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Bibliographic Abstract: This thesis describes studies of root-knot nematodes
Meloidogyne spp. - an economically important pest in agriculture - using population
and molecular genetics. Variability in virulence to Mi bearing tomato genotypes is
shown for Meloidogyne spp. isolates and their impact of implementation of proper
management system is discussed. Genetic pelymorphisms in Meloidogyne spp.
were assessed using molecular techniques that reveal nuclear and mitochondrial
DNA divergence on different hierarchical levels. cDNA library constructed from
the pre-parasitic second stage juveniles of Meloidogyne incognita was screened by
stngle pass 5'-end sequencing to investigate genes expressed at the onset of
parasitism. One expressed sequence tag homologous to an endoxylanase was used
to identify a novel cell wall degrading enzyme - xylanase. Several lines of evidence
support the endogenous origin of the nematode xylanase. The amino acid sequence
revealed a high similarity with bacterial xylanases indicating that nematode
xylanase may have been acquired from bacteria by horizontal gene transfer.



CONTENTS

Chapter 1 General introdUCHON ......cccovieeiiiiiiniinerriesee e ee e s oo st sseseneaee 7
Chapter 2 Meloidogyne spp. in Macedonia: distribution

and virulence for M7 resistance in tomato .......veeviveerrieecerncenienennences 25
Chapter 3 Nuclear and mitochondrial DNA polymorphism

of root-knot nematodes, Meloidogyne spp. ....cc.covvveeeiccicccancnne. 37
Chapter 4 Single pass cDNA sequencing — a powerful tool

to analyse gene expression in preparasitic juveniles

of the southern root-knot nematode

Meloidogyne InCOGNILA ......covveerviieieciccee e 57
Chapter 5 Mi-XYL1: a novel cell wall degrading enzyme in

the plant parasitic nematode Meloidogyne incognita.................... 75
Chapter 6 General diSCUSSION ....cc.oociiireiieiir et seasrenene 95
FoY 1111111 T P OOPUOTO 11l
Samenvatting SR— e 115
Macedonian SUIMINALY .....iccsessiscmnessesssosessasssassassssssssassases 119
List of publications ........ccsecesesssnsasenss 123
AcCKNOWIEdZeMENTS ....coicvcierinirncsrssnsnmessensrsaisssessssnsssmssssarssssrsssssss anssvssnsssnsassne 125

Curriculim vItAe .....ccveressssssressssssasaencssssscnssnsessssanssas 127




ppolze’, 2004

Propositions Wageningen, 22 June 2001

Root-knot nematodes have acquired xylanase genes from bacteria by
horizontal gene transfer as an evolutionary adaptation to parasitise

monocotyledons.
This thesis
Hurlbert JC and Preston JF (2001) Functional characterization of a novel xylanase
from a comn strain of Erwinia chrysanthemi. J Bacteriol 138: 2093-2100

Mitotic parthenogenetic and amphimictic plant-parasitic nematodes generate

a similar level of genetic diversity.
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essential not only for digestion but also for production of the food.
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The time consuming morphological diagnosis of certain plant parasitic
nematodes can efficiently be replaced by DNA-based identification methods.
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Chapter 1

GENERAL INTRODUCTION

Nematodes constitute the largest and most ubiquitous phylum of the animal king-
dom (78). Often they comprise 80 to 90% of all the animals of the soil fauna. They
can be present in numbers ranging from 1.8 to 120 millions per square meter of soil
(54). This observation inspired Cobb (25) to make the following remark:

“even if all matter in universe, except nematodes were
swept away, the world will still be recognisable dimly by its moun-
tains, hills, valleys, lakes, and oceans represented by a film of nem-
atodes”.

Most nematodes are microbivores, fungivores, predators or omnivores surviving in
various terestrial, aquatic or marine environments (5). Only a small fraction of the
nematodes species has the ability to parasitise animals and plants.
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Plant parasitic nematodes

During the course of evolution plant-parasitic nematodes have adapted to parasitise
completely unrelated organisms. They are frequently obligatory parasites that have
evolved various modes of actions varying from simple feeding strategies to highly
complex relationships with the host plant. The vast majority of plant-parasitic nem-
atodes are soil-dwelling and feed from the plant roots. Parasitism is established
when the nematode pierces the cell wall by the hollow stylet — possessed only by
plant parasitic nematodes — that has a narrow lumen through which salivary secre-
tions are injected into punctured cells (90).

Plant parasitic nematodes show great diversity in parasitic behaviour. Mi-
gratory nematodes bluntly remove the cytoplasm from plant cells, frequently caus-
ing cell death, and then move on to another cell to repeat the feeding process. Other
nematodes are more subtie and feed from a single cell or a group of cells for prolon-
ged periods of time. The cell and tissue modifications that are induced by root para-
sitic nematodes have recently been reviewed by Cohn and Spiegel (26) and Sijmons
et al. (77). Root parasitic nematodes belonging to the order Dorylamida cause seri-
ous root damage when they occur in large populations. In addition to the physical
damage to plant tissues they have economical importance as a vectors of several
soil born viruses. Nematodes in the order Tylenchida seriously affect plant growth
by inducing profound alternations in the structure of the cell from which they feed
as well as in the anatomy and function of the roots (90). The worst effect of plant-
parasitic nematodes is debilitation of the plant without producing any specific and visi-
ble symptoms leading to underestimation of the economic effects by the growers (4).

Distribution and economical importance of root-knot nematodes

Root-knot nematodes (RKN, Meloidogyne spp.) (39) are responsible for billions of
dollars in annual crop losses. The majority of the plant species that account for the
world’s food supply are susceptible to root-knot nematode infection. They are wide-
ly distributed and have established a complex and long-lasting parasitic relationship
with more than 2.000 plant species (74} including monocotyledons, dicotyledons,
herbaceous and woody plants. Decline of RKN infected host plants is usually fur-
ther increased by secondary infections because the nematode’s invasion often coin-
cides with other soil-borne pathogenic bacteria and fungi (68). Frequently there is
more than one nematade species involved (63) causing more economic damage to
food crops than any other group of plant-parasitic nematodes among the Tvlenchida
(49, 73). RKN are considered as important pathogens on tomato (Lycopersicon es-
culentum Mill) (18, 58) especially in tropical, subtropical and warm temperate are-
as of the world where soil temperature is high, seasons are long and several nema-
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tode generations are completed annually, resulting in high population densities. M.
incognita, M. javanica, M. arenaria are found in tropical and subtropical regions
and in glasshouses while M. hapla (and M. chitwoodi) prevail in temperate climate
zones.

The estimated yield loss caused by RKN is over 10% world-wide, although
the damage inflicted in certain regions of developing countries may be as much as
25% to 50% (80, 75). The four comumnon species, M. incognita, M. javanica, M. are-
naria and M. hapla, arc responsible for nearly 90% of the losses caused by RKNs.
For instance, Barker and Qlthof (7) have shown that M. incognita suppresses yield
of tomato cultivars by 20-30% in mountain cultivations and up to 85% in coastal
plains (3). Some other species, like M. chitwoodi (38), are also of economic impor-
tance, but have a more restricted geographical distribution (50, 30).

The history of RKN

For a long time the symptoms caused by Meloidogyne spp. have been attributed to
other pathogens. Barkeley (6) noticed for the first time that nematodes were present
in galls of cucumber roots. Since then the overall history of the genus Meloidogyne
can be divided into three periods. Period 1855-1878, during which a correlation was
observed between root galls and nematode incidence, followed by a relatively long
confusing period (1879-1948) during which root-knot nematodes were included in
the same genus as cyst nematodes (Heterodera; 76). In the final ‘revival’-period
root-knot nematodes were placed into a separate genus (24) and were hold account-
able for large economic losses. According to the revision of Maggenty et al. (62, 60)
the taxonomic position of root-knot nematodes is as follows below:

Phylum Nematoda
Class Secernentea
Subclass Diplogasteria
Order Tvlenchida
Suborder Tvienchina
Superfamily Tylenchoidae
Family Heteroderidae
Subfamily Meloidogyninae
Genus Meloidogyne GOldi, 1892

At present, there are more than 80 nominal root knot nematode species described.
The available evidence strongly indicates that the four so-called common species
Meloidogyne javanica (81), Meloidogyne arenaria (66), Meloidogyne incognita
(55), Meloidogyne hapla (24) account for 95% of all populations all over the world.

Makedonka Dautova 9
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Biology of RKN

Root knot nematodes are obligatory endoparasites, which have evolved a very spe-
cialised and complex feeding relationship with their host plant. The juvenile can
move within the egg but is not very active (Figure 1.1A). Hatched second stage ju-
veniles (body width and length is approximately 290 and 912 mm respectively), are
the infective stage of the species (Figure 1.1B). They migrate in the soil and prior to
penetration probe the root epidermal cells at the zone of elongation by continuous
head rubbings and occasional stylet protrusion. As vigorous stylet thrusting does
not occur at this stage, the involvement of cell wall degrading enzymes has been
suggested (11, 12). The release of secretions, that may include cell wall degrading
enzymes, through the stylet prior to penetration has been observed in vitro (91). To
complete their life cycles, J2s penetrate roots of susceptible hosts behind the root
cap (Figure 1.1C) (42) and migrate intercellularly to the developing protoxylem in
the vascular cylinder (91). A successful hosi-parasite relationship requires that these
nematodes modify several plant root cells to obtain nourishment necessary for their
development and reproduction (42, 51). So, initial feeding activities by J2 induce
localized modification of host cells to form an claborate feeding site consisting of
several multinucleate cells, so-called giant-cells (Figure 1.1D)(41, 52).
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Figure 1.1- Life cycle of a root-knot nematede, Meloidogyne spp. Depending of environmental conditions, the

cycle is completed within one or two moaths.

Giant-cells are larger than normal cells with multiple nuclei, thickened walls with
extensive ingrowths and dense cytoplasm with increased numbers of organelles (9,
51). They are metabolically highly active and serve as a metabolic sink for host pho-
tosynthates that are consumed by the nematode (15, 65). The morphological chang-
es involved in the formation and development of giant-cells have been thoroughly
studied. The multinucleate state arises from repeated karyokinesis uncoupled from
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cytokinesis, but the DNA content of the nuclei increases nonsystematically on a per-
nucleus basis (41, 53, 87). Stylet secretions, originating from the nematode’s
oesophageal glands are presumed to be responsible for protein synthesis, nuclear
division, cell growth and differentiation in giant cells (44, 48). Other components in
the stylet secretions may form feeding tubes, which are structures that facilitate
withdrawal of nutrients by the feeding parasite (47). Induction and maintenance of
giant-cells are possibly separate phenomena mediated by different development
stages of the parasite (17). The nematodes are completely dependent on these giant
cells for their development and reproduction (41).

After feeding for about 10-12 days in roots of susceptible plants, the J2 ceas-
es feeding and moulis three times over a 48-hour period. The females continue to
feed and grow considerably larger than the males. They are swollen (median length
440 - 1300mm, median width 330 — 700 mm) (29) and remain in the root. After the
fourth moult the males are still siender (body length 700 - 2000 mm), leave the root
{(Figure 1.1E) and fertilise the females in the case of amphimictic species. However,
parthenogenesis is often encountered in root-knot nematodes, thus fertilisation is
not necessary for egg development and does not occur even if sperm is present in
the spermotheca (80). The females lay their eggs in a gelatinous matrix that normal-
ly protrudes out of the host tissue (Figure 1.1F} (78). After completion of its life cy-
cle, the female nematode dies and the giant-cells degenerate (10). The eggs hatch
freely in water, however, the rate of hatch is higher in the presence of host root exu-
dates (78).

Population genetics

Genetic changes in nematode population are partially driven by the environment in-
cluding the use of resistant varieties and pesticides. Studying such genetic changes
at the population level is crucial for understanding and predicting the behaviour of
nematodes in the field. Theoretical population geneticists have mainly been concer-
ned with sexually reproducing species, often supposing that these species are out-
breeders with much opportunity for recombination between different genomes.
However, in asexually reproducing species many generations may pass in which
only a very limited number of recombinations will occur. The majority of root-knot
nematodes species, Meloidogvne spp., arc obligatory mitotic parthenogenetic and
therefore, the offspring is expected to be identical to the parent. However, many
years ago root knot nematode populations of the same species were shown to differ
in their ability to reproduce on a variety of crops (69, 37).

To reveal the origin of these variations in virulence nematologists have to
enter deeply into the secrets of root-knot nematode genetics (nuclear and mitochon-
drial). A wide range of molecular tools (mainly based on the polymerase chain reac-
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tion) has been adapted to investigate intra- and interpopulation genetic diversity and

phylogenetic affinities in Meloidogyne spectes and populations:

- Since 1990 RAPD (Random Amplified Polymorphic DNA) has been used as a
genetic marker (88, 85). RAPD markers are generated by the amplification of
random DNA segments in the target genome with single oligonucleotide prim-
ers of arbitrary nucleotide sequences. Because of the vast number of primers
that can be generated the number of DNA markers is enormous (89). Since the
introduction of the RAPD technique it has been used to establish relative de-
grees of polymorphism between individuals, populations and species of the ge-
nus Meloidogyne, however, the detected intraspecific polymorphisms remained
rather low (22, 23, 40, 61).

Restriction Fragment Length Polymorphism (RFLP) are the second type of ge-
netic markers that have been used to assess genetic variation in root knot nema-
todes (19, 33, 35, 40, 93). RFLPs are the result of genomic DNA restricted with
specific endonucleases generating a unique set of DNA fragments typical for
the nucleotide sequence of the genome. Nucleotide substitutions, insertions or
deletions in the endonuclease recognition sites of species, population and iso-
lates modify the RFLPs in a DNA fingerprint that can be used as a set of diag-
nostic characters. RFLPs frequently arise from stretches of repetitive DNA.
Due to the extensive variation in repetitive DNA RFLPs are valuable to assess
diversity both between and within plant-parasitic nematode species (1).
Amplified Fragment Length Polymorphism (AFLP) technique is a new PCR-
based approach, used for detecting and evaluating genetic variation, that has a
considerable potential for analysing nematode genomes (34, 71, 84, 94). AFLP
is based on selectively amplifying a sub-population of restriction fragments
from a genomic DNA. Polymorphisms are detected as differences in lengths of
amplified fragments. Prior to PCR amplification genomic DNA is digested by
two restriction enzymes. Subsequently, oligonucleotide adapters are ligated to
the resulting restriction fragments to generate template DNA for PCR. In con-
trast to the RFLP procedure, the AFLP technique generates virtually unlimited
numbers of DNA fragments from nanogram quantities of genomic DNA. In compar-
ison to the RAPD approach, the AFLP technique uses stringent reaction conditions,
which guarantees a better reproducibility. Furthermore, this technique is quantita-
tive and AFLPs can therefore be used as co-dominant markers (82).

Molecular genetics

The rapid development of molecular tools in the last decades enabled scientists to
reveal directly the secrets hidden in the genomes of organisms. Complete character-
ization of a certain gene of interest starts with knowing the nucleic acid sequence,
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however, true value is only achieved when the biochemical basis for its regulation is
understood and a functional relation can be found to other biochemical pathways
and processes. As such molecular nematologists aim at unraveling the genetic code
of plant parasites in order to understand the underlying causes of pathogenicity.
Conventional procedures require relatively large amounts of starting material for
RNA preparation (72). Frequently, it is difficult to apply these methods to the mi-
nute plant-parasitic nematodes, because it takes a huge effort to obtain sufficient
quantities of mRNA. The introduction of the PCR largely enabled nematologists to
overcome this limitation (64).

To date, various methods have been applied to prepare and screen cDNA li-
braries of plant-parasitic nematodes (28, 46, 56, 57, 70}, but only a limited number
of genes were identified and all procedures required prior knowledge of candidate
genes or technically advanced pre-selections in mRNA pools. To address this prob-
lem, it has proven to be successful to sequence at random only small portions of
cDNAs from a library, called expressed sequence tags (EST) (2). Although the ESTs
are short (200-500 bp) DNA sequences generated from the 3’ and 5° ends, they con-
tain enough information to indicate the gene's probable function and its relationship
with other genes (2).

Good quality cDNA-libraries constructed from different life stages of the
nematode may generate sequence tags expressed from genes at various time points
in the parasitic cycle. The parasitic cycle involves various distinct stages, plant pen-
etration and intercellular migration, and feeding site initiation and maintenance.
Therefore, cDNA libraries covering these main stages may provide insight in the
molecular fundaments of plant parasitism by RKN.

Oesophageal glands - source of pathogenicity factors

Root-knot nematodes, as all other plant parasitic nematodes, have adapted to plant
parasitism by evolving i) protrusible stylet, ii) muscular metacorpus containing a
triradiate pump chamber and iii) three large oesophageal glands. The oesophageal
glands enlarged as plant parasites evolved from free-living nematodes to the Rabdir-
ida, indicating a change in their primary function (43). Each oesophageal gland is a
single large cell, which is entirely specialised to its secretory function (31). The
gland cells are packed with membrane-bounded granules in which secretory pro-
teins are stored and released from into the lumen of the oesophagus. This process is
under the control of the nervous system of the nematode (32). Each of the two sub-
ventral glands has a short cytoplasmic extension that terminates in an ampulia at the
base of the pump chamber in the metacorpus. The dorsal gland has a long cytoplas-
matic extension that terminates in an ampulla near the stylet knobs (44). The secre-
tory granules formed in the nuclear region of the gland celis migrate forward

Makedonka Dautova 13
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through the extensions in order to accumulate near the release valves in the ampul-
lae (45).

Distinct morphological changes of the cesophageal glands occur during
parasitism. At the onset of parasitism during host penetration, the subventral
oesophageal glands of Meloidogyne J2 initially increase in length but not volume
(Figure 1.2A)(14). Following penetration the secretory granules accumulated in the
subventral glands in parasitic J2 start to decrease in number (12, 91).

Stylet

Dorsal Gland Valve
Dorsal Glasd Ampulla

Esophageal Luraca
Melararpus

Pump Chamher

Subvewtral Gland Valve

Dorzal Gland Extension

Dorsal Glamd

Secrelory Granules

Subveatral Clasds

Tatestioe.

Figure 1.2 - The esophagus of a phytoparasitic second stage juvenile(A) and of an adult female (B) root-knot nem-
atede, Meloidogyne spp. (48).

Following feeding site initiation the dorsal gland increases in size whereas the sub-
ventral glands decrease again (13, 14). The dorsal gland in preparasitic J2 contains
few secretory granules. However, soon after juveniles penetrate the roots, secretory
granules accumulate in the dorsal gland cell lobe and ampulla (16). In adult fe-
males, the dorsal gland predominates (Figure 1.2B) whereas the subventral glands
are greatly reduced in size (13).

The changes in oesophageal gland and secretory granuie morphology dur-
ing parasitism by Meloidogyne species indicate a different role for the two types of
oesophageal glands and their secretions at successive stages of the nematode’s life
cycle. Based on the developmental changes in the gland cells subventral gland se-
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cretions are presumably involved in initial phases of parasitism — plant penetration
and intercellular migration. The dorsal gland secretions may be involved in feeding
cell initiation and maintenance as well as facilitating food extraction from the feed-
ing site cytoplasm.

Plant cell wall - the first barrier for plant-parasitic nematodes

The architecture and function of plants depend on the structure of the cell walls,
which is conceived as a highly organized network composed of polysaccharides,
proteins and aromatic compounds. Polysaccharides are long carbohydrate mole-
cules covalently linked at various positions and with side chain decorations of vari-
ous natures and length. The cell wall carbohydrates represent a vast spectrum of
polvhydroxyl aldexydes (aldoses). In aldoses, including the hexose glucose and the
pentose arabinose, the C-1 is the only carbon that binds to two oxygen atoms (ano-
meric). The hydroxyl group of the anomeric carbon can either be in a or b posi-
tions, and is always accompanied by D or L designation which refers to the position
of the hydroxyl group on the asymmetric carbon most distant from the C-1 (21). All
monosaccharides in the cell wall polymers are derived from a-D-Glucose. The
homopolymer of b-1,4- linked D-glucose is the cellulose, which is the most abun-
dant polysaccharide found in the plant biomass. The complete degradation of the
cellulose involves 4 classes of enzymes {(Figure 1.3).

{ : 2 ! |

-4Glubl -4 Glubl-4 Glubl-4 Glukl-4 Glubl-4 Glubl-4 Glubl-4 Glubl-4 Glubl-4 Glubl-4 Glubl-4 Glubl-

v

-4Glubl-4 Glubl-
lv endoglucanase (EC 3.2.1.4)

-Dp Cellobiohydrolase (EC 3.2.1.21)

+ b-glucosidase (EC 3.2.1.21)
exoglucohydrolase (EC 3.2.1.74)

Figure 1.3 - Cellulose composition and enzymes involved in cellulose degradation.

When the C-6 primary alcohol of the a-D-Glucose is oxidized to a carboxylic acid
group a-D-Glucuronic acid is formed. Enzymatic removal of the carboxyl group
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from the a-D-Glucuronic acid forms the pentapyranose a-D-Xylose, a sugar in
which all of the carbons are part of the heterocyclic ring. The b-1,4- linked poly-
mers of D-xylose form a polysaccharide named xylan. Next to cellulose, xylans are
one of the most abundant biopolymers synthesized in the biosphere. Structure of
xylans may vary from linear poly-D-xylose to highly branched hetero-polysaccha-
ride (e.g. arabinoxylan or glucuronoarabinoxylan). Hardwood xylan is typically o-
acetyl-4-o-methylglucuronoxylan with approximately 10% of xylose units a-1,2-
linked to a 4-o-methyl-glucurononic acid side-chain, and 70% of xylose residues
acetylated at the C-2 or C-3 positions. Softwood xylans are commonly arabinoxy-
lans in which 10% of the xylose units are substituted with &a-2,3-linked arabino-
furanose residues (86). Xylan, as a non-cellulosic polysaccharide, is synthesized in
the Golgi apparatus, packaged in secretory vesicles, and exported to the cell sur-
face, where they are interlinked with cellulose microfibrils (20). There is no evi-
dence to confirm covalent linkage between cellulose and any other component of
the plant cell wall, including xylans. Xylans are also believed to interact via hydro-
gen bonds to cellulose microfibrils with a strength that could be inversely propor-
tional to the degree of side-chain substitution (83). The two aromatic side-groups
and 4-O-methyl glycuronic acid of xylan enables a covalent cross-linking to other
cell wall components such as pectin or lignin.

Degradation of the heterogenous and variable polysaccharide xylan (linear
or highly branched hetero-polysaccharide) requires a whole suite of enzymes (8, 27)
(Figure 1.4).

Ara-@ Ara-0
Ac 1 1
=| —™ —>

3 3 3
-AXyIB1-4AXyIP1-4XyIBL-4XIB1-4XyIB1-4XyIB1-4XVIBL-4XyIP1-4XyIB1-4Xy1B1-4Xy1B1-4X yip1-
2 2

- . -

Ac 1 1
MeGlcA-@ Ara-0
5|
Fer/p-Cou
-AXvIBLIAXyIBL-

l endoxylanase (EC 3.2.1.8)
ﬂ' B-xylosidase (EC 3.2.1.37)

— @-L-arabinofuranosidase(EC 3.2.1.5%)
= ¢-gluceronidase (EC 3.2.1.139)

=> acetylxylan esterase (EC 3.1.1.72)
4 feruloyl esterase (EC 3.2.1.-)

Figure 1.4 - Xylan composition and enzymes involved in xylan degradation.
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Between these enzymes a considerable degree of synergy exists (67). For example,
many xylanases will not cleave glycosidic bonds between xylose units that are sub-
stituted. Thus, side chains must be cleaved before the xylan backbone can be com-
pletely hydrolysed (59). Xylans are structurally more complex than cellulose, and
therefore require more enzymes to achieve efficient hydrolysis. However, they do
not form tightly packed structures such as is the case with cellulose, and are more
accessible to hydrolytic enzymes. Consequently, the specific activity of xylanases is
generally 2-3 orders of magnitude greater than that cellulases have for their appro-
priate substrates (36).

To invade the plant, pathogens and parasites have to degrade cell walls. In
order break down the complex network, as the plant cell wall is, pathogens require
a diverse set of enzymes, including cellulases, xylanases, pectinases and proteases.
Although, the biochemistry and mode of action of most hydrolytic enzymes have
been studied extensively for bacteria and fungi (36), it is a new area of research for
plant-nematode interactions.

For a long time nematologists assumed that only mechanical force is in-
volved in the migration of the nematodes through the piant root (92). Present find-
ings indicate that a combination of mechanical force and enzymatic softening (see
also 70, 79) of plant cell walls takes place. To date, only b-1,4-endoglucagenases
have been identified in root-knot nematodes (70). It is expected that other types of
enzymes are ailso involved in the migration through plant tissues of this nematodes
species.

Outline of this thesis

The overall objective of this thesis is to study root-knot nematodes Meloidogyne
$pp. - an economically important pest in agriculture - using population and molecu-
lar genetics.

In Chapter 2 observations on the distribution of Meloiodgyne populations in
Macedonian vegetable and tobacco fields are presented. Variability in virulence to
Mi bearing tomato genotypes is shown for 73 Meloidogyne isolates. The impact of
the accurrence of extensive variations in virulence is discussed for the implementa-
tion of proper management system.

In the third chapter the genetic variation in 16 Meloidogyne populations was
assessed using molecular techniques that reveal nuclear and mitochondrial DNA di-
vergence on different hierarchical levels. The AFLP technique was used to assess
the phylogenetic relationships based on polymorphisms of total DNA. Polymor-
phisms generated by differences of mtDNA in the tandem array of 63-bp repeats
were quantified down to the level of an individual nematode.
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Chapter 4 describes the construction of a cDNA library from the pre-parasit-
ic second stage juveniles of Meloidogyne incognita to investigate gene expression
at the onset of parasitism. The results show that a good quality cDNA library and
single-pass cDNA sequencing of randomly chosen primary transcripts is a powerful
method to identify candidates for parasitism related genes in plant parasitic nema-
todes. The effictency of the method is illustrated with the production of expressed
sequence tags for virtually all parasitism-related genes cloned to date.

In chapter 5, one expressed sequence tag homologous to an endoxylanase of
various bacterial origins was used to identify a xylanase in M. incognita (Mi-xyll).
Transcription of this gene is shown to be localized in the subventral oesophageal
glands of second stage juveniles. A recombinant Mi-xyl] protein exhibited hydro-
lytic activity on both xylan and carboxymethylcellulose.

Finally, in chapter 6 the state of the art in population and molecular genetics
is discussed with respect to root-knot nematodes in order to summarise and illus-
trate the impact of the results describe in this thesis.

18 Makedonka Dautova




General introduction

References

13.

14.

15.

16.

17.

Abad P (1994) Repetitive DNA in plant-parasitic nematodes: use for interspecific and in-
traspecific identification. In: Lamberti F, De Giorgi C and Bird DMcK. (ed.) Advances in
Molecular Plant Nematology. (pp. 141-158) Plenum Press, New York and London

Adams MD, Kelley JM, Gocayne JD, Dubnick M, Polymeropoulos MH, Xiao H, Merril
CR, Wu A, Olde B, Moreno RF, et al (1991) Complementary DNA sequencing: expressed
sequence tags and human genome project. Science 252: 1651-1656

Anwar SA, Gorsi S, Hag AU, Rehman TU and Yousaf P (1991) Plant parasitic nematode
problems of some fields, vegetable, fruit and ornamental crops in the Punjab, Pakistan. J
Agricult Res 29; 330-337

Atkinson HJ (1996) Novel defences against nematodes. J Royal Agricult Soc 157 66-76
Baldwin JG, Nadler SA and Wall DH (2000) Nematodes-pervading the earth and linking all
life. In; P Raven and Williams T (ed.) Nature and Human Society, the Quest for a Sustaion-
able World. Proc Forum, 28-30 Qct 1997 (pp. 176-191} Natl Acad Press, Washington DC
Berkeley MJ (1855) Vibrio forming cysts on the roots of cucumbers. Gardeners Chronicle
April 7% 220

Barker KR and Olthof (1976) Relationships between nematode population densities and
crop responses. Ann Rev Phytopathol 14: 327-353

Biely P (1985) Microbial xylanolytic systems. Trends Biotechnol 3: 286-290

Bird AF (1974) Plant response to root-knot nematodes. Annu Rev Phytopathol 12: 69-85
Bird AF (1962) The inducement of giant-cell by Meloidogyne javanica. Nematologica 8: 1
Bird AF (1967) Changes associated with parasitism in Nematodes. I. Morphology and
physiology of preparasitic and parasitic iarvae of Meloidogyne javanica. I Parasitol 53: 768
Bird AF (1968) Changes associated with parasitism in nematodes. III. Ultrastructure of the
egg shell, larval cuticule, and contents of the subventral esophageal glands in Meloidogvne
Jjavanica, with some observation on hatching. J Parasitology 54: 475

Bird AF (1969} Changes associated with parasitism in nematodes. V. Ultrastructure of the
stylet exudation and dorsal esophageal gland contents of female of Meloidagyne javanica.
J Parasitology 55: 337

Bird AF (1983} Changes in the dimensions of the esophageal glands in the root-knot nema-
todes during the onset of parasitism, Int. J Parasitology 13: 343

Bird AF and Loveys BR (1980) The involvement of cytokinins in a host-parasite relation-
ship between the tomato (Lycopersicon esculentum) and a nematode (Meloidogyne javani-
ca). Parasitology 80: 497

Bird AF and Saurer W (1967} Changes associated with parasitism in nematodes. II. Histo-
chemical and microspectrophotometric analysis of preparasitic and parasitic larvae of Mel-
oidogyne javanica. ] Parasitology 53: 1262

Bird DMcK {1992) Mechanisms of the Meloidogyne-host interaction. In: Gommers FJ and
Maas PWTh (ed.) Nematology from molecule to ecosystem. (pp.51-59) European Society
of Nematologists Inc, Dundee, Scotland

Makedonka Dautova 19

$3POJELLIY 10UY-1001 JO $N13udT 1ejazsjou pue uonendog



Population and molecutar genetics of root-knot nematodes

Chapter 1

18. Brown CR, Mojtahedi H, Santo GS and Williamson VM (1997) Effect of the Mi gene in
tomato on reproductive factors of Meloidogyne chitwoodi and Meloidogyne hapla. ] Nema-
tol 29: 416-419

19, Carpenter AS, Haitt EE, Lewis SA and Abbot AG (1992) Genomic RELP analysis of Mel-
oidogyne arenaria race 2 populations. ] Nematol 24: 23-38
20. Carpita NC and Gibeaut DM (1993) Structural models of primary cell walls in flowering

plants: consistency of molecular structure with the physical properties of the walls during
growth, Plant J 3: 1-30

21. Carpita NC and McCann M (2000) The cell wall. In: Buchanan B, Gruissem W and Jones
R (ed.) Biochemistry and Molecular Biology of Plants. (pp. 52-108) Courier Companies
In¢, Rockville, MD, USA

22. Castagnone-Sereno P, Vanlerberghe-Masutti F and Laroy F {1994) Genetic polymorphism
between and within Meloidogyne species detected with RAPD markers. Genome 37: 904-
909

23, Cenis JL (1993) Identification of four major Meloidogyne spp. by random amplified poly-
morphic DNA (RAPD-PCR). Phytopathology 83: 76-78

24, Chitwood BG (1949) Root-knot nematodes, part I. A revision of the genus Meloidogyne
Goeldi, 1887. Proc Helminth Soc Wash 16: 90-104

25. Cobb NA (1915) Nematodes and their relationships. US Department of Agriculture Year-
book for 1914: 457-490

26. Cohn E and Spiegel Y (1991) Root-nematode interactions. In: Waisel Y, Eshel A and

Kafkafi U (ed.) Plant roots: The Hidden Half. (pp. 789-805) Marcel Dekker, Dordrecht,
Netherlands

27. Couglan MP and Hazlewood GP (1993) b-1,4-D-xylan degrading enzyme systems: bio-
chemistry, molecular biology, and applications. Biotechm Appl Biochem 17: 259-289
28, Davis EL, Aron LM, Pratt LH and Hussey RS (1992) Novel Immunization Procedures

Used to Develop Monoclonal Antibodies that Bind to Specific Structures in Meloidogyne
spp. Phytopathology 82: 1244-1250

29, Eisenback JD, Hirschmann H, Triantaphyllov AC (1980} Morphological comaprison of
Meloidogyne female head structures, perineal patterns, and stylets. ] Nematology 12: 300-
313

30. Eisenback JD and Triantaphyllou HH (1991) Root-knot nematodes: Meleidogyne species
and races. In: Nickle WR (ed.) Manual of agricultural nematology. (pp. 191-273) Marcel
Dekker Inc., New York

31. Endo BY (1984) Ultrastructure of the esophagus of larvae of the soybean cyst nematode,
Heterodera glycines. Proc Helminth Soc Wash 51: 1-24

32. Endo BY and Wergin WP (1988) Ultrastructure of the second-stage juvenile of the root-
knot nematode, Meloidogyne incognita. Proc Helminth Soc Wash 55: 286

33. Fargetie M, Blok VC, Phillips MS, and Trudgill DL (1994) Genetic variation in tropicat

Meloidogyne species. In: Lamberti F, De Giorgi C and Bird DMcK {(ed.) Advances in Mo-
lecular Plant Nematology. (pp. 91-96} Plenum Press, New York

20 Makedonka Dautova




34.

35.

36.

37

38.

39.

40.

4].

42

43.

44.

45.

46.

47.

43.

49.

General introduction

Folkertsma RT, De Groot KE, Van Zandvoort PM, Van Koert PHG, Van Gent-Pelzer MPE,
Rouppe van der Voort INAM, Schots A. Bakker J, Gommers FJ and Helder J (1996} Clus-
ter analysis of 36 Globodera pallida field populations using two sets of molecular markers.
Eur J Plant Pathol 102: 577-584

Girate T, Robinson MP, Chacén MR and Parkhouse ME (1991) Characterization of species
and races of the genus Meloidogyne by DNA restriction enzyme analysis. J Nematol 23:
414-420

Gilbert HJ and Hazlewood GP (1993) Bacterial cellulases and xylanases. J Gen Microbiol
139: 187-194

Golden AM and Birchficld W (1978) Meloidogyne incognita wartellei n. subsp. (Meloidog-
yridae), a root-knot nematode on resistant soybeans in Louisiana. J Nematol 10; 269-277
Golden AM, O’Bannon JH, Santo GS and Finley AM (1980) Description and SEM obser-
vations of Meloidogyne chitwoodi n. sp. (Meloidogynidae), a root-knot nematode on pota-
to in the Pacific Northwest. J Nematol 12: 319-327

Goldi EA (1892) Relatoria sobre a molestia do cafeiro na provincia da Rio de Janeiro. Ar-
chos Mus Nac Rio de Janeiro 8: 7-112

Guirao P, Moya A and Cenis L (1995) Optimal use of random polymorphic DNA in estimat-
ing the genetic relationship of four major Meloidogyne spp. Phytopathology 85: 547-551
Huang CS (1985) Formation, anatomy, and physiology of giant-cells induced by root-knot
nematodes. In: Sasser IN and Carter CC. An Advanced Treatise on Meloidogyne: Biology
and control. Vol.I {pp. 155-164) North Carolina State University Graphics, Raleigh, North
Carolina

Hussey RS (1983 Host-parasite relationships and associated physiological changes. In:
Sasser JN and Carter CC. (ed.) An advanced treatise on Meloidogyne: Biology and control,
Vol I (pp. 143-153). North Carolina State University Graphics, Raleigh, North Carolina
Hussey RS (1987) Secretions of esophageal glands of Tvlenchida nematodes, In: Veech JA
and Dickson DW (ed.) Vistas on Nematology. (pp. 221-228) Society of Nematologists Inc,
Hyartsville, Maryland

Hussey RS (1989) Disease-including secretions of plant parasitic nematodes. Annu Rev
Phytopath 27: 123

Hussey RS and Mims CW (1990} Ultrastructure of esophageal glands and their secretory
granules in the root-knot nematode Meloidogyne incognita. Protoplasma 165: 9

Hussey RS, Paguio OR and Seabury F (1990) Localization and Purification of a Secretory
Protein from the Esophageal Glands of Meloidogyne incognita with a Monoclonal Anti-
body. Phytopathology 80: 709-714

Hussey RS and Mims CW (1991) Ultrastructure of feeding tubes formed in giant-cells in-
duced in plants by the root-knot nematode Meloidogyne incognita. Protoplasma 162: 55
Hussey RS, Davis EL and Ray C (1994) Meloidogyne stylet secretion. ln: Lamberti F, De
Giorgi C and Bird DMcK. (ed.} Advances in Molecular Plant Nematology. (pp. 233-249)
Plenum Press, New York and London

Jensen HJ (1972) Nematode pests of vegetable and related crops. In: Webster JM (ed.) Eco-

Makedonka Dautova 21

SIPOIBWIAU JOUR-J00L JO $11aua3 Je[nda[ow pue uone ndog



Population and molecular genetics of root-knot nematodes

Chapter 1

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61,

62,

63.

64.

65.
66.

22

nomic nematology London and New York Academic Press, New York

Jepson JB (1987) Identification of root-knot nematodes (Meloidogyne species). Walling-
ford Cab International, UK

Jones MGK (1981) Host cell response to endoparasitic nematode attack: structure and
function of giant-cell and syncytia. Ann Appl Biol 97: 353

Jones MGK and Northcote DH (1972) Nematode-induced syncytium-a multinucleate trans-
fer cell. J Cell Sci 10 789-809

Jones MGK and Payne HL (1978) Early stages of nematode-induced giant-cell formation in
roots of Impatiens balsamina. J Nematology 10: 70

Kevan DKMCcE (1965) The soil Fauna - [ts Nature and Biology. [n: Barker KF and Snyder
WC (ed.} Ecology of Soil-borne Plant Pathogens. (pp. 33-41) University California Press,
Berkeley

Kofoid CA and White WA (1919) A new nematode infection of man. J Am Med Ass 72:
567-569

Koltai H, Chejanovsky N, Raccah B and Spiegel Y (1997) The first isolated collagen gene
of root-knot nematode Meloidogyne javanica is developmentally regulated. Gene 196: 191-
199

Lambert KN, Allen KD and Sussex M (1999) Cloning and Characterization of an esopha-
geal-gland-specific chorismate mutase from the phytoparasitic nematode Meloidogyne
Javarnica. Mol Plant-Microbe Interact 12: 328-336

Lamberti F (1979} Economic importance of Meloidogyne spp. in subtropical and Mediter-
ranean climates. In: Lamberti F and Taylor CE. (ed.) Root-Knot Nematodes (Meloidogyne
species): Systematics, Biology and control. (pp 341-357} Academic press, London

Lee SF and Forsberg CW (1987) Purification and characterization of an a-L-arabinofuran-
osidase from Clostridium acetobutylicum. Canad J Microbiol 33: 1011-1016

Luc M, Maggenti AR and Fortuner R (1988) A reappraisal of Tylenchina (Nemara). The
family Hereroderidae Filipjev and Schuurmans Stekhoven, 1941. Rev Nématol 11: 159-
176

Lynch M and Milligan BG (1994) Analysis of population genetic structure with RAPD
markers. Mol Ecol 3: 91-99

Maggenti AR, Luc M, Raski DJ, Fortuner R and Geraert E (1987) A reappraisal of Thyl-
enchina (Nemata). 2. Classification of the suborder Tylenchina (Nemata: Diplogasteria).
Rev Nematol 10: 135-142

Mai WF (1985} Plant-parasitic nematodes: their threat to agriculture. In: Sasser JN and
Carter CC. (ed.} An advanced treatise on Meloidogyne: Biology and control. Voll (pp. 11-
17). North Carolina State University Graphics, Raleigh, North Carolina

McCarrey IR and Williams SA (1994} Construction of cDNA libraries from limiting
amounts of material. Current Opinion in Biotechnology 5: 34-39

McGlure MA (1977) Meloidogyne incognita: A metabolic sink. J Nematol 9: 89-50

Neal JC (1889} The root-knot disease of the peach, orange and other plants in Florida, due
to the work of the Anquiliula. Bull US Bur Ent 20: 1-31

Makedonka Dautova




67.

68.

69,

70.

71.

72.

73.

74.

5.

76.

77.

78.

79.

80.

81.

General introduction

Poutanen K, Tenkanen M, Korte H and Puls T (1991} Accessory enzymes involved in the
hydrolysis of xylans. In: Leatham GF and Himmel ME (ed.) Enzymes in Biomass Conver-
sion, ACS Symposium series 460. (pp. 426-436) American Chemical Society, Washington
DC

Powell NT (1971) Interactions between nematodes and fungi in desease complexes. Annu
Rev Phytopathology 9: 253-274

Riggs RD and Winstead NN (1959} Studies on resistance in tomato to root-knot nematodes
and on occurrence of pathogenic biotypes. Phytopathology 49: 716-724

Rosso M-N, Favery B, Piotte C, Arthaud L, De Boer IM, Hussey RS, Bakker 1, Baum TJ
and Abad P (1999) Isolation of a cDNA Encoding b-1,4-endoglucanase in the Root-Knot
Nematode Meloidogyne incognita and Expression Analysis During Plant Parasitism. Mol
Piant-Microbe Interact 12: 585-591

Rouppe van der Voord INAM, Eck HJ, van Zandvoord PM, Overmars H, Helder H and
Bakker J (1999) Linkage analysis by genotyping of sibling populations: a genetic map for
the potata cyst nematode constructed using a “pseudo-F2” mapping strategy. Mol Gen
Genet 261: 1021-1031

Sambrook J, Fetsch EF and Maniatis T (1989) Molecular Cloning: A Laboratory Manual.
(2™ed.) Cold Spring Harbor Laboratory, Cold Spring Harbor, New York

Sasser JN (1979} Pathogenicity, host ranges and variability in Meloidogyne species. In:
Lamberti F and Taylor CE (ed.) Root-knot nematodes (Meloidogyne species): Systematics,
biology and control. (pp. 257-268) Academic Press, New York

Sasser JN (1980) Root-knot nematodes: a global menace to crop production. Plant Dis 64:
36-41

Sasser JN and Freckman DW (1987) A world perspective on nematology: the role of the
society. In: Veech JA and Dickson DW. (ed.) Vistas on Nematology. (pp 7-14) Soc Nematol
Inc, Hyattsville, USA

Schmidt A (1871) Uber den Rithennematoden (Heterodera schachtii). Zeitschr Riibenzuck-
er-Industrie 21; 1-19

Sijmons, PC, Atkinson HJ and Wyss U (1994) Parasitic strategies of root nematodes and
associated host cell responses. Ann Rev Phytopathol 32: 235-259

Singh RS and Sitaramaiah (1994) Plant Pathogens: The Plant Parasitic Nematodes. Interna-
tional Science Publisher, Broadway, New York

Smant G, Stokkermans JPWG, Yan Y, De Boer JM, Baum T, Wang X, Hussey RS, Gommers
FJ, Henrissat B, Davis EL, Helder J, Schots A. and Bakker J (1998) Endogenous cellulascs
in animals: Isolation of b-1,4-endoglucanase genes from two species of plant parasitic nem-
atodes. Proc Natl Acad Sci USA 95: 4906-4911

Taylor AL and Sasser JN (1978) Biology, identification and control of root-knot nematodes
(Meloidogyne species). Department of Plant Pathology, North Carolina State University/
Unated States Agency for International Development, Raleigh, NC

Treub M (1885) Onderzoekingen over sereh-ziek suikerriet gedaan in ‘slands plantentuin te
Buitenzorg. Meded. Pl. Tuin, Batavia 2

Makedonka Dautova 23

$3POLBILIAL }OUX-)001 JO $o113u8d e nasjour pue uoreindog



Population and molecular genetics of reot-knot nematodes

Chupter 2

ABSTRACT

The occurrence of Meloidogyne in several areas of Macedonia was surveyed. Sev-
enty-three isolates from 9 locations (fields and glasshouses) were identified and
their behaviour on two susceptible and two Mi resistant tomato cultivars compared.
M. incognita (47,9%) and M. javanica (35,6%) are the predominant species fol-
lowed by M. arenaria (13,7%), and, sporadically, M. hapla (2,7%} was found. Mix-
tures of species were present at nearly all locations. Virulent isolates were found in
M. incognita (11%) and M. javanica (46%) as well as in M. arenaria (50%). M.
hapla isolates were compatible with all tomato genotypes tested. The impact of the
occurrence of virulence for Mi carrying tomato genotypes is discussed.

INTRODUCTION

The widely distributed polyphagous root knot nematodes (Meloidogyne spp.) are
among the most damaging plant parasitic nematodes in many economically impor-
tant crops. Damage by the different species, its populations (intraspecific variation)
and subsequent control are important issues. A means of control that is environmen-
tally satisfactory is the growing of resistant cultivars but this is generally hampered
because resistance is often not universal i.e. not directed to all Meloidogyne species
present in an area or by the occurrence of virulent field populations. Resistance
against root knot nematodes has been described for various crops, among them to-
mato {Lycopersicum esculentum) (e.g. 11, 29).

Resistance in tomato to root knot nematodes was found about 50 years ago in
an accession of L. peruviamum and introgressed in L. esculentum using embryo res-
cue (34). All currently available root-knot resistant tomato cultivars are derived
from this source (21). A major gene (Mi} located on chromosome 6 (12) controls
resistance. The Mi gene confers resistance to M. incognita, M. javanica and M. are-
naria but not to M. hapla (1, 14),

There are two major limiting factors in the use of Mi: (i) at high soil temper-
ature (28-30°C) the resistance does not function (9) and (ii) the occurrence of resist-
ance breaking root-knot nematode populations. M. incognita, M. arenaria and M.
Javanica include virulent field populations and isolates selected on Mi-bearing cul-
tivars after several generations (e.g. 22, 24, 28, 31). Variation in virulence in M. in-
cognita populations towards the Mi gene has been studied by many authors (3, 5, 7,
16, 19). There are also several reports on virulent M. arenaria and M. javanica pop-
ulations (23, 27, 33, 37). Currently seven additional independent dominant Mel-
oidogyne resistance genes, designated Mi-2 to Mi-8, have been identified from L.
peruvianum accessions and one from L. chilense. These genes are not yet available
in commercial cultivars. They display resistance with different properties from Mi
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and some are resistant to M. hapla or confer resistance at 32 °C. (sce: 38). Because
L. esculentum and L. peruvianum do not normally cross, the behaviour of these re-
sistance genes in a tomato background is as yet hardly known.

In spite of the economic importance of the tomato crop in Macedonia, knowl-
edge on the distribution of Meloidogyne species is scarce and even completely ab-
sent if intraspecific variations in virulence are considered. These omissions serious-
ly impede implementation of proper management systems for Meloidogyne. As a
first step towards such a system we report in this chapter on the distribution of Mel-
oidogyne populations (a)virulent on Mi-bearing tomato genotypes in Macedonian
vegetable and tobacco fields.

MATERIALS AND METHODS

The susceptible tomato, L. esculentum Mill., cvs Moneymaker and Vivia - F 172,
and the Mi resistant genotypes cv. Carmello GC 204 and cv. Manthos GC 785 were
used. S&G Sandoz Seeds, The Netherlands, kindly provided us with the seeds, ex-
cept for cv. Moneymaker. To exclude nullifying the Mi gene at high temperature (9)
experiments were done at 20-25 2C in a glasshouse. Two weeks old seedlings were
transplanted into 20cm plastic pots filled with sterilised sand and allowed to estab-
lish for two weeks before inoculation with second stage juveniles. Pots were ferti-
lised at regular intervals and watered with tap water as required. To avoid contami-
nation pots were kept separate on saucers.

In 1996 and 1997 populations of Meloidogyne from nine areas (Table 2.1),
seven cropped with vegetables (mainly tomatoes) in glasshouses and two tobacco
fields were collected from infested roots and rhizosphere soil.

Only in the Gevgelija glasshouse was the Mi resistant tomato cv. Suzo
grown. The seventy-three isolates (lines) were set up from single egg masses and
propagated and maintained for about seven months on cv. Moneymaker. To obtain
enough second stage juveniles (J,) for the virulence tests eggs were harvested ap-
proximately 12 weeks after inoculation by dissolving egg masses in 0.5% NaOCl-
solution (15). J,s were hatched in water and stored at 4 °C until required. The aver-
age egg mass contained 200 I,s. Prior to inoculation nematodes were allowed to
pass through a cotton filter and viable juveniles were collected after one day. In vir-
ulence tests 400 J,s (~ 2 egg masses (P)) in suspension were pipetted with an auto-
matic syringe onto the soil surface around the stem base of the test plant seedlings
followed by light watering.

Seven weeks later plants were harvested individually, their roots washed
free from sand stained with Phloxine B solution (8) and the egg masses (Pf) and
galls counted. Multiplication rates (P P) were assessed. Host status was divided
into three categortes as follows: Pf/Pl. 31.0, suitable host (SH); 0.1 < Pf/Pj < 1.0,
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poor host (PH) and P/P £0.1, non-host (NH). Each nematode population was test-
ed in four replicates on the susceptible and resistant genotypes. For each isolate, af-
ter square root transformation of the data (data not shown), pair-wise differences
between the means were analysed for significance and Least Significant Difference
(LSD) at P = 0.05 with ANOVA using Genstat (25).

‘Table 2.1 - Origin, preceding crop and species designation of populations and isolates used.

Location Preceding Number of Numberof Species Code*
crop populations isolates  identified
Bogdanci tomato, cv. Priska 1 7 M. incognita  MiB
Hamzali cucumber 3 12 M. incognita  MiSH
1 2 M. javanica MjSH
tomato, cv. Balka 1 3 M. arenaria MaSH
Bansko cucumber 1 4 M. incognita  MiSB
lovica tobaceo 2 5 M. incognita Ml
Prosenikovo cucumber 2 7 M. incognita MiP
1 2 M. javanica MiP
1 1 M. arenaria MaP
Kocani cucumber 1 3 M. javanica MjK
tomato, cv. Balka 2 8 M. javanica MjK
1 1 M. arenaria Mak
1 1 M. hapla MhK
Gevgelija tomato, cv. Suzo 1 7 M. javanica MjG
Kumanovo tomato, cv. Vivia 1 4 M. javanica MjKu
1 1 M. hapla MhKu
Stuka tobacco 1 5 M. arenaria MaS

* isolates are coded as indicated followed by numbers for field population and isolate.

Species composition of the isolates was determined in two ways, (1) Using
the morphological criteria of perineal pattern of adult females and morphometrics
of males and J,s (17). At least 15 perineal patterns and 25 males and juveniles of
each isolate were examined. (ii) By amplifying the intergenic spacer region between
the cytochrome oxidase II gene and the 165 rRNA gene in the mitochondrial ge-
nome of single juveniles (26). In this approach ten individual J,s were handpicked,
homogenised in a 15 pl drop of sterile water, frozen for future analysis or immedi-
ately processed in a PCR procedure in a final volume of 25 pl as described. Follow-
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ing DNA amplification the products were separated on agarose gel, stained with
ethidium bromide and visualised on a UV box. M. arenaria is characterised by a
unique 1.1 kb fragment. To allow discrimination among species with identically
sized amplification products standard restriction digestions (Dra I or Hinf I) of 5 pl
of the amplified products were conducted for 2-4 hours at 37 °C and evaluated on
1.5 % agarose gels. Digestion with Dra I was carried out in case of the presence of
a0.52 kb amplification product. A four-banded pattern (0.44, 0.29, 0.23 and 0.08 kb
fragments) separated M. hapla from M. chitwoodi, M. maryvlandi, M. nataliei M.
naasi and M. fallax. In case of the presence of a2 1.7 kb fragment a Hinf { digestion
distinguished M. javanica from M. incognita on basis of an undigested band and
two-banded patterns (0.4 and 1.3 kb fragments) respectively (39). Results were ob-
tained with about 90% of the individual J,s tested.

RESULTS

There were hardly any discrepancies between the time consuming morphological
identifications and the rather straightforward and rapid identifications based on am-
plification of intergenic spacer region of the mtDNA (Figure 2.1). Contradictory re-
sults between the morphological and DNA-based identifications were obtained with
three isolates (4.1%). The perineal patterns pointed at M. javanica and the DNA
based identifications at M. incognita. The outcomes of the DNA analyses were fol-
lowed.
Seventy-three isolate originating from 22 Meloidogyne populations were collected
in 11 areas previously cropped with cucumber, tobacco or tomato. Two glasshouses
turned out to be free from Meloidogyne infestations. Mostly mixtures of species
were found and M. javanica (Treub) Chitw. was present in nearly all tomato crops.
Thirty-five isolates were identified as M. incognita (Kofoid and White) Chitw., 26
as M. javanica, 10 as M. arenaria (Neal) Chitw. and 2 as M. hapla Chitw.

Viralence characteristics of the isolates were determined on the susceptible
cvs Moneymaker and Vivia and the Mi resistant cvs Carmello and Manthos (Table
2.2, Figure 2.2). All M. incognita isolates reproduced on both susceptible cultivars.
It was noticed that often the numbers of egg masses on cv. Moneymaker were high-
er than the numbers of galls. On cv. Vivia the opposite was true. Four out of the 35
M. incognita isolates (11 %) (two MiB, MiS and Mil} also produced egg masses on
the resistant cultivars. One of the two MiB isolates, being the most virulent, repro-
duced equally well on cv. Moneymaker and both resistant cultivars.

As also shown in Table 2.2 the M. javanica isolates generally reproduced
well on both susceptible cultivars although numbers of egg masses on cv. Vivia
tended to be less than on cv. Moneymaker.
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Figore 2.1 - PCR amplification of mtDNA of individual J,s. Primers and conditions are as described by Powers
and Harris (26). The 1.7 kb product is characteristic for M. incognita and M. javarica (lanes 1, 2 and 5, 6 re-
spectively). After a Hinf I digestion of the 1.7 kb fragment Meloidogyne incognita (lane 3, 4) is identified by a
two banded pattern and the M. javanica (lane 7, B) fragments remains undigested. The 0.52 kb product (lanes 9,
10) is characteristic for a number of Meloidogyne species. After a Dra | digestion four unique fragments identify
M. hapla (lanes 11, 12). M. arenaria gives a 1.1 kb product (Janes 13, 14). The first and last lanes are standard
markers.

Twelve out of the 26 isolates (46 %) were virulent at least on one of the M:-
bearing cultivars. Some of the isolates (MjG, MjK and MjSH) produced slightly
more egg masses on cv. Carmello than on cv. Manthos, while for some other iso-
lates from the same locations (MjG, MjK and MjKu) the opposite was true.

The highest number of virulent isolates (50 %) was found with M. arenaria.
All isolates reproduced on the two susceptible cultivars. Isolate MaK and two MaS
isolates were also fully compatible with the both resistant cultivars and MaSH and
one of the MasS lines reproduced better on cv. Manthos than on cv. Carmelio.

Both M. hapla isolates were fully compatible with all four tomato genotypes.
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Table 2.2 - Means of the square root numbers of egg masses of 73 Meloidogyne isolates on roots of four

Lycopersicum genotypes differing in presence or absence of the Mi gene (means are of four replicates;

virulent populations are shaded).

Isolates Egg masses / Root system Isolates Egy masses / Root system
Money- Vivia Carmello Manthos Money- Vivia Carmello Manthos
maker maker

MiB12.4 8263 447 p 000c 141 ¢ MiP3gas 933 a 825 a 000¢ 000¢
MiB12s 10,72 +a 640+~ 141 ¢ 0004 MiP336 574 a 400 000¢ 000c
MiB12¢ 735 M83% 000¢ 0,00 ¢ MiPas.s 906 4 872 4 100¢ 1,00 ¢
MiB12.7 346 -a 964 ~p 245 ma 265a MiP311 933 a 500+ 000c¢ 1,004
MiB12.8 883-a 9433 000c¢ 000¢ MiPa12 1039 3 889+, 000+ 000¢
MiB12.9 949 -a 843 2 200¢ 510 d MaPa3s 812+ 7,07 ~a 000¢ 0,00 ¢
MiB12.10 566 *ta 728 ~np 1,00 ¢ 0,00 4 MjK21.1 866 a 3610 285 be 200 ¢
MiSH 17.4 6,93 -a 0,00 0,00 ¢ 0,00 ¢ MjK21.4 361+ 529+ 100+ 2454
MiSH17.5 787 +a 447 ~n 000+ 000 MjKa1.8 889 2 600 245 141 ¢4
MiSH 17.7 735 a 6,56 a 06,00 ¢ 0,00 ¢ Mjtz 2 825 o 7000p 0,00 ¢ 0,00 ¢
MiSH 17.9 1015 a 1204 -n 0,00 ¢ 1,00 g MjKz.4 959 a 583 0,00 ¢ 0,00 ¢
MiSH1710 1609 -a 10,10 100 0004 MjKz.6 735 a2 480 000 1004
MiSH1712 600 a 1828+ O000c¢ 1414 MjKz.7 949 3 361 -p 000¢ 000
MiSH 25,1 678+-a 877 b 000c 000c¢ MjKz10 1105+ 6860 000c 000
MiSH2s52 1196 a 1091 +a 100c 0004 MjKaa B25*a 860 a 100c¢ 3464
MiSH25.3 8,19 =2 13,27 »b 000 ¢ 141 MiKs12 787 a 458bp 000¢ 1004
MiSH2s8 1349 -2 980 200c 0004 MiK313 1435 a 1010p 100c¢ 0004
MiSH26.2 990 a 943 2 000 000¢c MakK2z1 1158 a 12,17 a 283 458+
MiSH263 1367 a 1030 *o 000 *»c 1,004 MhK 2.3 866 a 671 a 173¢ 361 a
MjSH 153 B72 a 265 000¢ 1,00 4 MiG4.3 922 g 6480 141 ¢ 3,16 d
MjSH 15,10 B49 a 3740 2,24 ¢ 1,00 4 MjG4.4 316 g 346 3 1,00 ¢ 0,00 ¢
MaSH254 1552 a 1463 »a 1,41 ¢ 1,00 ¢ MjG4.5 927 a 1253 a 2,24 ¢ 8,89 g
MaSHz2s5 707 a 735 a 141 ¢ 141 ¢ MjG4es 1140 3 520+ 3,00¢ 2,865 ¢
MaSHz510 14,18 a 1118 = 141 ¢ 200 ¢ MjG410 748 -3 283 ~p 141+ 0004
MiSB 193 938 a 806 a 1,00 ¢ 1,00 ¢ MjG4.11 900 4 4691 1,73 ¢ 141 ¢
MiSB19.6 1622 a 9850 1.00 ¢ 000 4g MjG4.13 849 g 4584 0,00 ¢ 141 4
MiSB197 721 5 490+ 1,00¢ 0,00 «d MjKu 7.3 959 =a 490 1,41 ¢ 2,00 ¢
MiSB 199 9569 a 837 -3 0,00¢ 0,00 ¢ MjKu 7.4 837 a 721 g 000¢ 0,00 ¢
Mil2g.3 387 a 283 a 0,00 ¢ 0,00 ¢ MjKuzz 1020 -5 735 -p 1,00¢ 224 g
Mil2g.6 316 a 3,16 a 0,00 ¢ 0,00 ¢ MjKu 7z o 872+« 55H7+p 000+« 1734
Mil2g.10 1109 a 825 p 1,00 ¢ 2,00 d MhKuzgs 990+ 529 -n 200+ 265
Milz0.4 7.21 a 735 a 0,00 ¢ 0,00 ¢ MaSg272 849 a 800 g 000+ 000 =
Milzp.7 6,93 a 768 a 1,41 ¢ 0,00 d MaS275 1367 a 1249 5 000 ¢ 141 4
MiPaz 5 762 a 510+ 000 0,00 ¢ MaS276 11,58 a 11,09 a 224 ¢ 387 4
MiP329 400 a 200+ 000 0,00 ¢ MaSz7g 883 5 7942 2656 200¢
MiP32.11 458 a 245 p 000¢ 0,00 ¢ MaSz711 728 4 616 a 000 ¢ 2,00 q
MiP33.1 671 a 583 a 000¢ 0,00 ¢

* numbers of galls less that numbers of egg masses

** numbers of galls more that numbers of egg masses

Isolate-genotype combinations sharing a common letter do not differ significantly at P = 0.05.
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