshly harvested nematodes were so@k@&dRNA against green fluorescent
protein @fp), water or dsRNA againd®s-xyll(either targeting the catalytic domain or the
putative CBM). The uptake of FITC in the presenteaopamin was successful, suggesting
a similar dsRNA uptake (Figure 5.8). After soakirige expression level dRs-xyllwas
checked by a semi-quantitative RT-PCR. Actin wagpldiad to approximately the same level
in all samples. In the infection experiments, nexdas inMedicagoroots were stained with
fuchsin and counted (Figure 5.8).

Figure 5.8: (a) Uptake of FITC biradopholus similisoverlay of transmitted light image and fluoresoen
image; (b) Fuchsin stainédedicagotruncatularoot infected byR. similis After destaining, the root’s vascular
system and the nematode stay pink. Scales areatedic

In one of the three experiments, no differencesexpression level oRs-xyll could be
detected between the different treatments. Theespanding infection experiment showed no
significant differences in infection of the soakezimnatodes compared to the controls.
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In the other two experimentRs-xyllhad a lower expression level in the nematodesesbek
dsRNA targeted to the CBM as compared to the ctan{dsRNA againsgfp and water). No
silencing ofRs-xyllcould be detected in nematodes soaked in dsRNy&teat to the catalytic
domain. Both corresponding infection experimenswad a significant (p<0.01) decrease in
infection (53% and 66%) of nematodes soaked in dsRMgeted against the CBM &s-
xyll compared to nematodes soaked in dsRNA aggfpsir water. Interestingly, nematodes
soaked in dsRNA targeting the catalytic domainRs-xyll appeared to show a slight
decrease in infection, but this was not signifibadifferent from the controls. The data of
one of these experiments is graphically represantétjure 5.9.

a Rs-act Rs-xyl1
T |
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Figure 5.9: Silencing oRs-xyl1(a) Semi-quantitative RT-PCR with primers agaidtin (30 cycles) an&s-
xyll (36 cycles) on RNA extracted from nematodes soaketbRNA againsRs-xylllocated in the catalytic
domain (Rsxyl-catdom), dsRNA agairis-xylllocated in the putative CBM (Rsxyl-cbm), dsRNA igagfp
and water (- control) (b) Box-plot of the numbemR&#dopholus similimematodes in the root tissue per plant ten
days after inoculation with soaked nematodes. Elgants were used for each treatment. The lenfytheo
vertical bar denotes the interquartile range, thddia bar represents the median and the upper @ndr|
horizontal bars denote the upper and lower quantéspectively.
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Discussion

During the last decade, different endogenous celll wlegrading enzymes have been
identified in plant-parasitic nematodes. These sregy/facilitate the penetration and migration
of the nematode through the rigid plant tissue bfgesing the plant cell walls. Although
xylan is an important component of this cell walhdoxylanases were only described for the
sedentary nematodéeloidogynespecies (Mitreva-Dautova et al., 2006).

In this study we report the finding and charactio of the first putative endoxylanages{
xyll) of a migratory nematoddiadopholus similisThe overall GC content of the coding
sequence (61%) is higher than the average valué)(fdlacob et al., 2008) and is due to the
high GC3 (85% instead of 65%). The gene containsetishort introns (less than 50 bp).
Interestingly, a putative endoxylanase found in gbeome sequence bfeloidogyne hapla
(contig 2188, http://www.hapla.org/), revealed thpredicted introns at the same position of
the introns ofRs-xyll and two isolated genomic endoxylanase sequerfcdse aoot-knot
nematodeM. incognitahad a single intron at the same position of treoise intron ofRs-
xyll. This indicates that these introns were probabBady present in the common ancestor
endoxylanase gene of these species. The phylogemgialysis confirmed the close
phylogenetic relationship of the nematode endoxadas. The isolated genomic sequences of
M. incognitaendoxylanasesMi-xyl2, Mi-xyl3) are very similar to the previously described
endoxylanaséMi-xyll (Mitreva-Dautova et al., 2006). If these genesrakallelic variants,
they probably originated from the same ancestnaédbrough duplications.

The main difference between the putative endoxganaf R. similis and the previously
identified endoxylanase d¥l. incognitais the presence of a putative carbohydrate binding
module (CBM) in Rs-XYL1 (Figure 5.2). This putati@BM was also present in the genomic
sequence found in tHd. haplagenome, and blast searches againsMhmcognitagenome
revealed that it is probably also associated witb $ix identified endoxylanases in the
genome (Abad et al., 2008). 3D modelling of thetgrorevealed that the CBM consists of
eight B-strands and that the firgt-strand at the N-terminal end of the mature protein
contributes to thg-sandwich, as is the case for tBewvinia chrysanthemkylanase 1NOF.
The presence of a putative CBM in Rs-XYL1 is notpsising, because most bacterial
endoxylanases are also associated with a CBM. Adthdalifficult to prove, it is a possibility
that nematode endoxylanases have originated thrdkighhorizontal gene transfer of a
bacterial endoxylanase as was also suggested fimatode endoglucanases (Keen & Roberts,
1998). In this view, it is more likely to find am@oxylanase with a CBM in nematodes. The
putative endoxylanase found in the genomeMofhapla also includes a putative CBM. A
search through the nematode ESTs with the put&B#® of Rs-XYL1 resulted in two hits
from M. chitwoodi These tags were also retained by a blastx sasstiy the catalytic
domain as query. Therefore it seems that other ttelea@ndoxylanases possibly also have a
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CBM. Endoxylanases without a CBM, such as Mi-XYkbuld have lost this domain during
evolution.

The amino acid sequence of the catalytic domairwstosignificant similarity to theév.
incognita endoxylanase Mi-XYL1 as well as to different baicteendoxylanases of GHF5
and of GHF30. Since the closest homologs of théeprdiave been assigned to GHF5, it is
tempting to classify Rs-XYL1 in the same subclddewever, it should be noted that the
GHF5 signature, which consists of a consensus segqumotif of 10 amino acids, shows
three mismatches both in Rs-XYL1 and in Mi-XYL1,datwo mismatches in Mh-XYL and
most bacterial endoxylanases that appeared ashib@stour blast search, questioning their
classification as GHF5 proteins. Moreover nonehefse proteins show significant similarity
to the HMM GHF5 profile whereas all proteins (excémr Mi-XYL1) have a significant
match to the GHF30 profile. The fact that Mi-XYL4 not recognised by the HMM profile of
GHF30 is probably due to the limited seed alignnfemtn only 3 sequences on which the
profile has been based. Keen et al. (1996) sughesissifying this group of endoxylanases
in an intermediate class between GHF5 and GHF3@rtumately this idea never caught on,
and the enzymes have later been assigned to GE§ELing in an inconsistent classification.
In the phylogenetic analysis of this study, we waiée to show that Rs-XYL1 and related
endoxylanases form a monophyletic cluster with 0BeIF30 enzymes. We can conclude
that the endoxylanase homologs are a subclass 68Gkather than GHF5 and that previous
classification of some of these enzymes into GHH&Gorrect.

In analogy to the difficulties to classify the dstec domain, it is not clear which family the
CBM belongs to. Similarity was found to proteinddmging to different CBM families, and a
lot of homologs are not properly classified themss! This implies that the CBM
classification needs to be revised for some fasnilie

Expression oRs-xyllcould only be demonstrated in the adult stageR.dfimilisand not in
eggs or juveniles. This suggests that the putanaoxylanase only plays a role in later life
stages, which is not what we would expect, sindé hovenile and adult stages migrate and
feed within the root tissue. Although adult maléfRosimilisdo not feed, the expression level
of Rs-xyllin males is the same as in females. The expres$ign-xyllis located in the gland
cell area oR. similis as shown byn situ hybridisation (Figure 5.7). The fact that the piuta
protein sequence contains a signal peptide foresearand that the gene is expressed in the
gland cell area, suggests that the protein is wttbrough the stylet of the nematode. Once
released in the plant tissue, the putative endoga can break down xylan present in the
plant cell wall. The functional importance of thatgtive endoxylanase was proven by RNAI
and infection experiments. When dsRNA targeted he putative CBM was applied to
nematodes, partial silencing Bs-xylloccurred, while no silencing could be observedwhe
the dsRNA was based on the catalytic domain. Tifisrdnce in silencing effect caused by
different target regions in the same gene has bhésn observed for a pectate lyase of
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Heterodera glycinegSukno et al., 2007). Moreover, in one of the expents no silencing
could be detected at all. Therefore it seems tieasilencing effect can vary by the position of
the target sequence of the gene, but also by fiieaeof the experiment itself. Whds-xyl1
had a lower expression level after treatment wgRMA targeted to the CBM, a significant
decrease in infection of on average 60% was detebitehe one experiment where there was
no silencing effect, no significant decrease ireatibon was observed. This suggests Rsit
xyll indeed plays an important role in the infectiomgass. We did observe a slight but
statistically unsignificant decrease in infectiothathe nematodes soaked in dsRNA targeted
to the catalytic domain, but since we did not sedear reduction in expression, we can not
draw any conclusions for this construct. Nevertbgle¢his experiment proves that the RNAI
technique, so far almost exclusively studied inesgary nematodes (Lilley et al., 2007), can
be successful to reduce infection of migratory niehes as well. In one other migratory
nematodeBursaphelenchus xylophilug was recently shown that RNAI could effectively
reduce gene expression and cause lethality, becttsfbn plant parasitism were not studied
(Park et al., 2008).

A search for other xylanase homologs in nematodésk$d not reveal any new candidate
xylanase genes. Homologs were found/inchitwoodj M. arenariaandM. javanica as also
described by Mitreva-Dautova et al. (2006). Despliteavailable EST sequence information,
endo-1,4B-xylanases have not been found extensively in ashtrto for example
endoglucanases. Nevertheless, in this chapter we staown that a putative endoxylanase of
a migratory nematod®. similis is important in the infection process.
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Abstract

In this study, 4847 expressed sequenced tags (E8Jm) mixed stages of the migratory
plant-parasitic nematodeitylenchus africanugpeanut pod nematode) were investigated. It is
the first molecular survey of a nematode which beg#oto the family of the Anguinidae (order
Rhabditida, superfamily Sphaerularioidea). The saqgas were clustered into 2596 unigenes,
of which 43% did not show any homology to knowntpno, nucleotide, nematode EST or
plant-parasitic nematode genome sequences. Gemdogyntmapping revealed that most
putative proteins are involved in developmental aadroductive processes. In addition
unigenes involved in oxidative stress as well asamhydrobiosis, such as LEA (late
embryogenesis abundant protein) and trehalose-6pghlade synthase were identified. Other
tags showed homology to genes previously descridedbeing involved in parasitism
(expansin, SEC-2, calreticulin, 14-3-3b and variallsrgen proteins)ln situ hybridisation
revealed that the expression of a putative expaasith a venom allergen protein was
restricted to the gland cell area of the nematbdang in agreement with their presumed role
in parasitism. Furthermore, seven putative noveldate parasitism genes were identified
based on the prediction of a signal peptide in ¢beresponding protein sequence and
homologous ESTs exclusively in parasitic nematodieese genes are interesting for further
research and functional characterisation. Fin&#/,unigenes were retained as good target
candidates for future RNAI experiments, becauseheir nematode specific nature and
observed lethal phenotypes@éenorhabditis elegartsomologs.
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Introduction

Expressed sequence tag (EST) analysis is a rdiatiieap and rapid method to obtain a first
molecular impression of a species. The techniquesists of a random selection of clones
from a cDNA library and sequencing of their inseidthough it is mainly used for gene
discovery (McCarter et al., 2003), it can also bedufor other goals, e.g. estimation of gene
expression level (Munoz et al., 2004), detectiosingle nucleotide polymorphisms (Picoult-
Newberg et al., 1999), or improving genome annota(Bailey et al., 1998). In nematology,
the technique is widely used and to date over oillomESTs from over 60 species are
available (dbEST, NCBI GenBank). Some of these E&®Esderived from cDNA libraries
generated from specific life stages or from spedisues of the nematode. In the case of
plant-parasitic nematodes, the transcriptionavagtof the pharyngeal glands is of particular
interest since gland proteins are injected in thentptissue during the nematode-host
interaction. EST analyses have led to the discoe¢émnany of these parasitism genes that
code for hydrolytic enzymes, such as pectate ly@eeBoer et al., 2002) and xylanase
(Mitreva-Dautova et al., 2006). They are involvadnaceration of the plant cell walls during
migration of the nematode in the plant tissue.

Ditylenchus africanuds an interesting nematode to subject to EST aisalfigs several
reasons. First, almost no molecular knowledge imilalvie for this species or any other
member of the Anguinidae. Second, it has a diffetaxonomic classification in contrast to
other EST studies examining plant-parasitic nenegdpdavhich focused mainly on species
from the superfamily Tylenchoidea (grouping cysd amot-knot nematodes as well as
migratory nematodes such &adopholusand Pratylenchuy Third, it is a plant-parasitic
nematode facultatively feeding on fungi. Only orenatode with a similar feeding habit has
been investigated using a comparable appro8chis@phelenchus xylophilusuperfamily
Aphelenchoidea) (Kikuchi et al., 2007). Finally, atlds to the EST dataset of migratory
nematodes, therefore empowering comparative studibe focus for small-scale EST
projects is gradually shifting from sedentary nesdat towards migratory nematodes. In the
last few years, EST data have become availablesdoeral migratory nematodes such as
Pratylenchus penetrangMitreva et al., 2004)Radopholus similigJacob et al., 2008),
Bursaphelenchus xylophiluKikuchi et al., 2007) aniphinema indexFurlanetto et al.,
2005).
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Materials and methods

Nematode culture, cDNA library construction and Ef€heration

The culture and RNA extraction Bf. africanuswas done as described in chapter 3. A cDNA
library was constructed using the SMART cDNA Lilyraonstruction Kit (Clontech, Palo
Alto, CA, USA) according to the manufacturer’s nustions, starting from 1 pg RNA. The
resulting D. africanusmixed stage library contained over 800,000 primiaansformants.

Random colonies were sequenced using the M13 fdreareverse primer at the Genome
Center (Washington University, St.-Louis, MO, USRgsulting sequences were submitted to
the EST division of GenBank (dbEST).

Cleaning and clustering of the EST sequences

The sequences were cleaned using Seqclean (wwaergymwith a locally downloaded vector
database and default parameter settings. The dedetaset was clustered using the TIGR
Gene Indices Clustering Tool (TGICL) (Pertea et2003) and sequences were assembled by
CAP3 (Huang & Madan, 1999) using default settingse fragmentation (i.e. the percentage
of unigenes which are redundant) was estimated ®Bfistat (Wang et al., 2005). The
obtained unigenes served as a basis for follownadyaes.

Homology searches

Basic Local Alignment Search Tool (blast) analyé&lischul et al., 1990) were done both
locally and by using Netblast. Blastx and blastarsees were conducted with all unigenes
against the NCBI Protein and Nucleotide databaslklitdnally, blastn and tblastx searches
were done against the genomedvbfincognita (http://meloidogyne.toulouse.inra.fr/) (Abad
et al., 2008) and/. hapla (http://www.hapla.org/) (Opperman et al., 2008pc® most data
available for nematodes are in the EST databa#asix search against all nematode ESTs
was done. In-house perl scripts parsed the regutiits for species names and unigenes were

subsequently classified into different categorieenfatodes, invertebrates, plants, animals,
fungi, prokaryotes) according to the species nadegs’ed from the blast hits. In parallel, a
blastx search was conducted against proteins antbeel organisnCaenorhabditis elegans
Resulting top hits were searched for RNAi phenagypsing Wormbase (Rogers et al., 2008).
For allC. elegansiomologs with an RNAI lethal phenotype, Gene Qodgl(GO) terms were
retrieved and visualised with WEGO (Ye et al., 200Blastn against all mitochondrial
nematode genes revealed putative mitochondrialemeis)

To annotate gene ontology (GO) terms, BLAST2GO @3anet al., 2005) was used on all
unigenes using default parameters. Blastx valu@ffwas chosen at E-value<le-4. GOSIlim
view was used and GO graphs were generated witdea scoring filter of 25 for “molecular
function”, 50 for “biological process” and 12 focéllular component”.
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Translation into putative proteins
All unigenes were translated with OrfPredictor (Mihal., 2005). The blastx output was used
to select the correct reading frame for translatibhe minimum amino acid number for

predicted protein sequences was set to 40. Nudkestquences were trimmed to their coding
parts and the overall GC content as well as theageeGC content of the first (GC1), second
(GC2) and third nucleotide (GC3) of the codons walsulated. Unigenes without predicted
open reading frame were considered to be non-cpdimgj for these sequences only the GC
content was calculated. Signal peptides for semrati the predicted proteins were predicted
by SignalP 3.0 (Bendtsen et al., 2004). A signaitide was only assigned to a sequence
when both the Hidden Markov Model (HMM) and the raunetwork predicted its presence.
Moreover, a transmembrane domain search (httptfiprmet/services/TMHMM/) on the
mature putative proteins revealed whether the protas retained in the membrane.

Dot blot analysis

Forward (F) and reverse (R) primers were develdpedmplify fragments of CL1, CL7,
CL270, CL371, CL406, FE921742 and FE922861 (Tahklg By polymerase chain reaction
(PCR). The reaction mixture contained 300 ng pedifplasmids of the cDNA library as
template, and reaction conditions were as desciibetapter 2 and resulting fragments were

cloned and sequenced. Probes were generated bR avRCpurified plasmid with the correct
insert as template. Resulting PCR products werieaatively labeled withd-**P]-dCTP with
the DecalLabel DNA Labeling Kit (Fermentas) accogdia the manufacturer’s instructions.
As a positive control, 100 ng of unlabeled PCR pmidwas spotted on a Hybond N+
membrane (GE Healthcare, Uppsala, Sweden), togefitrerd.5 pg carrot RNA as a negative
control and 1.5 pgD. africanus mixed population RNA, both extracted with TRIzol
(Invitrogen) according to the manufacturer’s instions. The membrane was baked at 80°C
for 2h and prehybridised for 1h at 65°C in hybrdien solution (5x SSC, 5x Denhardt's
solution, 0.5% SDS, 100 pg/ml salmon sperm DNA}eAprehybridisation, the hybridisation
buffer was replaced and the corresponding probe added for hybridisation overnight at
65°C. Washing was done at hybridisation temperainré min in 2x SSC with 0.1% SDS
and 15 min in 2x SSC. The blots were exposed tojifilfl Imaging Plate for 6h and scanned
with a FLA-5100 imaging system (Fujifilm, Disselidermany).
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Table 6.1: Primers used for dot blot analysis iangltu hybridisation

Primer Primer sequence Primer Primer sequence

CL1-F TTGTGAATTTCGGCTCACTG CL1-R AAGTTTTTCCTGCCGAGIG

CL7-F CAGCAGACTACTGGGCATCA CL7-R TTCCTTCGGCTGGAATARG

CL14-F TCGATATGATCTGCGAGCTG CL14-R GCGGATGATTATGACESGT
CL270-F TCTTCAGGTGATGGTCGATG CL270-R TTGTTCCATATAARPAATCTTTGCATT

CL371-F TGGGTTGTTGTGAAGGTCAA CL371-R TCCGTTTTCTTTIREZEACTCTG
CL406-F CACCAGGTCCAGCCATTAGT CL406-R AAGCTGGACCGGARAAGAT
CL496-F GTTTCCCGTGGCTAACAAAT CL496-R CATCCAGAATTTTGICACTGC
FE920532F CAACCAACCTGTCTACCAGAGG FE920532R TCAGCCATBCCGATAGTGCAAG
FE921742F AATTAACCGGGGTTGGAAAA FE921742R GAAAACCGGTCGAAGGTG
FE922861F CAAGACTGACTACGGCCACA FE922861R CCATAGTCCACCGTGCTT

In situ hybridisation

A whole mountin situ hybridisation was carried out as described in adrapt The templates
for the production of DNA probes against unigenéth Wwomology to expansin-like proteins
(CL496) and venom allergen proteins (FE920532) wereerated by a first PCR as described
in chapter 2 on the plasmid pGEM-T containing thgNé& clone of the corresponding
unigene. Subsequent linear PCRs using the first R&&ucts as templates with
digoxigenin(DIG)-labeled oligonucleotides and aginprimer, generated single strand DNA
probes (Table 6.1).

Results

Cleaning and cluster analysis

A total of 4847 ESTs were obtained from a cDNAdityr prepared from mixed stages of the
plant-parasitic nematodeitylenchus africanusCleaning the EST sequences resulted in the
removal of 602 ESTs, due to vector contaminatiaty(d) tails and sequences shorter than
100 nt. The average length of the 4245 retainedsB&3ds 286 bp. Clustering to reduce data
redundancy resulted in 2456 ESTs forming 807 cen{igerged overlapping sequences)
classified into 778 clusters (group of contigs witlinor sequence variation) and 1789
singletons, resulting in a total of 2596 unigendfer clustering, the average length of a
unigene increased to 335 bp and the average G@rtast38.9%. A graphical representation
of the cluster size distribution is shown in Figéré. The largest single cluster represents 84
ESTs, which is 2.0% of the total number of ESTssMuf the clusters (88.0%) consist of four
or less ESTs. The fragmentation or underclusteohghe dataset was estimated at 3.5%,
which means that the dataset represents approXynziie5 genes.
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Figure 6.1: Cluster size distribution. The chamwsh the number of clusters with a particular clusiee (the
number of ESTs present in this cluster) in the B&fhset oDitylenchus africanus

Transcript abundance and homology searches

Blast searches against the Protein and Nucleoidsiah of GenBank were performed, as
well as against all nematode ESTs. The 20 most deminunigenes in the EST dataset
represent 9.6% of the total number of ESTs (Tal®. @ight of these unigenes, including
cluster 1, showed no significant hit in any of tilast searches conducted (E-value<le-3). In
Table 6.3 unigenes are shown which have homologshiad in anhydrobiosis, oxidative
stress and parasitism.

Table 6.2:The 20 most prevalent unigenes with the number®Fdthey contain and with their best blast hit
description (either derived from blastx against Bretein division of GenBank with cut-off 1e-3, &iia against
the Nucleotide division of GenBank with cut-off hear tblastx against all nematode ESTs with cuti@f3),
accession number, blast E-value, database of fhel&st hit (Protein, Nucleotide or EST), perceatagotein
identity and GC content.

CL ESTs Top hit species and descriptor Accession E-vadu db  %id %GC

1 84 no hit (longest ORF: 159 bp) 32.9
2 74  Meloidogyne incognitanajor sperm protein homolog BM880927 6.00E-79 ESTL.99 515

3 22 Drosophila melanogastdP15837p ABC86319 1.00E-07 Prot 54.2 394
4 21  Pratylenchus vulnugerritin homolog CVv200280 4.00E-33 EST 538 451
5 20  Ascaris suuntranslation elongation factor homolog CB014976 1:0eE EST 89.8 51.0

6 18 Heligmosomoides polygyraopomyosin homolog EU131541 1.00E-100 Nuc 92.4 451
7 15 no hit (longest ORF: 996 bp) 36.5
8 14  Meloidogyne chitwoodéxpansin-like prot. homolog CB831016 6.00E-16  EST .44643.1

9 14  Caenorhabditis elegari31086.9 NP_001023754 3.00E-05 Prot 34.1 35.7
10 14  Zeldia punctatdatty acid & retinol binding prot. hom. AW78336 4.00E-72 EST 76.3 464
11 13  Pratylenchus penetrarlsEA5 protein homolog BQ627245 1.00E-21 EST 55.4 847.
12 13  Anisakis simplekypothetical protein homolog EHO005299 6.00E-41 ES3IB4 424
13 12  Globodera rostochiensisypothetical protein homolog BM356077 1.00E-35 STE 49.2 43.1
14 12 no hit (longest ORF: 204 bp) 43.8
15 12 no hit (longest ORF: 114 bp) 53.5
16 11 no hit (longest ORF: 171 bp) 40.7
17 10 no hit (longest ORF: 72 bp) 419
18 10 no hit (longest ORF: 213 bp) 35.0
19 9 ﬁgﬁ%rliggsuumranslationally controlled tumor protein CB039336 8.00E-85 EST 758 444

20 9 no hit (longest ORF: 204 bp) 39.2
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Table 6.3: Some selected unigenes based on homoésgyts. The best blast hit description is giveithér
derived from blastx against the Protein divisionG#nBank with cut-off 1e-3, blastn against the Matide
division of GenBank with cut-off 1e-5 or tblastx agst all nematode ESTs with cut-off 1e-3), acamssi
number, blast E-value, database of the top blagPhotein, Nucleotide or EST) and percentage pratentity.

Unigene Top hit species and descriptor Accession Ejve db %id
Anhydrobiosis
CL23 Aphelenchus avenddeAl Q95V77 6.00E-23 Prot 48.4
CL11 Pratylenchus penetrans€E A5 homolog BQ627245 1.00E-21 EST 554
CL79 Pratylenchus vulnufatty acid desaturase (fat-6) homolog EL890688 OE-83 EST 774
FE922042 Haemonchus contortu3-type lectin homolog CB333334 6.00E-10 EST 35.3
FE921359 Caenorhabditis elegarns-type lectin (clec-53) NP_491247 4.00E-04 Prot 28.2
CL475 Globodera rostochiensstomatin (sto-5) homolog EE268121 4.00E-51 EST 874.

FE922269 Aphelenchus avendeehalose 6-phosphate synthase homolog AJ811572 00E411 Nuc 75.6

Oxidative stress

FE922062 Wuchereria bancroftCu/Zn-superoxide dismutase homolog CK726411 7.0DE-OEST 54.8
FE925119 Bursaphelenchus xylophilggutathione reductase homolog CJ987986 3.00E-45 EB®3.9
CL450 Globodera rostochiensiglutathione S-transferase homolog BM344760 1.00E-18ST 36.8
FE924154 Meloidogyne incognitglutathione S-transferase homolog CK983784 4.00E-2BST 424
CL500 Dictyocaulus viviparuperoxiredoxin homolog EV850422 5.00E-28 EST 87.0
CL130 Heterodera glycineperoxiredoxin homolog CA940959 4.00E-98 EST 754
CL452 Ancylostoma caninusuperoxide dismutase EX542471 6.00E-13 EST 614
CL226 Chlamydomonas reinhardtiuperoxide dismutase XM_001699025 1.00E-21  Nuc.3 83
CL21 Haemonchus contortugiperoxide dismutase CB018828 8.00E-41 EST 74.7
Allergens

CL752 Toxoascaris leonindBA-1 allergen homolog ES880608 6.00E-10 EST 54.0
FE923927 Meloidogyne paranaenspolyprotein allergen homolog CN477518 5.00E-11 EST2.94
CL43 Globodera pallidamajor allergen homolog BM415278 3.00E-33 EST 52.6
FE923357 Heterodera glycinesap-1 AAK60209 5.00E-23 Prot 61.7
Putative parasitism genes

CL10 Zeldia punctateSEC-2 protein homolog AW783768 4.00E-72 EST 76.3
FE922606 Pratylenchus vulnusansthyretin-like protein homolog EL889277 2.0PE- EST 64.9
CL678 Globodera rostochiensisansthyretin-like protein homolog BM355233 5.00E-10EST 80.0
CL536 Meloidogyne chitwoodransthyretin-like protein homolog CD682816 5.00E-5 EST 72.6
CL112 Meloidogyne chitwoodransthyretin-like protein homolog CF801754 6.00E-1 EST 48.3
CL665 Haemonchus contortuelreticulin homolog Al723603 2.00E-69 EST 86.4
CL573 Strongyloides rattil4-3-3b protein homolog FC819840 1.00E-70 EST 575
CL301 Globodera rostochiensis4-3-3b protein homolog EE267463 1.00E-103 EST 895.
cL8 Meloidogyne chitwoodputative expansin-like protein homolog CB831016 6:06E EST 46.4
CL496 Bursaphelenchus xylophilexpansin-like protein homolog CJ981766 4.00E-26 ESII.5

Classifying the unigenes based on species nambtastk homologous sequences revealed
298 animal specific sequences of which 160 unigemese nematode specific. These
nematode specific unigenes were classified accgrtirtheir homologs in the blastx search
and in the nematode EST database (Figure 6.2). bfastese sequences have homologs in
both free-living, animal-parasitic and plant-patiasnhematodes, suggesting a role in general
nematode development and metabolism. Only one nei¢€L496) has homologous protein
sequences exclusively from plant-parasitic nemaode. an expansin (top blastx hit:
expansin-like protein BAG16537 froBursaphelenchus xylophiluE=1e-20). Unigenes with
homologs to animal-parasitic nematodes exclusiyé)yare all homologs to proteins with
unknown function. Twelve unigenes are found in kextimal- and plant-parasitic nematodes
exclusively, and include several allergen homoleg@equences (Table 6.3) as well as
sequences with unknown function.
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Figure 6.2: Classification of the 160 nematode Hjgeanigenes with blastx homology (E-value<le-8joi
animal-parasitic (APN), plant-parasitic (PPN) améefliving (FLN) nematodes based on nematode EST
homology. The number of unigenes in each classivieng including the percentage of the total nematod
specific genes.

Remarkably, some unigenes had unexpected blastolbgm originating from prokaryotic
sequences exclusively (15). Similarly, two unigemestched fungal hypothetical proteins
only: one (FE921742) with hits fror@oprinopsis cineregdE=3e-04) and two ESTs from
Globodera rostochiensisand the other (FE922861) with hits from fungadntl pathogens
(Gibberella sp., Sclerotinia sp. andBotryotinia sp.; E=4e-14). Searching the genomes of
Meloidogyne incognitandM. haplarevealed a tblastx homolog for respectively 30#9d
35.4% of the unigenes (E-value<le-3). Thirty un&genf putative mitochondrial origin were
retrieved corresponding to 40 ESTs or 0.94% ofttital dataset. The GC content of the
putative mitochondrial unigenes is 34.5%, whichower than the overall GC content of
38.9% (Figure 6.3). For 1113 unigenes (42.9%), aimdlogous sequences could be found in
either protein, nucleotide or nematode EST databasén the genomes ®f. incognitaand

M. hapla (E-value<le-3). These sequences had a shorteagevaequence length (260 bp)
compared to unigenes with homologs (391 bp) (FiguBg, which is the most obvious reason
why no homology was found. These unigenes of unknongin could correspond either to
non-coding sequences (e.g. UTRS), regulatory amidtstal RNA or to novel protein coding
genes.
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Figure 6.3: Density plots of the GC content andjtarof different subsets of unigenes.
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Gene Ontology

To have a general overview of the functions ofuhgenes, Gene Ontology (GO) terms were
assigned to the unigenes with BLAST2GO. Of the @3iggenes for which BLAST2GO could
identify at least one blast hit, 801 were annotatét at least one GO term. The number of
GO terms per unigene varied from 1 to 53. In tdi28K8 different GO terms were retrieved:
1658 of biological process, 653 of molecular fumictand 337 of cellular component (Figure
6.4). In the molecular function category the mayoaf the putative proteins are involved in
protein binding (43.7%) whereas other GO terms pbetween 5.8% (hydrolase activity) and
10.9% (structural constituent of ribosome). For bi@ogical process category, 23.0% of the
terms are involved in embryonic development an®%/in larval development. The most
prevalent cellular component terms are protein derm25.1%), integral to membrane
(16.7%) and mitochondrion (13.6%).
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Figure 6.4: Representation of gene ontology (GOppiays for all unigenes as calculated by BLAST2GO.
Different pie charts are given for the terms molactunction, biological process and cellular comgot with a
node score cut-off of 25, 50 and 12 respectively.
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Translation into putative proteins

Unigenes were translated into putative protein eseges on the basis of the blastx output or
based on the longest ORF in case of no blastx hmggoFor 1769 unigenes a putative ORF
of minimum 40 AA was found, while 827 were predicte be non-coding by OrfPredictor.
Overall GC contents of the coding sequences is%1while GC1, GC2 and GC3 are 50.8;
38.5 and 48.5%, respectively. The overall GC cantérputative non-coding sequences is
33.6% (Figure 6.3). A signal peptide for secretwas found in 101 of the 1769 putative
proteins (5.7%). Of these, 90 had no transmemldanein (5.1%). These are possibly being
secreted by the nematode and hence could play eaimoparasitism. Only 13 showed
similarity to known, mostly hypothetical, proteifidastp search; E-value<le-3). The majority
(72) of these 90 putative secreted proteins did stmw any similarity to other known
nematode ESTs (tblastn search; E-value<le-3). Gnbandidate parasitism genes were
retained which had homology restricted to parasiématode ESTs (Table 6.4).

Table 6.4:Novel candidate parasitism genes. Putative protitkese unigenes have a predicted signal peptide
and tblastn searches against nematode ESTs (E<\au® reveal hits with parasitic nematodes onRNPEST

hits in plant-parasitic nematodes only, APN: ESE im animal-parasitic nematodes only, PN: EST initsoth
animal- and plant-parasitic nematodes). The togpgcies, accession number, blast E-value, pegepiatein
identity, the number of amino acids, the lengthtedf putative signal peptide (SP) and the preseheestart
methionine are given.

Unigene EST hits Top hit species Accession E-value %id AA  SP  start M?
CL454 PN Haemonchus contortus CB012354 2.00E-09 358 173 17 yes
CL578 APN Brugia malayi BE758361 4.00E-04 36.2 84 22 yes
FE922893 APN Ascaris suum CB014479 6.00E-06 51.2 43 18 yes
FE925095 PN Ascaris suum CB014479 3.00E-06  48.8 72 18 no
FE925011 PN Meloidogyne incognita BQ519557 1.00E-07 62.3 71 24 yes
FE924589 PPN  Heterodera glycines CB299361 6.00E-07 37.7 139 16 yes
FE922853 PPN  Bursaphelenchus xylophilus CJ981856 2.00E-04 40.0 108 23 yes

RNAI phenotypes

RNAI phenotypes were assigned to the unigenes bylagy withC. elegangroteins. 965
unigenes had €. elegandfiomolog (blastx search; E-value<le-3). After remguwiedundant
protein hits, 815 differenC. elegangroteins were retained. For 473 or 58.0% of ttalto
number of unigenes with @. eleganshomolog, an RNAI phenotype was retrieved from the
Wormmart database. The majority (333) of these egmet have a lethal phenotype
(WBPhenotype0000050, WBPhenotype0000054, or WBRkpa0000062). GO terms for
theseC. elegangroteins were retrieved and the terms of the sedewvel of the “biological
process” category are shown in Figure 6.5. Alllegm have the GO terms “developmental
process” and “multicellular organismal process’ggesting that the corresponding genes are
involved in the general development of the organi€ther GO terms that occur in the
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majority of these genes are “reproduction”, “metabprocess”, “cellular process”, “growth”
and “biological regulation”. 366 unigenes (14.1% o total number of unigenes) correspond
to C. elegansgenes with lethal phenotype. A subset of thesgamnds (34) are promising
future candidates for parasitic control due torthematode specific nature.
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Figure 6.5: Graphical representation of the ocawmeeof GO terms of biological process (level 2) amtheC.
eleganshomologs oDitylenchus africanusinigenes with a lethal RNAi phenotype.

Dot blot analysis

To find out whether the largest clusters withouy &@omology were really present in the
MRNA pool, a dot blot analysis was carried out.r€ctrfragments were obtained by PCR on
the cDNA library for both CL1 and CL7. The dot bbotalysis showed a clear signal for both
fragments against RNA extracted fr@n africanusnematodes, while no signal was obtained
against carrot RNA (Figure 6.6). This shows tha¢sth clusters are not artifacts or
contaminants from the cDNA library since they alggoresent in independently isolated
nematode RNA.

Some sequences showed similarity to prokaryotiwogal sequences exclusively in a blastx
search, for example CL270, CL371, CL406, FE92174@ BE922861. To check if these
sequences are derived from contamination, a sirddaiblot analysis was done. For three of
the five selected sequences (CL406, FE921742 a®@Fd61), the corresponding fragment
could not be amplified from the cDNA library. Thisost likely means that these sequences
are not present in the cDNA library, and are prép#ie result of contamination. For CL270
and CL406, the correct fragment could be clonedydwer in a dot blot, no signal was
obtained neither for nematode nor carrot RNA (Feg6r6). This suggests that CL270 and
CL406 are from contaminating origin, although ihiat be ruled out that the detection limit
of the dot blot is too low to detect the correspngdnRNA.
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In situ hybridisation
An in situ hybridisation with probes against CL496 (putatexpansin-like protein) and

FE920532 (putative venom allergen protein) wasi@admut. Both probes showed staining in
the gland cell area of the nematode, while theesponding sense probes showed no staining
(Figure 6.6). Whether the expression was locatatiersubventral or dorsal gland cells could
not be determined. These results suggest thatgrothins are possibly being secreted by the
nematode and hence could play a role in parasitism.
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Figure 6.6: Left: Dot blot analysis with probes imgathe selected unigenes CL1, CL7, CL270 and GL40)
PCR fragment of the corresponding probe; (-) caRidA; (Da) RNA isolated from mixed stagesitylenchus
africanus Right: In situ hybridisation onDitylenchus africanus(a) CL496 (expansin-like protein) antisense
probe; (b) FE920532 (venom allergen protein) antisgorobe; (c) CL496 sense probe (negative confohle
bars: 15 um.

Discussion

An increasing amount of sequence information derifrem plant-parasitic nematodes is
becoming available through EST projects, especiibhyn sedentary nematodes from the
superfamily Tylenchoidea within the order of the aRtitida. In contrastDitylenchus
africanusis a migratory endoparasite belonging to the familthe Anguinidae, superfamily
Sphaerularioidea. This family comprises importa#gdsand stem nematodes suckhaguina
tritici andDitylenchus dipsaciThis study is the first molecular survey of a aode in this
family, D. africanus by means of a small scale EST analysis. Only ®7%e clustered
unigenes showed homology to known proteins, neneall®ITs and the genomes of the plant-
parasitic nematodddeloidogyne incognit@andM. hapla This means that at least 43% of all
unigenes did not have any homology to either abbvkm proteins, nucleotide sequences,
nematode ESTs or thdeloidogynegenomes. The amount of unigenes without homolegy i
unusually high, as compared to for examplersaphelenchus xylophilu7% unigenes
without homology) (Kikuchi et al., 2007), a nematodhich is phylogenetically further
removed from the heavily sampled cyst and root-kremhatodes tha. africanus The most
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obvious reason for this high amount of orphan sece®is the relatively short average length
of the inserts of the cDNA library. The shorter timsert, the less likely it is to find a
significant homolog. Moreover, the length distribuat of unigenes with homology is similar
to unigenes which are predicted to be coding. Oskguences without homology are shorter
in length and could be either non-coding regioegutatory or structural RNAs or pioneer
sequences. The sequences predicted to be non-dualreca lower average GC content (34%)
compared to coding sequences (41%)Clrelegansthe GC content of coding sequences is
around 45%, while it is only 34% in intergenic m@gs (Shin et al., 2008). These similar
numbers suggest that a large portion of Bheafricanusnon-coding sequences are 5’ or 3’
UTRs. On the other hand, since we are dealing thighfirst sequences from a representative
of the Anguinidae family, it is to be expected tklag¢re are a number of species or family
specific unigenes without any homology in currentyailable sequence databases.
Interestingly, a considerable number of these uwknainigenes seems to be highly
expressed. Eight of the 20 most abundant clustetading the most abundant cluster (CL1)
have no homologs at all. A dot blot for two of thasnknown, highly expressed unigenes
confirmed that these are truly present in the nedeatmRNA pool. A high fraction of the
largest clusters lacking homology has also beeprobd in other nematode EST datasets, and
these ESTs are thought to be of mitochondrial ori@ubreuil et al., 2007; Jacob et al.,
2008). Other highly expressed genes representedlémge number of ESTs are for example
major sperm protein (important in the motility gbesm), ferritin (iron-storage protein),
tropomyosin (an actin-filament regulator) asdc-2or far (fatty acid and retinol binding
protein, previously hypothesised to be involvedi@iense) (Prior et al., 2001). The latter two
have been reported earlier as highly abundant drgms in ESTs (McCarter et al., 2003;
Vanholme et al., 2006; Kikuchi et al., 2007; Jaaibal., 2008). Gene ontology mapping
revealed that most unigenes are involved in thdobical processes of reproduction and
development. This is not surprising, singeafricanushas a short life cycle of only 6-7 days
and has a high reproductive rate.

Interestingly, nematode specific unigenes predontipdnad EST homologues from animal-
parasitic species (95%), while 79% also had honwliogplant-parasitic nematodes. This
apparent closer relationship to animal-parasitima@des can be due to the fact that there is
more sequence information available for animalgfica compared to plant-parasitic
nematodes (24,575 vs. 1227 proteins and 294,84343%883 ESTs). Only one unigene
(CL496) had homologs within plant-parasitic nematexclusively (an expansin identified
in Bursaphelenchus xylophiludn addition, CL8 shows the highest similarityaio EST from
Meloidogyne chitwoodwith homology to expansins. Although plant-patiasiematodes are
known to secrete an arsenal of different cell waddifying enzymes (Vanholme et al., 2004),
unigenes similar to expansin genes were the onBsdound in the EST dataset. The
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expression of CL496 was demonstrated to be in thadgcell region of the nematode,
pointing towards the secretion of the protein.

Some unigenes showed similarity to putative pasasiigenes such asec-2(Prior et al.,
2001), calreticulin (Jaubert et al., 2005) and 13b3protein (Jaubert et al., 2004). However
all of these enzymes should be more thoroughlystigated in order to find out their true role
in parasitism. For example, calreticulin and 14k3pBotein have been linked to the formation
of a feeding site by sedentary nematodes (Jaubait,e2005). The fact that these secreted
proteins are also present in migratory nematodegdceuggest a more general role in
parasitism. The unigenes were searched for newviiypeifgarasitism genes which should code
for proteins equipped with a signal peptide. Iniadd, the best candidates should only have
homologs in parasitic nematode ESTs. Althoughapisroach rules out the finding of species
or family specific parasitism genes, since it ipeledent on available nematode EST data, this
condition was included to reduce the number ofefgi®sitives. Seven promising novel
candidate parasitism genes were found (Table GH4@se genes are interesting for future
functional studies and could reveal new insightsudiplant parasitism.

Several nematode parasitism genes have been pobpmseiginate through horizontal gene
transfer (HGT) (Jones et al., 2005). New HGT caatdid should have homology with
prokaryotes or fungi exclusively, although prokdaryosequences could also point to
contamination or the presence of an endosymbiatof) et al., 2008). Several unigenes
identified in our EST dataset showed similarityptokaryotes exclusively, but most of these
unigenes show homology to widely occurring non eydtiotic species, suggesting some
bacterial contamination. For other unigenes resemhprokaryotic or fungal sequences, it
could not be demonstrated that these were preseimtdependently isolated RNA of the
nematode, hence these are probably of contaminatigo as well.

Our EST dataset contains several genes that adéecige to be involved in anhydrobiosis, a
dehydrated state of the nematode. One of theses geelEA (late embryogenesis abundant
protein) homolog, proteins found to be highly exsed in the anhydrobiotic nematodes
Aphelenchus avenaand Steinernema carpocapsaas well as in plants where they prevent
protein aggregation during seed desiccation (Broenhal., 2002; Tyson et al., 2007). In
addition, fatty acid desaturase, stomatin and toska6-phosphate synthase were found,
mainly involved in maintaining the integrity of tloell membrane (Tyson et al., 2007). Other
unigenes commonly upregulated in anhydrobioticestagye involved in oxidative stress, such
as superoxide dismutase, glutathione-S-transfesase peroxiredoxin. These enzymes and
also LEA proteins are represented by a quite lamgmber of ESTs, which indicates that
oxidative stress as well as drought stress are ritaupofactors affecting the nematode. In
agreement with this finding, as much as 8% of tka r@appings in the “molecular function”
category (node score>25), are associated with oxdlwtase activity.
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Another group of unigenes showed remarkable siitidarto polyprotein allergens from
animal-parasitic nematodes and the venom allergeteip (VAP) of Heterodera glycines
Gao et al. (2001) found that the latter is expressehe gland cells, which was confirmed for
a vap homolog inD. africanusby in situ hybridisation. InMeloidogyne incognitat was
shown that a venom allergen AG5-like protein isresped during preparasitic and parasitic
J2 stages exclusively (Ding et al., 2000). Animatgsitic allergen genes have been
associated with the immune response of the hostar{Murray et al., 2001). However, their
presence in plant-parasitic nematodes suggestsra gemeral role for these proteins in
parasitism.

The RNAI gene knockout technique has shown promisasults in sedentary plant-parasitic
nematodes (Lilley et al., 2007). Transcript levefsa certain gene can be reduced when
dsRNA homologous to that gene is fed to the neneatddteresting RNAI targets for
experiments witlD. africanuswere identified by looking fo€. elegandiomologs with lethal
RNAI phenotypes. Retained unigenes were all inwblwe major biological processes
(development, metabolic processes, reproductiom¢asaled by the Gene Ontology terms of
their C. eleganshomologs. Most of these unigenes have homologl imofree-living and
animal-parasitic nematodes, due to the limited geoaodata available for plant-parasitic
nematodes. Unigenes showing homology to nematodsgsévely (34) are interesting targets
for control measures since these are very unlikelyhave off-target effects on other
organisms. Future experiments will have to prove dfficacy of these candidate RNAI
targets and whether or not RNAI has similar effeetsD. africanus as in sedentary
nematodes, although the technique was shown toffbetiee in the migratory nematode
Radopholus similigchapter 5).

In conclusion, these EST data fr@n africanusare the first molecular data from a nematode
from the Sphaerularioidea. Although the datasdesed from the short insert length, it may
still provide useful information about biologicalrgcesses such as parasitism or
anhydrobiosis. Furthermore, the data contributehi® ESTs from migratory nematodes,
interesting for comparative analyses. Neverthelesghe future, better quality sequences
should be generated by either ESTs or next geparaéquencing.
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AN ENDOSYMBIOTIC BACTERIUM IN RADOPHOLUS
SIMILIS: MEMBER OF A NEW WOLBACHIA SUPERGROUP
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Abstract

Wolbachiais an endosymbiotic bacterium widely present imrapods and animal-parasitic
nematodes. Despite previous efforts, it has negenlidentified in plant-parasitic nematodes.
Random sequencing of genes expressed by the bagomeématodeRadopholus similis
resulted in several sequences with similarity Wnlbachia genes. The presence of a
Wolbachialike endosymbiont in this plant-parasitic nematadgs investigated using both
morphological and molecular approaches.

Transmission electron microscopy, fluorescent imaohoealisation and DAPI staining
confirmed the presence of the endosymbiont withim teproductive tract of female adults
16S rDNA ftsZ and groEL gene sequences showed that the endosymbioR&adbpholus
similis is distantly related to the knowiolbachiasupergroups. Finally, based on our initial
success to find sequences of this endosymbionti@gsing an expressed sequence tag (EST)
dataset, all nematode ESTs were minedVimibachialike sequences. Although the retained
sequences belonged to six different nematode sp&aelopholus similisvas the only plant-
parasitic nematode with tracesWwblbachia

Based on our phylogenetic study and the curresrialitre we designate the endosymbiont of
R. similisto a new supergroup (supergroup [) rather tharsidening it as a new species.
Although its role remains unknown, the endosymbivas found in all individuals tested,
pointing towards an essential function of the bhaate
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Introduction

In 1924, Hertig and Wolbach discovered an endosgtitbbacterium in the ovaries of the
mosquito Culex pipiens(Hertig & Wolbach, 1924). The bacterial speciesswaamed
Wolbachia pipientisand catalogued as ®&ickettsiaceaemember belonging to the
AlphaproteobacteriaSince this first reporiWolbachiaspecies have been found in numerous
arthropods including insects, crustaceans, spiderd, mites (Lo et al., 2007). Although
widespread in arthropods, the distribution in nedas is more restricted. Until a few years
ago they were only described in filarial nematodésthe family Onchocercidae which
includes the important animal parasiBsigia malayj Onchocerca volvuluandWuchereria
bancrofti (Fenn & Blaxter, 2006). Genetic evidence for thespnce oiVolbachiain the rat
lungworm Angiostrongylus cantonensisa non-filarial nematode, suggested a more
widespread occurrence @¥olbachiaamong animal-parasitic nematodes (Tsai et al.7200
but this finding was afterwards claimed to be thsuit of contamination with DNA from
arthropods and filarial nematodes (Foster et 8082 Bordenstein et al. (2003) investigated
21 non-filarial nematode species, but none weraddo harbouiWolbachia

In contrast to their symbiotic lifestyle in mosttrappods, Wolbachia of nematodes are
considered to be mutualists since all adult nenestanl species infected witlvolbachiahave
the endobacteria (Werren et al., 2008). Moreouwaatinents with antibiotics that would
eradicateWolbachiahave unsuspected and dramatic effects on the bassing delayed
moulting, reduced growth rates, aberrant embryogjerand eventual death (Casiraghi et al.,
2002; Fenn & Blaxter, 2006). Remarkably, similaatments of insects have only minor or
no effects. A possible explanation for their beciafirole in relation to nematodes was given
upon sequencing of th&/olbachia genome ofB. malayi (Foster et al., 2005). Careful
annotation of the sequences revealed tWatlbachia could provide nematode-essential
metabolites, such as riboflavin, heme, glutathioglycolytic enzymes, and compounds
necessary for the biosynthesis of purines and pgnas (Foster et al., 2005). Within filarial
nematodesWolbachiaoccurs in the lateral chords of the hypodermisath males and
females, as well as throughout the whole reprodedtact of females (Kramer et al., 2003).
The establishment of a conserved taxonomy is atiBubject of controversy within the
Wolbachiacommunity. Lo et al(2007) have proposed that &llolbachiaendobacteria be
declared as one species, beWiglbachia pipientisPfarr et al. (2007) disagree with this idea
mainly based on some remarkable differences ingm®me sequences Wolbachiaof B.
malayi and Drosophila melanogastefwBm and wMel respectively). Whereas wBm lacks
genes necessary for recombination resulting ile ldt no genomic recombination, wMel has
an active recombination system (Wu et al., 2004).combination with the biological
differences between arthropod and nemattbachia Pfarr et al. (2007) state that there is
enough evidence to consider théolbachia of filarial nematodes as a different species.
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However, it was recently shown that nemat@dalbachiaare not monophyletic (Bordenstein
et al., 2009). Evolutionary relationships betw&gaolbachiastrains have been inferred mainly
from 16S rRNAwsp (Wolbachiasurface protein)tsZ (cell division protein) androEL (heat
shock protein 60) sequences. Based on these ewwdnyi treesWolbachiais divided into
different clades, referred to as “supergroups” {(@ghi et al., 2005). Supergroups A and B
include most of théVolbachiafound in arthropods (Werren et al., 1995), whert@aasnd D
harbour the majority of th&Volbachiafound in filarial nematodes (Bandi et al., 1998).
Supergroup E consists ®¥olbachiafrom springtails (Collembola) (Vandekerckhove kt a
1999; Czarnetzki & Tebbe, 2004) and supergroup mprsesWolbachiafrom termites,
weevils, true bugs, scorpions (Lo et al., 2002;geas& Scott, 2004; Baldo et al., 2007), and
the filarial nematodedansonellaspp. (Casiraghi et al., 2001; Keiser et al., 2008y0
relatively new supergroups are supergroup G witktralian spiders as hosts (Rowley et al.,
2004), and H with Isopteran species (BordensteirR&8sengaus, 2005). Finally, some
Wolbachia strains such as those identified Dipetalonema gracile(filarial nematode),
Ctenocephalidespp. (flea) andCordylochernes scorpioidg@seudoscorpion) could not be
classified in any of these supergroups (Casiraghl.e2005; Zeh et al., 2005; Bordenstein et
al., 2009).

During a recent screen of expressed sequence Ef§s) derived from the burrowing
nematodeRadopholus similisapproximately 1% of the unigenes showed similatiby
Wolbachia sequences (Jacob et al., 2008). However, it wasclear if these could be
nematode genes acquired by lateral gene transfier én ancient and long-lost endosymbiont
(Dunning-Hotopp et al., 2007) or whether there stil$ a true endosymbiont present ih
similis. In this chapter, we confirm the presence dlNalbachialike endosymbiont in this
plant-parasitic nematode, using molecular and m@pic evidence. Other symbionts have
already been identified in plant-parasitic nemasod&rrucomicrobiaspecies inXiphinema
index (Vandekerckhove et al.,, 2000Bacteroidetesspecies inHeterodera glycinesand
Globodera rostochiensi@Noel & Atibalentja, 2006). This is, however, tarknowledge the
first report on aVolbachialike bacterium in a plant-parasitic nematode.

Materials and methods

Searching for indications /olbachiain nematode ESTs

To look for WolbachiaESTs in nematode EST databases, we used a redifnlast search
approach utilising the blast algorithm. All 8@Bolbachiaproteins from theéBrugia malayi
Wolbachiagenome (WolBm, NC_006833) were downloaded from Gemome division of
GenBank (http://www.ncbi.nlm.nih.gov/sites/entrelz2dgenome). To identify nematode ESTs
with significant homology to WolBm proteins, a tblla search with the WolBm proteins as
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guery was done locally by StandAloneBlast (ftpga/fichbi.nih.gov/blast/) against all available
nematode ESTs downloaded from GenBank (Decembef; 208 903,682; E-value<le-2).
All significant hits were retained, and sequencath wihe term Caenorhabditis in the
description line were removed to reduce the sizehef dataset. To verify whether these
selected nematode ESTs could be derived Wdatbachia a blastx search with the identified
ESTs was conducted against all known proteins usletBlast (blastcl3 network client,
ftp://ftp.ncbi.nih.gov/blast/) (February 2008). @nihen the top hit was Wolbachiaprotein,
was the nematode EST considered as a putative daadsequence originating from
Wolbachia

Culture ofRadopholus similiand sterile DNA extraction

Radopholus similisvas cultured as described in chapter 2. All follmyvmanipulations for
DNA extraction were performed under sterile comaii. For surface sterilisation, nematodes
were soaked for 30s in 0.1% benzalkonium chlorigroa-Aldrich). Subsequently,
nematodes were spun in a microcentrifuge (Eppendbrf000 g for 3 min and washed three
times with sterile demineralised water. The nemegodere pelleted and used for genomic
DNA extraction (Bolla et al., 1988) under steritenditions. The DNA pellet was dissolved in
50 ul of sterile demineralised water.

Cloning of Wolbachiagenes

To amplify thel6S rRNAgene ofWolbachia a PCR was performed on 150 ng of isolated
DNA. The 25 pul reaction mixture was prepared urgderile conditions and contained 0.5 uM
of each universal bacteridl6S rRNAprimers (16S-F and 16S-R) (Edwards et al., 1989)
(Table 7.1), 4 mM of each dNTP, 1.5 mM MgQ0 mM Tris-HCI (pH 8.3), 50 mM KCI and
1U of Tag DNA polymerase (Invitrogen).

Table 7.1: Primer sequences used for cloning ol @& rRNAftsZandgroEL genes

Primer Primer sequence Primer Primer sequence

16S-F AGAGTTTGATCCTGGCTCAG 16S-R AAGGAGGTGATCCAGCCA
wsp-F TGGTCCAATAAGTGATGAAGAAACTAGCTA wsp-R AAAAATTAAACGCTACTCCAGCTTCTGCAC
ftsZ-upl ATTCCTCTGCCGCACCTCTAC ftsZ-up2 CATCAGGTAAZCACCAGCA
ftsZ-downl CCGGATTTACCTGTACTACACC ftsZ-down2 CTGTAGGGAGTAGGTGGT
ftsZ-down3 GCTGATAATGTGCTGCATATAGG ftsZ-down4 CTGATTAATGGTTATGCCAGG
groEL-upl CCAGCAGAAATGGGCTTTAAAGC groEL-up2 ACACTGBAACAACTTTGAGC
groEL-downl GCTTGAGCGTGGTTATGCTTC groEL-down2 ~ GAGTGATACATCCTTTAATACC
AP1 GTAATACGACTCACTATAGGGC AP2 ACTATAGGGCACGCGTGGT
Rs-act-F TGTCCGTCTTTGTCATTTGC Rs-act-R TGATCACCGTGBAACG

ftsZ-F CTGTGGTGGGAGTAGGTGGT ftsZ-R AGCAGCCTTTGCTTCTTG
groEL-F AAAGCCCATTTCTGCTGGTA groEL-R GGAAGCATAACCAGCTCAA

ftsZ-F2 CCGGATTTACCTGTACTACACC ftsZ-R2 AGCAGCCTTTGOCTCTTG
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The PCR consisted of 2 min at 94°C followed by $8l&s of 1 min at 94°C, 1 min at 54°C
and 1 min 30s at 72°C. The PCR product was seghmtea 0.8 TAE 1.5% agarose gel,
purified, cloned and sequenced as described intehap

An attempt was made to amplify tixsp gene using primers wsp-F and wsp-R (Braig et al.,
1998). ForftsZ and groEL, part of the sequence was available as an EST 48¥b5 and
EY195553 respectively). The full length coding seages were obtained by genome walking
on R. similisDNA libraries using the Genome Walker Universal (Klontech) according to
the manufacturer’s instructions. For both genes, guccessive primers were developed based
on the EST sequences to walk both up- and dowmst(#&sZ-upl, ftsZ-up2, ftsZ-downl,
ftsZ-down2, groEL-upl, groEL-up2, groEL-downl, gteown2), in combination with the
adapter primers from the Genome Walker Universa(AP1 and AP2) (Table 7.1). For the
ftsZ gene, another round of downstream genome walkiag required (ftsZ-down3, ftsZ-
down4) (Table 7.1). The longest resulting fragmemése gel excised, purified, cloned and
sequenced as described in chapter 2. From thetingsubding sequences, GC percentages
were calculated with an in-house perl script.

Phylogenetic analyses

The NCBI CoreNucleotide database (http://www.ndbi.nih.gov/sites/entrez?db=nuccore)
was searched foWolbachia sequences from different host species. In ouryarsalwe
included onlyWolbachiastrains for which sequences of all three gedé$s (rRNAftsZ and
groEL) were available. This approach ruled Bdblbachiastrains belonging to supergroups E
and G, but did include species of the differentesgpups A, B, C, D, F and H. Accession
numbers of the sequences used in this study avensimoTable 7.2.

A multiple alignment for the three genes was camtséd with ClustalW (Thompson et al.,
1994) and manually edited. Two species of the gemarst closely related ¥Wolbachiawere
added to the alignmenAfaplasma marginal@nd Ehrlichia canig. The chosen outgroup,

Rickettsia felisis like Wolbachia a member of th®ickettsiaceaeCongruence between the
datasets obtained from the different genes wagdessing the partition homogeneity test
(Johnson & Soltis, 1998), which is analogous toitttengruence length difference (ILD) test
of Farris et al. (1994), as implemented in PAUP*0ORA0 (Swofford, 2003) using the
heuristic search option with random sequence anditiO0 random replications) and TBR
branch-swapping. Bayesian analyses were conducidd MrBayes 3.1.2 (Ronquist &
Huelsenbeck, 2003) for each gene separately and $traightforward concatenated dataset,
constructed by combining the alignments of thedhygenes. The HKY model (Hasegawa et
al., 1985) was used with 500,000 generations, asdlting trees were visualised in TreeView
1.6.6 (Page, 1996).
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Table 7.2: (Host) species, taxonomic classificatitvolbachia supergroup (SG) and GenBank accession
numbers of sequences used for phylogenetic anaby$e&&S rRNAftsZandgroEL genes

(Host) species Phylum class order 16SrRNA ftsz groEL SG
Brugia malayi Nematoda Chromadorea Rhabditida AF051145 AJ010269 C00E833 D
Brugia pahangi Nematoda Chromadorea Rhabditida AJ012646 AJ010270 J609654 D
Dirofilaria repens Nematoda Chromadorea Rhabditida AJ276500 AJ010273 J609653 C
Litomosoides sigmodontis Nematoda Chromadorea Rhabditida AF069068 AJ010271 F408113 D
Mansonella sp. Nematoda Chromadorea Rhabditida AJ279034 AJ628414 J62@412 F
Onchocerca gibsoni Nematoda Chromadorea Rhabditida AJ276499 AJ010267 J609652 C
Radopholus similis Nematoda Chromadorea Rhabditida EU833482 EU833483U838484 ?
Tribolium confusum Arthropoda Insecta Coleoptera X65674 u28194 AY7BAT9 B
Aedes albopictus Arthropoda Insecta Diptera AF397408 DQ842305 DQ2439 A
Drosophila melanogaster Arthropoda Insecta Diptera DQ235275 DQ235339 DQZ853 A
Drosophila simulans wAu Arthropoda Insecta Diptera AF390865 DQ235342 DQ3253 A
Drosophila simulans wHa Arthropoda Insecta Diptera DQ235279 DQ235341 DQ8353 A
Drosophila simulans wMa Arthropoda Insecta Diptera AF390864 AY508999  AY7947 B
Drosophila simulans wNo Arthropoda Insecta Diptera DQ235288 DQ266426  AYTIU8 B
Drosophila simulans wRi Arthropoda Insecta Diptera DQ235278 uU28178 AY714806 A
Laodelphax striatellus Arthropoda Insecta Hemiptera AB039036 AB039038 DEBZH B
Sogatella furcifera Arthropoda Insecta Hemiptera AB039037 AB039039 D8 B
Trichogramma cordubensis  Arthropoda Insecta Hymenoptera  X65675 U95749 AYDBA8 B
Coptotermes acinaciformis  Arthropoda Insecta Isoptera DQ837197 DQ837186  A3827 F
Kalotermes flavicollis Arthropoda Insecta Isoptera Y11377 AJ292345 AJ60966 F
Microcerotermes sp. Arthropoda Insecta Isoptera AJ292347 AJ292346 A4B28 F
Zootermopsis angusticollis ~ Arthropoda Insecta Isoptera AY764279  AY764283  AYZp4 H
Zootermopsis nevadensis Arthropoda Insecta Isoptera AY764280  AY764284  AYZBA H
Ephestia kuehniella Arthropoda Insecta Lepidoptera X65671 U62126 ABGBIL6 A
Hypolimnas bolina bolina Arthropoda Insecta Lepidoptera AB052745 AB167352 18B350 B
Hypolimnas bolina jacintha  Arthropoda Insecta Lepidoptera AB085178 AB167399 18B398 B
Armadillidium vulgare Arthropoda Malacostraca Isopoda X65669 U28208 ANEEE7 B
Chaetophiloscia elongata Arthropoda Malacostraca Isopoda AJ223241 AJ223246 MOgv239 B
Anaplasma marginale Proteobacteria  Alphaproteobdate Rickettsiales CP000030 CP000030 CP000030
Ehrlichia canis Proteobacteria  Alphaproteobacteria Rickettsiales CP000107 CP000107 CP000107
Rickettsia felis Proteobacteria  Alphaproteobaderi Rickettsiales CP000053 CP000053 CP000053

Detection ofwWolbachiain individual nematodes and additional populations

Forty single adult female and 40 male nematodeg weamually collected in 40 pl buffer (10
mM Tris-HCI pH 8.0, 1 mM DTT, 0.45% Tween-20) arehtrifuged for 5 min at 8000 g. For
DNA extraction, single nematodes were sonicatedcentwice for 5s (Branson sonifier S-
250). Proteinase K was added to a final concentratf 60 ng/ul, whereupon the nematode
suspension was incubated for 30 min at 37°C. Rrasei K was then inactivated by a 5 min
incubation in a boiling water bath. After centriugpn for 5 min at 8000 g, 5 ul of the
supernatant was used for PCR. PCR conditions wedescribed above, with the exception
of a higher number of cycles (n=40) and differeritner pairs (Rs-act-F and Rs-act-R to
amplify actin as a positive control, ftsZ-F andZHR to amplify theftsZ gene and groEL-F
and groEL-R for thgroEL gene; Table 7.1). PCR mix without template se®@ negative
control. An additional populationR({ similis from Indonesia) and related specid?. (
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arabocoffeadrom Vietnam) were checked for the presenc&olbachiaby cloning theftsZ
gene with primers ftsZ-F2 and ftsZ-R2 (Table 70INA extraction and PCR conditions were
as described above. PCR mix without template sesgesinegative control.

DAPI staining and immunolocalisation

To visualise genetic material from both the nematadd the endosymbiont, a staining with
4',6-diamidino-2-phenylindole (DAPI) (Invitrogen)as performed. Nematodes were fixed in
50% acetic acid and DAPI (dissolved in methanols vealded drop by drop to a final
concentration of 100 ng/ml. Nematodes were mourdada glass slide, washed, and
embedded in Vectashield (Invitrogen) to reduce phbletaching. Nematodes and fluorescence
signals were visualised with a Nikon TE 2000-E m&eé microscope, equipped with a ¥00
oil objective (NA 1.2, Plan corrected) and a stadddikon RGB camera. Excitation and
detection was performed with filter cubes of thiéofeing composition (EX: excitation, DC:
dichroic, EM: emission): EX 330-380; DC 400; EM 420 Images were acquired using NIS-
Elements software version 2.10 (http://www.nis-ed@is.com/).

Immunolocalisation was carried out with rabbit aetum against purified/olbachiabacteria
from Aedes albopticugkindly provided by Claude Nappez, Université deMéditerranée,
Marseille, France). Nematodes were fixed overnaghd°C in 4% paraformaldehyde in M9
buffer (42 mM NaHPQ,, 22 mM KHPO, 86 mM NaCl, 1 mM MgS@7H,0, pH 7.0)
followed by additional fixation for 4h at room teemature. The fixative was removed and
replaced by M9 buffer. Nematodes were cut and sulesely washed three times with M9
buffer by centrifuging for 1 min at 3000 g. Incuioatin 2 mg/ml proteinase K for 30 min at
room temperature permeabilised the nematode ssctidnwashing step with M9 buffer
removed the proteinase K. The nematode pellet Wwaled on ice for 15 min, and incubated
for 30s on ice in 1 ml of cold methanol. Upon remngvthe methanol, one ml cold acetone
was added and the pellet was incubated for 1 micerthen washed with distilled water and
M9 buffer. Blocking was done overnight at 4°C wit% blocking reagent (Roche) dissolved
in M9 buffer. After removal of the blocking buffenematode fragments were incubated for
another 3h at 4°C in blocking buffer to which prmpantibodies were added (1:750). The
nematodes were then washed with M9 buffer threegiand incubated for 10 min in 0.5%
blocking buffer at room temperature. The superrataas removed after centrifuging for 4
min at 500 g, whereupon 0.5% blocking buffer witt2QL diluted secondary antibody
(fluorescein-labeled goat anti-rabbit 1IgG (H+L), IKRGuildford, UK) was added. After 3h
incubation at 4°C, secondary antibodies were rechdyethree cycles of washing with M9
buffer and centrifuging for 4 min at 500 g. As ayative control, the same procedure was
executed without adding primary antibodies. Nemesodvere mounted on a glass slide,
embedded in Vectashield (Invitrogen), and viewedthwa Nikon Eclipse TE300
epifluorescence microscope equipped with a Bioraadi&ce 2000 confocal system.




128 Chapter 7

Fluorescein was excited with a 488 nm Argon iorelaand detected with a photomultiplier

tube (PMT) through a 528/50 nm HQ BP filter. Toued aspecific signal, Kalman averaging
(n=3) was applied during acquisition. The Argonelawas simultaneously used to acquire
transmission images. The objective lens was asribesc above. Digital images were

obtained with Lasersharp 2000 software and analysedy ImageJ (Abramoff et al., 2004).

Transmission electron microscopy

Female adult nematodes were fixed in Karnovsky temiu(2% paraformaldehyde, 2.5%
glutaraldehyde in 0.134 M sodium cacodylate bufiét,7.2) at 60°C. After 30 min the heads
and tails of the nematodes were removed. The fireadatode pieces were then incubated in
Karnovsky solution at 4°C overnight on a rotatofteAthis primary fixation, nematodes were
washed for 8h at room temperature in 0.134 M sodaawodylate buffer (pH 7.2). The
washing solution was renewed three times during period. Postfixation was done in
reduced osmium, a mixture of 1 ml Os@%), 3 ml sodium cacodylate (0.134 M) and 66 mg
KsFe(CN) overnight at 4°C on a rotator. The nematode piegese then washed with
distilled water and subsequently dehydrated in %,500%, 90% and 100% ethanol series at
room temperature for three times at 10 min eacte $amples were then transferred to
absolute alcohol to which Cugars were added to remove any remaining water. The
specimens were then infiltrated with a low-viscpgtnbedding medium (Spurr, 1969) and
polymerised at 70°C for 8h. Ultrathin (70 nm) lamgiinal sections were cut on a Reichert
Ultracut S Ultramicrotome (Leica, Vienna, Austnaith a diamond knife (Diatome Ltd., Biel,
Switzerland). Formvar-coated single slot coppedgmere used (Agar Scientific, Stansted,
United Kingdom). The sections were poststained withinyl acetate and lead citrate stain
(EM stain, Leica) and visualised with a Jeol JEMAQJeol Ltd., Tokyo, Japan) transmission
electron microscope operating at 60kV. Digital rellmgs were made with a DITABIS
system (Pforzheim, Germany).

Results

Wolbachiasequences in nematode ESTs

A proportion of nematode EST sequences (30,909 cdu®03,682) showed significant
homology to one of th&Volbachiaproteins ofBrugia malayi WolbachiaAfter removal of
ESTs with the termCaenorhabditisin the description line (n=17,606) to reduce thember

of sequences, the remaining 13,303 ESTs were sshridr homology with all known
proteins in GenBank (February 2008). The resulEsJ s with awolbachiasequence as the
top hit (n=110) belonged to seven different nematedecies as summarised in Table 7.3.
Three species witiWolbachiaESTs have never been experimentally confirmedotatain
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Wolbachia Radopholus similisAncylostoma caninurand Pristionchus pacificusHowever
the latter two could be false positives as only pa&ativeWolbachiaEST was found despite
the large amount of available ESTs for these nedestoThe retained EST frofh pacificus
(AW097859) also showed high homology taCaenorhabditis eleganprotein in a blastx
search and can therefore be considered as a fad#evp. However, the EST retained frain
caninum (EX545240) only showed significant homology Ydolbachia proteins and may
indicate the presence @folbachiain this nematode. Regardless of the low frequanacfe.
caninumandP. pacificusputativeWolbachiaESTs, the percentage Wlolbachiasequences
in the EST libraries of nematode species varies/éxat 0.021%W. bancroftj and 0.623%
(R. similig (Table 7.4).

Cloning of16S rRNAftsZandgroEL sequences

A 1494 bp fragment ol6S rRNAwas amplified from the sterile extracted DNA frdrn
similis (population Uganda), using universal bacteriaingns. A blastn search revealedGs
rRNA sequence ofWolbachia isolated from Drosophila simulanswRi as the top hit
(supergroup A; 95% identity). Using primers basadsST fragments of thitsZ andgroEL
genes, full length coding sequences for both geoetd be cloned. The full length coding
sequence of thitsZgene is 1161 bp. Genome walking revealed a 299dgmfent of another
gene, 270 bp upstream of theZ gene. Blastx revealed that the most homologou®iores a
cytidine triphosphate (CTP) synthetaseWblbachiafrom Drosophila melanogaste{65%
identity). Furthermore, the full length coding seqoe of thegroEL gene is 1638 bp. No
introns are present in full length open readingnkea of eitheftsZ or groEL. GC percentages
of the coding sequences of theS rRNAftsZ andgroEL genes were respectively 48%, 38%
and 37%. Despite efforts using different PCR cood# and nested PCR, amplification of
wsp did not succeed. AdditiondtsZ fragments were cloned from a differeRt similis
population (Indonesia), and from the closely ralaspeciesR. arabocoffeagVietnam). In
both cases a fragment of 369 bp was obtained, wdifééred in only two nucleotides from
the WolbachiaftsZ sequence amplified from tHe. similispopulation Uganda. All obtained
sequences were submitted to GenBank (accession enamBU833482, EU833483,
EU833484, FJ168559, FJ168560).




Table 7.3: AllWolbachialike ESTs found among nematode ESTs by a locakthlsearch with as query all proteins frédfolbachiafrom Brugia malayi From left to right
in the table: EST accession nhumber, nematode speaiae, thlastn E-value, WolBm protein accessianbar and WolBm protein description

EST nr species E-value WolBm hit WolBm hit descripibn EST nr species E-value WolBm hit WolBm hit degiption
AA471650 Brugia malayi 1.00E-49 YP_197839 Glycine/serine hydroxymethylfarase BQ455744  Dirofilaria immitis 7.00E-22 YP_197889 Predicted membrane-associateigendent protease
AA509094 Brugia malayi 1.00E-74 YP_197845 Permease of the major faciitswperfamily BQ456662 Dirofilaria immitis 3.00E-09 YP_198389 Dihydrolipoamide dehydrogena®edinponent
Al087737 Brugia malayi 2.00E-78 YP_197883 Signal recognition particle G3éPa BQ455897 Dirofilaria immitis 9.00E-80 YP_198427 Glycerol-3-phosphate dehydroggena
AW682783 Brugia malayi 1.00E-107 YP_197893 30S ribosomal protein S1 BQ455358 Dirofilaria immitis 4.00E-42 YP_198496 pyruvate dehydrogenase subetzit b
BM889394 Brugia malayi 6.00E-40 YP_197914 SsrA-binding protein BQ457020 Dirofilaria immitis 3.00E-43 YP_198496 pyruvate dehydrogenase subetait b
AAB42543 Brugia malayi 4.00E-44 YP_197979 Kef-type K+ transport systemmim@ne component CD374832 Wuchereria bancrofti 1.00E-125 YP_198169 50S ribosomal protein L2
AW225352 Brugia malayi 8.00E-45 YP_197986 Zn-dependent carboxypeptidase 546240 Ancylostoma caninum 1.00E-09 YP_198620 orotate phosphoribosyltranséeras
AW257559 Brugia malayi 1.00E-83 YP_198002 CTP synthetase AW097859 Pristionchus pacificus 1.00E-11 YP_197866 tRNA modification GTPase TrmE
AA114455 Brugia malayi 2.00E-13 YP_198088 DNA mismatch repair protein EYAZB Radopholus similis 1.00E-43 YP_197853 polynucleotide phosphorylasgguEnylase
AAB42397 Brugia malayi 1.00E-71 YP_198088 DNA mismatch repair protein EYU® Radopholus similis 3.00E-34 YP_197896 hypothetical protein Wbm0062
AAB42686 Brugia malayi 4.00E-25 YP_198127 Ankyrin repeat-containing protei EY193107 Radopholus similis 4.00E-11 YP_198014 ATP-binding subunit of Clp pesie
BE758394 Brugia malayi 1.00E-63 YP_198156 50S ribosomal protein L18 EY193983 Radopholus similis 6.00E-15 YP_198026 hypothetical protein Wbm0193
AA228179 Brugia malayi 5.00E-30 YP_198169 50S ribosomal protein L2 EY193015 Radopholus similis 6.00E-51 YP_198075 Malate dehydrogenase
AA257567 Brugia malayi 3.00E-57 YP_198169 50S ribosomal protein L2 EY195691 Radopholus similis 9.00E-32 YP_198111 Type IV secretory pathway, camepo VirB9
AW041947 Brugia malayi 4.00E-32 YP_198170 50S ribosomal protein L23 EY192932 Radopholus similis 7.00E-40 YP_198129 Glyceraldehyde-3-phosphate debgtiase, GapA
CB338440 Brugia malayi 5.00E-11 YP_198179 Predicted aminomethyltransfergiaged to GevT EY194312  Radopholus similis 2.00E-27 YP_198163 30S ribosomal protein S17
AA406977 Brugia malayi 2.00E-34 YP_198181 chaperonin GroEL EY192361 Radopholus similis 3.00E-38 YP_198165 50S ribosomal protein L16
AAB42541 Brugia malayi 3.00E-72 YP_198217 DNA-directed RNA polymerase sitbomega, RpoZ EY190439  Radopholus similis 2.00E-77 YP_198166 30S ribosomal protein S3
AW888279 Brugia malayi 1.00E-15 YP_198236 Rieske Fe-S protein EY190640 Radopholus similis 3.00E-38 YP_198166 30S ribosomal protein S3
AA088159 Brugia malayi 1.00E-78 YP_198256 phosphatidylserine decarboxylase EY193646 Radopholus similis 2.00E-42 YP_198172 50S ribosomal protein L3
AA123612 Brugia malayi 8.00E-54 YP_198264 DNA polymerase Ill, gamma/teausit EY192020 Radopholus similis 2.00E-18 YP_198177 30S ribosomal protein S12
AA180693 Brugia malayi 5.00E-06 YP_198268 Protein-disulfide isomerase EY191545 Radopholus similis 2.00E-46 YP_198181 chaperonin GroEL
AAB42713 Brugia malayi 2.00E-81 YP_198269 Oligoketide cyclase/lipid trasprotein EY195553 Radopholus similis 1.00E-80 YP_198181 chaperonin GroEL
AAB42209 Brugia malayi 1.00E-13 YP_198302 Threonyl-tRNA synthetase EY189814 Radopholus similis 3.00E-32 YP_198223 DNA-directed RNA polymerase sigt@ subunit, RpoD
AAB42102 Brugia malayi 4.00E-52 YP_198304 NADH:ubiquinone oxidoreduct&$&DH-binding chain F EY190120  Radopholus similis 1.00E-23 YP_198223 DNA-directed RNA polymerase sigt@ subunit, RpoD
AW179640 Brugia malayi 2.00E-70 YP_198305 Short-chain alcohol dehydrogefasily enzyme EY195600 Radopholus similis 1.00E-03 YP_198269 Oligoketide cyclase/lipid trasprotein
AA406876 Brugia malayi 6.00E-51 YP_198357 IMP dehydrogenase, GuaB EY192071 Radopholus similis 7.00E-66 YP_198273 bifunctional GMP synthase/glineramidotransferase
BE758486 Brugia malayi 3.00E-66 YP_198371 preprotein translocase subecBS EY193596 Radopholus similis 3.00E-14 YP_198287 FOF1-type ATP synthase, sulunit
AA509095 Brugia malayi 2.00E-46 YP_198417 hypothetical protein Wbm0587 #0008 Radopholus similis 1.00E-03 YP_198314 hypothetical protein Wbm0484
AAB42374 Brugia malayi 2.00E-96 YP_198477 DNA-directed RNA polymerase, BRpoC EY190340 Radopholus similis 8.00E-04 YP_198314 hypothetical protein Wbm0484
AW225431 Brugia malayi 5.00E-30 YP_198477 DNA-directed RNA polymerase, BgpoC EY194910 Radopholus similis 8.00E-04 YP_198314 hypothetical protein Wbm0484
AA509209 Brugia malayi 2.00E-09 YP_198482 Transcription antiterminator B2068 Radopholus similis 1.00E-20 YP_198320 Integral membrane protein, autsrwith FtsH
AWO043475 Brugia malayi 2.00E-37 YP_198523 hypothetical protein Wbm0693 GATD3 Radopholus similis 7.00E-14 YP_198332 50S ribosomal protein L9
H35903 Brugia malayi 9.00E-09 YP_198531 50S ribosomal protein L21 EY192659 Radopholus similis 6.00E-27 YP_198342 carbamoyl phosphate synthage farbunit
AW179871 Brugia malayi 3.00E-10 YP_198534 aspartyl/glutamyl-tRNA amidosfenase subunit B EY190670 Radopholus similis 8.00E-24 YP_198363 Molecular chaperone GrpE (Heatksprotein)
AA471531 Brugia malayi 9.00E-30 YP_198581 hypothetical protein Wbm0751 806 Radopholus similis 1.00E-48 YP_198368 transcription elongation fattosA
AA257602 Brugia malayi 7.00E-34 YP_198594 DNA gyrase, topoisomerase HyuBunit, GyrB EY190112 Radopholus similis 1.00E-48 YP_198368 transcription elongation fattosA
AAA4T1424 Brugia malayi 2.00E-18 YP_198601 hypothetical protein Wbm0771 #3385 Radopholus similis 1.00E-48 YP_198368 transcription elongation fattosA
BE758437 Brugia malayi 7.00E-50 YP_198605 Cytochrome b subunit of thedyoplex EY194109 Radopholus similis 1.00E-38 YP_198381 ATP-dependent Lon protease
Al815321 Onchocerca volvulus 3.00E-52 YP_197836 Aspartate aminotransferase yamityme EY191616 Radopholus similis 6.00E-56 YP_198383 Protease subunit of ATP-deper@iprprotease
BE636257 Onchocerca volvulus 3.00E-04 YP_197839 Glycine/serine hydroxymethylfarase EY191902 Radopholus similis 5.00E-55 YP_198383 Protease subunit of ATP-deper@iprprotease
Al066948 Onchocerca volvulus 2.00E-35 YP_197842 Predicted 3'-5' exonuclease EY191828 Radopholus similis 6.00E-22 YP_198432 cell division protein FtsZ
Al438198 Onchocerca volvulus 2.00E-03 YP_197913 prolipoprotein diacylglycergrsferase EY192572  Radopholus similis 2.00E-25 YP_198432 cell division protein FtsZ
AW739479 Onchocerca volvulus 5.00E-22 YP_198013 hypothetical protein Wbm0180 €Xa73 Radopholus similis 5.00E-03 YP_198432 cell division protein FtsZ
AW610590 Onchocerca volvulus 2.00E-29 YP_198014 ATP-binding subunit of Clp pesie EY193345 Radopholus similis 1.00E-31 YP_198432 cell division protein FtsZ
AW626403 Onchocerca volvulus 8.00E-03 YP_198014 ATP-binding subunit of Clp pesie EY193624 Radopholus similis 3.00E-53 YP_198477 DNA-directed RNA polymerase, BpoC
BE230823 Onchocerca volvulus 9.00E-29 YP_198014 ATP-binding subunit of Clp pesie EY195901 Radopholus similis 2.00E-60 YP_198477 DNA-directed RNA polymerase, BRpoC
AW330455 Onchocerca volvulus 2.00E-88 YP_198181 chaperonin GroEL EY195545 Radopholus similis 3.00E-44 YP_198487 50S ribosomal protein L20
AW288295 Onchocerca volvulus 5.00E-05 YP_198194 2-methylthioadenine synthetase Y19B639 Radopholus similis 2.00E-03 YP_198509 ABC-type transport system, pasa@€omponent
AW330443 Onchocerca volvulus 6.00E-04 YP_198241 AICAR transformylase/IMP cycldtoglase PurH EY195762  Radopholus similis 5.00E-70 YP_198569 3-oxoacyl-(acyl-carrier-proteipythase
AA618711 Onchocerca volvulus 7.00E-35 YP_198257 recombinase A EY191572 Radopholus similis 5.00E-13 YP_198581 hypothetical protein Wbm0751
AW330450 Onchocerca volvulus 8.00E-53 YP_198278 succinate dehydrogenase flateiprsubunit EY189968 Radopholus similis 9.00E-10 YP_198623 Type IV secretory pathway, Vidd8nponents
AW499039 Onchocerca volvulus 6.00E-04 YP_198329 DNA polymerase Il alpha subunit EY190296 Radopholus similis 4.00E-12 YP_198623 Type IV secretory pathway, Vidd@nponents
Al313874 Onchocerca volvulus 2.00E-14 YP_198358 transcription termination fadtbo EY193937 Radopholus similis 4.00E-12 YP_198623 Type IV secretory pathway, Vid8nponents
Al205420 Onchocerca volvulus 4.00E-21 YP_198367 translation initiation factoraF
BE230839 Onchocerca volvulus 2.00E-53 YP_198507 spermidine/putrescine transpsiem, ATPase comp
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Table 7.4: Overview of the number @olbachiaESTs found among all nematode ESTs. For each espéxi
given its lifestyle, its total number of ESTs irtGenBank database (december 2007), whether aVolbiachia
has been described in literature, the numbé&¥olbachiaESTs found, and the percentagé\adlbachiaESTs in
relation to the total amount of ESTs (december 208PN: animal parasitic nematode; PPN: plant-pgtcas
nematode; FLN: free-living nematode

Specie lifestyle total ESTs Wolbachia? Wolbachia ESTs % Wolbachia ESTs
Ancylostoma caninu APN 46,96~ 1 0.002:
Brugia malayi APN 26,215 yes 39 0.1488
Onchocerca volvulus APN 14,974 yes 17 0.1135
Wuchereria bancrofti APN 4847 yes 1 0.0206
Dirofilaria immitis APN 4005 yes 5 0.1248
Litomosoides sigmodontis APN 2699 yes -

Angiostrongylus cantonensis APN 1279 -

Brugia pahangi APN 28 yes -

Pristionchus pacificus FLN 14,663 1? 0.0068
Radopholus similis PPN 7380 46 0.6233
all other PPN species PPN 157,814 -

Phylogenetic analyses

16S rRNAftsZ andgroEL genes fromWolbachiabelonging to different supergroups (Table
7.2) were aligned with the corresponding sequemsmated fromR. similis Wolbachiaand
used for Bayesian analyses. Congruency betweerhtiee Wolbachiagene datasets was
statistically confirmed by a partition homogenewgt (p>0.01). All constructed phylogenetic
trees had indeed the same topology and therefdyetioa tree of the combined dataset is
shown (Figure 7.1). The supergroups A, B, C, Dn# H are clustered with high posterior
probability values. Th&Volbachialike symbiont fromR. similisdoes not appear to belong to
any of the known supergroups. Extra analyses wighlitnited data available for supergroups
E (springtails), G (spiders) and the unclassifigoecges Ctenocephalides felisand
Dipetalonema gracilelso did not show any relatedness to these supgrgror species (data
not shown). However it does form a monophyleticugravith all otherWolbachiasequences
with a high posterior probability value (1.00). Netheless, it remains difficult to say to
which supergroup thé/olbachiaof R. similisis most closely related.




132 Chapter 7
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Figure 7.1: Phylogenetic tree inferred frat8S rRNA ftsZ and groEL gene data with Bayesian statistics
(500,000 generations). AlVolbachiataxa are represented by their host species naNesatode hosts are
marked with asterisks. Posterior probabilities sttewn at branching points8Volbachiasupergroups A, B, C,
D, F and H are indicated.

The presence diVolbachiain single nematodes

Forty adult females and 40 adult males were te&iedhe presence of thé/olbachialike
symbiont. A positive control PCR was performed watttin primers and a correct fragment
was amplified from 28 females and 29 males. No #dioglion was obtained in the negative
control. The actin positive samples were subsedyitggted for the presence of the symbiont,
using bothftsZ and groEL primers. The PCRs resulted in amplification prdducf the
expected lengths for all 28 females and 29 maldwre@as no amplification product was
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detected in the negative controls. From these teesut conclude that likely aR. similis
individuals are infected, as is the case in anipzaisitic species.

Visualisation of the endosymbiont
DAPI staining showed strong signals for the differeell nuclei of the nematode. Around the
oocyte nuclei in the ovaries, tiny fluorescent detsre observed, which may be of
endosymbiotic origin (Figure 7.2).

Figure 7.2: Female adult nematode stained with DAPthe level of an ovary. Nuclei of the ovaryleahow
intense staining. Small dots (arrows) indicate tjemeaterial of endosymbionts. Scale bar: 5 um.

Likewise, immunolocalisation using polyclonal amiilies againstWolbachia produced
strongly stained particles in the female ovariesthbinside and surrounding the oocytes
(Figure 7.3). In some cases a signal was obseméhkeocuticle. Since the antibodies used are
polyclonal and were raised against whalmlbachiacells, these antibodies are not fully
Wolbachiaspecific and may also recognise other bacteria. dignal on the cuticle is most
probably derived from external bacteria that atachied to the surface of the nematode.

°h

Figure 7.3: Female adult nematodes subjected toumofocalisation with polyclonal antibodies against
Wolbachia (A) nematodes treated with both primary and sdaon antibody; (B) negative control (only
secondary antibody). Left panel: transmitted lighght panel: epifluorescence. Scale bars: 10 um.

T YR -
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Transmission electron microscopy of female adudtsfieomed the presence of endosymbiotic
bacteria in the ovary (Figure 7.4). These bacteaid a large variety of shapes, ranging from
rod-shaped to round, U-shaped, and even club-shapex cross-sections of the observed
endosymbionts ranged from approximately 350 to 90@. In many cases, the three
membranes could be distinguished, two of bacterigin and one of host origin. Inside the
bacterial cell, ribosomes could be seen which alhicappear smaller than ribosomes in the
surrounding host tissue. Next to the ovary, baakexlls inhabit the uterus, albeit in lower
numbers.

. e 800n I :

Figure 7.4: Transmission electron microscopy sestiof female adult nematodes. B and C are detpiltdres
of A in the uterus (organ characterised by numeliouaginations), while E is a detail of D in theavy.

Endosymbionts are indicated with white arrows. cuticle; hd: hypodermis; sm: somatic musculature; i
intestine; ut: uterus; ov: ovary; 00: oocyte; nucleus; mt: mitochondria.
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Discussion

We investigated the presence oWalbachialike bacterium in the plant-parasitic nematode
Radopholus similisDespite past efforts (Bordenstein et al., 2008)believe this is the first
discovery of Wolbachiain a plant-parasitic nematode. A first indicaticame from a
comprehensive analysis of an EST dataset deriveth fa mixed-stage population of
Radopholus similis(Jacob et al., 2008), revealing a subset of sempserf30 unigenes
composed of 38 ESTs) with high similarity Wdolbachiaproteins. Extending this silico
approach by exploring all nematode ESTs for putatholbachiamaterial revealed seven
nematode species with EST sequences reminiscelVatbachia For four of those, the
presence ofVolbachiawas previously described in the literature, whictlicates that our
approach was adequate in retaining sequences defriom Wolbachiainfected nematode
species. Although the presence/blbachiawas described in other nematode species as well
(Brugia pahangiand Litomosoidessigmodonti¥ this could not be confirmed by our EST
screen. It should however be noted that for thpseiss the number of ESTs in the database
is relatively low (less than 3000). For three nesdatspecies, candidaféolbachiatags were
found whereas the endosymbiont itself has not genldescribed. For two of these species
only one tag was found among 14,6@Xigtionchus pacificus or 46,965 Ancylostoma
caninun) ESTs. The EST frorR. pacificusis probably a false positive since it also showed
high homology to &C. elegansgene. Nevertheless, the EST from #hecaninumlibrary
showed high homology td/olbachiaproteins exclusively. In contrast to these fevg hibrR.
similis 46 putativeWolbachiasequences among 7380 ESTs were retained, addjhgESTs

to the sequences identified by Jacob et al. (2808)to a higher E-value cut-off. The number
of putative Wolbachia sequences found is too high to be considered las faositives.
Moreover, contamination of the cDNA library is highunlikely since our laboratory has
never worked with insects or filarial nematodes, cemtaminatingWolbachiacontaining
organisms have never been present. Since the gotigir of most cDNA libraries is based on
polyA tails, which are absent in bacterial transtsi one would not expect bacterial
sequences in EST libraries. This implies that ttheniified ESTs are not necessarily of
bacterial origin, but could be derived from the m¢mde genome itself. It was shown that
large pieces of the symbiont genome can be integriamto the host genome without much
adaptation, and that the transferred genes carabsctiptionally active (Dunning-Hotopp et
al., 2007).Wolbachialike ESTs in the cDNA libraries are therefore wonclusive evidence
of the presence of the symbiont itself. However,weze able to confirm the presence of an
endosymbiont inR. similis by using different visualisation methods. DAPIlisitag and
immunolocalisation showed signs of endosymbiontsthe ovaries of adult females.
Transmission electron microscopy confirmed the gmes of endosymbionts surrounded by
three membranes in the ovaries and in lower numhbefse uterus. This occurrence pattern is
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similar to that in filarial nematodes (Kramer et, &003), yet in our case no bacteria were
found in the hypodermis. The endosymbionts coulalbarly distinguished from other cell
organelles such as mitochondria.

For different plant-parasitic nematodes, such lsterodera glycines Globodera
rostochiensis Bursaphelenchus xylophilusand severalMeloidogyne spp., a substantial
number of ESTs are available (over 10,000 per spicihe fact that our approach could not
identify Wolbachialike sequences here most likely suggests thatetl®rno Wolbachia
present in these species. However it cannot bel ¢ that other strains of these species do
contain Wolbachia Nonetheless, the occurrenceWblbachiain plant-parasitic nematodes
seems less widespread than in filarial nematodes.

Sequence analysis of thitssZ, groEL and 16S rRNAgenes of theR. similis endosymbiont
confirmed their similarity ta&Volbachiagenes from other hosts. However, the assumptain th
these genes are of bacterial origin should be maithecaution because it cannot be ruled out
that Wolbachialike sequences have been integrated into the mel®abost genome. An
indication that these genes are indeed of bacterigin is the average GC content (41%)
which is lower than the average GC contenRofsimiliscoding sequences (54%) (Jacob et
al., 2008). Moreover, the transcriptionally actiyenes (because those are present in ESTS)
lack introns and have only a short untranslatetbre)JTR). The relatively high AT content
could be one reason why bacterial transcripts eegefgom the nematode cDNA library,
since the oligo(dT) primer can bind to regions richadenine in addition to polyA tails of
eukaryotic transcripts. It should however be natieat a recent horizontal transfer to the
nematode genome would not yet reveal many eukary@situres or changes in GC content.
This was shown foDrosophila ananassaevhere more than 90% nucleotide identity was
found between the transferred fragment and theesponding endosymbiont genes
(Dunning-Hotopp et al., 2007). Nonetheless, wittmpelling microscopic evidence in
support, it is clear that we are dealing with d hacterial genome indeed. After all, if the
observed endosymbiont was not the origin of theiseges and was therefore W@olbachia

we would expect othel6S rRNAsequences to be amplified with the universal préme
Phylogenetic analyses of the cloned sequences shtva¢ theWolbachiafrom R. similis
does not cluster with one of the known supergrotmependent analysis of the three genes
confirmed its distant relationship to the otheremgpoups. Yet it still forms a monophyletic
cluster with the otheWolbachiasequences, and shows less similarity to the dldsesvn
Wolbachia relatives Ehrlicha and Anaplasma The relationships among the different
supergroups in the phylogenetic tree should be Iedndith caution. It was recently shown
that phylogenetic artifacts such as long brancha@ibn and the limitation of sequence
models can lead to erroneous but highly supporteel teconstructions (Bordenstein et al.,
2009). Nevertheless, it remains clear that the esecps from thdR. similisWolbachiaare
distantly related to sequences from the other gupeps. Based on the phylogenetic analysis,
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and the fact that a new host type (a plant-pacasiimatode) is involved, we propose the
assignment of the endosymbiont Bf similisto a newWolbachia supergroup, namely
supergroup I. Baldo et al. (2006) suggest that gh@aequence information must be available
to assign aNolbachiastrain to a new supergroup. Based on this cotistnicBaldo et al.
(2007) plead for the removal of supergroup G sindeas only been based on the highly
recombinantwsp gene and they propose a multilocus sequence tydHgT) system to
properly characteris&/olbachiastrains based on five conserved genes. Despitathehat
only one of thesefts2) was found among thé/olbachiaESTs, we feel confident that in our
specific case enough evidence is supplied to jushié establishment of a new supergroup,
mainly because our phylogeny is based on three sgel®S rRNA groEL and ftsZ
Nevertheless, it would be interesting to sequeheecther genes of the MLST system for
future comparisons. One might still argue that ithentified endosymbiont is a different
bacterial species closely related \tdolbachia The phylogenetic analysis shows that the
cloned sequences are quite distantly related tottier\Wolbachiasequences, with6S rRNA
similarities ranging from 93 to 97%. As a genetdénn microbiology, a strain is considered
as a new species wh&fS rRNAsequence similarity to its nearest neighbourgs tean 97%
(Janda & Abbott, 2007). Therefore th¢olbachiafrom R. similiscould be considered as a
different species. However, this 97% rule is ndibfeed by theWolbachiacommunity due to
unresolved relationships among the different supergs. Recently, it has been suggested
that the endosymbionts of filarial nematodes shbgl@onsidered as a separate species (Pfarr
et al., 2007). Nevertheless, even under the 97%ricnn the question remains whether the
Wolbachiastrain ofR. similiscould be a member of the filarial nematafelbachiaspecies
group; strictly speaking, it should be considered am independentVolbachia species.
Attempts to clone théVolbachia surface proteinwsp failed, probably due to the high
sequence divergence as opposed to afmbachiastrains. This strengthens the idea that the
use of thewspgene is inappropriate for detection and phylogaihyolbachiaas it is highly
recombinant (Baldo & Werren, 2007).

Despite the apparent sequence divergence betWedimachiastrains, it is plausible that the
strains have a common ancestor. Within the phyllematoda, animal parasitism and plant
parasitism have originated independently multiptees (Blaxter et al., 1998). Both the
filarial nematodes and some plant-parasitic nenesodhcluding R. similis form a
monophyletic clade, suggesting both groups hadnantan ancestor at some point in history
(Holterman et al., 2006). If this ancestral nematadas infected with &Volbachialike
endosymbiont, it is possible that this strain madhd¢o survive in some species during
evolution whereas it was lost in other nematodesh#&ps the presence Wfolbachiais just

an evolutionary relic from the common ancestor tdnpparasitic and animal-parasitic
nematodes. In this respetolbachiawould have started to play an important role imreat
parasitic nematodes during evolution, whereas antgbarasitic nematodes it became less



138 Chapter 7

important, accounting for its merely sporadic estise in only a few current species. An
alternative hypothesis states theblbachiastrains of filarial and plant-parasitic nematodes
were acquired independently.

The role ofWolbachiain R. similisremains unknown. IDrosophila melanogasteiit was
recently shown thatvVolbachiamakes its host resistant to RNA viruses (Teixetral., 2008;
Hedges et al., 2008). A similar effect Bnsimiliswould result in a clear evolutionary benefit
for the nematodes harbouringolbachia The high infection rate indicates thRt similis
cannot survive without its endosymbiont, whichhe tase for all infected filarial nematodes.
Additionally, it is present in another populationdathe closely related nematode spe&es
arabocoffeae It is possible thatWolbachiaprovides its host with essential metabolites, as
described foBrugia malayi(Foster et al., 2005). Whether it has any dirdiece at all on
reproduction could not be demonstrated; such effeave been reported for arthropods only.
Although parthenogenesis and self-fertilisationenbeen described f&. similis(Brooks &
Perry, 1962; Kaplan & Opperman, 2000), it is difficto investigate whetheWolbachia
plays a role in these processes. Neverthelesqrdsence otWolbachiain a plant-parasitic
nematode remains intriguing and further researcheisded to determine its role and its
impact on the nematode host. Moreover, if the fonctof the endosymbiont could be
elucidated, it might open new perspectives in th&rol of R. similis
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Introduction

The understanding of the genetically defined meigmas by which plant pathogens can
invade their hosts is crucial to modern plant plating. Several genomes of plant pathogenic
bacteria are available, and recently, the moleduiakviedge of plant-parasitic nematodes has
exploded as well. In the genome of the root-knohat®deMeloidogyne incognitabl plant
cell wall degrading enzymes have been found (geailies of cellulase, xylanase,
polygalacturonase, pectate lyase, arabinase arettase), and an additional 20 candidate
expansins (Abad et al., 2008). Remarkably, it wasemntly proposed that endoparasitism
among plant-parasitic nematodes within the Tylenobypha evolved at least ten times out of
ectoparasitism: six times resulting in migratorydeparasitism and four times in sedentary
endoparasitism. Only in one casble{oidogynespp.), sedentary endoparasitism appears to
have evolved directly from migratory endoparasitiidert et al., 2008; Holterman et al.,
2009). These apparent separate evolutionary pathgest that differences in the arsenal of
parasitism genes probably exist between differemiatodes with comparable lifestyles. For
example, the presence of an arabinogalactan eddd-dalactosidase was demonstrated in
cyst nematodes of the gendsterodera while the Meloidogynegenomes lack this enzyme
(Vanholme et al., 2009). Within the same genusntimaber of parasitism genes can differ. In
the genome oM. haplafor example, 22 pectate lyase genes were foungédpan et al.,
2008) while there are 30 M. incognita(Abad et al., 2008). A similar trend was obserired
the genomes of plant pathogenic bacteria, wher&ingly different numbers and
combinations of genes encoding cell wall degradingymes occur (Van Sluys et al., 2002).
These genus- or species-specific adaptations tewatdnt parasitism are essential to
understand the evolution of plant parasitism. Simmest data on parasitism genes in plant-
parasitic nematodes was available for sedentaryatoates, in this thesis migratory
nematodes were investigated for the presence akpiam genes.

Identification of cell wall modifying enzymes in pant-parasitic nematodes

Different approaches exist to identify homologoushovel cell wall modifying enzymes in
additional nematode species. A first method to tiflerspecific genes is by PCR using
degenerate primers based on conserved regionsnwathgene. This technique has some
shortcomings. First of all, a sufficient amountsefjuence information has to be available for
a certain gene in multiple nematodes, preferablgpiecies closely related to the investigated
species. Secondly, conserved regions of adequatetsidesign primers must be present.
Thirdly, the discovery of novel genes is precludette the technique is PCR-based. Despite
its limitations, the use of degenerate primers praven to be successful to clone cell wall
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modifying protein homologs in migratory nematodédsing degenerate primers designed for
GHF5 endoglucanases by Rosso et al. (1999), maléptoglucanases could be cloned from
Radopholus similisDitylenchus africanusnd Pratylenchus coffeaéchapter 2, 3 and 4). A
similar approach identified an expansin-like protei D. africanus although this failed to
detect any homologs iR. similis Other attempts included the design of degengmateers
against GHF16 endo-1,3-beta-glucanases, first iftkshtin the facultative fungal feeder
Bursaphelenchus xylophilasnd thought to originate from horizontal gene sfanfrom fungi
(Kikuchi et al., 2005). Sinc®. africanusis also able to feed on fungi, this gene could be
present in this nematode as well. However, no emédewas found for endo-1,3-beta-
glucanases i. africanus This can either be due to the limitations of pingners, or to the
genus- or family-specific nature of the gene. Tégel explanation would fit in the finding
that fungal feeding evolved at least twice withienratodes: in the Aphelenchoididae
(comprisingB. xylophilug and in the other Tylenchomorpha (comprisihgafricanug (Bert

et al., 2008).

A more extensive approach to identify parasitismegeis an expressed sequence tag (EST)
analysis. During this thesis, EST analyses werelacted forR. similis(Jacob et al., 2008)
andD. africanus(chapter 6). Surprisingly, only a very limited noen of cell wall modifying
enzymes were identified in these EST datasetshdrRt similisESTs, one EST similar to
endoglucanase and one similar to endoxylanase t@hap were identified in 7007 ESTs
(Jacob et al., 2008). In the caseDofafricanus two unigenes (consisting of 16 ESTSs) similar
to expansin-like proteins were found among a total847 ESTs (chapter 6). A similar trend
was observed in @ratylenchus penetran$l928 ESTs) (Mitreva et al., 2004) and a
Xiphinema index(1400 ESTs) dataset (Furlanetto et al., 2005)h mointaining no ESTs
derived from cell wall modifying enzymes. In thaleatary nematodkl. incognitahowever,
over 80 ESTs similar to endoglucanase and pecgtate lwere found among a total of 5700
(McCarter et al., 2003). This could suggest thagratory plant-parasitic nematodes have a
lower expression of genes encoding cell wall madgyenzymes than sedentary nematodes
or that they possess fewer copies of these genes.night think that cell wall modifying
enzymes are even more important in migratory nedegtdhan in sedentary ones due to their
constantly migrating lifestyle, but this assumptisncertainly not reflected in current EST
datasets. It should however be noted that for ladsé datasets derived from migratory
nematodes, the number of ESTs generated is liméed, more tags resembling cell wall
modifying enzymes could be expected when more Hf£€eme available. This is illustrated
in a larger study including 13,000 ESTs Bfirsaphelenchus xylophiluef which 26 are
similar to cellulase and 9 to pectate lyase (Kikuehal., 2007). Nevertheless, it remains
striking that only a very small part of the trangtime seems to be involved in the invasion
of the host plant. One potential explanation i¢ tha corresponding proteins may possibly be
quite stable, which would not require large amounfstranscripts. Analyses on the
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biochemical properties of some nematode endoglsesnaave shown that these are effective
in a large spectrum of temperature and pH conditi@era-Maillet et al., 2000; Gao et al.,
2004b). The apparent low amount of cell wall modifyenzymes secreted by the nematode
could also be attributed to unknown additional destthat facilitate the migration through the
plant root. In sedentary nematodes for exampleag demonstrated that these could increase
the expression of different host plant cell wall diiging enzymes during feeding site
development (Gheysen & Fenoll, 2002). It is unknomirether migratory nematodes exert a
similar action, but it could explain why they sderenly a limited amount of cell wall
modifying enzymes.

A personalised enzyme cocktalil

Interestingly, it appears that every nematode gseai genus has evolved its own arsenal of
cell wall modifying enzymes adapted to the needgheforganism. Most cell wall modifying
enzymes exist in multigene families, as was demnatest for the endoglucanasesRofsimilis
andD. africanusin chapter 2 and 3. Moreover, the endoglucanat&s similisrevealed a
diverse expression pattern among life stages, stigge functional specialisation. For
example, males are known to be non-parasitic andeguently have a lower endoglucanase
expression level. ID. africanus there is no known difference in parasitic abilityymales
and females, hence the endoglucanase expressiehisethe same in males and females.
Furthermore, irR. similis three out of four endoglucanases as well asrideg/lanase show
very little expression in juveniles compared to leslwhile the endoglucanase and expansin-
like gene ofD. africanusare equally expressed in juveniles and adultsrelle no clear
explanation for this observation, although it ieely that these expression patterns correlate
with a slightly different lifestyle of juveniles dfoth nematode species. It definitely illustrates
the plasticity of the genes to adapt to the nenesoceeds, and reflects the complexity of the
evolution of this gene family. Additionally, it ses that genes can acquire domains from
other genes through domain shuffling. In the idesdiexpansin-like protein db. africanus

a carbohydrate binding module (CBM) is present vathigh similarity to the CBM of an
endoglucanase. Moreover, this domain order is soufaque among nematode ESTS,
suggesting that this domain shuffling event hapgeneite recently, possibly at family or
genus level. These kind of domain shuffling evdetsl to the formation of new genes that
can extend the function of existing proteins.
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Carbohydrate binding modules (CBMs)

A constant finding during this thesis is that mostl wall modifying enzymes include a
CBM. In the putative endoxylanase Rf similis a possible new type of CBM not identified
in eukaryotes yet is present. A closer look inte Meloidogynegenome sequences showed
that putative endoxylanases are also associated thié same type of CBM. Most
endoglucanases include a CBM as well, as is the fasthe expansin-like protein &.
africanus This high occurrence of CBMs suggests an impoad perhaps underestimated
function for these domains. The expressionthyafricanusof endoglucanase pseudogenes
with an interrupted catalytic domain but an int&BM confirms the possible functional
importance of the CBM. In bacteria, cell wall dedjrey enzymes act in multi-enzyme high
molecular weight complexes, called cellulosomessEhcontain different subunits including
CBMs to facilitate the anchoring to the plant ¢Blayer et al., 2004). Whether or not different
proteins of plant-parasitic nematode are organisedsimilar complex is unknown, but if this
would be the case, proteins consisting of a CBMy ambuld definitely be useful in such a
kind of complex. Another possible function of CBMan be to improve the access of other
cell wall modifying enzymes to cell wall polymerSellulose binding proteins, that have a
similar domain architecture, activate plant peotiethylesterases (Hewezi et al., 2008). These
reduce the level of methylesterification of pect@BMs could exert a similar action,
improving the efficiency of other cell wall modifyy enzymes. On the other hand, Dumas et
al. (2008) suggest that CBMs of the oomycetgitophthoramay also act as an elicitor of
defense responses in plants. It is not yet cledhid is a general phenomenon of CBMs
released by plant pathogens and to what extent toedmaBMs induce, either directly or
indirectly through cell wall modifications, defensesponses. More research is required to
fully understand the importance of CBMs in cell Wwabdifying enzymes.

Other putative functions of cell wall modifying enzmes

Although cell wall modifying enzymes are of vitahportance for the successful penetration
and migration of nematodes through the plant call,vanly a tiny part of the transcriptome
consists of cell wall modifying enzymes. This couldd the result of a long co-evolution
between parasite and host. Cell wall modifying gireg have probably gained additional roles
in the plant-nematode interaction during evolutiés. described in the previous paragraph,
CBMs could be elicitors of plant defense responfieemas et al., 2008). Bacterial
endoxylanases can likewise trigger plant defenstesys (Belien et al., 2006). Moreover, the
D. africanus expansin-like protein showed significant similarito putative avirulence
proteins and pathogenicity factors, suggesting tgtansin-like proteins may also be
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recognised by the plant. The resulting defenseoresgs can include the production of plant
inhibitors of fungal and bacterial cell wall modifig enzymes, such as a polygalacturonase-
inhibiting protein or a xylanase inhibiting prote(duge, 2006). Whether or not these or
similar inhibitors are active against nematode walll modifying enzymes as well remains to
be elucidated, but the high similarity of nemataglezymes to bacterial enzymes is an
important indication that the nematode enzymes aisty be targeted by the plant inhibitors.
The delicate balance between nematode secretedingand plant defense responses has
during evolution probably led to a careful and ewuit selection of secreted cell wall
modifying enzymes by the nematode.

Evolution of nematode GHF5 endoglucanases

Due to the relatively high amount of nematode segeedata for GHF5 endoglucanases,
several hypotheses about the evolution of thesesgérmve been put forward. A model
proposed by Ledger et al. (2006) was adapted atehé@ed in this thesis. The evolution of the
endoglucanases also reflects the species evoldimilar relationships between species have
been found comparing rRNA genes. Remarkably, tliogincanase genes B similisare
most similar to the genes from cyst nematodes,ircoimfg earlier reports that question the
placement ofR. similiswithin the Pratylenchidae (Subbotin et al., 20Béyt et al., 2008;
Holterman et al., 2009). This apparent parallelegand species evolution suggests that the
ancestral endoglucanase emerged early in the ewolot Tylenchomorpha. The gene family
extended already early during evolution, since soeneoglucanases have an aberrant
genomic structure as a result from an early dupdinagevent. The evolution is still ongoing as
demonstrated by recent duplication events and thlsaliscovery of pseudo-endoglucanases
in D. africanus The latter genes could be evolving towards a fewtion. In other genes,
such as the endoxylanase, a similar evolutionatemacan be expected. Although this gene
family is less extensive (6 copies iM. incognita genome, while 21 copies for
endoglucanase), duplication events also occurrexpand the gene family. Since the introns
of M. incognitaandR. similisendoxylanases are in the same position, both prog@ably
originated from a common ancestral endoxylanase.

Horizontal gene transfer as the origin of cell walmodifying enzymes?

The current hypothesis is that cell wall modifyirenzymes originate from multiple

independent horizontal gene transfer (HGT) everdam fbacteria (Jones et al., 2005). For
most of these genes, homologs are found exclusimebacteria or fungi, hence HGT is the
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most parsimonious explanation for their presenceplant-parasitic nematodes. As more
sequence data is becoming available, it shouldrhecmore clear whether or not the HGT
hypothesis stays valid (Mitreva et al., 2009). €heloglucanase, endoxylanase and expansin-
like genes cloned in this thesis all have a typaataryotic gene structure, including introns
and a polyA tail. This suggests that possible H@&nés occurred early in the evolution of
plant-parasitic nematodes, as sequence featumskafyotic genes are very common in these
genes. In the&Rk. similisendoglucanases however, an aberrant GC contenfouad (very
high GC3) when compared to other similisgenes. The same trend was observed irRthe
similis endoxylanase and tHe. africanusendoglucanase, although not in tbe africanus
expansin-like gene. Could this aberrant nucleotdenposition be an ancient relic of a
bacterial ancestor? Probably not, as all otheradtaristics of bacterial genes are missing, but
still the reason for this high GC3 content remainslear.

The finding of awolbachiaendosymbiont irR. similisis interesting in the light of the HGT
hypothesis. The endobacteria in plant-parasitic atedes could be considered as possible
donors of horizontally transferred genes. Indeedgriporation of pieces of thé/olbachia
genome into the host genome has been proven feasi eight different host species (four
insects and four nematodes), and these genesaaeetiptionally active (Dunning-Hotopp et
al., 2007). Although it seems very unlikely thall @gall modifying enzymes find their origin

in Wolbachia these genes could be traces of another, longelodbsymbiont. As such it
would be interesting to investigate whether pieoéshe Wolbachia genome have been
inserted into théR. similisgenome. Should this be the case, then it can sengemodel for
how plant-parasitic nematodes may have obtainedsggom prokaryotes through HGT.

It is not all cell wall modifying enzymes

The formation of a specialised feeding site by staty nematodes is generally assigned to an
extra set of secreted parasitism and regulatorjepr® absent in migratory nematodes. As
such, it is tempting to assume that cell wall mgidd) proteins are sufficient for migratory
nematodes to colonise the plant roots. Neverthetgbsr proteins are likely to play a role in
the plant-nematode interaction. Genes importantolianteract oxidative stress and drought
were very abundant in thB. africanus EST dataset. This suggests that the nematode is
constantly struggling against environmental stfas®rs, and these genes form a much larger
part of the transcriptome than cell wall modifyiagzymes. As described earlier, the plant
reacts to the nematode infection by various defeasponses, which the nematode tries to
counter. One of the major responses of plants toatede infection is the production of
damaging free radicals including hydrogen peroXi@éeysen & Jones, 2006). Nematodes
can secrete enzymes in their surface coat to risetréhe oxidative stress, such as
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peroxiredoxin, superoxide dismutase or glutathiSAeansferase, all present in th
africanusESTs. Moreover, the nematode genes that are ressogby the plant and trigger
immune responses are constantly evolving in amnatteo circumvent the recognition of the
plant. Examples of such proteins are allergen prstand galectins, also present in e
africanusESTSs, that have an unknown function but are kntwelicit immune responses in
animal-parasitic nematodes (Murray et al., 2001lungp & Meeusen, 2002) and could have
comparable host responses in plants. These geaegrabpably rapidly evolving since the
selection pressure is expected to be high. Botiméineatode and the host plant are in a kind of
evolutionary conflict, where new plant recogniticapacities are matched by efforts to escape
resistance by the nematode. Plant pathogenic mced fungi secrete several effector
proteins important for the virulence of the pathoges well as to evade plant defense
responses. Effector proteins can interfere withhesiep of plant defense including pre-
existing physical and chemical barriers as well imgucible responses ranging from
recognition of the pathogen by the plant, defemgeating, transcriptional changes and even
hormone signaling (Chisholm et al., 2006; Goéhre &#&zek, 2008). Several genes with
unknown function are upregulated in the early pacastages ofM. incognitaand could
possibly be a kind of effector proteins (Dubredilaé, 2007). Moreover, additional secreted
proteins with homology to plant proteins were ideed with domains that resemble known
effector functions or that have the ability to mgnam plant cells (Bellafiore et al., 2008).
Whether or not these genes can be considered epanasitism genes remains a matter of
debate until their function has been establishethe©Ogenes with similarity to genes
putatively involved in plant parasitism were idéet in theD. africanusESTSs, such as genes
encoding SEC-2, transthyretin-like proteins, cardin-like proteins, and a 14-3-3b protein.
The latter two proteins are thought to be involwedhe formation of the feeding site of
sedentary nematodes (Jaubert et al., 2004; Jaatbadrt 2005), but their presence in migratory
nematodes could suggest a more general role irsipana. However, the function of these
genes in the parasitic process is far from clearrddver, these genes are involved in general
nematode metabolism as well, as it is assumeddilyaiicates have evolved to gain specific
roles in parasitism. The identified homologue®irafricanuscould therefore equally well be
genes needed for the general metabolism of the toemanstead of parasitism genes. This
illustrates that assumptions based on homologyckearshould be handled cautiously and
that functional studies remain necessary to drasmrate conclusions.
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Perspectives

In this thesis, several new genes were cloned fidfarent migratory nematode species for
which no molecular knowledge was available. Howgteis is only the beginning of the
molecular understanding of these animals. As detratesl in chapter 6, EST analyses have
limitations in detecting novel parasitism genesisTib also illustrated by. incognitg for
which over 20,000 ESTs are available, and yet wteegenome was sequenced novel cell
wall modifying enzymes were discovered (e.g. arasi) (Abad et al., 2008). Next generation
sequencing techniques nowadays make it much cheapeenerate lots of sequences
independent of the construction of a cDNA libraltycan be expected that in the next few
years, even more nematode sequence data will beawailable: on the one hand to assemble
new genomes and on the other hand to compare siqmdsvels of both nematodes and plant
responses. The comparison between animal-parasiticplant-parasitic nematode sequence
data can reveal similar mechanisms of infectiorhegitconserved during evolution or
originated from convergent evolution. Moreover, @amsons between migratory and
sedentary plant-parasitic nematodes could provisefull insights in genes required for
feeding site formation. The challenge will be taodlie all these large sequence datasets and
distilling the useful information without loosingatk.

The identification of new genes is only the firstps the next is to investigate the function of
these genes. For example the question if the itEthpseudo-endoglucanasedbfafricanus
still have a possible function is intriguing. FoeR. similisendoxylanase, a first step towards
a functional characterisation was done by redutivegexpression of the gene by soaking the
nematodes in dsRNA and examining the effect orctide. It appears that the silencing effect
can vary by the position of the target sequencéhefgene, but also by the replica of the
experiment itself. This demonstrates that soakiegatodes in dsRNA has its shortcomings;
it largely depends on the uptake of the dsRNA ef nlematodes. A more efficient way to
force the nematode to feed on dsRNA is making gani€ plants producing dsRNA, which
also implies a constant dsRNA supply to the nenedGheysen & Vanholme, 2007). This
promising technique was shown to be effective mnggenicArabidopsis tobacco and
soybean plants against sedentary nematodes (Steeaks2006; Yadav et al., 2006; Huang
et al., 2006a; Fairbairn et al., 2007; Sindhu gt2009). In future experiments it would be
interesting to test different transgenic plant gg&m combination with migratory nematodes.
In the long run, this could lead to transgenic srogsistant to multiple nematode species.
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Plant-parasitic nematodes cause a significant amafuorop damage worldwide. Although
the knowledge about nematodes has increased gibatiyg the last decade, we are only
beginning to understand the complex molecular ph@matode interaction. Plant-parasitic
nematodes all have a stylet which they use to mrecally wound the plant cells but also to
secrete proteins important for parasitism. Thes¢eprs are encoded by so-called parasitism
genes. Most studies on parasitism genes have bmwtucted on sedentary endoparasitic
nematodes, which manipulate the plant to synthesispecialised nematode feeding site. In
this thesis, parasitism genes from the less sps®ethl migratory endoparasites were
investigated. The focus was on plant cell wall fydg enzymes, which nematodes secrete
to facilitate the migration through the rigid plaril wall.

The major constituent of the plant cell wall islgklse, the most abundant sugar polymer on
earth. Only very few organisms are able to degcaflalose: bacteria, fungi, nematodes and a
few beetles. In nematodes, cellulases or end@-gicanases have been found
predominantly in sedentary species, and within rileenatode superfamily Tylenchoidea
(order Rhabditida, infraorder Tylenchomorpha), afidoglucanases belong to glycosyl
hydrolase family 5 (GHF5). A large part of this slseedeals with the characterisation of GHF5
endoglucanases in migratory endoparasitic nematat®sely in the specieRadopholus
similis, Ditylenchus africanusindPratylenchus coffeaén the burrowing nematode. similis
four endoglucanases were cloned, consisting ajreakpeptide, a catalytic domain and in two
cases a carbohydrate binding module (CBM) (chaptemhe signal peptide makes sure the
mature protein is secreted from the nematode,ataytic domain holds the actual enzymatic
activity while the CBM is important for the enzyne bind its substrate. All genes are
expressed in the gland cell area of the nematodmtipg towards the secretion of the
proteins through the stylet. Remarkably, threehef four endoglucanases showed a reduced
expression in males as opposed to females. Thilsl cmexplained by the observation that
adult males do not feed and are thought to be mwasfic, in which case they need less
cellulase activity. In the peanut pod nematBdafricanusthe first GHF5 endoglucanase was
found in the superfamily of the Sphaerularioidebafiter 3). Furthermore, four pseudo-
endoglucanases were cloned containing deletionheancatalytic domain probably due to
homologous recombination. In two of these four pegenes, the deletion causes a
frameshift leading to an erroneous protein, whilehie other two cases, the CBM remains
intact suggesting that these latter genes couldl tsi partly functional. An additional
endoglucanase fromR. coffeaewas identified and a detailed model for the evolubf the
gene structure of GHF5 endoglucanases within nafeat@ombining sequence and intron
data was proposed, partially based on a previouseh@hapter 4). The model implies an
early gene duplication of the ancestral endoglusantnllowed by more recent duplications.
Moreover, it proposes a detailed overview of intgaim, loss and sliding events.
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The second most abundant sugar polymer in plahtvedls is xylan. An endo-1,8-xylanase

in R. similis probably able to degrade xylan, was character{sbdpter 5). The protein
consists of a signal peptide, a catalytic domauh aputative CBM, the first CBM associated
with an animal endoxylanase. Homologs in the gemooideloidogynespp. revealed that
root-knot nematode endoxylanases are probably atsociated with a CBM. Moreover,
intron positions were conserved in these homolsgggesting a common origin for root-knot
nematode andR. similis endoxylanases. Different approaches showed thatctialytic
domain does not belong to GHF5 as previously sugdefor similar endoxylanases, but
rather forms a subclass within GHF30. Expressiothefgene was again located in the gland
cell area of the nematode, and in this case nerdifice in expression level could be observed
between males and females. Silencing the gene 3 Risulted in a decrease in infection of
60%, indicating that the endoxylanase gene is itaporfor the nematode to infect its host
plant.

Next to cellulose and xylan degrading enzymes, netes possess other proteins that can
modify the plant cell wall. An example is an exparge protein, which was found iD.
africanus (chapter 3). Interestingly, the expansin-like pmotcontains a CBM at the C-
terminal end of the protein, similar to the CBM arfi endoglucanase. This expansin-like
protein domain structure is unique so far in nemm@$p and is possibly the result of a recent
domain shuffling event.

A high-throughput technique to identify possiblegsitism genes is expressed sequence tag
(EST) analysis, which is basically random sequena@h pieces of genes that are being
expressed by the nematode. This approach was os&l &fricanus and 4847 ESTs were
analysed (chapter 6). A large part of the datadd®o] did not show any homology to
sequence databases, partly due to the relativelygleality of the cDNA library, but possibly
also due to the lack of sequence data of relatedategles in public databases. Genes
involved in oxidative stress and anhydrobiosis widientified, as well as genes putatively
involved in parasitism (expansin, SEC-2, calretitul4-3-3b and various allergen proteins).
Furthermore, some putative novel parasitism gerae \welected, in addition to good target
candidates for RNAIi experiments. These genes amxesting for further research and
functional characterisation.

Scientific research can sometimes lead to unexgetiseoveries. During an EST analysis of
R. similis several ESTs were found with similarity to sedquesn from aWolbachia
endosymbiotic bacterium. In this thesis, this figliwas further investigated and the
intracellular presence diVolbachiain the nematode was confirmed (chapter 7). Alttoug
widely present in filarial nematodes, it is thesfitime this endosymbiont is discovered in a
plant-parasitic nematode, which sheds new lighttb@ evolution of Wolbachia This
Wolbachiastrain is indeed distantly related to all knoWfolbachiasupergroups and was
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therefore designated as a new supergroup. Futtiigies will have to elucidate what function
it has within the nematode.

With this thesis, the molecular knowledge of somigratory endoparasitic nematodes has
significantly progressed. But as plant nematologfees the era of functional and comparative
genomics, the challenge to find new routes to &ffe@and safe plant parasite control has just
begun.
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Plantenparasitaire nematoden of aaltjes veroorzalezaldwijd een aanzienlijke hoeveelheid
schade aan verschillende gewassen. Hoewel de keanisematoden gedurende de laatste
tien jaar sterk is toegenomen, staan we slechtshaaegin van het doorgronden van de
complexe plant-nematode interactie. Plantenparasiteematoden hebben allen een stylet
waarmee ze de plantencellen mechanisch kunnen mdemo maar waardoorheen ze ook
eiwitten uitscheiden die belangrijk zijn voor hunfdctieproces. Deze eiwitten worden
gecodeerd door zogenaamde parasitismegenen. Detemseglies die handelen over
parasitismegenen werden uitgevoerd op sedentadepamasitaire nematoden, die de plant
manipuleren om een gespecialiseerde nematodenygspiiiats aan te maken. In deze thesis
werden parasitismegenen van de minder gespecialesemigratorische endoparasitaire
nematoden onderzocht. De focus lag op plantencelmadificerende enzymen die
nematoden secreteren om de migratie doorheenide ptantencelwand mogelijk te maken.
Het hoofdbestanddeel van de plantencelwand is losdy het meest voorkomende
suikerpolymeer op aarde. Slechts enkele organisijerin staat om cellulose af te breken:
bacterién, schimmels, nematoden en enkele kevererhatoden werden cellulases of endo-
1,4B-glucanases vooral geidentificeerd in sedentaireortsm, en binnen de
nematodensuperfamilie Tylenchoidea (orde Rhabdifidfeaorde Tylenchomorpha) behoren
alle endoglucanases tot glycosylhydrolase-famili@&5lF5). Een groot deel van deze thesis
handelt over de karakterisatie van GHF5-endoglusesan migratorische endoparasitaire
nematoden, namelijk in de soort@adopholus similiDitylenchus africanugn Pratylenchus
coffeae In R. similiswerden vier endoglucanases gevonden die bestaaarusignaalpeptide,
een katalytisch domein en in twee gevallen een ofeudiraatbindingsmodule (CBM)
(hoofdstuk 2). Het signaalpeptide zorgt ervoor ltttmature eiwit wordt uitgescheiden door
de nematode, het katalytisch domein bezit de gjgenénzymatische activiteit terwijl de
CBM belangrijk is voor het binden van het enzym &aeh substraat. Alle genen komen tot
expressie in de Klierregio van de nematode, wai wifst dat de eiwitten doorheen het stylet
uitgescheiden worden. Drie van de vier genen veri@en lagere expressie in mannetjes ten
opzichte van vrouwtjes. Dit zou kunnen verklaarddem doordat volwassen mannetjes zich
niet voeden en niet parasitair zijn, waardoor deraler cellulase-activiteit nodig hebben. In
D. africanus werd het eerste GHF5-endoglucanase gevonden bimieersuperfamilie
Sphaerularioidea (hoofdstuk 3). Daarnaast werden pseudo-endoglucanases gekloneerd
met deleties in het katalytisch domein, waarscijijrdntstaan door homologe recombinatie.
In twee van de vier pseudogenen veroorzaakt deielelen leesraamverschuiving resulterend
in een fout eiwit, terwijl in de andere twee psegelten de CBM intact is waardoor deze
laatste mogelijks nog deels functioneel zijn. Egkomend endoglucanase véh coffeae
werd geidentificeerd en een gedetailleerd model w®evolutie van de genstructuur van
GHF5-endoglucanases binnen nematoden gebaseerdequensie- en introndata werd
opgesteld, deels gebaseerd op een eerder moddtighdo4). Het model gaat uit van een
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vroege genduplicatie van het ancestrale endoglseargevolgd door recentere duplicaties.
Het model geeft eveneens een gedetailleerd ovérgah introninserties, -verliezen en -
verschuivingen.

Het op een na meest voorkomende suikerpolymeeeinptantencelwand is xylaan. Een
endo-1,4B-xylanase vanR. similis vermoedelijk in staat om xylaan af te breken, werd
gekarakteriseerd (hoofdstuk 5). Het eiwit bestaateen signaalpeptide, een katalytisch
domein en vermoedeliik een CBM, de eerste CBM gmassrd met een dierlijk
endoxylanase. Homologen in de genomen Matoidogynespp. bezitten waarschijnlijk een
gelijkaardig CBM. De intronposities van deze hongelo zijn identiek als voor h&. similis
endoxylanase, wat wijst op een zelfde oorspronga Verschillende methoden werd
aangetoond dat het katalytisch domein niet tot GHEBOort zoals eerder beschreven voor
gelijkaardige endoxylanases, maar eerder een sgeklinnen GHF30 vormt. De expressie
van het gen is gelokaliseerd in de Klierregio v@anngématode, en in dit geval kon geen
verschil in expressieniveau tussen mannetjes emjes aangetoond worden. Wanneer het
gen via RNAI uitgeschakeld werd, verminderde dedti€ op de plant met 60%, wat aantoont
dat het endoxylanase gen belangrijk is voor de t&shesom zijn waardplant te infecteren.
Naast cellulose- en xylaan-afbrekende enzymentbazitematoden ook nog andere eiwitten
die de plantencelwand modificeren. Een voorbeeddvan is een expansine-eiwit, dat werd
teruggevonden iD. africanus(hoofdstuk 3). Dit expansine-eiwit bevat een CBah et C-
terminaal deel van het eiwit, die sterk gelijkt dp CBM van een endoglucanase. Deze
expansine-domeinstructuur is tot dusver uniek imateden en is mogelijk het gevolg van
domeinshuffling.

Een andere techniek om nieuwe parasitismegener gpdren is via “expressed sequence
tags” (ESTs), gebaseerd op het willekeurig seq@eneran stukjes genen die door de
nematode tot expressie worden gebracht. Deze aampak toegepast op. africanus en
4847 ESTs werden geanalyseerd (hoofdstuk 6). Eeot gieel van de dataset (43%)
vertoonde geen enkele homologie met een van deesggdatabanken, deels als gevolg van
de lage kwaliteit van de cDNA bibliotheek, maar vgahijnlijk ook deels als gevolg van het
ontbreken van sequentiedata van verwante nematiodele publieke databanken. Genen
betrokken bij oxidatieve stress en anhydrobioseewaanwezig in de ESTs, alsook genen die
mogelijk belangrijk zijn voor parasitisme (exparsinSEC-2, calreticuline, 14-3-3b en
verschillende allergene eiwitten). Daarnaast werdenkele nieuwe vermoedelijke
parasitismegenen en goeie kandidaten voor RNAivaxeaten geselecteerd. Deze genen
zZijn interessant voor verder onderzoek en functemharakterisatie.

Wetenschappelijk onderzoek leidt soms tot onverteaantdekkingen. Tijdens een EST-
analyse varR. similiswerden verschillende ESTs gevonden die sterkkgelipp sequenties
van eenWolbachia endosymbionte bacterie. In deze thesis werd dezending verder
onderzocht en kon de aanwezigheid van een inttdae#t Wolbachiabacterie in de
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nematode aangetoond worden (hoofdstuk 7). Hoewdladeerie vaak voorkomt in filariale
nematoden is het de eerste keer dat deze endosymimotdekt wordt in een
plantenparasitaire nematode, wat een andere kijgeopvolutie van d&Volbachiabacterie
oplevert. DezeWolbachiastam is inderdaad slechts weinig verwant aan taitenu toe
gekendeWolbachiasupergroepen, en daarom werd de stam toegekendee&amieuwe
supergroep. Verder onderzoek zal moeten uitmakeéme/éunctie van de symbiont is binnen
de nematode.

Met deze thesis werd een aanzienlijke vooruitgargogkt aan moleculaire kennis van
migratorische endoparasitaire nematoden. Aangemematologie nu het tijdperk van
functionele en vergelijikende genoomanalyse bineedt; is de eigenlijke uitdaging om
nieuwe effectieve en veilige bestrijdingsmaatregelsgen plantenparasitaire nematoden te
vinden nog maar pas begonnen.
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