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Colombia is located on the Northwestern corner of South America between the
Pacific and Atlantic Oceans. It is the 26th largest nation in the world, comprises 115
million hectares (1,138,910 sqg km), 5 percent of which are under cultivation (pastures not
included). Colombia is predominantly an agrarian country and apart from few exceptions
it is self-sufficient. Approximately 80% of people live in urban areas, most of them

situated at Andes Region.

Colombian topography is characterized by the Andean Cordillera range (30% of
country area), situated in the West- central part of the country, and stretches from South
to North almost along the whole of the country. Between mountains, there are high
plateaus and fertile valleys which are crossed by the major river system. The country is
100% tropical, situated between 4° to 12° at South and North of Equator line,
respectively. Altitude ranges between 0 to 5.700 meters above sea level which combined
with other climatic factors (i.e. all year long the rainy season alternates with the dry
season) allows/provides all climate conditions for the production of a wide range of both
tropical and temperate-zone crops and several harvests a year are obtained. Variety of

crops for both export and domestic consumption are produced.

Coffee, cut flowers and banana productions range between second to third largest
on the world. Other important crops yielded are plantain, sugarcane, tobacco, cotton, rice,
sorghum, soybean, maize, palm oil, cocoa, bean, cassava, potatoes, grapes, vegetables,
citrus fruits and native fruits. Dietary requirements also include numerous types of
indigenous fruits. Domestic markets consume the bulk of the production of all crops

mentioned above (exceptions the three first) but some of them are also exported.

Agriculture production is affected by many factors. Although plant—parasitic
nematodes are often not as important as some other biotic and non-biotic constrains on
crop production in the tropics, they can nevertheless cause extensive damage and
substantial yield losses (Sasser & Freckman, 1987). Prevention or alleviation of these
losses would contribute to increase food production and cash income (De Waele & Elsen,
2007).
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Data about nematode studies in Colombia mentioned in this section and in
chapter 3 only include taxa and crops related to this thesis. However, a lot of papers on
other nematode taxa (plant-parasitic as &ighinema —Siddiqi & Lenne, 1990- and

entomopathogenic nematode descriptions) have been published; most of them in Spanish.

Colombian nematological research has been focused mainly on root-knot
nematodes or the genddeloidogyne. About 50 percent of the Colombian nematode
literature has been produced by means of thesis research at level of bachelor. Topics
most frequently dealt with are: identification to genus level of nematodes associated with
different crops (mainly coffee, fruit crops, banana, cut flowers, potatoes, tobacco, bean,
sorghum, soybean and vegetables), genetic resistance, chemical and biological control,

yield losses, interaction with other organisms (Muéica., 2003).

Taxonomical studies are scanty, most of them deal with the ¢éeoslogyne.
Hereby, the perineal pattern and host differential tests are the methods more widely used
for nematode identification (Corrales, 1996; Gaviria & Navarro, 2003; Lozadh,
2002; Munera, 2002c, 2003a; Munera & Navarro, 2000a, 2002; Munera & Saldarriaga,
2003; Vargast al., 2002). Morphometric data, with a few exceptions are not recorded.
Scanning electron microscope, protein analysis, specific primers and phylogenetic
methods were not yet used. Molecular studiedMetoidogyne were rarely conducted
(Vanegas, 2006).

However, plant-parasitic nematodes from Colombia have been included in two
pioneer contributions, i.e. an extensive studyMmhoidogyne (using enzyme phenotypes
for identification of species) and one on the geRadopholus (revision of the genus
Radopholus) (resp. Esbenshade & Triantaphyllou, 1985c; Sher, 1968b). Additionally,
one Pratylenchus speciesP. neobrachyurus, was described by Siddigi from the grass

Andropogon guyanus at Carimagua- Casanare, east of Colombia (Siddiqi, 1994).

Four major fruit crops are grown in temperate climate in Colonfnum
quitoense Lam., Cyphomandra betacea (Cav.) Sendt. (synSolanum betaceum Cav.),

Passiflora ligularis Juss, Rubus glaucus Benth. and plantainusa AAB) are important
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both for export and domestic market, not only for the nutritive value but also as income
and employment in Colombia. Studies on nematode biodiversity focusing at species level
are needed since wide distributions of plant-parasitic nematodes have been recorded in

these crops, resulting in significant economic losses (see chapter 2).

Biodiversity concepts considered here are those defined at the summit of the
United Nations Earth in Rio de Janeiro, 1992: “Biodiversity is the totality of genes,
species and ecosystems in a region. Biodiversity can be divided into three hierarchical
categories -genes, species, and ecosystems- that describe quite different aspects of living

systems and that scientists measure in different ways”.

According to Noss (1990): "Biodiversity is not simply the number of genes,
species, ecosystems, or any other group of things in a defined area". A definition of
biodiversity that is altogether simple, comprehensive, and fully operational (i.e.
responsive to real- life management and regulatory questions) is unlikely to be found.
More useful than a definition, perhaps, would be a characterization of biodiversity that
identifies the major components at several levels of organization. Composition, structure,
and function determine, and in fact constitute, the biodiversity of an area. Composition
has to do with the identity and variety of elements in a collection, and includes species
lists and measures of species diversity and genetic diversity. Structure is the physical
organization or pattern of a system, from habitat complexity as measured within
communities to the pattern of patches and other elements at a landscape scale. Function
involves ecological and evolutionary processes, including gene flow, disturbances, and

nutrient cycling”. Systematics assesses biodiversity using the species as unit.

Based upon former concepts, this thesis focuses mainly on two composition
components (species and genes) of biodiversity and as contribution to know the
biodiversity of the nematofauna in Colombia. Because of its location and variety of
ecosystems, Colombia ranks among the world’s top five countries for biodiversity.
Despite of the lack of complete inventories of flora and fauna, the country ranks first in
species of birds and amphibians, second in vascular plants, and third in mammals

worldwide; in average, one out of ten species of flora and fauna occurs in Colombia
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(Alexander von Humboldt Institute, 2008*). Studies on biodiversity represent a long-

term multidisciplinary task.

Thus, the aim of this research is to study the biodiversity of plant parasitic
nematodes associated with plantain and fruit crops in Colombia, to acquire the
knowledge and skills for the application of different identification methods, to interpret
the results based on a multidisciplinary approach in order to provide an accurate
identification and understand relationships between species. Previous studies on
nematodes in Colombia (see chapter two) show Mebidogyne, Pratylenchus and
Radopholus are the most important taxa (more prevalent and abundant) of plant parasite

nematodes in Colombia and therefore have been selected for this study.
Specific objectives are:

To characterize morphologically, morphometrically and molecularly Colombian
Meloidogyne populations associated to five cropSolanum quitoense Lam.,
Cyphomandra betacea (Cav.) Sendt. Passiflora ligularis Juss.,Rubus glaucus Benth.

and plantain.

To characterize morphologically, morphometrically and molecularly Colombian

Pratylenchus populations associated to plantain.

To characterize morphologically, morphometrically and molecularly Colombian

Radopholus populations associated to plantain.

* http://www.humboldt.org.co/ingles/en-biodiversidad.htm
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Introduction

The four major fruit crops grown in temperate climate (50.000 has.) in Colombia
are Solanum quitoense Lam. (lulo or naranjilla);Cyphomandra betacea (Cav.) Sendt.
(syn. Solanum betaceum Cav.) (tomate de arbol, tamarillo or tree tomafgssiflora
ligularis Juss. (granadilla) anBubus glaucus Benth. (mora). Another important crop is
plantain Musa ABB), cultivated on 400.000 hectares, with different cultivars (harton,
dominico, and dominico harton) grown at different altitudes. These five crops are
important both for export and domestic market, not only for the nutritive value but also

as income and employment in Colombia.

Production of those fruit crops is affected by many factors. Although plant
parasitic nematodes are often considered economically less important than some other
biotic and non-biotic constraints on crop production, they can nevertheless cause
extensive damage and substantial yield losses. Colombian nematological research has
been focused mainly on root-knot nematodéd.oidogyne is a cosmopolitan pest genus
and a lot of Colombian phytopathologists participated in the largest nematological
research project, Internationdlel oidogyne Project led by the North Carolina University
(USA).

Studies on nematodes associated with the four fruits mentioned above and target
in this thesis have been carried out by different institutions, mainly official institutions
responsible for national agricultural research, ICA and CORPOICA and through theses at
bachelor level at different universities. A recent project “Integrated Management Pest for
the improvement of the sustainable production of fruits in the Andean Z@peesented
the first inter-institutional effort for the study of nematodes associatedSadghtoense,

C. betacea andP. ligularis from different regions in Colombia. Moreover, most of the
nematodes included in this thesis come from fields and in vivo collections obtained

during this project. Some results presented here have not been published yet. The

1 Project coordinated by the Instituto Interamericano de Cooperacion para la Agricultura 1ICA and
sponsored by Fondo Regional de Tecnologia Agropecuaria -FONTAGRO and some government and
private institutions of Colombia (CORPOICA), Ecuador (INIAP) and Venezuela (INIA).
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purpose of this chapter is to give a general overview of previous nematological research
associated with the fruit crops dealt with in this thesis. Therefore, materials and methods,

some results and discussion are not treated in detail here.

Nematological research on S. quitoense, C. betacea, P. ligularis
and R. glaucus

Grey literature associated with fruit crops

Grey literature produced in Colombia and associated Witlguitoense, C.
betacea, P. ligularis andR. glaucus was collected. From 436 references (collected until
year 2002), 280 dealt with pests associated with the fruit crops. The main problems
addressed wer€olletotrichum sp. andMeloidogyne spp. associated wit@. betacea and
S quitoense, respectively. Topics on nematodes most frequently dealt with were:
identification to genus level of nematodes associated with those fruit crops, genetic
resistance, chemical and biological control, yield losses and interaction with other
organisms. Most studies are on genetic resistance as strategy for control (Fig. 2.1)
(Mufiozet al., 2003).
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Strategies of managem

Fig. 2.1 Management strategies of pest problems associated with Colombian fruit crops based on grey
literature.

Characterization of production system

A thousand farms from different Colombia regions were included in a study about

characterization of production systemsSfquitoense, C. betacea and P. ligularis. A
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guestionnaire to obtain information on biophysical and technological data, knowledge of

farmers about nematode damage and pests in general was distributed and responses

analyzed as a first step in building a “base-ffrfet nematological research. It showed

that C. betacea had a more diverse production system; ligularis the most

homogeneous system with highest technology @mguitoense showed a homogenous

system with the lowest technology. @ betacea and S quitoense the monoculture was

predominant. Data about seeds, prunes, fertilizers, spatial and temporal distribution of

crops, pesticides, pest control and other agronomical practices, were obtained (Table 2.1,

2.2; Fig. 2.2) (Diaz & Munera,

2002, 2003).

Table 2.1 Biophysical characteristics of the production systemsCgbhomandra
betacea, Rubus glaucus, Solanum quitoense andPassiflora ligularisin Colombia.

Characteristics C. betacea R. glaucus S. quitoense | P. ligularis
altitude (meters) 1600 a 2600 1600 a 260D 1400 a 2400 1800 a 2400
temperature (°C) 14a18 16 a 18 16a24 15a 1§
rainfall (mm/year) 1000 a 2850 1000 a 2650 1000 a 3000 2200 a 3200
relative humidity (%) 75 a 85 80 a 90

area (has) 7500 5500 4500 3500

zone with largest area of fruit crops Antioquia Cundinamarca  Huila Viejo Caldas
zone with highest yield (t/ha/year) Norte Antiogu@undinamarcaCundinamarca Caldas

yield (ton/halyear) 20 8 7.8 12

Plant parasitic nematodes associated with Colombian fruit crops in

field

Soil and root samples were collected from 1000 fields in 9 states belonging to

various agro-ecological regions. Twelve genera of phytoparasitic nematodes were found

associated with the rhizosphereSofiuitoense, C. betacea andP. ligularisin different

regions of Colombia. The genlve oidogyne was both most prevalent and abundant in

all the zones sampledV. incognita, M. javanica, M. hapla andM. arenaria were

identified in the rhizosphere & quitoense andC. betacea, wheread\. incognita M.

javanica andM. hapla were foundn the rhizosphere . ligularis. In general

2 basic knowledge on production systems of those fruit crops.

10
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Fig. 2.2 Solanum quitoense, Cyphomandra betacea and Passiflora ligularis grown in field as polyculture
with other fruit cropsC. betacea X Rubus glaucus (1), C. betacea X S. quitoense (2), C. betacea X bean
(3), C. betacea X cauliflower (4),C. betacea X Arracacia xanthorriza (5), S. quitoense X coffee (6);P.
ligularis monoculture using high technology (B);quitoense monoculture using low technology (8).

11
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Table 2.2 Percentage of mixed, surrounding and previous crops associated with
Cyphomandra betacea, Passiflora ligularis and Solanum quitoense in Colombia.

C. betacea P. ligularis S. quitoense
Mixed|SurroundingPreviougMixed |SurroundingPrevioug Mixed |Surrounding Previous|
crops|  crops crops | crops|  crops crops | crops|  crops crops

C. betacea - - 8 14 12 3 14 16 3
P. ligularis 9 6 1 - - 4 - 3 1
S. quitoense 10 6 1 12 6 2 - - 3
R. glaucus 15 11 3 8 8 2 10 10 3
coffee 7 4 3 29 15 20 17 8 11
grasses - 8 26 5 6 18 4 10 20
bean 7 11 13 5 14 18 7 10 11
Pisumsativum 3 6 6 5 5 4 7 10 10
maize 7 4 6 3 5 5 10 4 6
plantain 2 2 - 5 5 4 7 10 -
Arracacia

xanthorriza 4 3 2 5 5 4 1 7
stubble 1 11 - 2 1 15
potato 5 3 8 - 3 5 - 2 3
others 31 35 12 9 16 9 24 15 7

phytoparasitic nematode populations associated with those crops were composed mainly
of Meloidogyne, Pratylenchus and Helicotylenchus genera (70%)Scutellonema was

found associated with plants of the gemassiflora in high population in one locality
(Table 2.3) (Corrales, 1996; Lozada.al., 2002; Munera, 2000, 2002a, 2002c, 2003a,
2004a; Munera & Navarro, 2000a, 2002; Navarro, 1986, 1990; Vatgals, 2002;

Varon, 1994; Volcy, 1998).

Subsequently to field studies, pot experiment on nematodes associatd with
glaucus and parasitism tests were conduced. Results showedTtizabdorus sp.,
Hemicycliophora sp.and Pratylenchus sp.reproduce orR. glaucus plants.M. incognita,
and M. javanica, Hdicotylenchus sp. andParatylenchus sp. do not reproduce OR.
glaucus plants (Table 2.3) (MUnera & Navarro, 2000b; Navarro & Munera, 2000).

3 One trichodorid nematode was identifiedTaschodorus sp. but its taxonomical status is not clear yet.

12
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Table 2.3Populations of plant parasitic nematodes associatedSaiiimum quitoense,
Cyphomandra betacea, Passiflora ligularis and Rubus glaucus from different Colombian
regions.

Género S. quitoense C. betacea P. ligularis R. glaucus

S R S R S R S R
Meloidogyne 53‘}2;?00 11‘%244 495-)2(3)78 1-%1%6 53-777868 112-355 389-52)00 i
Helicotylenchus 19811 | 396 | 46.5789 | 276 | 530492 | 358 | 7id60| -

Pratylenchus 222-800 2-644 22?103 7-932 53%40 2%32 59%13 1%%6
Trichodorus 226-%82 - 466_%24 - 536-280 i 40%12 i
Xiphinema - - 2% - 21343 ) ) )
Par atylenchus - - 53 - 536_3‘1159 - 7.727 )
Tylenchorhynchus - - 26 - 73%0 1_719 - -
Scutellonema - - - - 532-451841 3-766 ) ]
Criconemella 7_710 - - - 74_'52 } } )
Hemicycliophora - - 5 1%41 i i i 7%865 i
Macroposthonia - - 7_81724 - - - )
Rotylenchulus - - - - - 8 - -

* S and R: nematodes in 100 tof soil and 1 g. of roots, respectively. Data in form: mean and below
range (minimum-maximum).

Meloidogyne species associated with Colombian fruit crops in field

Samples of roots db. quitoense, C. betacea andP. ligularis were collected from
9 Colombian states for identification of the associdietbidogyne species. The highest
number of samples was collected at Antioquia std¥=oidogyne identification was
based on perineal pattern of females. From 319 samples, 233 showed presence of root-
knot nematode (egg mass and adult females). Most of the samples coni fhetatea
(59%) followed byS quitoense (26%) andP. ligularis (13%). (Table 2.4). (Gaviria &
Navarro, 2003).

Four Meloidogyne species were clearly identifie. incognita, M. javanica, M.
hapla and M. arenaria, with the first three species being predominant at different

regions. Additionally, perineal patterns close to those describéd. iigua were

13
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Table 2.4 Species ofMeloidogyne associated wittSolanum quitoense, Cyphomandra

betacea and Passiflora ligularis at different Colombia regions (identified based on

perineal pattern of adult females) (adapted from Gaviria & Navarro, 2003).

State samples S. quitoense C. betacea P. ligularis
collected (%) (59%) (26%) (13%)

Antioquia 59 Mi, Mj, Mh, Ma* | Mi, Mj, Mh, Ma | Mi, Mj, Mh
Caldas 15 Mi, Me* - Mi
Cundinamarca 10 Mi, Mj, Mh, Ma Mi, Mj, Mh, Ma | Mi

Cauca 3 Mi, Mj, Ma - -
Quindio 3 Mj Mi, Mj Mj
Risaralda 3 Mi, Me* Mi Mi, Mj
Tolima 1 Mi Mi, Mh, Ma* -

Mi: M. incognita; Mj: M. javanica; Mh: M. hapla; Ma: M. arenaria andMe: M. exigua; * doubtful pattern.

obtained from females of root knot nematode associated @vithetacea from two
localities. Because some perineal pattern showed features that did not match with a
specific-species group d¥eloidogyne, they could not be identified. Mixed species
populations were frequently observed, i&.betacea showed mixed species, thi.
incognita and M. javanica (4%); M. incognita and M. hapla (3%); M. javanica and M.

hapla (2%). (Table 2.5).

Table 2.5 Percentage oMeoidogyne species associated witBolanum quitoense,
Cyphomandra betacea and Passiflora ligularis in Colombia (adapted from Gaviria &
Navarro, 2003).

Fruit crop M. incognita | M. javanica | M. hapla | M. arenaria | M. exigua | undefined
S. quitoense 28 25 33 3 3 15
C. betacea 42 21 28 4 - 19

P. ligularis 46 8 46 - - -

Nematodes associated with germplasm of Colombian fruit crops

Cyphomandra germplasm
Associated with the rhizosphere Glyphomandra spp. (in situ- germoplasm

collection at Research Center La Selva - CORPOICA) we found five and three genera of
phytoparasitic nematodes on resp. soil and roots. The ¢4gaslogyne was both most
prevalent and abundant. The root knot nematode was found in 70% of the samples. The

14
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species identified based on perineal pattern of females Miengcognita, M. javanica,

M. hapla and M. arenaria. All C. betacea accessions showed galls on roots, second

juvenile stage were present on soil but were not present on roots excéptnoaterna

accession which did not show galls nor nematodes (Table 2.6 and 2.7). Nematode

populations varied depending on sampling period during the year (Munera, 2002b).

Table 2.6 Number of Cyphomandra accessions associated with five genera of plant
parasitic nematodes.

Genera of nematodes

gzggic;rgandra A Meloi Heli Praty Tricho*| Hemic
S R S R S R S S

C. betacea 42 42 28 26 15 1 2 4 2

C. amotapensis 1 1 1 1 10 - - - -

C. corymbiflora 1 1 1 1 - - - - -

C. diversfalia 1 1 1 1 - - - - -

C. hartwegii 4 2 4 3 3 - - - -

C. materna 2 1 1 1 1 - - - -

C. uniloba 2 - 2 2 1 - - - -

A: Total number ofCyphomandra accessions; g: presence of galls on root; S and R: presence of nematodes
respectively in soil and roots. * One trichodorid nematode was identifiefrielsodorus sp. but its
taxonomical status is not clear ydleloidogyne (Meloi), Helicotylenchus (Heli), Pratylenchus (Praty),
Trichodorus (Trico), Hemicycliophora (Hemic).

Table 2.7Population of nematodes associates with seven speciyplwimandra.

Cyphomandra

Genera of nematodes

species < Meloi - < Heli - SPraty - Tricr;o* Herrsnc
C. betacea 101946 | 1270 | 465780 | o6 | 193 | 73> | aesa | sisen
C. amotapensis 108 227-(218 541 - - - - -
C. corymbiflora 162 75?514 162 - - - - -
C. diversifolia 551 s 114 : i ] ] ]
C. hartwegii 240 20 2044 16 ] ] ] ]
114-576 | 2-82 | 515789 | 3-26
C. materna 446 31; 1 1014 - - - - -
C. uniloba ) 471—22661 11%)3354 ) - - - -

S and R: nematodes in 100 tof soil and 1 g. of roots, respectively. * One trichodorid nematode was
identified asTrichodorus sp. but taxonomical status is not clear yet. Data in form: mean and below range
(minimum-maximum).Meloidogyne (Meloi), Helicotylenchus (Heli), Pratylenchus (Praty), Trichodorus
(Trico), Hemicycliophora (Hemic).

15
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Passiflora germplasm

Associated with the rhizosphere dissiflora spp. (in situ- germplasm collection
composed of 61 accessions divided overP2%siflora species at Research Center La
Selva — CORPOICA) seven and five genera of phytoparasitic nematodes were found in
soil and roots, respectively. The genkl@icotylenchus, Scutellonema andMeloidogyne
were most prevalent and abundant. 25%assiflora ligularis andP. edulis accessions
were susceptible tdM. incognita which was confirmed by the presence of all
developmental stages of this root knot nematode. Variation in susceptibility to
Meloidogyne was observed within and betwePassiflora species (Table 2.8 and 2.9)
(MUnera & Navarro, 2001b).

Solanum (lulo) germplasm
ICA-CORPOICA produced a plant &olanum (“lulo La Selva”) resistant to

Meloidoyne spp. by crossing ofS quitoense (commercial species with desirable
agronomical features) ard hirtum (a wild species resistant tdeloidogyne spp. but

with some non desirable agronomic features). However in the field some galls were
observed in clones of the new material. The three clones that composed the new material
were evaluated on their response to inoculation with 5000 eggs of three different
Meloidogyne species.

Plant development parameters and nematode population, reproduction factor and
galls index are shown in Table 2.10. All clones showed absenide iofognita which
corroborated resistance to this species of nematode. However, the three clones showed
low nematode populations, in general, except for clonel which showed the highest
population of\M. hapla. Plants inoculated witM. hapla showed best development but at
the same time, this nematode species was unique showing final population on soil. Thus,
no correlations between development parameter of plants and nematode populations were
found (Mdnera, 2003c).

Yield losses in field caused by nematodes

Fruit orchards infected with high populationshd oidogyne spp. M. incognita,

M. javanica andM. hapla were found mixed) were selected to assess the effect of a
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Table 2.8Number of accessions Bhssiflora spp. associated with seven genera of plant parasitic nematodes.

Passiflora Meloidogyne Hélicotylenchus Scutellonema Pratylenchus Paratylenchus Trichodorus* | Xiphinema
S R S R S R S R

species A S

3 2 2 - 2 - 2 -
- - 2 - 1 -

[E=N
N

P. ligularis

P. edulis

P. mollisima
maliformis
india

. alnifolia
caerulea
manicata

. cincinata
tripartita
alata
ambigua
apoda
capsularis
hanni

. pinnatistipula
guadrangularis
sanguinolenta
subpeltata
.tilaefolia

. vitifolia

Total accesions 22 27 59 47 27| - - - - - 1d - 7 -

Total species 21 15 12 20 18 14 - - - - - 9 - -
A: Total number ofPassiflora accessions; S and R: presence of nematodes in soil and roots, respectively. * One Trichodoridae nematode was identified as

Trichodorus sp.but its taxonomical status is not clear yet.
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Table 2.9Population of plant parasitic nematodes associated with 21 speBiassififora.

Passiflora Meloidogyne Helicotylenchus Scutellonema Pratylenchus Paratylenchus Trichodorus* | Xiphinema

species A S R S R S R S R S R S R S f
P. ligularis 12| 225 71 912 14 507 9 71 30 159 163 43
P. edulis 11| 185 31 658 8 729 23 - - - - 59 63
P. mollisma 5 514 80 2067 30 342 12 53 - - - - -
P. maliformis 5 375 28 526 5 167 - - - - - 52 - - E
P.india 4 100 49 1014 23 154 26 - - - - -
P. alnifolia 3 | 1741 179 597 - 4641 45 - - - - 91 -
P. caerulea 3 741 225 2492 12 1691 17 214 13 - -
P. manicata 3 97 46 136 3 - 5 - - - - 24 - 24 -
P. cincinata 2 - - 547 - 53 - - - - - - - - -
P. tripartita 2 106 - 371 - 662 - - - - 106 - - -
P. alata 1 - - 216 31 162 39 - - - - - - - -
P. ambigua 1 106 79 476 4 476 26 - - - - - - 53
P. apoda 1 - - 106 - 2700 66 - - - - 106 - - -
P. capsularis 1 - - 1059 3 476 22 - - - - - - - -
P. hanni 1 212 11 265 - 476 15 - - - - 53 § -
P. pinnatistipula 1 - - 1271 - 159 - - - - - - - - -
P. quadrangularis 1 476 46 - - - - - - - - - - - -
P. sanguinolenta 1 618 - 185 10 680 - - - - - - - - -
P. subpeltata 1 - - 1305 18 54 - - - - - - - 343 -
P. tilaefolia 1 53 26 53 5 - 5 - - - - - - - -
P. vitifalia 1 53 - 371 - 318 26 - - - - - - - -

S and R: nematodes in 100 tof soil and 1 g. of roots, respectively. * One trichodorid nematode was identifieétasdorus sp.
but taxonomical status is not clear yet.
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Table 2.10 Development and growth parameters Stflanum (S quitoense X S hirtum) plants and nematode populations,
reproduction factor and root-knot index after inoculation with 5000 egigfelofdogyne incognita, M. javanica andM. hapla.

Height of plants (cm.) Diameter (cm.) number of leaves

Mi Mj Mh Mi Mj Mh Mi Mj Mh
control 1 42 cd 42 cd 42 cd 0,95 ab 0,95 ab 0,95 ab 10 c 10 ¢ 10 c
clone 1 37 d 42 cd 47 bc 0,94 ab 091b 1,06 ab 11 bc 12 bc 12 bc
control 2 44 bcd 44 bcd 44 bcd 0,94 ab 0,94 ab 0,94 ab 15 a 15 a 15 a
clone 2 44 bed 45 bed 59 a 1,00 ab 0,96 ab 0,94 ab 13 ab 11 bc 12 bc
control 3 47 bcd 47 bcd 47 bc 0,94 ab 0,94 ab 0,94 ab 11 bc 11 bc 11 bc
clone 3 50 bcd 51 ab 52 ab 0,97 ab 0,94 ab 0,96 ab 13 ab 12 bc 12 bc

Fresh root weight (g) Fresh shoot weight (g.) Dry shoot weight (g.)

Mi Mj Mh Mi Mi Mh Mi Mj Mh
control 1 42 ab 42 ab 42 ab 61 ab 61 ab 61 ab 14,6 bcd 14,6 bcd 14,6 bcd
clone 1 39 bc 30 c 51 ab 45 ¢ 51 bc 64 ab 13,7d 12,6 d 16,4 abcd
control 2 40 abc 40 abc 40 abc 66 a 66 a 66 a 16,0 abcd 16,0 abcd 16,0 abcd
clone 2 37 bc 44 ab 51 a 58 abc 59 ab 61 ab 13,9 cd 14,1 cd 16,3 abcd
control 3 48 ab 48 ab 48 ab 67 a 67 a 67 a 18,1 abc 18,1 abc 18,1 abc
clone 3 45 ab 42 ab 52 a 68 a 66 a 66 a 20,3 a 19,4 ab 18,9 ab

root-knot index * Total juveniles (roots plus soil) Reproduction factor

Mi Mj Mh Mi Mi Mh Mi Mj Mh
control 1 0 0 0 0 0 0 0 0 0
clone 1 0 5 5 0 50 7653 0 0,01 1,53
control 2 0 0 0 0 0 0 0 0 0
clone 2 0 5 5 0 20 280 0 0,01 0,06
control 3 0 0 0 0 0 0 0 0 0
clone 3 0 5 5 0 20 239 0 0,01 0,05

Clonel: HFG/PR22, clone2: HOF+G, clone3: HO/HO585024;M] andMh: M. incognita, M. javanica andM. hapla, respectively. Similar letters mean no
significative differences according Duncan's multiple-range test. * The arbitrary root-knot index describes extent of infection as follows: 0-5 scale: 0 = no
galling, 1 = 1-2 galls, 2 = 3-10 galls, 3 = 11-30 galls, 4 = 31-100 galls and 5 = >100 galls per root system. Control 1, 2Salah@m@péants non- inoculated.

Tomato plants were also inoculated for check \viabilty of eggs wused for inoculation of plants (data no showed).
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granular nematicide (furadan 56—carbofuran-, 15g/plant) and a fumigant (telon¥, I
90L/ha) on population level of nematodes and determine yield losses due to nematodes.
Yield and nematodes population were calculated. Data of number of fruits (per plant, plot
and treatment); mean weight of fruit (per unit, plot and treatment); yield (per plot and
treatment); number of plants (per plot and treatment) were considered but those are not
included here. Results are shown in figure 2.3 (Mudnera, 2003b). Phytotoxicity was
observed in plots db quitoense treated with fumigant. It could explain the inferior yield

obtained on those plots compared with granular nematicide.

A B
10+
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g 6 2 20
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g 4 5
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granular  fumigant control 16+ .
nematicide granular  fumigant control
nematicide
Method of management
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Fig. 2.3 Total yield (tons/ha/year) @olanum quitoense (A) and Cyphomandra betacea (B) orchards after
application of a granular nematicide (furadan%Gcarbofuran-, 15g/plant) and a fumigant (telor&,II
90L/ha) for nematode control.

Meloidogyne and Fusarium interaction
50 plants of granadilla grown in plastic pots that contained sterile soil received

the following treatmentsFusarium solani, M. incognita , M. incognita and F. solani
applied simultaneously;. solani applied 15 days aftéM. incognita and control. Doses
of nematode and fungi applied were 5.000 egg¥.dhcognita and 1x16 conidia ofF.
solani. After 120 days, the root-gall index and the reproduction factor were calculated for
the nematodes and development and growth parameters for the plants. Similar
experiments were conducted with javanica andM. hapla (Table 2.11)

In M. incognita x F. solani interaction treatments, the development and growth
parameters of the granadilla plants were smaller compared to the control and in higher
proportion whenF. solani was applied 15 days aftéd. incognita, following by the

treatmentd\. incognita andF. solani applied simultaneously. incognita alone andr.
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Table 2.11Development and growth parametersPaksiflora ligularis plants and nematode populations, reproduction factor and
root-knot index after inoculation witklel oidogyne incognita, M. javanica andM. hapla andFusarium solani in different treatments.

Treatment Height of plants (cm.) Diameter (cm.) number of leaves

Mi Mj Mh Mi Mj Mh Mi Mj Mh
Control 33 a 33 a 33 a 0.51 a 0.51 a 0.51 a 12 a 12 a 12 a
F. solani 36 a 36 a 36 a 0.48 ab 0.48 ab 0.48 ab 11 ab 11 ab 11 ab
M 26 ab 26 ab 20 abc 0.42 abc 0.47 ab 0.42 abc 10 abc 10 abc 10 abc
M x F 13 ¢ 28 a 13 ¢ 0.33 c 0.49 ab 0.34c 6 c 10 abc 6 bc
M— F 16 bc 24 ab 22 abc 0.38 bc 0.42 abc 0.45 ab 7 bc 9 abc 10 abc

Fresh root weight (g) Fresh shoot weight (g.) Dry shoot weight (g.)

Mi Mj Mh Mi Mj Mh Mi Mj Mh
Control 5a 5a 5 a 23 a 23 a 23 a 55 a 55a 55 a
F. solani 4 b 4 b 4 b 18 a 18 a 18 a 5.0 ab 5.0 ab 5.0 ab
M 9 ab 5 ab 5 ab 14 abc 17 a 13 abc 2.7 cd 3.7 abc 2.7 bed
M x F 4 b 5 ab 4 b 6 c 18 a 8 bc 12 e 4.4 ab 1.6 de
M- F 6 ba 5 ab 7 ab 8 bc 14 ab 16 abc 1.4 de 3.4 abc 4.1 abc

root-knot index * Total juveniles (roots plus soil) Reproduction factor

Mi Mj Mh Mi Mj Mh Mi Mj Mh
Control 0 0 0 0 0 0 0 0 0
F. solani 0 0 0 0 0 0 0 0 0
M 5 5 5 156 124 363 0.03 0.03 0.07
M x F 5 5 5 84 11 455 0.02 0 0.09
M—F 5 5 5 93 26 153 0.02 0.01 0.03

TreatmentsF. solani applied alongM: M. incognita applied aloneMxF: M. incognita andF. solani applied simultaneously; MF: F. solani applied 15 days

afterM. incognita and control. Doses of nematode and fungi applied were 5.000 elgsrmbgnita and 1x16 conidia ofF. solani (similar treatments witM.

javanica and M. hapla). Mi, Mj and Mh: M. incognita, M. javanica and M. hapla, respectively. Similar letters mean no significative differences according
Duncan's multiple-range test. * The arbitrary root-knot index describes extent of infection as follows: 0-5 scale: 0 = no galling, 1 = 1-2 galls, 2 = 3-10 galls, 3 =
11-30 galls, 4 = 31-100 galls and 5 = >100 galls per root system. CorRrdigslaris plants non-inoculated.
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solani alone. Similar results were obtained whkh javanica and M. hapla (Munera,
2001, Munera & Saldarriaga, 2003)hese results show the damaging effect of both

nematodes and fungi.

Nematological research on plantain (Musa spp.)

Nematological information on nematodes associated with plantain is dispersed and
focused on nematode genera and their populations associated with different cultivars of
plantain at different Colombian regions. Genera of plant parasitic nematodes recordedon
plantain are:Radopholus, Helicotylenchus, Meloidogyne, Pratylenchus, Hoplolaimus,
Rotylenchulus (Volcy, 2003). Additionally, specimens of Criconematidae and
Trichodoridae have been recorded. Data on genera and population at both different

regions and different cultivars are shown (Table 2.12 to 2.16).

Table 2.12 Population of nematodes associated with plantain at Palestina, Caldas
(adapted from Guzman & Castafio, 2004).

Musa Rag?ﬁirl‘g us Helicotylenchus Meloidogyne Pratylenchus
cultivar S = S = S = S =
Dominico 412 26 204 12 412 7 412 7
hartéon
africa 0 0 3136 192 3704 32 285 8
FHIA 20 0 0 312 202 2580 38 860 7
FHIA 21 1168 31 584 31 2336 40 1752 15

S and R: nematodes in 100 taf soil and 1 g. of roots, respectively.

Table 2.13 Population of nematodes associated with plantdusg@ AAB) at
Montenegro, Quindio (Manera, laboratory data, 1999, unpublished).

Musa Radopholus similis Helicotylenchus Méel oidogyne
cultivar S R S R S R

210 27 77 29 223 27

dominico harton 34-760 | 4-157 | 47-137 | 1-130 | 43-583 | 6-99

S and R: nematodes in 100 taf soil and 1 g. of roots, respectively. Data in form: mean and below range
(minimum-maximum).
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Table 2.14 Population of nematodes associated with plantdMiosg AAB) at C.I.
Tulenapa, Carepa, Uraba Region (Munera, laboratory data, 2003, unpublished).

Radopholus

Musa similis Helicotylenchus Meloidogyne Hoplolaimus
cultivar S R S = S R S R
hartén 310 70 346 156 43 7 34 0

S and R: nematodes in 100 taf soil and 1 g. of roots, respectively.

Table 2.15Population of nematodes associated with plantsinsg AAB) at Arauca,
Los Llanos Orientales region (Munera, laboratory data, 2003, unpublished).

Musa | Radopholus | Helicotylenchus | Meloidogyne | Pratylenchus | Trichodoridae
cultivar | similis

S R S R S R S RIS R

hartén 70 56 185 103 160 7 70 80 67 0

S and R: nematodes in 100 taf soil and 1 g. of roots, respectively.

Table 2.16 Population of nematodes associated wiflusa spp. at Guapi, Cauca
(MUnera, 2004b).

Musa Rado Heli Meloi Praty Roty Crico Tri

Cultivar S R S R S R S R S R S R 5 R
cera 19 2 54 2 64 2 17 1 9% b 0 0 0 0
bocadillo 240| 12| 130 14 59 1 19 ] 102 45 181 0 0 0
FHIA 45 0 | 181 18] 90| 31 11 0 106 27 15 0 15 |0
harton 12 4| 379 46 10F 38 205 40 91 50 E 0 0 0
gros michel 17 5 69 10 370 108 ¥ 0 105 P5 15 1 0 0
dominico 11 5| 535 13% O 0 9 d 107 214 q 0 0 0
manzano 5 0 0 0] 114 19 18 D q a3 q 0 b7 |0

S and R: nematodes in 100 tof soil and 1 g. of roots, respectively. Abbreviations: Rarémtopholus,
Heli: Helicotylenchus, Meloi: Meloidogyne, Praty:Pratylenchus, Roty: Rotylenchulus, Crico: Criconema,
Tri: Trichodorus.

Conclusions

Twelve genera of phytoparasitic nematodes were found associated with the
rhizosphere of. quitoense, C. betacea, P. ligularis andR. glaucus at different regions in

Colombia. Meloidogyne, Pratylenchus and Helicotylenchus were found in 70% of the
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samples. The genudeloidogyne was both most prevalent and abundant in all regions

sampled.

Six genera of plant parasitic nematodes were recorded on plaradopholus,
Helicotylenchus andMeloidogyne genera were present in all regions. Higher populations
of nematodes associated with plantain were recorded from Palestina, Caldas and are

comparable with those reported for banana plants in Uraba region.

Although Meloidogyne, Pratylenchus and Helicotylenchus (Radopholus only on
plantain) were found in most of localities, their populations (size, composition) changed
according to the crop species and variety, region and sampling season. Data about
nematode populations and their distribution, resistance/susceptibility of germplasm to
plant parasitic nematodes, interaction and yield losses give support to proposals of
integrated management of nematodes.

Because the previous studies have demonstrated that nematodes of genera
Meloidogyne, Pratylenchus and Radopholus are important pests in Colombia and their
correct species identification is crucial, next chapters (4, 5 and 6) will include the

combination of methods to obtain accurate identification of nematodes at species level.
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General materials and methods

Nematode populations

Roots and soil fromSolanum quitoense Lam., Cyphomandra betacea (Cav.)
Sendt. (synSolanum betaceum Cav.), Passiflora ligularis Juss, Rubus glaucus Benth.
andMusa AAB (“dominico hartén” cultivar) were collected from different localities of
Colombia (Fig. 3.1). Details of all regions included in sampling are shown in chapter 2.
One sample per field was taken. Each soil-roots sample of 1 kg was made by mixing up
30 cores of soil plus roots which were taken at first 30 cm. in the rhizosphere of the
plants, at the site a subsample of soil (250g.) containing roots was taken to the laboratory.
Samples were packed in plastic bag and stored at 4°C until used. The bags were labeled
with details of location, host crop, soil type and date of sampling. From the colletected,
100 g was used for extraction of nematodes (100 g.) and to stablish an in-vivo collection
an additional 150 g was used at the agriculture research instituite CORPOICA
(Colombia).

=l ,eff/% )L\ ‘ Aguadas
10 Aranzazu

Arauca
Boyacéa
Caldas
Cauca
Cundinamarca
Génova

13 . La Tebaida
6 10.Magdalena
11.Manizales
12.Rionegro
13.Tolima
14.Urrao
15.Venecia

Central coffee zone 16. Carepa
1-2-5-8-9-11
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Fig. 3.1 Sampling areas from Andean Natural Region, except for Magdalena and Carepa- Urab& Zone
(Caribbean Region, Northwest of Colombia) and Arauca (Orinoquia Region, Eastern Colombia).

26



General materials and methods

At the start, only Colombian nematode specimens in suspension received
authorization for import to Belgium. A total of 100 samples were collected from fruit
crops, mainly in Andes Region and all were used to increase nematode populations in
tomato plants at ILVO, Merelbeke. SinPeatylenchus andRadopholus field population
densities were limited in most of the samples (see tables 2.3, 2.14 and 2.15) and their
populations in suspension decreased more quickly tki@oidogyne, only one
Pratylenchus population and twoRadopholus populations, containing at least 80
specimens were studieBratylenchus and Radopholus populations were not increased
and specimens from original hosts were directly used for different analyses. An attempt
to increase these two genera on carrots discs failed since few specimens used has been
stored in suspension for more than three months.

Meloidogyne populations were brought in culture in a greenhouse at ILVO-
Merelbeke (Belgium) at 25-30°C (day temperature) and 15-20°C (night temperature),
during one year. To increase populations, plastic pots of 1 kg filled with sterilized soil
and containing tomato plantsycopersicon esculentum L. cultivar Money Maker) were
inoculated with specimens in suspension from original hosts for each population of
Meloidogyne. The tomato plants were watered at alternate days except for month six
when watering was performed twice a week in order to obtain numerous males.
Fertilization was carried out once a month.

After two months, egg masses appeared in 24 out of the 100 inoculated plants
only; then, pieces of roots were taken with care cut for the purification of populations
(mixture of species based on the perineal pattern was found). Plastic recipients of 150
cm® were filled with sterilized soil and tomato plantsydopersicon esculentum L.
cultivar Money Maker) which were inoculated with a single egg mad4etwidogyne;
five replicates from each population. Three populations were successfully purified.
Measurements of second-stage juveniles from a single egg mass were analysed
separately in both cases, pure and not pure populations.

Pratylenchus and Radopholus specimens from original Colombian hosts and
specimens fromMeloidogyne populations cultured on tomato plants in greenhouse at
ILVO were used for morphological, morphometric, biochemical, molecular and

phylogenetic studies.
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Extraction of nematodes

The nematode suspensions Bfatylenchus, Radopholus and Meloidogyne
populations prepared in Colombia were obtained by extraction of specimens from soil by
Cobb’s decanting and sieving method (Cobb, 1917) and from roots using maceration
(blender) and sieving methods.

For the populations oMeloidogyne at ILVO greenhouse, adult females with
attached egg mass were dissected directly from the root galls. They were placed
separately in Petri dishes containing distilled water or an isotonic solution (0.9% NacCl)
prior to preparation of perineal pattern or protein analysis. Second-stage juveniles
hatched from the egg masses in the Petri dishes were used for different analyses. Males
of root knot nematodes were sorted by Cobb’s decanting and sieving method and kept in
suspension or collected directly from the roots (always around egg mass) with a

dissection needle.

Morphological observations

The specimens were collected in a very small drop of water in an embryo dish.
Formalin (4 % with 1 % glycerol) was heated to 70° C and an excess (4-5 ml), was
quickly added to the specimens to fix and kill the nematodes in one process (Seinhorst,
1966). The fixed nematodes were processed to anhydrous glycerol following the
glycerol-ethanol method (Seinhorst, 1959 as modified by De Grisse, 1969) and mounted
on aluminium slides with double coverslips (Cobb, 1917).

Measurements were prepared manually with a camera lucida on an Olympus BX
51 DIC microscope (Olympus optical, Tokyo, Japan) which was equipped with Olympus
C5060Wz camera for photographs.

Nematodes were identified to species level or species group using original
descriptions, identification keys and comparative studies of different authors (see
chapters 4, 5 and 6).

For scanning electron microscopy (SEM), specimens preserved in anhydrous
glycerin were transferred to a drop of 4% formalin. A subsequent ultrasonic treatment

(20 min) removed particles adhering on the body surface of the specimen. The specimens
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were dehydrated by passing them through a gradual ethanol gradient of 25 (overnight),
50, 75, 95 (3 h each) and 100% (overnight) at 25+C. They were critical point dried with
liquid CO,, mounted on stubs and coated with gold-palladium (25 nm) before
observation with a JEOL LSM-840 at 15 kV.

Molecular analyses

The molecular analyses were focused in rDNA on D2D3, 18S and ITS1-5.8-ITS2
regions (Fig. 3.2). Juveniles hatched from a single egg mass attached to a female
specimen were used for DNA extraction and specific primer. The same female was used
for protein analysis or morphological analysis. Additionally and prior to DNA extraction,
males/females from 5 populations (P3b, P5b, P14b, P19c and P24c) were kept in 0.5 ml
of acetone (one specimen for each eppendorf tube) and used only for sequences analyses
(Table 3.1).

For Pratylenchus, six specimens from Arauca population and Radopholus,
five nematodes per each population (Los Llanos and Uraba) were included in the
molecular analyses.

Because molecular analyses were made from a single nematode specimen, some
samples did not contain enough DNA for the analysis of all DNA regions previously
mentioned. Furthermore in some cases the reactions failed. Thus, the number of
sequences successfully obtained Kéeloidogyne, Pratylenchus and Radopholus, was
variable: 28, 6, and 10 resp. from D2D3; 27, 1, 8 resp. from 18S and 10, 1 and 5 resp.
from ITS1-5.8-1TS2 (Table 3.1).

D1-D3 expansion region

Fig. 3.2 Structure of the ribosomal DNA gene family in nematodes. Coding regions of the 18S small
subunit (SSU), 5.8S, and 28S large subunit (LSU), transcription unit, and spacers (ITS1 and ITS2), and the
short repeats (R) in the intergenic spacer (IGS) are indicated. ETS=external transcribed spacer,
ITS=internal transcribed spacer (from: http://users.ugent.be/~avierstr/).
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Preparation of DNA
A single nematode specimen was transferred into 25 pl worm lysis buffer (50

mM KCI; 10 mM Tris pH 8.3; 2.5 mM MgG] 0.45 % NP 40 (Tergitol Sigma); 0.45 %
Tween 20; 60 pg/ml proteinase K), cut into pieces and transferred into a 0.5 ml tube. The
tubes were incubated at -80 °C (10 min), 65°C (1 h) and 95°C (10 min) consecutively.
After centrifugation (1 min; 16000g), 5 pul of the DNA suspension was added to the PCR
mixture (Taq DNA Polymerase, Qiagen Germany ) with the D2A (5' - ACAAGTACC
GTGAGGGAAAGTTG - 3') and D3B (3' - TCCTCGGAAGGAACCAGCTACTA -3))
primers for D2D3 region; G18S4 (5' - GCT TGT CTC AAA GAT TAA GCC - 3) and
18P (5' - TGA TCC WMC RGC AGG TTC AC -3') primers for 18S region or Vrain2F
(5 - CTTTGTACACACCGCCCGTCGCT - 3) and Vrain2R (5 -
TTTCACTCGCCGTTACTAAGGGAATC - 3') for the spacer region. The PCR
conditions were 30 sec at 94 °C, 30 sec at 54 °C and 1 min (D2D3, ITS) or 2 min (18S)
at 72 °C for 40 cycles.

Sequence analyses *
Sequencing was performed using an Applied Biosystems ABI 3130XL Genetic

Analyser. PCR product was treated with shrimp alkaline phosphatase (1 U/ul, Amersham
E70092Y) and exonuclease | (20 U/ul, Epicentre Technologies X40505K) for 15 minutes
at 37 °C, followed by 15 minutes at 80 °C to inactivate the enzymes. This material was
then used for cycle sequencing without any further purification, using the ABI Prism
BigDye V 3.1 Terminator Cycle Sequencing kit. The sequencing conditions were 30 sec
at 96 °C, 15 sec at 50 °C and 1 min at 60 °C for 27 cycles.

Primers used for sequencing were the same as for PCR in D2D3 and ITS cases.
For 18S, G18S4, 18P, 2FX (5'- GGA AGG GCA CCA CCA GGA GTG G -3, 23R (5-
TCT CGC TCG TTATCG GAA T -3, 13R (5'- GGG CAT CAC AGA CCT GTT A -
3", 23F (5'- ATT CCG ATA ACG AGC GAG A -3, 9FX (5'- AAG TCT GGT GCC
AGC AGC CGC -3, 9R (5' -AGC TGG AAT TAC CGC GGC TG -3'), 26R (5'- CAT
TCT TGG CAA ATG CTT TCG -3') and 22R (5'- GCC TGC TGC CTT CCT TGG A -

3") primers were used for sequencing. Cycle sequence products were precipitated by

* Protocolo suggested by Applied Biosystem for BigDye Terminator v.3.1 Cycle Sequencing kit. 2002.
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adding 25 pl of 95 % ethanol and 1 pl 3 M sodium acetate, pH 4.6 to each cycle
sequencing reaction (10 ul). The samples were placed at room temperature for 15
minutes and centrifuged at 14.000 rpm for 15 minutes.

After precipitation, an additional wash of the pellet was performed with 125 pl of
70 % ethanol and centrifugated at 14.000 rpm for 5 minutes. The pellet was dried in a
Speedvac concentrator, re-dissolved in formamide and run on 50 cm capillaries with
POP7 polymer. Sequences were edited and assembled with Segman 7.0 (DNASTAR
Lasergene).

The above DNA extraction and sequencing methods were modified from
Tandingan De Leyt al. (2002).

Phylogenetic analyses

Apart from our study, sequencesMéoidogyne, Pratylenchus and Radopholus
for phylogenetic analysis were also obtained from GenBank. Only homologous
sequences of similar size (short sequences were discarded) to the Colombian populations
were used for different comparisons. Short sequences were discarded. Number of
sequences analyzed for each rDNA region and outgroups used for phylogenetic trees are
shown in Table 3.1.

The sequences were aligned with Clustal W (Thomgsah, 1994) and visually
checked. Differences between sequences were estimated using the DNA distance option
provided by BioEdit sequence alignment editor (Hall, 1999).

Phylogenetic analyses were restricted to Bayesian inference (Bl), since this
method has several advantages compared with other phylogenetic methods (Ronquist &
Huelsenbeck, 2003) and several arguments indicate the superiority of model-based
methods in general over maximum parsimony and distance analyses (Svebfébrd
2001). Bl was performed with MrBayes v3.1.2 (Ronquist & Huelsenbeck, 2003) with a
general time-reversible model with rate variation across sites and a proportion of
invariable sites (GTR + | ¥), as estimated by PAUP/Mr Modeltest 1.0b (Nylanéer,
al., 2004). Analyses were run for 3 million generations and trees were generated using

the last 2 million generations well beyond the burn-in value.
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Table 3.1 Number of sequences analyzed per genus/rDNA region and outgroups used for
phylogenetic trees.

sour ce D2D3 18S ITS1-5.8-1TS2
Mel oidogyne spp. This study 28 27 10
Genbank 18 18 42
outgroups P. dunensis P. goodeyi P. goodeyi
AJ890461 AJ966498 AB053485
Pratylenchussp.  Pratylenchus sp. Pratylenchus sp.
Pra34 from Col.* GM16 from Col.  GM17 from Col.
Pratylenchus spp. This study 6 1 1
Genbank 31 6 2
outgroups Radopholus Radopholus Radopholus
similis similis similis
DQ328712 AJ966502 AY903311
Helicotylenchus Helicotylenchus Helicotylenchus
multicinctus dihystera dihystera
DQ328745 AJ966486 DQ309585
Radopholus spp. This study 10 8 5
Genbank 1 1 5
outgroups Helicotylenchus Helicotylenchus Heterodera
wvulgaris varicaudatus schachtii
DQ328759 EU306354 AF498389
Heterodera zeae Helicotylenchus Helicotylenchus
DQ328695 dihystera dihystera
AJ966486 DQ309585
* Col.: Colombia
Abbreviations used in this study
Abbreviation Character
L Total body length
m.b.w maximum body width
a Total body length/maximum body width
b Total body length/distance from anterior end to pharyngo-intestinal junction
b’ Total body length/distance from anterior end to posterior end of pharyngeal gland
c Total body length/tail length
c’ Tail length/body width at anus
\% Distance from head end to vulva/body length x 100
DGO Dorsal pharyngeal gland opening
ph. length Pharynx length

ph. gland length
metac.

Pharyngeal gland length
Distance from head end to metacorpus

J Distance from head end to pharyngeal - intestinal junction
hem. Distance from head end to hemizonid

S-E pore Distance from head end to secretory- excretory pore
spic. Spicula length along of the arc

gub. Gubernaculum length

PUS Post uterine sac
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Introduction

Although root-knot or galls on plants have been reported several times before
1855, the cause was unknown or related with other organisms than nematodes. It was the
Englishman, Berkeley (1855) who correlated, for the first time, galls on glasshouse
cucumber roots with nematodes. In 1887 (published in 1892) Goldi described different
diseases and pest organisms from coffee plants in Brazil, including a root-knot nematode.
He named the nematodéeloidogyne exigua and briefly described and illustrated it.
This publication however, was until 1949 ignored or unknown to most nematologists
(Karssen, 2002).

At the end of the 19th century, root-knot nematodes were known from all over the
world and their polyphagous behaviour was recognized. However, no type material was
deposited, and type localities were often vaguely indicated. Until 1949, the classification
of root-knot nematodes was confusing with species being described either under the
genusHeterodera or Anguillula, rarely asTylenchus (Hirschmann, 1985; Siddiqi, 2000).

In 1949, Chitwood published a revision of the geisoidogyne Goldi, 1887. He
separated the root-knot nematodes from the cyst nematode Hetetdera, re-erected

the genusMeloidogyne, and described the generic diagnosis. Karssen (2002) gave a
historical review of the genusleloidogyne and discussed the authorship of the genus
since in the literature different dates of publication of the type spbtiesigua and
spelling of the author name can be found. Based on the International Code of Zoological
Nomenclature (ICZN: article 51), he concluded that Goldi (1892) is the correct author
and date of publication of the type spedu=oidogyne exigua.

Up to 2008, 11IMeloidogyne species have been described, comprising 95 valid
species, 11 synonymized and fisgecies inquirendae (Table 4.1). 55% of thepecies
were described after 1980, 14 of those during the last decade. The genus is easily
recognized but identification to species level is difficult due to relatively small inter-

specific morphological variation.
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Table 4.1 List of nominalMeloidogyne species based on Siddigi (2000) and Karssen &
Moens (2006) and supplemented with species more recently described. Junior synonym,
species inquirenda andnomen nudum are indicated.

. acronea Coetzee, 1956

. acrita (Chitwood, 1949) Esser, Perry & Taylor, 1976 (junior synonym of

. incognita)

.actinidae Li & Yu, 1991

. africana Whitehead, 1960

. aquatilis Ebsary & Eveleigh, 1983

. arabicida Lopez & Salazar, 1989

. ardenensis Santos, 1968

. arenaria (Neal, 1889) Chitwood, 1949

. artiellia Franklin, 1961

. baetica Castillo, Vovlas, Subbotin & Troccoli, 2003

. bauruensis (Lordello, 1956) Esser, Perry & Taylor, 1976 (junior synonym
of M. javanica)

12.M. brasilensis Charchar & Eisenback, 2002

13.M. brevicauda Loos, 1953

14. M. californiensis Abdel-Rahman & Maggenti, 198 /hdmen dubium in Abdel
Rahman, 1981)

15. M. camelliae Golden, 1979

16. M. caraganae Shagalina, lvanova & Krall, 1985

17.M. carolinensis Eisenback, 1982pmen dubium in Fox, 1967)

18. M. chitwoodi Golden, O'Bannon, Santo & Finley, 1980

19. M. christiei Golden & Kaplan, 1986

20.M. cirricauda Zhang & Weng, 1991

21.M. citri Zhang, Gao & Weng, 1990

22.M. coffeicola Lordello & Zamith, 1960

23.M. cruciani Garcia-Martinez, Taylor & Smart, 1982

24.M. cynariensis Bihn, 1990

25. M. decalineata Whitehead, 1968

26. M. deconincki Elmiligy, 1968 (junior synonym dfl. ardenensis)

27.M. donghaiensis Zheng, Lin & Zheng, 1990

28.M. dunensis Palomares-Rius, Vovlas, Troccoli, Liebanas, Landa & Castillo,
2007

29.M. duytsi Karssen, van Aelst & van der Putten, 1998

30. M. elegans da Ponte, 1977 (junior synonym Mf incognita)

31.M. enterolobii Yang & Eisenback, 1983

32. M. ethiopica Whitehead, 1968

33. M. exigua Goldi, 1892

34. M. fallax Karssen, 1996

35. M. fanzhiensis Chen, Peng & Zheng, 1990

36. M. floridensis Handoo, Nyczepir, Esmenjaud, van der Beek, Castagnone-
Sereno, Carta, Skantar & Higgins, 2004

37.M. fujianensis Pan, 1985
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38.M.
39.M.
40.M.
41. M.

42. M.

43.M.
44, M.
45.M.
46.M.
47.M.
48.M.
49.M.

grahami Golden & Slana, 1978 (junior synonymMf incognita)
graminicola Golden & Birchfield, 1965

graminis (Sledge & Golden, 1964) Whitehead, 1968

goeldi Lordello, 1951species inquirenda

hainanensis Liao& Feng, 1995

hapla Chitwood, 1949

haplanaria Eisenback, Bernard, Starr, Lee & Tomaszewski, 2003
hispanica Hirschmann, 1986

ichinohei Araki, 1992

incognita (Kofoid & White, 1919) Chitwood, 1949

inornata Lordello, 1956

indica Whitehead, 1968

50.M. javanica (Treub, 1885) Chitwood, 1949
51. M. jianyangensis Yang, Hu, Chen & Zhu, 1990
52.M. jinanensis Zhang & Su, 1986

53.M.
54. M.
55.M.
56. M.
57.M.
58.M.
59.M.
60. M.
61.M.
62.M.
63.M.
64.M.
65.M.
66. M.
67.M.
68. M.
69. M.
70.M.

kikuyensis de Grisse, 1960

kirjanovae Terenteva, 1965 (junior synonym Mt incognita)
konaensis Eisenback, Bernard & Schmitt, 1994

kongi Yang, Weng & Feng, 1988

kralli Jepson, 1984

lini Yang, Hu & Zhu, 1988

litoralis Elmiligy, 1968 (junior synonym dfl. ardenensis)

lordelloi da Ponte, 1969 (junior synonym Mt javanica)
lucknowica Singh, 1969 (junior synonym dfl. javanica)
lusitanica Abrantes & Santos, 1991

mali Itoh, Ohshima & Ichinohe, 1969

marioni (Cornu, 1879) Chitwood & Oteifa, 195&ecies inquirenda
maritima (Jepson, 1987) Karssen, van Aelst & Cook, 1998
marylandi Jepson & Golden, 1987

mayaguensis Rammah & Hirschmann, 1988

megadora Whitehead, 1968

megatyla Baldwin & Sasser, 1979

megriensis (Poghossian, 1971) Esser, Perry & Taylor, 19pécies

inquirenda

71.M.
72.M.
73.M.
74.M.
75.M.

mersa Siddigi & Booth, 1991

microcephalus Cliff & Hirschmann, 1984 (original spellingicrocephala)
microtyla Mulvey, Townshend & Potter, 1975

mingnanica Zhang, 1993

minor Karssen, Bolk, van Aelst, van den Beld, Kox, Korthals, Molendijk,

Zijlstra, Van Hoof & Cook, 2004

76.M.
77.M.
78.M.
79.M.
80. M.
81.M.

morocciensis Rammah & Hirschmann, 1990
naas Franklin, 1965

nataliel Golden, Rose & Bird, 1981

oryzae Maas, Sanders & Dede, 1978

oteifai Elmiligy, 1968 (original spellingteifae)
ottersoni (Thorne, 1969) Franklin, 1971
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82.M. ovalis Riffle, 1963

83. M. panyuensis Liao, Yang, Feng & Karssen, 2005

84. M. paranaensis Carneiro, Carneiro, Abrantes, Santos & Almeida, 1996
85. M. partityla Kleynhans, 1986

86. M. petuniae Charchar, Eisenback & Hirschmann, 1999
87.M. phaseoli Charchar, Eisenback, Charchar & Boiteux, 2008
88. M. pini Eisenback, Yang & Hartman, 1985

89. M. piperi Sahoo, Ganguly & Eapen, 2000

90.M. pisi Charchar, Eisenback, Charchar & Boiteux, 2008

91. M. platani Hirschmann, 1982

92. M. poghossianae Kirjanova, 1963species inquirenda

93. M. propora Spaull, 1977

94. M. querciana Golden, 1979

95.M. salasi Lopez, 1984

96. M. sasseri Handoo, Huettel & Golden, 1993

97.M. sewelli Mulvey & Anderson, 1980

98. M. sinensis Zhang, 1983

99. M. spartinae (Rau & Fassuliotis, 1965) Whitehead, 1968
100. M. subarctica Bernard, 1981

101. M. suginamiensis Toida & Yaegashi, 1984

102. M. tadshikistanica Kirjanova & Ilvanova, 1965

103. M. thailandica Handoo, Skantar, Carta & Erbe, 2005

104. M. thamesi (Chitwood, 1952) Goodey, 1963 (junior synonymnivbfarenaria)
105. M. trifoliophila Bernard & Eisenback, 1997

106. M. triticoryzae Gaur, Saha & Khan, 1993

107. M. turkestanica Shagalina, lvanova & Krall, 1985

108. M. ulmi Palmisano & Ambriogioni, 2001

109. M. vandervegtei Kleynhans, 1988

110. M. vialae (Lavergne, 1901) Chitwood & Oteifa, 1952ecies inquirenda
111. M. wartellei Golden & Birchfield, 1978 (junior synonym &f. incognita)

The aim of this study was to identify tiveloidogyne species on plantain and
four fruit crops from Colombiaand to study the diversity of populations by using
morphological features (LM), scanning electron microscopy, esterase and malate

dehydrogenase phenotypes, species-specific primers and analysis of rDNA sequences.

Materials and Methods

Nematode populations
Roots and soil fromSolanum quitoense Lam., Cyphomandra betacea (Cav.)

Sendt. (synSolanum betaceum Cav.), Passiflora ligularis Juss, Rubus glaucus Benth.
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and Musa AAB were collected (see general material and methods) from different
localities of Colombia (Table 4.2). Twenty foMiel oidogyne populations were brought

in culture in the greenhouse at ILVO- Merelbeke (Belgium). Three populations were
successfully purified.

Based on the perineal pattern, a mixture of species was observed in the samples.
Therefore, measurements of second-stage juveniles from a single egg mass were dealt
with separately (Table 4.8). Nematodes from original material from Colombia and from
populations cultured on tomato plantsydopersicon esculentum L. cultivar Money
Maker) in greenhouse/laboratory were used for morphological, morphometric,

biochemical, molecular and phylogenetic studies.

Morphological observations
The specimens were collected, killed, fixed, mounted and measured as indicated

in chapter 2, general materials and methods. Perineal patterns for observation were
prepared following method described by Hartman & Sasser (1985).

Nematodes were identified to species level or species group using original
descriptions, identification oMeloidogyne species diagnostic keys from Chitwood
(1949), Eisenback (1985b), Hewlett & Tarjan (1983), Jepson (1983, 1987), Karssen
(2002) and Whitehead (1968) were used. For females, the differentiation to species level
by the perineal pattern was based on the species groups recognized by Jepson (1987).
Also morphological comparative studies by Eisenback (1985a, 1993), Eisenback &
Hirschmann (1980, 1981), Eisenbaatkal. (1980), Hirschmann (1985) Karssen (2002)
and Triantaphyllou & Sasser (1960) using LM and SEM were considered. Orton
Williams (1972, 1973, 1974 and 1975) descriptions of the four most common species

were also included.

Morphometrics of males and second- stage juveniles
Morphometrics of adult males and second-stage juveniles from 13 and 22

Mel oidogyne populations respectively were included in this study. Populations of which
few specimens (1-2) were obtained or most of them not in lateral position were not

included in the analyses of morphometric data. Only the best differentiating characters
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Table 4.2 Code, localities and original host associated Widoidogyne populations
from Colombia.

Population Localities Host Notes
P1 Aguadas C. betacea
P2 Aranzazu C. betacea
P3a Arauca Musa AAB plantain
P3b Arauca Musa AAB plantain only seéquence
analysis of male
P4 Boyaca C. betacea
P5a Caldas-Villamaria C. betacea
Caldas-Villamaria C. betacea only sequence
P5b :
analysis oimale
P6 Caldas-Villamaria S. quitoense
P7 Cauca S. quitoense
P8 Cundinamarca P. ligularis
P9 Génova C. betacea
P10 La Tebaida Musa AAA banana Gros Michel cultivar
P11 La Tebaida Musa AAB -plantain FHIA21 cultivar
P12 Magdalena Musa AAB plantain
P13 Manizales C. betacea
Pl4a Manizales S. quitoense
Manizales S. quitoense only sequence
P14b :
analysis ofemale
P15 Rionegro-bodega R. glaucus
P16 Rionegro-bodega C. betacea
P17 Rionegro-correa S. quitoense
P18 Rionegro-vega S. quitoense
P19a Tolima-eggmassl S. quitoense pur e culture from egg-massl
P19b Tolima-eggmass2 S. quitoense pure cultur e from egg-mass2
P19c Tolima-eggmass2 S quitoense only sequence
analysis of female
P20 Urrao-Guapantal P. ligularis
P21a ;ggr?]cgscsafapantal- S. quitoense pureculturefrom egg-massl
P21b ;Jg;ér?]c;gzuapantal- S. quitoense pure culture from egg-mass2
P22 Urrao-Chuscal C. betacea
P23 Urrao-Chuscal S. quitoense
P24a V enecia-eggmassl S. quitoense pure culture from egg-massl
P24b V enecia-eggmass? S. quitoense pur e culture from egg-mass?2
P24c Venecia-eggmass2 S quitoense only sequence
analysis of female
P25 Belgium L. esculentum control population,M. javanica

We refer to 25 populations (24 from Colombia plus one reference or control populatibnjaanica

from ILVO-Belgium). However 3 pure populations were each split into two populations (P19a, P19b,
P21a, P21b, P24a and P24b, each one from different egg-mass) as indicated in table above. Additionally, 5
specimens (P3b, P5b, P14b, P19c and P24c) each one from different populations and different
developmental stage were included only for sequence analysis, and are considered repetition of their
respective populations. Pure populations are indicated in bold.
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based on their broad range within the genus and low coefficient of variability were
considered for analysis. Thus, for juveniles, resp. two taxonomically important
guantitative features (tail and hyaline tail terminus length) while for male resp. three

(stylet length, cone length and DGO) were used.

Canonical Discriminant Analysis (CDA)
Morphometrics of adult males and juveniles from the same populations included

in morphometric analysis were used in a Canonical discriminant analysis. For juveniles,
resp. two taxonomically important quantitative features (tail and hyaline tail terminus
length) and 15 quantitative characters were used in the analyses while for male resp.

three (stylet length, cone length and DGO) and 11 characters were used.

Isozyme - Electrophoresis
To carry out rapid and reliable species identificatiomMefoidogyne specimens,

an electrophoretic method modified and adapted by Karssem. (1995) for an
automated electrophoresis system (PhastSystem, Pharmacia) was used. Proteins of young
single Meloidogyne females were separated using polyacrylamide gradient gels (8-25)
and stained for the isozymes esterase and malate dehydrogenase.

M. javanica from tomato plants of ILVO-Merelbekeas used as a reference for
esterase and malate dehydrogenase phenotypes. As indicated by Esbenshade &
Triantaphyllou (1985b) each phenotype is designed by a letter suggestive of the species it
specifies (H=hapla, I=incognita, Jfavanica and A=arenaria) and a number indicative
of the number of bands present of esterase (Est or E) and malate dehydrogenase (Mdh or
N). Phenotypes oMeloidogyne populations from Colombia and their relative rate of

migration (Rm) were compared with those reported in the literature.

Molecular characterization and analyses
The molecular analyses were focused on rDNA: D2D3, 18S and ITS1-5.8-ITS2

regions. Single egg mass from each Colombian nematode population that was attached to
the females used for protein analysis were selected. After hatching, DNA extraction
from single juvenile was made for each Colombian population. These samples were used
for both species-specific primers and sequence analysis. Additionally and prior to DNA

extraction, males or females from 5 populations resp. P3b, P5b and P14b, P19c, P24c)
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were kept in 0.5 ml of acetone (one specimen for each eppendorf tube) and used only for
sequence analysis (Table 4.2).

Preparation of DNA, sequence analyses, sequence comparison and phylogenetic
analyses were conducted as explained in chapter 2, general materials and methods. Only
some details concerning to the outgroup used for phylogenetic analyses/trees are
mentioned here.

Pratylenchus dunensis AJ890461 accession number from de la Pefia, Moens, van
Aelst & Karssen (2006) and oiReatylenchus sp., Pra34, sequence from Colombia, were
selected as outgroup taxa for D2D3 analyses based on hypotheses of their affinities with
Meloidogyne found in the literature (Subottet al., 2006). For 18S analysis, outgroup
taxa selected were. goodeyi accession number AJ966498 from Meldadl. (2007) and
Pratylenchus sp., GM16, sequence from ColombiB. coffeae from Saekiet al. (2003)
accession number ABO053485 and oReatylenchus sp., GM17, sequence from

Colombia, were outgroup taxa for ITS analyses.

Specific primers
After preparation of DNA, D2D3 primers were used in the reaction to amplify the

D2D3 extension region of the 28S rDNA gene to check DNA presence. 5 pl of the DNA
suspension were added to a polymerized chain reaction (PCR) master mix (5 pl 10X
DNA Tag polymerase incubation buffer, 2 ul MgCl pl DNTP mixture (200 uM each),

0.3 pl of each primer, 0.4 pl Tag-polymerase in 36 pl.@jHTable 4.3).

The obtained PCR product from each population was also used in other PCR
reactions using species-specific primers to detect the presence of any of the four common
Meloidogyne speciesM. incognita (Finc/Rinc), M. javanica (Fjav/Rjav) M. arenaria
(Far/Rar)and M. hapla (JMV1/JMVhapla) as well aM. chitwoodi (JMV1/IMV2) and
M. fallax (JIMV1/IMV2) (Wishartet al., 2002; Zijlstra, 2000; Zijlstrat al., 1995, 2009
Photographs were made of agarose gels after electrophoresis of the PCR amplified from

different species-specific primers.
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Table 4.3 Nucleotide sequences of primers used for amplification of D2D3 region
species-specific PCR.

PRIMER * SEQUENCE(5' T03)) SizE REFERENCE
(bp)

PCR of D2D3 region

primer D2A 5-ACA AGTACC GTG AGG GAA AGT TG-3 De Leyet al., 1999
Primer D3B 3-TCCTCGGAA GGAACCAGCTACTA-5 De Leyet al., 1999
Species-specific PCR

Finc ctctgcccAATGAGCTGTCC 1200 Zijlstraet al., 2000
Rinc ctctgcccTCACATTAAG Zijlstra et al., 2000
Fjav GGTGCGCGATTGAACTGAGC 670 Zijlstraet al., 2000
Rjav caggcccttcAGTGGAACTATAC Zijlstraet al., 2000
Far ctctgcccAATGAGCTGTCC 420 Zijlstraet al., 2000
Rar ctctgcccACACTACAACT Zijlstra et al., 2000
JMV1 5-GGATGGCGTGCTTTCAAC-3’ Wishartet al., 2002
JMV2 5-TTTCCCCTTATGATGTTTACCC-3’ 540/670 Wishast al., 2002
JMVhapla 5-AAAAATCCCCTCGAAAAATCCACC-3 440 Wishartet al., 2002

* Pairs shown (Finc/Rinc; Fjav/Rjav; Far/Rar; IMV1/JMVhapla; IMV1/IMV2; IMV1/IJMV2) were used in
PCR reactions using two primers to specifically detect a single spechsinfognita, M. javanica, M.
arenaria, M. hapla, M. chitwoodi and M. fallax, respectively. Lower case letters represent (part of) the
sequence of the progenitor primer (Zijlstétal., 2000; Wishartt al., 2002).

Results

Morphological identification of the populations
The differential importance of qualitative and quantitative characters differs

between the sexes and the developmental stage J2 (Jepson, 1983, 1987; Eisenback,
1985a, 1985b; Eisenback & Hirschmann (1980, 1981), Karsssen, 2002; Karssen &
Moens, 2006). For females, we focussed on the perineal pattern to distinguish species
while in males, we have used both qualitative features (head shape) and quantitative
(length of stylet, length of stylet cone and DGO). In second stage juveniles, qualitative
differences between species are not easy to define in practise and therefore species
differentiation will be based mainly on quantitative features (tail length and length of
hyaline tail length) and one qualitative feature (tail shape). Because quantitative features
of males and juveniles showed overlap between populations their analysis was

complemented with CDA analyses.
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Females

Perineal pattern
In general, the perineal pattern has been used as main diagnostic feature for

species identification despite considerable intraspecific variation may be observed.
However, some of the features of the pattern remain relatively constant (Eisenback,
1985b; Jepson, 1987; Karssen, 2002).

Jepson (1987) groupeieloidogyne species with similar morphology and
distinguished six morphogroups, with or without further subdivision and illustrated by
diagrams. The information shown in the diagrams is (1) the general shape of the pattern,
(2) some indication of coarseness of striae, (3) the general nature of the striae (straight,
wavy,..), (4) presence of features that form the dorsal arch, lateral fields, phasmids.

Most of theMeloidogyne perineal patterns from Colombian populations fitted to
the description of the major economically important species of the démisvood,

1949; Orton Williams, 1972, 1973, 1974, 1975; Jepson, 1983, 1987; Eisenback, 1985a;

Karssen, 2002). Perineal patterns commonly found in females of Colombian populations

fit groups 1, 4, 5 and 6 described by Jepson (1987) which matchelsiwitipla (39%),

M. arenaria (13%) M. javanica (48%) and M. incognita (61%), respectively (Table

4.16). However, some specimens showed patterns that were placed into group 3 of
Jepson. Group 3 is a more complex group, has the largest numbers of species and is
further subdivided. It is characterized by round/oval patterns without marked lateral

lines.

M. incognita-group pattern
Populations P3a, P4, P5a, P8, P11, P16, P18, P19a, P19b, P20, P21a, P21b, P22,

and P23 agreed with group 6 Mk incognita group (Fig. 4.1 A, B, C, D). They are
characterized by the presence of a high, squarish dorsal arch that often contains a distinct
whorl in the tail terminal area. The striae are smooth to wavy, sometimes zigzagged.
Distinct lateral lines are absent, but sometimes the lateral field is marked by breaks and
forks in the striae. Often some striae bend toward the vulval edges.

Most specimens of these populations showed the pattdvh ofcognita sensu

lato: the striae are distinct, moderately fine to coarse and fairly closely spaced (they may
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Fig. 4.1 LM photographs of perineal pattern of ColombMaglcidogyne populations showing variation
within the genusM. incognita group (A=P16, B=P20, C=P8, D=P3&). javanica group (E, F=P25,
G=P24a, H=P13, I=P14a]. hapla (J=P19a);M. arenaria (K=P5a) and other groups (L=P21a). Scale
bars: 10um.
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be straight, wavy, single or paired, continuous or broken). The dorsal arch is usually
high and squared; although in some it may be more rounded. The lateral field is
indistinct, and the dorsal and ventral striae are generally not interrupted at this point. The
perivulval area is free of striae except for some individuals where it extends towards each
end of the vulva. Rarely, there are cross-striae between the vulva and anus. One of the
most characteristic features of the pattern isMthghape formed by striae in the region

just dorsal to the tail. Phasmids are not prominent and are about the same distance apart

as the width of the vulva.

M. javanica-group pattern
TheM. javanica group perineal pattern was present in populations P6, P13, P14a,

P16, P18, P19a, P19b, P21a, P21b, P24a, P24b and P25 (Fig. 4.1 E, F, G, H, I). Those
perineal patterns are easily recognized because of the lateral ridges that divide the dorsal
and ventral striae. Generally, the ridges run the entire width of the pattern, but gradually
disappear near the tail terminus. The dorsal arch is low and rounded to high and squarish
and often contains a whorl in the tail terminal area. The striae are smooth to slightly
wavy, and some striae may bend toward the vulval edges.

Most specimens of these populations showed the typical pattdéinjafanica,
i.e. dorso-ventrally ovoid and composed of moderately fine, continuous and closely
spaced striae. The striae are interrupted by conspicuous double incisures forming the
lateral field. The incisures fade out dorsally towards the anus, where the transverse striae
form a small tail whorl. The dorsal arch may be low to moderately high. The perivulval
region is generally free of striae; however, in some populations individuals may show
transverse striae between the vulva and anus forming a pattern in which the centre of the
origin is on the tail. The phasmids are closer than or as widely separated as the vulva
width.

M. hapla-group pattern
Populations P9, P16, P17, P18, P19a, P19b, P2la, P21b and P23 matched to

group 1 oM. hapla group (Fig. 4.1 J). This unique pattern is characterized by the overall
rounded hexagonal to flattened ovoidal shape, very fine striae, and subcuticular

punctations in the smooth tail terminal area. The dorsal arch is usually low and rounded,
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but may be high and squarish. Lateral ridges are absent but the lateral fields are marked
by irregularities in the striae. The dorsal and ventral striae often meet at an angle, and
the striae are smooth to slightly wavy. Some patterns may form wings on one or both
lateral sides. According to Jepson (1987), the most characteristic feature of the pattern is
the punctation concentrated in an area enclosed by striae located between the anus and
tail terminus. The pattern is rounded with smooth, fine, closely spaced striae. The dorsal
arch is flat and the lateral field usually clearly marked and leading outward from the
punctations. The perivulval area is free from striae. Lateral striae, on one or both sides,
ventral to the lateral field may form a wing, leading outward to meet the lateral field

horizontally.

M. arenaria-group pattern
Most perineal patterns obtained from populations P5a, P10 and P12 agreed with

group 4 orM. arenaria group (Fig. 4.1 K). The pattern is transversely ovoid with fine

closely spaced striae, dorsal arch low, sometimes flat with dorsal striae curving abruptly
to the lateral field and forming "shoulders". The lateral lines are clear and marked by
forking of the dorsal and ventral striae at their junction. The area immediately dorsal to

the anus is free of striae as is the perivulval region.

Other patterns observed
Additional to the four previously described groups, we observed some perineal

patterns showing combine features of different species in unique patterns (e.g. population

P21a, Fig. 4.1 L) which were not included in a specific group (see Table 4.16)

Males
Males were present in all populations, however, when few specimens (1-2)

were found or specimens were not in lateral position, they were not included in the
analysis of morphometric data. Measurements of males from 13 Colombian populations
of Meloidogyne are shown in Table 4.5. Morphology comparisorMafoidogyne male

structures using LM microscopy and SEM reported by Eisenback (1985a, 1985b) and

Eisenback & Hirschmann (1980, 1981) were also considered.
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Although stylet shape was not considered for the analysis, a special feature (2 to
10 projections protruding from the shaft) was observed in populations P3a, P5a, P8, P16,
P18 and P22 (Table 4.16, Fig. 4.2 C).

Head shape of males using LM
Three distinct groups were differentiated using head shape of males. Those were

compared with grouping ofMeloidogyne species (Table 4.4) based upon head
morphology in males according Jepson (groups was named with the same number used
by Jepson, 1987). From 15 populations analyzed, 73% showed featMesadgnita;

33% ofM. hapla and 27% ofM. javanica. Additionally, 44% of populations showed a

head shape pattern which was not specific to any species (Table 4.16).

Table 4.4 Summary of main fouMel oidogyne species for measurements of males stylet
length, DGO and head shape (adapted from Jepson, 1987).

Species Stylet length DGO
head |pop. | Species- Species-
group range average min max range average minmax
M. incognita 6 |P1 24-26 248 243 26,1 2-3 2,9 2,7 3,2
P2 23,0 26,0 2,5 1,7 35
P3 25,0 23,032,7 2,1 14 25
M. javanica 3 |P1 20-22 20,3 18,9 234| 34 3,9 27 54
P2 20,0 21,0 3,0 3,0
P3 21,2 20,023,0 2,9 22 477
M hapla 7 |P1 20-22 204 194 21,6 45 4,1 27 54
P2 17,0 18,0 40 6,0
P3 20,0 17,3227 2,9 25 32
M. arenaria 7 |P1 20-22 21,6 20,7 23,4 7-8 71 50 11,3
P2 20,0 24,0 40 7,0

P1, P2 and P3 are different populations; min.,and max. minimum and maximum, respectively

M. incognita-group of male head (LM)
Males of the populations P3a, P5a, P8, P16, P18, P19a, P19b, P20, P21a, P21b,

and P22 (Fig 4.1 A, B, C) showed similarities with the characteristics of group 6 in
Jepson (1987). In species group 6Marincognita group, males are characterized by a
large, round labial disc, raised above of the median lips. The labial disc is concave to
flat, and the high head cap is nearly as wide as the head region in lateral view. The head
region is usually marked by 2-5 annulations but may be completely smooth. The head

region is not distinctly from the rest of the body.
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Fig. 4.2 LM photographs of male heads of ColombMa oidogyne populations showing variation within
the genusM. incognita group (A=P16, B=P8, C=P3al)). javanica group (D=P25, E=P24ajl. hapla
(F=P19a, G=P17); other groups (H=P2la, I1=P5a, J=P18, K=R2&8pidogyne sp. (L=European
population from dunes). Scale bars: 10 um.
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M. javanica-group of male head (L M)

Males of the populations P21a, P21b, P24a, P24b and P25 belong to group 3 or
M. javanica group, characterized by a high, rounded head cap, distinctly set off from the
head region. The labial disc and medial lips are fused and form one smooth, continuous
structure which is almost as wide as the head region in lateral view. The head region
may be smooth or marked by 2-3 incomplete head annulations. The head region is not
distinctly set off from the rest of the body (Fig 4.2 D, E).

M. hapla and M. arenaria-group of male head (L M)
Males of the populations P16, P17, P18, P19a and P19b shared those features

(Fig 4.2 F, G) belong to group 7 d&A. hapla and M. arenaria group: They are
characterized by a high and narrow head cap and set-off head region. The labial disc and
median lips are fused and form one smooth, continuous structure that is much narrower
than the head region. The head region is smooth and distinctly set off from the body
annulations. The body annules increase in width and diameter posteriorly.

Head shape of males using SEM
Accurate details of different groups are shown in scanning electron micrographs

of Meloidogyne males (Fig 4.3). Scanning only was used for populations P3a, P8, P16,
P17, P18, P19a, P24a and P24b. In general male head features using SEM fitted the

three groups mentioned before. Details of median lip in face view were distinct for each

group.

M. incognita-group of male head (SEM)
Group 6 (M. incognita group, P3a, P8, P16 and P18): nemat@idssess a round

labial disc that is distinctly raised above the medial lips and depressed for some distance
around the prestomatal opening. The medial lips are crescent-shaped in face view and
extend for some distance onto the head region. The lateral lips are generally not visible,

although remnants may be present on the head region .The head region usually bears

either two or three irregular incomplete annulations (Fig 4.3 A-G).
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Fig. 43 SEM lateral and face view photographs of male head region of Colonvtsidogyne
populations M. incognita group (A=P3a; B=P18; C=P16; D=P3a; E=P8; F, G =Pl{6);avanica group
(H=P24a),M. hapla (I, =P19a; J=P19b; K=P17). Scale bars: 1 um.
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M. javanica-group of male head (SEM)
In Group 3 M. javanica group, P24a, P24b): labial disc and medial lips are in the

same contour and fuse to form a continuous elongate structure. The lateral edges of the
labial disc are almost straight in face view, so that the large amphid openings are
exposed. The medial lips are wider than the labial disc, and lateral lips are absent.
Cephalic sensilla are not expressed externally, and the head region is not annulated (Fig
4.3 H).

M. hapla-group of male head (SEM)
Group 7 (M. hapla group, P17, P19a and P19b): The labial disc is not raised

above the medial lips, and the lip structures are the same width and form a rectangle in
face view. Lateral lips are not present in these populations. The head region is not
annulated, except that a remnant of a short annulation is occasionally present laterally on
one or both sides. In most specimens, the head region is set off from the body. The head

region is set off from the body annules (Fig 4.3 1, J, K).

Morphometrics of males
Measurements of adult males from LM@loidogyne populations are shown in

Table 4.5. Only the best differentiating characters based on their broad range within the
genus and low coefficient of variability were considered for analyses: stylet length, cone
length and DGO.

Because measurements of stylet length, cone length and DGO overlapped
between the four commoMeloidogyne species and most Colombian populations
matched to those species, these features were not helpful to distinguish between species
(Table 4.4 and Table 4.5). Exceptions were P5a and P17 which felll.ihkpla based
on stylet length; and P8 and P22 which felt iktoincognita based on DGO. However,
note that this assertion, based on a unique quantitative feature could be wrong (based on
the combination of different identification methods, see discussion). Cone length was
slightly greater than, or equal to, half total stylet length in all Colombian populations,
thus this feature could not be used to separate our populations at species level.
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Table 4.5 Morphometric features d¥leloidogyne spp. males from different localities of Colombia. Measurements are in pm.

Pop L m.b.w cone stylet group* DGO group* S-Epore metac J tail spic. gub. hem. a b c

P2 1579 479 10,2 214 j.ha 3.4 i,h,a 164 89 110 10,2 25,9 7,3 - 329 144 157

P3a 1208 31,1 114 20,5 j,ha 2,3 i,h,a 129 79 96 10,7 27,3 7,3 113 416 11,5 123

P5a 1413 34,1 10,7 18,6 h 2,3 i,h,a 139 73 116 7,9 36,7 8,5 - 41,7 12,3 180
P8 1805 30,1 12,8 23,0 i,h,a 15 i 160 85 114 111 34,4 8,7 - 62,2 16,3 176
P13 1198 10,2 20,0 j.h,a 3,4 i,h,a 149 - - - - - - - - -

P16 1834 299 12,1 22,7 j.h,a 3,0 i,h,a 157 84 115 9,0 - - - 61,9 153 209
P17 1154 27,9 10,2 17,7 h 2,8 i,h,a 119 63 95 10,2 251 7,3 106 42,0 123 120
P18 1912 288 12,1 23,1 i,h,a 2,3 i,j 171 93 127 11,6 - - - 66,5 15,0 -
P20 1745 27,3 123 21,4 j,h,a 2,7 i,h,a 154 81 114 11,7 28,2 7,6 - 66,7 16,0 155

P21b 10712 31,8 10,6 19,8 j;h,a 3.3 i,h,a 136 74 114 10,9 25,6 6,2 127 34,0 9,6 116
P22 1420 34,1 11,8 21,7 j;h,a 1,7 i 138 75 109 11,3 - - - 40,8 13,0 131
P24a 1312 335 11,8 20,9 j;h,a 3,5 i,h,a 158 91 120 12,6 31,0 7,1 - 394 11,7 112

P25 1266 33,6 11,0 20,1 j.h,a 2,6 i,h,a 136 80 111 115 27,9 7,7 133 38,1 11,6 116

*Jepson group based on measurements of stylet and DGO. Letters i, j, h, &).imeagnita, M. javanica, M. hapla, M. arenaria, respectively. For relations
between code-localities-host see table 4.2. Pop: population. Pure population are indicated in bold.
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Canonical discriminant analysis (CDA) of males
Using a combination of the three most common features selected for

differentiation ofMeloidogyne species based on males (stylet, cone and DGO), the CDA
did not allow sharp separation between populations; however, populations with features
of M. incognita (P3a, P8, P16, P18 and P2M),javanica (P21b, P24a and P25) aktd

hapla (P17) appear in the CDA plot (Fig. 4.4) above, in the middle and in the bottom,
respectively. Stylet length (85.3 % variation in rootl- value 1.11) was the best feature for

the separation of populations (Table 4.6, case 1)

Table 4.6 Standardized coefficients for canonical variates of males from Colombian
Mel oidogyne species.

Root 1 Root 2
Case 1 (Tx hyaline area)
% of variation 85.29 11.16
Selected characters Vector loadings
Stylet 1.1125 0.3936
Cone 0.1422 -0.0952
DGO -0.6442 1.4806
Case 2 (11 features)
% of variation 80.56 14.41
Selected characters Vector loadings
DGO 4.229 -3.711
m.b.w. 1.296 2.049
J 0.206 -1.227
L -0.057 0.057
S-E pore -0.074 0.079
a 0.217 1.318
b 2.805 -9.721
C 0.052 -0.021
Cone -0.086 -2.046
Metacorpus -0.211 0.191
Stylet 0.592 -2.529

Populations 1, 7, 26 and 29 do not have data for all features.
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Tendency to separate species in clusters similar as case 1 was observed when
eleven features based on males (DGO, GBD, J, L, S-E pore, a, b, ¢, cone, metacorpus and
stylet) were combined for differentiation dleloidogyne species. The percentage of
variation for roots 1 obtained was 80.56% (Table 4.6, case 2). Three morphological traits
(viz. DGO, b and m.b.w.) provided the most useful features for discrimination of

Mel oidogyne populations.

Canonical variate case 1. Canonical variate case 2.

Fig. 4.4 Canonical Discriminant Analysis of 1Bleloidogyne populations from Colombia for males
performed with 3 morphometric variables: stylet, cone and DGO (casel) and performed with 11
morphometric variables: DGO, m.b.w., J, L, S-E pore, a, b, ¢, cone, metacorpus and stylet (case2). Red
letters mean: iM .incognita; j, M. javanica; h, M. hapla and x, indefinite species. Circles and squares
group same species, except P22x.

Second-stage juveniles

Jepson (1987) divideldlel oidogyne second-stage juveniles into species groups on
the basis of similarity in tail shape and within these morphogroups, species
differentiations depend on differences in measurements of tail length and length of
hyaline terminus (Table 4.7). She recognized 12 species groups and stated that the

groups 4 to7 are more similar and contain more than half of the species (known at that
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time) and have (apart from one exception) a very narrow range (40-60 pum) of tail
lengths.

Tail shape
J2 of four populations (P3a, P8, P16 and P18Maealoidogyne possess a talil

shape with the hyaline terminus broadly roundedessribed foiM. incognita or group

nr 6 in Jepson (1987) (Fig. 4.5 A, B). Juveniles of populations P10, P12, P14a, P21a,
P21b, P24a, P24b and P25 had narrow tapering tail terminus ending in finely rounded
tip; there are often cuticular constrictions mid-way along the hyaline terminus. These
features matched withl. javanica or M. arenaria, i.e. group nr 7 in Jepson (Fig. 4.5 C,

D). Finally, populations P17 and P19b showed a tapering tail terminus but with a broadly
rounded tip and the hyaline terminus of which the sides are more or less parallel. This fits

to M. hapla or group 8.

A | | B C D

Fig. 4.5 LM photographs of second-stages juvenile tailstefidogyne spp. from Colombia: P8 (A); P16
(B); P24a and 24b (C); P21a and P21b (D). Scale bars: 10 um.
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Morphometrics of second-stages juveniles
Measurements of second-stages juveniles fronMadidogyne populations are

shown in Table 4.8. Only the best differentiating characters based on their broad range
within the genus and low coefficient of variability were considered for analyses: tail and
hyaline tail terminus length (Table 4.7).

Table4.7 Summary of main fouMeloidogyne species measurements of second-stage
juvenile tails and hyaline tail terminus (adapted from Jepson, 1983, 1987).

Hyaline tail terminus

Tail length length

Species

Species | pop | Species
group range
P1 38-55

average min. max. |average min. max.

M. incognita 6 48,7 450 52,2 8,9 6,3 13,5

P2 460 380 550

M.javanica 7 P1 36-60 543 46,8 598| 137 90 180
P2 490 360 56,0

M. arenaria 7 52-60 558 52,2 599| 148 10,8 19,8

M. hapla 8 P1 33-70 591 48,2 69,8| 157 11,7 18,9
P2

43,0 33,0 48,0
P1 and P2 are different populations. Tail length values are given for each population but hyaline
terminus values are given for each species. Tail length in J2 shows only a small coefficient of

variation (5% on 50 um tail).

Tail length
Average tail length in the 22 populationshé oidogyne juveniles was 45.4um.

The range of mean tail lengths for the populations of juveniles was large from 37um to
53um (Table 4.8). Populations with short tails (< 40 um) were P5a, P6 and P16; the long
tail populations (tail >50 um) are P10, P21a, P21b and P25. “Short” and “long” terms

were arbitrarily assigned.

Hyaline tail terminus length
The range of mean length tail terminus for the populations of juveniles was large

from 8.9um to 14.6um. Average tail terminus length for the 22 populations of

Meloidogyne juveniles was 12um. Populations with short tail terminus (< 9.8um) were
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Table 4.8 Morphometric features d¥leloidogyne spp. second stage juveniles from different localities of Colombia. Measurements
are in um.

Pop L mb.d. aﬁ?lt;td stylet cone DGO  met. pi)Fe tail group* hyaline group* v??dtfti a b ¢

P1 332 10,7 12,3 86 44 27 48 64 72 37 ij,h 12,2 ij,h,a 74 31 53 972
P3a 350 140 130 91 49 22 47 64 69 46  ijh 120 ijha 114 25 54 76
P4 399 122 136 9,9 5,2 2,7 52 68 75 47 ij,h 12,1 ij,ha 9,0 33 58 85
P5a 344 118 123 8,9 4,7 2,8 45 57 66 38 ij,h 8,9 [ 9,1 29 61 93
P6 341 120 125 8,8 4,1 2,3 48 65 68 39 ij,h 10,6 ij,ha 8,5 29 53 88
P8 370 12,4 137 93 49 23 52 67 72 47 ij,h 10,8 ij.h,a 9,3 30 55 7.9
P9 320 11,8 13,1 8,9 3,9 1,7 48 63 66 42 i,j,h 12,6 i,j,h,a 8,5 27 51 8.2
P10 416 11,1 13,5 9,3 47 2,3 53 70 79 51 ij,h 14,4 ij,ha 8,3 37 59 81
P11 350 11,4 13,3 9,4 4,9 2,7 47 61 69 42 ij,h 10,7 ij,ha 8,6 31 58 84
Pl4a 415 115 136 12,7 52 2,3 54 71 76 50 i,j,h 12,3 ijha 8,1 36 59 82
P15 345 118 12,2 8,6 3,9 1,1 45 59 64 40 ij,h 10,4 ij,ha 29 59 86
P16 339 109 12,5 9,1 4.8 2,5 46 58 66 39 ij,h 9,3 ij,ha 8,4 29 55 84
P17 359 11,3 13,3 9,3 47 2,9 49 63 69 44 ij,h 12,5 ij,ha 8,4 32 57 82
P18 392 114 13,4 9,8 5,3 2,0 50 66 75 47 ij,h 11,5 i,j,h,a 9,2 34 59 84
P19%a 317 121 131 9,3 4,4 2,3 46 62 65 41 iji,h 11,0 ij,ha 8,5 27 53 77
P19 338 11,8 13,9 10,3 49 2,8 49 69 72 46 ij.h 11,6 ij,ha 9,5 29 51 74
P2la 435 114 14,3 10,6 56 2,2 53 71 79 53 ij,ha 14,6 j,h,a 8,1 39 62 83
P21b 436 116 14,2 11,4 54 2,6 54 71 80 53 ij,ha 13,2 ijha 38 61 8.2
P22 362 11,7 13,0 9,5 4,7 1,9 48 65 69 40 ij,h 10,7 i,j,h,a 9,4 31 56 91
P24a 387 11,5 138 100 52 28 52 68 75 44 ij,h 11,0 ij;h,a 75 34 57 87
P24b 428 122 141 101 52 28 55 72 80 51  ijh 132  ijha 85 35 60 85
P25 427 114 142 10,8 56 27 53 71 78 51 ij,h 13,8 j.h.a 79 38 61 84

*Jepson group based on measurements of tail and terminus length. Letters i, j, h,M.rimeagnita, M. javanica, M. hapla, M. arenaria, respectively. For

relations between code-localities-host see table 4.2. hyaline: hyaline area of tail. Pure population are indicated in bold. Pop: population.
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P5a and P16; populations with long tail terminus (>13.6pum) were P10, P21a and P25.
“Short” and “long” terms were arbitrarily assigned.

Combinations of tail shape, tail and hyaline tail terminus length of juvenile
nematodes from Colombia matched with descriptions of group 6, 7 and 8 of Jepson
(1987). However, because measurements of tail and hyaline tail terminus length
overlapped between the four commbteloidogyne species and most of Colombian
populations matched to those species, these features were not helpful to distinguish
between species (Table 4.7 and Table 4.8). Unique exception was the short hyaline tail
terminus length present in population P5a which fitted Mtoncognita. As mentioned
for males, after a combinations of different methods used for species identification (see
discussion), this assertion based on a single quantitative feature could be wrong.

Canonical discriminant analysis (CDA) of second-stage juveniles
Using the two main features selected for differentiatiokl@bidogyne species in

J2 (tail length and hyaline tail terminus length) the Canonical discriminant analysis
(CDA) clearly separated three main groups (clusters) (Fig. 4.6) with percentage of
variation for root 1 of 89.86% (Table 4.9, case 1). Group 1 included P10, P14a, P21a,
P21b, P24b and P25; group 2 included P3a, P4, P8, P9, P11, P16, P17, P18, P19a, P19b
and P24a; group 3 included P1, P5, P6, P15 and P22. Tail length (89.8 % variation in
rootl- value 0.34) was the best feature for separation of the populations.

CDA using a combination of 15 features: L, stylet, tail, hyaline area, DGO, GBD,
a, b and c, junction, diameter at anus, S-E pore, cone, stylet to anterior end, metacorpus
and stylet (Table 4.9 case 2) allowed only one separate group (Fig.4.6), similar to group
1 in the previous analysis and no clear cluster of other populations were observed. This
can be explained by the low percentage of variation obtained (53.17%); no features were

considered for separation of populations.

Isozyme - Electrophoresis
Nineteen phenotypes showing esterase and malate dehydrogenase activity were

detected among 17 populationshé oidogyne spp. from plantain and fruit crops (Table
4.10; Fig. 4.7). Because most of electrophoresis was made before purification of

populations more than one phenotype was associated to each population. Thus, 35% of
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Table 4.9 Standardized coefficients for canonical variates of second juvenile stages of
ColombianMel oidogyne populations.

Root 1 Root 2
Case 1 (2 features)
% of variation 89.86 10.14
Selected characters Vector loadings
Tail length 0.3479 -0.1716
Hyaline tail terminus length 0.1824 0.7045
Case 2 (15 features)
% of variation 53.17 15.06
Selected characters Vector loadings
DGO 0.963 0.797
m.b.w 2.481 -2.637
J 2.237 3.040
L -0.527 -0.533
S-E pore -0.112 0.023
Tall -0.013 0.634
Diameter at anus 0.421 -0.613
a 0.747 -0.641
b 26.424 37.094
c 0.986 3.110
Cone length -0.033 -0.192
Hyaline tail end -0.128 0.060
metacorpus 0.045 0.138
Stylet to ant. end -0.103 -0.509
stylet 0.187 0.106

Canonical variate case 1 Canonical variate case 2

Fig. 4.6 Canonical discriminant analysis of 22eloidogyne populations from Colombia for juveniles
performed with 2 morphometric variables: tail length and hyaline tail terminus length (casel) and
performed with 15 morphometric variables: tail, L, hyaline area, stylet, DGO, m.b.w, a, b, ¢, metacarpus,
S-E pore, J, anal body width, cone, stylet to ant. end distance (case2). Red lettersNheacognita; j,

M. javanica; h, M. hapla; a, M. arenaria and x, indefinite species.
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populations yield one phenotype; 53% showed two different phenotypes and 12%
showed three different phenotypes (Table 4.16). Because only few lines were successful
ingel 2,7,8,9, 11, 15, 23 and 25, those are not show in figure 4.7.

M. javanica from tomato plants with characteristic phenotype J3N1 (Est-Rm
0.46, 0.55, 0.59; Mdh-Rm: 0.24) was used as reference (P25). The reference population
showed between 3 to 5 esterase bands and 0 to 3 malate dehydrogenase bands (Table
4.10) in the different gels.

M. incognita phenotypes
53% of Colombian populations yielded. incognita phenotypes (Table 4.16).

ILN1 phenotype as reported ftt. incognita by Esbenshade and Trianphyllou (1990)
was observed in five populations: P3a, P8, P11, P16 and P18 Rm values for esterase and
malate dehydrogenase were 0.46 and 0.24, respectively.
The I12N1 phenotype was displayed by two populations: P16 and P18 (Est-Rm:
0.46, 0.48; Mdh-Rm: 0.24). This phenotype is linkeditancognita. Seven populations
(P3a, P5a, P8, P16, P18, P20 and P22 showed I2N2a phenotype with Est-Rm: 0.46, 0.48
and Mdh-Rm: 0.24 - 0.26. Esterase bands of this phenotype matdiledhtmgnita but
no two bands had been reported for this species. One additional phenotype 12N2b with
two esterase bands, but Mdh-bands faster than I2N2a was observed in population P23.
Females of P8 (I1NO), P18 (I2NO) and P20 (I12NO) showed one or two esterase
bands but no malate dehydrogenase bands. These phenotypes could be IMked to

incognita based on their respective Est-Rm: 0.46; 0.46, 0.48.

M. javanica phenotypes
Typical M. javanica phenotypes (J3N1) were observed in 6 Colombian

populations (P13, P14a, P16, P18, P19a and P24b) which yielded Rm averages similar to
that of the reference phenotype. P6, P16 and P18 (J3NO) gave an esterase pattern similar
to M. javanica control but no malate dehydrogenase bands were observed.

In gel 12, females of population P16 and P18 showed extremely slow esterase and
malate dehydrogenase migration rates (Fig. 4.7). Because the refstepmanica

showed similar result, problems during gel running could be expected.
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Table 4.10 Esterase (Est) and malate dehydrogenase (Mdh) phenotypes observed in a study of 17 popiatimdegyhe
spp. from Colombia.

M M.

hapla M. incognita M. javanica arenaria Rar e phenotypes

Phenotyped 1 2 3 4 g 6 1 8 9 10 11 12 |13 |14 (5% (16 | 17| 18 19

Est] H1 1 1 2 12| 12 12 J3 J3 J3 J5 J3| Al | AAd|Ela| Elb | E3 | E3| E2
Mdh | H1 | NO N1 NO | N1 | N2a | N2b | NO N1 N2 N2 N3 | N2 | N2 | Nla | N1b | N1 | N2 | N2

Population

P3a Xos X4 X1524

P5a Xg X9 X1

P6 X19

P8 x16 XZG le X16

P10 X1

P11 Xog X216

P13 X7

Pl4a Xs Xs

P16 x4,19,24 x4 X25 X24 x12,13 Xl3

P18 Xa | Xaa | Xg | Xqg Xos X213

P19a X1 X11 X3

P19b X311 X3

P20 X6 XG,ZZ X22

P22 X5

P23 X23 X23

P24a X10

P24b X10

P25

X X X X X
control 1624 | A3478121326| X679141923 | 102225 | A5

As indicated by Esbenshade & Triantaphyllou (1985) each phenotype is designed by a letter suggestive of the species it splemifis (H=
I=incognita, Jgavanica and A=arenaria) and a number indicative of the number of bands present. Numbers marked in subscript indicate number of

the gel. E and N mean esterase and malate dehydrogenase patterns unknown, respectively. Because mistakes happened during phastsystem process , ho
successful results were obtained for populations P1, P2, P4, P7, P9, P12, P15, P17, P21a and P21b. *EldNpar fitaensis/ M. konaensis

phenotype.
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Fig. 4.7 Photograph of a polyacrymlamide gel slab illustrating some of esterase and malate dehydrogenase
phenotypes detected in Meloidogyne populations from Colombia. For explanations see text (isozyme
electrophoresis)Because only few lines were successful in gel 8, B, 11, 15, 23 and 25, those are not
show here. In gels, negative and positive charges match to bottom and top, respectively.
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The phenotypes J5N2 (P16 and P24a) was similar to J3N2 based on its Rm-
esterase bands but it showed two additional esterase bands: one band between bands 2-3
and one band slight slower than band 1. However, problems of the phastsystem
apparatus that result in the production of double bands cannot be excluded. The same
potential problem is possible for population P25 (reference) which showed three Mdh
bands (J3N3) in gel 5. 47% of Colombian populations showed as minimuiil.one
javanica phenotype.

M. arenaria phenotypes
Phenotypes AIN2 (Rm-esterase 0.53; Rm-Mdh 0.24, 0.26) and A4N2 (Rm-

esterase 0.47, 0.50, 0.53, 0.56; Rm-Mdh 0.24, 0.26) were detected in populations P8 and
P5a, respectively. Esterase patterns of those populations matdViedremaria. 12% of

Colombian populations showed as minimum dhearenaria phenotype.

M. hapla phenotypes
H1N1 as reported foM. hapla by Esbenshade & Trianphyllou (1990) were

observed in three populations: P19a, P19b and P23. Rm values for esterase and malate
dehydrogenase were 0.50 and 0.37, respectively. 18% of Colombian populations showed

as minimum ond. hapla phenotype.

M. paranaensis/ M. konaensis phenotypes
Phenotypd=1aNla (named phenotype 15 in tables 4.10, 4.16 and 4.17) (Fig. 4.7,

gel 22) with Est-Rm 0.57 and Mdh-Rm: 0.26 was detected in population P20. Esterase

pattern of this population matchedNb paranaensis / M. konaensis phenotypes.

Rar e phenotypes
The remaining phenotypes were not species specific and were designated, for

convenience, by the letter E for esterase, and N, standing for "non-specific phenotype" of
malate dehydrogenase and a number indicating the number of bands of activity.

Four rare phenotypes were found in following populatidasbN1b (named
phenotype 16 in tables 4.10, 4.16 and 4.17) in population P14a (Fig. 4.7, gel 5) with Est-
Rm 0.50; Mdh-Rm: 0.24E2N2 (named phenotype 19 in tables 4.10, 4.16 and 4.17 ) in
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populations P3a, P10 and P11 (Fig. 4.7, gel 24, 26) with Est-Rm 0.44, 0.46 and Mdh-
Rm: 0.22, 0.24. Phenotyde3N1 (named phenotype 17 in tables 4.10, 4.16 and 4.17)
with Est-Rm 0.46, 0.50, 0.59 and Mdh-Rm: 0.24; and pheno&BH2 (named
phenotype 18 in tables 4.10, 4.16 and 4.17) with Est-Rm 0.46, 0.50, 0.59 and Mdh-Rm:
0.24, 0.26 were detected in populations P19a and P19b (Fig. 4.7, gel 3) and population
P5a (Fig. 4.7, gel 1), respectively. Those four rare phenotypes (47% in Table 4.16) were

not characteristic of any particular species.

Species specific PCR
Prior to use specific primer, DNA presence was checked in samples with primers

described by De Legt al. (1999) (Fig. 4.8). No amplification could be observed when
Meloidogyne populations P5a, P16 and P25 were used as template DNA.

Using species-specific primers designed from RAPD fragments (Zigstah,

2000) and from IGS regions (Wishattal., 2002) the PCR amplified DNA products of
different size for 16 of the 29 eloidogyne populations tested.

The Finc/Rinc primer set (used to detddt incognita) amplified a 1200 bp
fragment when populations P3a, P8, P11 and P20 were used as template (Fig. 4.9).
Similarly, the primer Fjav/Rjav primer set (used to dedctavanica) resulted in a670
bp amplicon when populations P14a, P21b, P24a and P24b were used as template (Fig.
4.10); the primer IMV1/JMV2hapla primer set (used to détettapla) resulted in a 440
bp amplicon when populations P9, P15, P17, P19a and P19b were used as template (Fig.
4.11); the specific primer pair Far/Rar amplified a 420bp fragment when populations P1,
P10 and P12 were used as template (Fig. 4.12).

—>
740 bp

P25-P21a-P5a-P24a-P16-P18-P13-P20--X X P10 P9 x P15 P19aP17 P21b P8 P22 Pl4a P6 P3a P11l P1P19b P24b P4 P23 P7 P2 12 X

Fig. 4.8 PCR productsx740bp) ofMeloidogyne spp. obtained after using primers and PCR conditions for
D2D3 amplifications as described by De Letyal. (1999) (X = DNA ladder, InvitrogenP25 to P12 are
Mel oidogyne populations (see table 4.2)
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1200 bp

PR TR L

X P10 P9 P15 Pl19a P17 PH® P22 Plda P&3a P11 Pl P19b P24b P4 P23 P7 P2 P12 P2la P18PRIL3X

Fig. 4.9 Agarose gel electrophoresis of the polymerase chain reaction amplified fragment with the specific
primer pair Finc/Rinc foM. incognita populations. Numeric codes are listed in table 4.2. X: 1kb DNA
marker (Invitrogen).

> 670 bp

X P10 P9 P15 P19a PP2lb P8 P22Pl4a P6 P3a P11 P1 P1884b P4 P23 P7 P2 P12 P2la P28 X

Fig. 410 Agarose gel electrophoresis of the polymerase chain reaction amplified fragment with the
specific primer pair Fjav/Rjav fo¥l. javanica populations. Numeric codes are listed in table 4.2. X: 1kb
DNA marker (Invitrogen).

440 bp

X P10 P9 P15 Pl19a P17 P22 P6 P1P19b P4 P23 P7 P2 P12 P2la P18 P13 X
Fig. 411 Agarose gel electrophoresis of the polymerase chain reaction amplified fragment with the

specific primer pair IMV1/IMVhaplfor M. hapla populations. Numeric codes are listed in table 4.2. X:
1kb DNA marker (Invitrogen).

420 bp

X P10 P9 P15 P19a P17 P22 P& P19% P4 P23 P7 PPI12 X

Fig. 4.12 Agarose gel electrophoresis of the polymerase chain reaction amplified fragment with the
specific primer pair Far/Rar fdvl. arenaria populations. Numeric codes are listed in table 4.2. X: 1kb
DNA marker (Invitrogen).
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No amplification could be observed whigiel oidogyne populations P2, P4, P6,
P7, P13, P18, P21a, P22 and P23 were used as template DNA.

No bands were obtained wusing the specific primer: JMV2- 5
GGATGGCGTGCTTTCAAC-2 JMV2 5 TTTCCCCTTATGATGTTTACCC-2
which yield a 540 bp amplicon fol. chitwoodi and a 670 bp foM. fallax (Wishartet
al., 2002)(Fig. 4.13).

Finc/Rinc, Fjav/Rjav, Far/Rar; IMV1/IMV2hapla primer set yielded patterns with

clear bands that based on its size clearly distinguished one species from the others. DNA
products of 1200bp, 670 bp, 420 bp and 440 bp were associate witbognita, M.
javanica, M. arenaria andM. hapla, respectively (Fig. 4.14).

500 bp

X P22 P6 P4 P23 P7 P2 X
Fig. 4.13 Agarose gel electrophoresis of the polymerase chain reaction amplified fragment with the
specific primer pair IMV1/IMV2 foM. chitwoodi andM. fallax populations. Numeric codes are listed in
table 4.2. X: 1kb DNA marker (Invitrogen).

» 1200 bp

_ 670 bp
_ 440 bp
» 420 bp

X P20 P8 P3a P11 R24a P21b Pl4a P24b N P9 P15 Pl19a P17 19 N P10 P1 P12

Fig. 4.14 Agarose gel electrophoresis of the polymerase chain reaction amplified fragment with the
specific primer pair Finc/Rind=jav/Rjav, Far/Rar and JMV1/JMV2hapla ft. incognita, M. javanica,

M. arenaria and M. hapla, respectively. Numeric codes are listed in table 4.2. X: 1kb DNA marker
(Invitrogen). Negative control without DNA template: lane N
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Molecular characterization

All obtained sequences odfeloidogyne spp. Colombian populations were
deposited in EMBL (Table 4.11). Because the DNA quantity extracted from some
samples was not enough or the reaction failed, not all populations could be analyzed for
the three different regions of rDNA.

Table4.11 Sequences size dfeloidogyne populations from Colombia.

Population D2D3 18S ITSbp Population D2D3 18S ITS
code bp bp code bp bp bp
P1 736 1747 732 P14b 738 1780 -
P2 729 1756 727 P15 732 1749 675
P3a 736 1759 - P16 738 1741 -
P3b 738 1934 - P17 649 1751 721
P4 729 1749 - P19a 738 1760 -
P5a 735 1738 - P19b 740 1750 -
P5b 753 1733 - P19c 740 1785 -
P6 738 1752 - P21b 737 1758 592
pP7 737 1750 669 P22 742 1737 -
P8 731 1747 - P23 743 1750 727
P9 - 1741 - P24a 740 - -
P10 737 1740 - P24b 730 1752 684
P11 738 1755 - P24c 735 1957 -
P12 730 1757 676 P25 740 - -
Pl4a 733 1750 579

X: Populations with unsuccessful reaction because of insufficient DNA or contamination. bp: number of
base pairs (sequence size).

Based on phylogenetic analysis of rDNA sequences, Colombian populations were
grouped in three clear clades: clade 1 included the meiotic and mitotic parthenogenetic
speciesM. hapla A and B, respectively; clade 2 comprised dviehapla population
(P15) and ond/. arenaria (P1) as well as five unidentified species (P5a, P22, P21a6, P2
and P5B; unknown reproductive strategy); and clade 3 comprised three mitotic
parthenogenetic specieldl.(incognita, M. arenaria, andM. javanica). See figures 4.15,

4.16 and 4.17.
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28SrDNA
The polymerase chain reaction amplified a single DNA product of about 735 bp

(649-753) for each of the 28eloidogyne populations. D2D3 rDNA region sequences
obtained were subsequently used for phylogenetic analysis. Additionally, comparisons
with 18 GenBank sequenceshé oidogyne spp. were included.

In GenBank 76 sequences from ieloidogyne 28S rDNA gene were available.

They were submitted by 19 authors and concerned 17 spediegcognita (12), M.
javanica (6), M. arenaria (15), M. hapla (17), M. chitwoodi (7), M. exigua (3), M.
paranaensis (3), M. thailandica (3), M. fallax (2), M. artiellia (1), M. baetica (1), M.
graminicola (1), M. konaensis (1), M. minor (1), M. naas (1), M. panyuensis (1), M.
tripholiophila (1). Only sequences longer than 600 bp and homologous with Colombian
populations were used for comparison and phylogenetic trees, i.e. 18 accessions of 11
species (Table 4.12). SequencedVbfjavanica, M. thailandica (296bp) M. fallax
(325bp) M. minor (709bp) M. naasi (824bp) M. panyuensis (870bp) were not
homologous with Colombialeloidogyne sequences or did not present the full length of
the D2D3 region So, no sequences BE. javanica were used since the accession of this
species from GenBank did not align with Colombian sequences.

Comparison of the D2D3-LSU sequences at inter-populations level of
Meloidogyne spp. from Colombia showed intra-generic divergence between 0 and 12.4%
(Table 4.13).Percentages of divergence ranging between 0.5 and 2.1% were obtained
within populations in clade 1; 0.4 and 1.2% for clade 2 and 0 to 3.5% within population
in clade 3. The interspecific variation was much greater with conspicuous divergences
whenMeloidogyne sequences from GenBank were included in the analysis (0-30.5%).

The relationship of the detected populations with obhapidogyne species was
measured through Bayesian inference (Bl) analysis. The obtained alignment presented
651 characters of which 263 were parsimony informative. On the basis of the topology
of the majority rule 50 consensus tree, three well supported clades that contain
Colombian populations could be appointed (Fig. 4.15). Clade 1 (PP=1.00) included
P17, 19a, P19b, P19c and two GenBank accessiohd. bbpla; clade 2 (PP=0.98)
included P1, P2, P5a, P5b, P15, P22 and P23. Populations P3a, P3b, P6, P7, P8, P10,
P11, P12, P14a, P14b, P16, P21b, P24a, P24b, P24c and P25, seven GenBank accession

68



Meloidogynefrom Colombia

Table 4.12 Accession number d¥leloidogyne species from GenBank used for comparison WM#hoidogyne spp. sequences

from Colombia.

Species 288 author 18S Accession author ITS Accession author
M. arabicida AY942625 Tigancet al., 2005
M. ardenensis AY593894 Heldeet al. **
M. arenaria U42342 Georgi & Abbott, 1998 | y42342 Georgi & Abbott, 1998| AF077086 Hugallet al., 1999
U42339 Georgi & Abbott, 1998 | AY942623 Tigancet al., 2005 AF07708° Hugall et al., 1999
AF435803 | De Leyet al, 2005 AY268118 Lee & Williamson * U96301 Powerset al., 1997
AY438554 Liao *
AF387092 Suietal. >
AF077083 Hugallet al., 1999
AF510061 Quader & Rilley *
AF510062 Quader & Rilley *
AF510063 Quader & Rilley *
M. artiellia AT150369 | Castilloetal., 2003 AF248477 De Giorget.al., 2002
M. baetica AY150367 | Castilloet al., 2003
M. chiwoodi AF435802 | Tenenteet al., 2004 AY593883 Heldeket al. ** AY281852 Karsseret al., 2004
AY593884 Heldegt al. ** U96302 Powerset al., 1997
AY593885 Heldeet al. ** AF077090 Hugallet al., 1999
AY593886 Heldeet al. **
AY593887 Heldeet al. **
AY593888 Heldeet al. **
AY593889 Heldeet al. **
M. ethiopica AY942630 Tigancet al., 2005
M. exigua AF435795 | Tenenteet al., 2004 AY942627 Tigancet al., 2005
AF435796 | Tenenteet al., 2004
AF435804 | Tenenteet al., 2004
M. fallax AY593895 Helderet al. ** AY281853 Karsseret al., 2004
M. floridensis AY949621 Tiganoet al., 2005
M. graminicola AF435793 | Tenenteet al., 2004
M. hapla DQ145641 | Nadleret al, 2006 AY593892 Heldeet al. ** AF516722 Quader & Rilley *
DQ328685 | Subbotinet al, 2006 AY942628 Tiganoet al, 2005 AF007089 Hugallet al., 1999
AY268119 Lee & Williamson * AY281854 Karsseret al., 2004
AT593893 Helderet al. ** AY268108 Lee & Williamson *
AY593898 Helderet al. ** AF516721 Quader & Rilley *
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Species 28S author 18S Accession author I TS Accession author
U96303 Powerseat al., 1997
AF077088 Hugallet al., 1999
M. incognita AF435794 | De Leyet al, 2005 uU81578 Frisseet.al * U96304 Powerset al., 1997
AY942624 Tigancet al., 2005 AY438556 Liao *
AY?284621 Heldeet al. ** AF516723 Quader & Rilley *
AY268120 Lee & Williamson * AF510064 Quader & Rilley *
AF387093 Suét al. *
AF077084 Hugalét al., 1999
M. javanica AY942626 Tiganaet al., 2005 AF387095 Suat al. *
AY268121 Lee & Williamson * AF077085 Hugadt al., 1999
U96305 Powerst al., 1997
AY829374 Vovlast.al., 2005
AY829375 Vovlast.al., 2005
AY438555 Liao *
AF510057 Quader & Rilley *
AF510058 Quader & Rilley *
AF510059 Quader & Rilley *
AF51006( Quader & Rilley *
AF387094 Suet al. *
AF077082 Hugalkt al., 1999
M. konaensis AF435797 | De Leyetal, 2005
M. mayaguensis AY942629 Tiganat al., 2005
M. minor AY593899 Heldeget al. ** AY281855 Karssest al., 2004
M. morocciensis AY942632 Tiganaet al., 2005
M. naas AY593900 Heldeet al. ** AY302249 Karsseet al., 2004
AY593901 Heldeet al. **
AY593902 Heldeet al. **
M. oryzae AY952631 Tiganat al., 2005
M. panyuensis AY394719 Liao*
M. paranaensis AF735798 | De Leyet al, 2005 AY942622 Tiganet al., 2005
AF735799 | De Leyet al, 2005
AF735800 | De Leyetal, 2005
M. trifoliophila AF435801 | De Leyet al, 2005 AF077091 Hugalkt al., 1999

* unpublished; ** patent No. PCT/NL2004/000247)-A 01-Apr-2004
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of M. incognita, M. arenaria, M. konaensis andM. paranaensis composed a clade 3 on
their own (PP=0.99). Clade 0 included only Genbank sequences.

18SrDNA
The polymerase chain reaction amplified a single DNA product of nearly 1765 bp

(1733-1957) for each of the 2Meloidogyne populations when the 18S rDNA region
were analyzed (Table 4.11). Additionally, comparisons with 36 GenBank sequences of
Meloidogyne spp. were established.

In GenBank 185 sequences from tMseloidogyne 18S rDNA gene were
available. They were submitted by 10 authors and concerned 25 spktiaxognita
(8), M. javanica (12), M. arenaria (12), M. hapla (44), M. chitwoodi (26), M.
graminicola (33), M. mayaguensis (12), M. graminis (4), M. arabicida (1), M. ardenensis
(1), M. artiellia (2), M. enterolobii (1), M. ethiopica (1), M. exigua (1), M. fallax (5), M.
floridensis (2), M. haplanaria (2), M. minor (2), M. morocciensis (2), M. naas (4), M.
oryzae (1), M. paranaensis (2), panyuensis (1), M. partytila (2), M. thailandica (2).

Only sequences longer than 1600 bp and homologous with Colombian populations were
used for comparison and phylogenetic trees, i.e. 36 accessions of 18 species (Table 4.12).

The comparison of the 18S-SSU sequences at inter-populations level of
Meloidogyne spp. from Colombia showed intra-generic divergence ranging between 0 to
4.9% (Table 4.14). Percentages of divergence within populations ranged between 0.4 and
0.5% in clade 1; 0.4 and 1.3% for clade 2 and 0.1 to 1.4% within population in clade 3.
The interpopulation variation was much greater with conspicuous divergences when
Meloidogyne sequences from GenBank were included in the analysis (0-11.2%).

The relationship withinMeloidogyne species was measured through Bayesian
inference (BI) analysis. The obtained alignment presented 1690 characters of which 202
were parsimony informative. On the basis of the topology of the majority rule 50
consensus tree, three well supported clades that contain Colombian populations could be
appointed (Fig. 4.16). Clade 1 (PP=1.00) included P9, P17, P19a, P19b and P19c and
four GenBank records d¥l. hapla and M. ardenensis; clade 2 (PP=0.98) included P1,

P2, P5a, P5b, P15, P22 and P23 and one GenBank reddrcetbiopica. Populations
P3a, P3b, P4, P6, P7, P8, P10, P11, P12, P14a, P14b, P16, P21b, P24b and P24c and 13
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Table 4.13 Pairwise D2D3 sequences (651bp) alignmemilebidogyne Colombian populations
% Similarity
Clade 1 Clade 2 Clade 3
P3b,10, P7= P3a=11=24a P4 Pl4a P16 P8 P6 P2=Pl= P5b= P15 | P19b= P17 P19a
: 12, P25 P22 P5a P23 P19c
Populations | ;o 21D,
24, 24c
P3b=P10=
P12=
P14b=P21b= 100 99.8 99.5 99.3 988 982 97.7 976 955 952 949 947 892 888 876
P24b= P24c=
P7= P25 100 99.3 99.5 987 984 979 97|4 957 957 950 949 894 889 878
PoacPlls 100 99.2 984 977 977 974 950 947 944 946 981 889 87.5
P4 100 982 979 976 97.3 952 949 946 944 889 885 87.3
Pl4a 100 971 966 965 944 941 938 936 881 878 865
P16 100 974 969 963 960 957 955 894 889 878
P8 100 97.4| 96.0 957 954 952 894 89.6 87.8
P6 100 | 96.7 96.1 958 957 89.7 89.6 88.1
P2=P22 100 996 99.3 992 89.7 892 881
P1=P5a 100 993 992 894 889 878
P5b= P23 100 988/ 891 886 875
P15 100| 89.2 888 87.8
P19b=P19c 100 99.5 98.4
P17 100 97.9
P19a 100
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Table 4.14 Pairwise 18S sequences (1690bp) alignmeMaebbidogyne Colombian populations

% Similarity
Clade 1 Clade 2 Clade 3
Populations | P12= P3b P3a=P10 P7 Pl4a=P2lb P4 P6 P8=| P1=P2= P23 P5a P1§ P9=P17P19a P19c
P12=P14b 100 999 99.8  99.7 99.6 99.3 990 989 987 985 984|979 957 954 952
P3b 100  99.8  99.6 99.6 994 991 990 988 985 984 D80 958 954 953
P3a=P10= P11 100 99.6 99.5 992 991 989 987 985 984|978 957 953 952
P7=P24c 100 99.4 99.1 989 989 986 984 984 979 955 952 950
P14a=P21b= P24l 100 990 987 986 984 982 981 |97.6 954 951 94.9
P4 100 99.2 987 990 987 985 981 959 956 954
P6 100 99.0 994 992 991 987 959 955 954
P8= P16 100| 987 985 985 98/6 955 952 95.0
Eégzz;zz 100 99.6 995 990 959 955 954
P23 100 995 987 956 952 951
P5a 100 9.8§ 956 953 95.1
P15 100/ 951 949 947
P9=P17=P19b 100 996 99.5
P19a 100 99.5
P19c 100
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GenBank records a d¥l. incognita, M. javanica, M. arenaria, M. konaensis and M.
paranaensis, M. floridensis, M. arabicida and M. morocciensis composed a separate
clade 3 (PP=0.96). Additionally, GenBank accessafrdeloidogyne containing mainly

temperate species were consistently placed as a separate clade which was named clade 0.

ITS1-5.8-1TS2 rDNA
The polymerase chain reaction amplified a single DNA product of nearly 678 bp

(579-732) for each of the IMeloidogyne populations of which ITS rDNA regions were
analyzed (Table 4.11). The complete sequence included ITS1-5.8-ITS2 regions.
Additionally, comparisons with 42 GenBank sequencesMefoidogyne spp. were
established.

In GenBank almost one thousamdeloidogyne ITS sequences were found,
derived from 15 species:M. incognita, M. javanica, M. arenaria, M. hapla, M.
chitwoodi, M. thailandica, M. fallax, M. artiellia, M. graminicola, M. minor, M. naasi,

M. panyuensis, M. tripholiophila, M. mayaguensis and M. dunensis. Only sequences
longer than 650 bp and homologous with Colombian populations were used for
comparison and phylogenetic analysis, or 42 accessions of 10 species (Table 4.12).
Because some sequencesMf arenaria, M. hapla, M. thailandica, M. artidlia, M.
graminicola, M. mayaguensis and M. dunensis were not comparable or shorter than 660

bp they were not used for comparison with Colombegoidogyne sequences

The comparison of the ITS sequences at inter-populations |lewéélofdogyne
spp. from Colombia showed a divergence that ranged between 0 and 13.4% (Table 4.15).
Since P17 was the unique Colombian population in clade 1 (however this clade included
also seven accessions from GenBank), no divergence was considered. Percentages of
divergence range between 0 and 0.5% for clade 2 and 0.3 to 1.3% within population in
clade 3. The interspecific variation was much greater with conspicuous divergences
whenMeloidogyne sequences from GenBank were included in the analysis (0 - 43.7%).
The obtained alignment presented 669 characters of which 309 were parsimony
informative. On the basis of the topology of the majority rule 50 consensus tree, three
well supported clades that contain Colombian populations could be appointed (Fig. 4.17).
Clade 1 (PP=1.00) contained P17 and seven GenBank accesdinsapfa and one of
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M. javanica; clade 2 (PP=0.84) included P1, P2, P15 and P23 and two GenBank

sequences oM. arenaria and M. javanica, respectively. Populations P7, P12, P14a,

P21b and P24b and 23 GenBanKkvbfincognita, M. javanica, M. arenaria composed a

separate clade 3 (PP=0.99). Additionally, GenBank accessidn$/eloidogyne

containing mainly temperate species were consistently placed as a separate clade which

was named clade 0.

Additional to miajorMeloidogyne species, some GenBank sequences clustered

with Meloidogyne populations from Colombia. For 288l. paranaensis (accessions
AF735798, AF735799, AF735800) resolved as sister taxa of Colombian population P4;

and M. konaensis (AF435797) withM. incognita, M. javanica, M. arenaria sequences

from Colombia within clade 3. For 18Bl. ardenensis (AY593894) was positioned in
clade 1 together witM. hapla; M. ethiopica (AY492630) was located with Colombian
Meloidogyne populations included in clade 2. For cladé/3arabicida AY492625 and

M. paranaensis AY492622 were resolved as sister taxa, but these species were placed

separate from Colombian populations in the phylogenetic tree. Additiohdlly

morocciensis (AY492632) andM. floridensis (AY 949621) were resolved as sister taxa

to some Colombian populations (P3a, P3b, P7 and P11)

Table 4.15 Pairwise ITS sequences (669bp) alignmentMefoidogyne Colombian

populations
% Similarity
Clade 1 Clade 2 Clade 3

Populations F;};ﬁ: P12 P21b P7 P1=P2  P15=P2 P17
P14a=P24b 100 99.7 995 98.9 86.8 86.6 71.2
P12 100 99.5 99.1 86.8 86.6 71.0
P21b 100 98.7 86.6 86.4 70.8
P7 100 86.2 86.0 70.4
P1=P2 100 99.5 74.1
P15=P23 100 74.3
P17 100
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Sequence divergences as showed in tables 4.13, 4.14, 4.15 agreed with the
topology of the trees from the three DNA regions for all Colombian populations studied.
Some GenBank accessions mentioned in this paragraph did not show divergence with

some Colombian populations (data not shown).

Discussion

Combination of results using different methods, before and after purification are shown
in table 4.16 and 4.17.

Morphological identification

Female: perineal pattern
Observations of perineal pattern showed unique patterns in 30% of 23 Colombian

populations, while 35%, 17% and 17% of populations showed two, three and four
different patterns, respectively. However in purified populations (P19a, P19b, P21a,
P21b, P24a and P24b) 100% of perineal patterns showed the main features of their
respective speciedvl. hapla pattern for populations P19a and P19b &hdjavanica

pattern for populations P21a, P21b, P24a and P24b.

Most specimens of each one of Colombian populations showed a similar perineal
pattern, especially in pure populations. These observations are in agreement with
Dropkin (1953) and Sasser (1954). Both authors observed intraspecific variation, though
the perineal pattern remained relatively constant within a species and was not changed by
host influence. Former results are different from the observations by Allen (1952) and
Netscher (1978) who noticed morphological pattern variation within a single egg-
population ofMeloidogyne spp.

Since Chitwood (1949) re-established the gdvelidogyne and described five
new species, the structure of the perineal pattern has become the major character used in
species identification; although often this has been supplemented by up to 140 other
characters from the different life stages (Esser & Perry, 1974; Etsadr, 1976;
Franklin, 1979; Karssen & Van Aelst, 2001; Taylor & Sasser, 1978; Whitehead, 1968).
About half of theMeloidogyne species identification has been based on the female

perineal pattern. However, the number of new species increased rapidly so that it
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Fig. 4.15 Summary cladogram for 28 Colombian populations ani1&®idogyne GenBank accession-
28S rDNA obtained from Bayesian inference (BI) performed with MrBayes v3.1.2 using a GTR'+ | +
model, as estimated by PAUP/Mr Modeltest 1.0b. Outgfugiunensis AJ890461 andPratylenchus sp.,
Pra34, sequence from Colombiranch support is indicated with PP; higt®%% PP)/ medium (<95% to
>50% PP)/ low (<50%% PP). Colombian population are indicated in red color.
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Fig. 4.16 Summary cladogram for 28 Colombian populations ani1&®idogyne GenBank accession-
18S rDNA obtained from Bayesian inference (Bl) performed with MrBayes v8sit®y a GTR + |
mode| as estimated by PAUP/Mr Modeltest 1.0b. OutgrBugoodeyi AJ966498 andPratylenchus sp.,
GM16, sequence from ColombiBranch support is indicated with PP; higt®%% PP)/ medium (<95% to
>50% PP)/ low (<50%% PP). Colombian population are indicated in red color.
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Fig. 4.17 Summary cladogram for 28 Colombian populations ani1&®idogyne GenBank accession-
ITS1-5.5-ITS2 rDNA obtained from Bayesian inference (Bl) performed with MrBayes vBsing a
GTR + | + T mode| as estimated by PAUP/Mr Modeltest 1.0b. Outgr@ugoodeyi AB053485 and
Pratylenchus sp., GM17, sequence from Colombgranch support is indicated with PP; higt9%% PP)/
medium (<95% t@50% PP)/ low (<50%% PP). Colombian population are indicated in red color.
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became more and more difficult to differentiate species upon perineal patterns alone.

Researchers soon realized that the perineal patterns were quite variable, and many
aberrant and intermediate forms were found. Variation is especially prominent in species
with putative advanced characteristics, sucMascognita, which has broad host ranges
and reproduces solely by parthenogenesis (Triantaphyllou, 1963, 1966, 1985
Triantaphyllou & Hirschmann, 1980).

Karssen (2002) compared the eight most important descriptidvis lefpla. He
concluded that although taxonomists mentioned the most important features as a low
dorsal arch, presence of wings and punctuations, a lateral field and fine striae, the
differences (human factor) in these descriptions are striking. He agreed with Franklin
(1972) who indirectly recommended to reduce the human factor by using photographs
instead of drawings. However, according to observations made during this study the
combination of photographs and drawings provide the most reliable result because
features are illustrated at different depth levels. In the future, this could be complemented
with video capture pictures (De Ley & Bert, 2002).

A number of species have perineal patterns of a similar typeMe igcognita
and related species) and may be grouped on this basis, while the patterns of other species
are unique. Thus, based on general pattern morphology, Jepson (1987) divided 50 species
into 6 distinct morphogroups. Jepson’s grouping was very useful in our research as a first

step to separate/group Colombian populations.

Male: head shape
Based on the male head shape three species groups were recognized using LM

and SEM. Most of the male heads fitted the description of four common species
(Eisenback, 1985a, 1985b; Eisenback & Hirschmann, 1980, 1981; Hirschmann, 1985;
Jepson, 1983, 1987) which differ in head morphology with respect to shape and size of
the head cap, presence or absence of annulation in the head region, and the way the head
region fuses with the body region.

Our observations in SEM were in agreement with those from Eisenback &
Hirschmann (1980) who stated thisk incognita is similar to M. arenaria but M.

incognita is characterized by a very prominent labial disc that is centrally concave and
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Table 4.16 Overwiew results of identification oMeloidogyne Colombian population using combined methods, also before
purification.

female-perineal | male-head SEM phastsystem
Pop L ocalities Host i|J|H A i|J|H A |[k-p i|J i|lJ |H [A 1511617 18|19 |spPr |clade
P1 | Aguadas C. betacea A 2
P2 | Aranzazu C. betacea X 2
P3a | Arauca Musa AAB plantain| i X i K i i X i 3
P3b | Arauca Musa AAB plantain 3
P4 | Boyaca C. betacea i X 3
P5a | Caldas-Villamaria | C. betacea i A | X i K i A X noDNA | 2
P5b | Caldas-Villamaria | C. betacea 2
P6 | Caldas-Villamaria | S quitoense J X J X 3
P7 |Cauca S quitoense X 3
P8 | Cundinamarca P. ligularis i X i K i i A i 3
P9 | Génova C. betacea H X H 1
P10 |La Tebaida Musa AAA banana X X A 3
P11 |La Tebaida Musa AAB-plantain| i X i X i 3
P12 | Magdalena Musa AAB plantain A 3
P13 | Manizales C. betacea J J X no
P14a | Manizales S quitoense J X J X J 3
P14b | Manizales S. quitoense 3
P15 | Rionegro-bodega | R. glaucus H 2
P16 | Rionegro-bodega | C. betacea i|J |H X i H K i i|Jd noDNA| 3
P17 |Rionegro-correa |S quitoense H H H 1
P18 | Rionegro-vega S quitoense i|J|H X i H K i i|J X no
P19a | Tolima-eggmassl | S. quitoense i|J|H X i H J |H X H 1
P19b | Tolima-eggmass2 | S. quitoense i|J[H X i H H X H 1
P19c | Tolima-eggmass2 | S. quitoense 1
P20 | Urrao-Guapantal |P.ligularis i i i P.K i no
P2l1a | Urrao-Guapantal- | S. quitoense i|J |H X 1i]J no no
P21b | Urrao-Guapantal- | S. quitoense i|J|H X li]Jd J 3
P22 | Urrao-Chuscal C. betacea i i K i X 2
P23 | Urrao-Chuscal S. quitoense i H X i H X 2
P24a | Venecia-eggmassl | S. quitoense J X J J J J 3
P24b | Venecia-eggmass?2 | S. quitoense J J J J J 3
P24c | Venecia-eggmass2S. quitoense 3
P25 | Belgium L. esculentum J A J J noDNA| 3

Letters i, J, H, A, P, Kand X, medh incognita, M. javanica, M. hapla, M. arenaria, M. paranaensis, M. konaensisand not identified species, respectively.
For 15, 16, 17, 18 and 19 see text result of specific primer. Gray shading: analysis was not made. Fem-pp: perineal pattern of females; spPr: specific primer;
cla: clade. Pop: population.
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Table 4.17 Summary oMeloidogyne Colombian population identification after using combined methods*.

fem-pp male-head SEM phastsystem Comb.
L ocalities Host spPr |cla results
i [JHJA[X]i |3 |H[A |Xx Jsaylild |[H}i|J |H |A|P/K]|16]| 17| 18|19
P1 Aguadas C. betacea A 2 | X
P2 Aranzazu C. betacea X 2 | X
Musa AAB
P3a |Arauca plantain i i i i i 3 1i
Musa AAB
P3b | Arauca plantain 3 1i
p/
P3 k p/k
new
P3 X X phen.
P4 Boyaca C. betacea i X 3|P
Caldas- noDN
P5a | Villamaria C. betacea X X X A 2 |n. sp.
P5b | Caldas- C. betacea
Villamaria 2 |n.sp.
P5
i [ i i
P5 p/
k p/k
P5
A A A
Caldas-
P6 Villamaria S quitoense J J 31J
P6 X X X X
P7 Cauca S quitoense X 3 |X
P8 Cundinamarca | P. ligularis  |i i i i i 3 1i
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fem-pp male-head SEM phastsystem Comb.
L ocalities Host spPr |cla results
i|J i |J |H sy |i]J A|P/K|16]|17] 18] 19
p/

P8 k p/k
P8 A A
P9 Génova C. betacea H 1
P9 X

Musa AAA
P10 |La Tebaida banana A 3 |A

Musa AAB -
P11 |La Tebaida plantain i i 3 |i

new

P11 X phen.

Musa AAB
P12 |Magdalena plantain A 3 |A
P13 | Manizales C. betacea J no|J
P14a | Manizales S quitoense J J 31J
P14b | Manizales S quitoense 2 |3
P14 new

X phen.
Rionegro-
P15 |bodega R. glaucus H 2 |X
Rionegro- No
P16 |bodega C. betacea i i i DNA 31]i
P16 J J
P16 H H
p/

P16 k K
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fem-pp male-head SEM phastsystem Comb.
L ocalities Host spPr |cla results
i |J i [J |H sy |i]J A|P/K| 16| 17| 18] 19

P16 X
Rionegro-

P17 |correa S quitoense H H 1|H

P18 |Rionegro-vega|S quitoense |i i i X noli

P18 J J

P18 H H

p/

P18 k K

P18 X
Tolima-

P19a | eggmassl S. quitoense H H 1|H
Tolima-

P19b | eggmass2 S. quitoense H H 1|H
Tolima-

P19c |eggmass2 S quitoense 1|H

P19 i i

P19 J J

P19 X n. sp.
Urrao-

P20 | Guapantal P.ligularis |i i i no|i

P20 prk P
Urrao-

P21a | Guapantal- S. quitoense J J no no|J
Urrao-

P21b | Guapantal- S. quitoense J J J 317
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fem-pp male-head SEM phastsystem Comb.
Localities Host spPr |cla results
i |J |H A [ X]i |3 |H[A |x Jayli]d |[H}i|J |H |A|P/K]|16]| 17| 18|19
P21 i [ i
P21 H H
P21 X X X
P22 | Urrao-Chuscal | C. betacea X X 2 | X
P22 i [ i i
p/
P22 k p/k
P23 | Urrao-Chuscal | S quitoense X X 2 |X
P23 i i i
P23 H H H
Venecia-
P24a | eggmassl S. quitoense J J J J J 31J
Venecia-
P24b | eggmass2 S. quitoense J J J J J 31J
Venecia-

P24c | eggmass2 S quitoense 31J
P24 X X
. No
P25 | Belgium L. esculentum J J J DNA | 3 |J
P25 A A

* Included data before and after purification. When morphological data matched to minimum one molecular result we considered it enough criteria to identify
the population. iM. incognita; J: M. javanica; H: M. hapla; A: M. arenaria; P/K: M. paranaensis or M. konaensis; X: Meloidogyne sp.; fem-pp: perineal pattern

of female; sty: stylet of male; spPr: specific primer; cla: clade; noDNA/no : result failed during DNA extraction or sequentiation; numbers 17 and 18 in
phastystem columns fit to ELIN1 and E1N2 phenotypes of a new spedieboalogyne (see discussion). Fem-pp: perineal pattern of females; spPr: specific
primer; cla: clade. Pop: populaton. Comb.results: combined results. New phen: new phenotype.
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the medial lips are crescent-shaped in face vMwavanica can be differentiated ian
face view from M. arenaria andM. incognita by the elongated labial disc and medial lips
and the nonannulated head regibh.hapla can be distinguished from the other species

by the small rectangular labial disc and medial lips.

Although M. arenaria populations from Colombia were not analyzed by SEM,
observations in LM were enough to separate this species based on head shape. Most of
the Colombian populations matched to four comrivt@hoidogyne species. Thus, those
were easily separated/identified based on LM when specimens were in appropriate
position (lateral). The combination of LM and SEM observations however, would
provide even more accurate results. Additional morphological details could be of special
importance to distinguish closely related species adve.gicognita, M. konaensis and

M. paranaensis.

Male: stylet and cone
Stylet length was found to be the best differentiating character because of its

rather broad range within the genus (16-27 n) and low coefficient of variation (4%)
(Mulvey quoted by Hirschmann, 1985). Stylet cone length, which is correlated with
stylet length (i.e. about half of stylet length) can be helpful in those species with a much
shorter cone. Although DGO exhibits more variation in general, some species can be
distinguished on the basis of DGO distance (Jepson, 1987). Because stylet and cone
length overlap between common species according Jepson criteria (Table 4.7) and
because most Colombian populations matched one of the four common species, those
criteria were not helpful to separate populations at species level.

The number of projections protruding from the stylet shaft of males was a helpful
tool to separate some Colombian populations at species level. It is the most useful
diagnostic character iM. konaensis (6-12 large projections) (Eisenbaetkal, 1994) and
also have been observedvh paranaensis andM. brasilensis (1-2 projections) (Carneiro
et al., 1996b; Charchar & Eisenback, 2002).
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Second-stage juveniles. tail shape
The tail shapes of second-stage juveniles in most of Colombian populations fitted

into three species groups as described by Jepson which include the four most common
Meloidogyne species. As all qualitative criteria used for separation at species group

level, it was helpful used in combination with other ones in our studies.

Second-stage juveniles: Tail and hyalinetail terminuslength
For the Colombian populations different ranges for tail and hyaline tail terminus

length with respect to the Jepson classification were found (see Table 4.7 and 4.8).
According to Jepson (1987) onlil. hapla juveniles are relatively distinct by
combination of the longest tail (59.2 um) and longest hyaline tail terminus lengths
(15.7um). However, in the Colombian populations, specimens with the longest tails
fitted populations of\M. javanica (identified after combination of different methods):
Pl14a, P21b, P24b which measured 53, 50 and 51 um, respeclivelyange of mean
hyaline tail terminus of Colombian populations failed within the range 9.3um — 14.6pm
with almost half of the populations 11-12um; thus, clear distinction between species
using this feature was not possible.

Additionally, relationship between origin of the samples and either tail and
hyaline tail terminus measurements were not observed, e.g. specimens from same
locality, host and single egg-mass had either similar or different measurements.

Note that, several differences compared with the results of Jepson could possibly
have a significant influence on the morphometrical comparison: the fixation procedure
was different (De Griss&s TAF), origin of populations (subtropical and temperate
climate vs tropical), different age at moment of analysis (less than one week vs after

hatching) and impact of culture.

CDA of second-stage juvenilesand males
CDA analyses were made to provide additional, objective approaches in

differentiation of species. CDA allowed to differentiate one clear cluster using
combinations of tail and hyaline tail terminus lengths and both of them combined with
other features. This cluster contained 5 populations (P14a, P21b, P24a, P24b and P25)

which fitted toM. javanica. This result agreed with other morphometric analyses.
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Morphometrics of tail and hyaline tail terminus from second-stage juveniles and
stylet, cone length and DGO from males respectively were able to discriminate species
useful only in a supplementary way. The CDA for juveniles and males features did not
allow clear separation between all species (ex®epavanica juveniles); however, two
traits (iz tail length for juveniles; stylet length for males) were found to be helpful for
grouping most populations. Additionally, DGO, b and GBD were useful features for

discrimination ofMeloidogyne male populations when 11 features were combined.

Protein analysis
Our results showed that the combined use of isozyme esterase and malate

dehydrogenase provide a helpful tool for differentiating Colombian populations of
Meloidogyne. This result agreed with biochemical studies which demonstrated that the
main species ofMeloidogyne can be differentiated by species-specific enzyme
phenotypes, especially esterase (Bergé & Dalmasso, 1975; Catradird 996a, 1996b,
1998, 2000, 20044a, 2004b, 2005, 2007, 2008; Cofcestiakz, 2004, 2005; Esbenshade

& Triantaphyllou, 1985a, 1985b, 1985c, 1986, 1987a, 1990; Fargette, 1987a, 1987b;
Flores-Romero & Navas, 2005; Hernan@eal., 2004a, 2004b; Hussey, 1985; Jamhti

al., 1982; Karssest al., 1995).

M. incognita phenotypes
Populations identified by morphology and specific primerdviasncognita

(P3a, P8, P11, P16, P18 and P20) had five isozyme phenotypes: one EST band plus one
MDH band (11N1); two EST band plus one MDH band (I2N1); two EST band plus two
MDH band (I2N2), one (I1NO) or two (I2NO) esterase band but no MDH bands, therefore
showing some variability among the isolates (Table 4.10).

Phenotype I1N1 associated whh incognita from Santa Marta (Colombia) had
been already reported by Esbenshade & Triantaphyllou (1985c). They considered it as
one of the most prevalent phenotypes in their research which included 65 countries and
16 Meloidogyne species. Carneiret al. (1996a) found the same phenotype associated
with coffee, soybean, tomato, lettuce, pepper, carrot, peach tree, cotton, beans and
mulberry tree in Brazil. Populations BF. incognita having esterase phenotypes 11 or 12
were observed in cotton and coffee by Carneiral. (1996a, 2004) and Randéej al.
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(2002). The EST 12 was the most frequently found phenotypé. aficognita in banana
plantations (Cofcewiczt al., 2004). Similar results were observed by Castral.
(2003) in a soybean survey made in Brazil.

Populations ofM. incognita, M. javanica and M. arenaria showing MDH
phenotype N2 were reported from Spain by Flores-Romero & Navas (2005). Dalmasso
& Bergé (1978) reported two MDH bands (one strong and one weak bard) in
javanica andM. arenaria. No other reports of MDH phenotypes showing two bands are
known. However, the 12N2a phenotype was the most frequently found phenotype of
incognita in Colombian populations, following by I1IN1. Phenotype 12N2b was not
reported before but it was only displayed in gel 23 and its Mdh bands were not really
clear. Phenotypes characteristidMoincognita (I12N2a,b) were also found in populations
P5a, P22 and P23 prior to purification. Those populations showed more than one
Meloidogyne species and this is exemplary for the presence of mixed populations of
Meloidogyne in the field.

Although electrophoretic profiles do not provide enough information to separate
the four races oM. incognita (Esbenshde & Triantaphyllou, 1990). Carnegtoal.
(2000) found thaM. incognita races 2 and 3 had esterase phenotype 11 and race 1 and 4

had esterase phenotype 12.

M. javanica phenotypes
The species specific phenotype J3 was detected in Miglaivanica populations

from different localities (Table 4.10) and was also used as standard control in each gel.
The phenotype J3N1 associated wih javanica from Colombia was reported by
Esbenshade & Triantaphyllou (1985c). This is one of the most prevalent esterase
phenotype around the world (Esbenshade & Triantaphyllou, 1985c; Caetealq

19964, 2004b; Cofcewiat al., 2004; Flores-Romero& Navas, 2005).

The EST phenotype J2 (data not show in table 4.10) was found in control
populations ofM. javanica from ILVO (P25). According Cofcewicet al. (2004) it is
probable that some individual females isolated from plants were not in a good
physiological condition and these females presented a lack of band resolution thus

producing the atypical phenotypes J2 and J2a. The phenotype J2 was also detected by
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Tomaszewsket al. (1994) and Carneiret al. (1996a). The atypical phenotype J2(a) was
reported first by Castro (2001) and Cofcewatal. (2004).

Two atypical phenotypes were linked k. javanica based on their rate of
migration of esterase bands: J5N2, for which 3 bands are in the same position of J3 and
2 bands between them, was associated to populations P16 and P24a; and phenotype J3N3
displayed by population P25 (control). Esterase bands of the phenotype J5N2 in gel
numberl3 appeared as double and short bands but esterase bands appear both complete
and clear in gel number 10; no similar phenotypes have been recorded in literature,
however morphological characterization of those populations fMepavanica.

Zero to two bands were associated with MDH phenotypéd. gavanica from
Colombia. However, the number of MDH bands reported in literatur®& fgavanica
populations has been one (Esbenshade & Triantaphyllou, 1985c; Catradird996a);
two (Flores-Romero & Navas, 2005) or three (Carneliral., 2000). The latter authors
found that populations with malate dehydrogenase phenotypes N3 (3 bands) induced four

or five times more galls and eggs on soybean than MDH phenotype N1 (one band).

M. arenaria phenotypes
Esterase phenotype A4 associated with two MDH bands were found in

populations P5a and P8. Similar esterase pattern (M3F1) was encountered in a single

atypicalM. arenaria population in El Salvador (Esbenshade & Triantaphyllou, 1985c).

M. hapla phenotypes
The characterization of Colombian populations Mf hapla based on EST

phenotype H1 and MDH phenotype H1 matched with morphological features of the
populations. Similar phenotypes fM. hapla were reported from different countries
associated with coffee (Hernandezal., 2004a, 2004b), rosemary, strawberry, borao
potato, lettuce, tomato and kiwi (Carneiebal., 1996a, 2000). This phenotype was
firstly designated H1 for "M.hapla phenotype,” by Esbenshade & Triantaphyllou
(1985c). It had the highest rate of migration of all MDH bands observed.
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M. paranaensis/ M. konaensis phenotypes
A single atypical esterase phenotype characterized by one fast band was found in

population P20 ElaNla). This phenotype was first observed by Bergée & Dalmaso
(1975) in two populations dfl. incognita acrita from Germany. Later, Janadi al.
(1982) reported a closely related phenotype from coffee trees from Brazil (3 populations)
and one population from Suriname (no host mentioned in latter country) showing two
esterase bands. A similar phenotype to Colombian ElaNla was associated with six
populations of an undescribed species (F1) isolated from coffee in Brazil, Peru and
Surinam and one population BF. querciana from USA (Esbenshade & Triantaphyllou,
1985c). Fargette (1987b) found the same esterase phenotype (plll) with one esterase
band in natural populations from West Africa; no host was indicated but it was
reproduced in tomato, coffee trees, soybean, letidweyanthus viridis and Sesbania
rostrata using host test.

Carneiroet al. (1996b) reported the same phenotype (firstly named F1 and later
P1 by them) associated with the spedikskonaensis and M. paranaensis in coffee
plants. Four years later, they found differences betwkédmnaensis phenotype (named
K3) andM. paranaensis phenotype (named P1), based on the number of esterase bands
and their migration rates which are 1.1, 1.3, 1.4, and 1.4, respectively (Caatnairo
1996b, 2000). The last study of the authors about diversity of root knot nematodes on
coffee from Brazil, Central America and Hawaii recorded one new esterase phenotype P2
(Rm: 0.9, 1.32) in two populations ™. paranaensis from coffee trees in Guatemala.
However, in order to confirm the identification of the species they needed features of the
males(Carneiroet al., 2004). Further, the isolate df. konaensis from Hawaii did not
show the typical esterase profile K3 earlier reported by Careeab in year 2000 but
one esterase P1 phenotype that clustered together with the Brazilian populatibns of
paranaensis in the molecular analysis

Based on the number of esterase bands and its rate of migration (Rm) our
Colombian phenotype ElaNla fits to the phenotype P1 described. foaranaensis
and M. konaensis (Carneiroet al. , 1996a, 1996b, 2000, 2004). This result combined
with morphological analysis, mainly number of projections protruding from the shaft in

stylet of males, confirms the presencévbfparanaensis andM. konaensis in Colombia.
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However, more research is needed to define geographical distribution and host range of
both Meloidogyne species in Colombia but additional information about clear

differentiation of these species using isozymes phenotypes is required too.

Rar e phenotypes
Esterase band of phenotyg@bN1b (population P14a) matched wiM. hapla

but the Mdh band was really slow. This phenotype was unrecorded before.
Morphological features of this population felt ib javanica. This phenotype probably
represents a new species, however additional specimens are needed for accurate
morphological and morphometrical studies.

E3N1, E3N2 phenotypes were found in Colombidfeloidogyne populations:
P5a, P19a and P19b. Because the migration rate of esterase bands was identical for both
phenotypes, the second Mdh band in E3N2 probably is a double band obtained by
mistake during sample processing, therefore we do not have two but one phenotype.
This phenotype represents a new species which will be described from Iran, Africa, Chile
and Brazil populations by Karssen, Carneiro and other researchers (personal
communication; December 10, 2007). A similar phenotype (named M3) with three bands
in positions 8, 10, and 14 and Rm media was observed by Esbenshade & Triantaphyllou
(1985c) in three populations from South America (from Argentina, Bolivia and Ecuador)
and one population from Turkey (E923). It could not be identified to species level.

Populations P3a, P10 and P11 yielded two esterase i&2d8)( one slow band,
whereas the fast band had a migration rate approximately the same as the I1 band of the
M. incognita phenotype (Fig. 4.7, gel 21, 24, 26). The last two populations were sampled
on Musa plants (Gros Michel and FHIA cultivars) in the same locality (La Tebaida-
Andean Region at East of Colombia) but morphological characterization of P10Mitted
arenaria while P11 matched witM. incognita. P3a was found iMusa plants (hartén
cultivar) in Arauca, West of Colombia. This phenotype was firstly detected by
Esbenshade & Triantaphyllou (1985c) who named it SIM1. They observed it in six
atypical populations ofl. arenaria (from Nigeria, lvory Coast, Philippines and Samoa)
and one population (U.S.A., AR-E944) that could not be identified to species level but

probably representing a new form. Cofcewatzal. (2004) found the same phenotype
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(named B2) associated wiliusa AAA, Grande Naine cultivar in Brazil but it could not
identified it to the species level. The authors agreed with Esbenshade & Triantaphyllou
(1985c) that it probably represents a new form. They lost this population during the
purification process on tomato plants.

General remarkson protein analyses
Because enzyme phenotypes were made before purification of species some

populations showed more than one isozyme phenotype; however, most of them matched
with morphological identification. Additionally, these results confirm taloidogyne
species are frequently mixed in field.

Esbenshade & Triantaphyllou (1985c) stated that for routine identification of the
various phenotypes, one should not rely heavily on the numerical expression of the
migration rate of the various bands. The rate of migration (Rm) of proteins in a gel is
highly dependent upon the conditions of protein extraction, sample storage, and
electrophoretic conditions of separations. Such factors or conditions may vary among
laboratories and from one electrophoretic run to the other in the same laboratory. For
reliable identification of the phenotype of an unknown population, protein extracts from
a pure population of a known species should always be included in the same gel where
they can be compared directly. They recommend that pure populatidhshapla and
M. javanica be used as standard controls in each gel. Especially with reference to
esterase, the phenotypes of these two species will serve as efficient guides for
identification of all other phenotypes, often by simple visual evaluation of the gels
(without actual measurement of Rm values).

Because the number of described species have increased and populations with
similar esterase patterns showed different MDH patterns (more than one bands or
different Rm), combination of esterase with malate dehydrogenase on a single gel is

more appropriate to use than esterase alone. This was confirmed in our study.

Specific primers
Sixteen Colombian populations teloidogyne produced the expected band
sizes forM. incognita, M. javanica, M. hapla and M. arenaria using species specific

primers (Table 4.16). Those results agreed with the identification based on
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morphological features and isozyme electrophoresis. Only two exceptions were the
populations P1 and P15 which produced the expected band siid¢sdmmnaria andM.

hapla, respectively; however, the latter one did not show the typical parsimony
informative characters d¥l. hapla in the different phylogenetic trees and both of them
were included in clade 2 with unknown species in phylogenetic trees. Only
morphological data of juvenile stages were obtained (no perineal pattern, no isozymes
results) from populations P1 and P15 which clustered with unknown species in CDA
(Fig. 4.6); thus, it confirms the position of these populations in clade 2 and therefore not
closely related tav. hapla. For population P15 a wrong result from PCR with specific
primers is possible or an alternative reproductive strategy separates this population from

otherM. hapla from Colombia, as suggested in the next paragraph.

The specific primers used in our case were built based on a gene pool from
different origins (Holand, Queensland and Cyprus). The gene pool containel.both
hapla races, a diploid, facultative meiotic parthenogenetic species that reproduces either
sexually or, in the absence of male gametes, parthenogeneticallyl. &magla, race B,
which is an obligate mitotic parthenogenetic species and is usually triploid. In this
respect, Wishaet al. (2002) found intraspecific molecular variability M. hapla and
this species was more closely related to the tropical species thnchitwoodi or M.

fallax, mainly the race B isolates shows extra variability due to polyploidy.

Concerning the host relation of population PIb fiapla ?) it was associated
with Rubus glaucus (Andean blackberry - Rosacetamily). This host has been reported
as resistant tM. incognita andM. javanica in preliminary studies; however, no research
about resistance/ susceptibility Bf glaucus to M. hapla was conducted (Navarro &
Munera, 2000). BecausBleloidogyne populations from Andean blackberry were
increased in tomato plants using root pieces, no egg mass (see Chapter 2: general
material and methods) and no record#efoidogyne spp. inRubus glaucus are known,
additional research about status of hosRaflaucus to Meloidogyne species is needed;
especially an improved molecular/morphological characterizaction of the aberrant
population P15Rubus glaucus is widespread in Latin America (Colombia, Ecuador,

Peru, Guatemala, Costa Rica, Panama and Mexico) and Hawaii. In Colombia and
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Ecuador, Andean blackberry is widely cultivated and is an economic important crop
(higher price compared with other fruits) mainly for local markets. In HaRagjaucus

is considered a potentially-invasive weeds.

No bands were obtained wheM. fallax and M. chitwoodi species-specific
primers were used. This is in accordance with the expected absence of this species in
tropical conditions (Karssen, 2002; De Waele & Elsen, 2007).

Other studies confirmed that PCR with species-specific primers is a rapid and
useful tool for differentiating mixtures of root-knot nematodes (Willianmsta., 1997;
Wishartet al., 2002; Zijlstra, 2000). However, Adaghal. (2005) reported inconsistent
results with lines oM. incognita (from Massa) “when DNA of single females was used,
but a band of the expected size was produced with DNA extracted from a bulk sample of
nematodes suggesting that variation in the primer site(s) or sensitivity to DNA
concentration may occur with the Finc and Rinc primers”.

PCR methods for distinguishing some species of root-knot nematodes have also
been reported using mitochondrial DNA (Bletkal., 2002; Harriset al., 1990; Hugalkt
al., 1997; Powers & Sandal, 1988; Powettsal., 1986a, 1986b); satellite DNA
(Castagnone-Serem al., 1999), and ribosomal DNA region (Adashal., 2005, 2007,

Blok et al., 1997a, 1997b, 2007; De Leyal., 2002; Guiracet al., 1995; Handoet al .,
2004, 2005; Hugalt al.,1999; Peterson & Vrain, 1996; Petersbmal., 1997; Powers &
Harris, 1993; Powerst al., 1997, 2005; Tandingan De Leyal. 2002; Tenentet al.,
2004, Zijlstraet al., 1995, 2000) .

Phylogenetic analysis
Analysis of ColombianMeloidogyne populations at different rDNA regions

(D2D3, 18S and ITS1-5.8-ITS2) yielded phylogenetic trees with similar topologies. All

of the generated trees contained three identical clades which were strongly supported by
high PP values. Additionally, GenBank accessiohd/eloidogyne containing mainly
temperate species were consistently placed as a separate clade (clade 0). Our studies
agreed with van der Beeét al. (1997) who found molecular evidence thathapla and

M. fallax are distinct biological entities.
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Clade 1l
Meloidogyne Colombian populations in clade 1 fittédl hapla according to our

previous results (morphological, biochemical and species-specifics PCR identification).
All sequences from this species showed many parsimony informative characters
compared to the other three species and thus could be clearly separated from other
species, the only exception was population P15 (see clade 2 in this section and specific
primer discussion). Our studies agreed with van der Beedd., 1997 who found
molecular evidences th&dl. hapla, M. chitwoodi and M. fallax are distinct biological

entities.

Clade 2
Meloidogyne populations P1, P2, P5a, P15, P22 and P23 were separated in

clade 2 in all phylogenetic trees (18S, 28S, ITS1-5.8-ITS2 trees). Using species-specific
PCR it was not possible to identify those populations at species level which suggests that
those populations did not fit to the four majdeloidogyne species. Most of the cases of
CDA based on morphometrics of males and juveniles of these populations clustered
separate from the commadvieloidogyne species. However, the purification of these
populations is necessary to obtain their accurate identification because an insufficient
number of individuals did not allow accurate analysis of e.g. perineal pattern and
isozymes. Additionally, consistent results of three different rDNA regions reinforced
species-specific PCR results that those populations do not fit to four common

Meloidogyne species.

Clade3
Meloidogyne Colombian populations in clade 3 fittétl incognita, M. javanica,

M. arenaria according to our previous results (morphological, biochemical and species-
specific PCR identification).

Phylogenetic analysis using both Colombian sequences and GenBank
sequences demonstrated thatincognita, M. javanica and M. arenaria always were
included in the same clade using D2D3, 18S as well as ITS1-5.8-ITS2 analysis and a
clear separation at species level based only on these sequences was not possible. Thus,

our results confirmed that sequences from different rDNA regions (28S, 18S, ITS1-5.8-
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ITS2) are useful to separate certdiloidogyne species groups but suggest that these
technigues cannot be used for the study of interspecific variation within main

cosmopolitarMel oidogyne species . incognita, M. javanica, M. arenaria).

Integration of major methods
Analysis of morphological (stylet protuberances in populations P3a, P5a, P8, P16,

P18 and P22), biochemical (E1Nla phenotype associated to population P20) and
molecular data (in 28S rDNA, position of P4 resolved in clade 3 together withMhree
paranaensis accessions reported in GenBank and 100% similarity with o
paranaensis accessions- data no included here) suggest that in addition to the four main
Meloidogyne species,M. paranaensis and M. konaensis are present in Colombia.
However, special attention should be paid to the low divergence of nucleotides between
M. paranaensis AY492622 (18S), AF735798 (28S), AF735799 (28S), AF735800 (28S),
M. konaensis, AF435797 (28S) and sonMeloidogyne accessions from Colombia and
GenBank. Our results agree with Tenedtal. (2004) who stated that “relationships
betweenM. arenaria, M. konaensis, M. incognita andM. paranaensis were not resolved
consistently across different alignments and algorithms” and “the mitotic parthenogenetic
speciedM. arenaria (race 2)M. incognita, M. konaensis, M. paranaensis are actually all
extremely similar to one another in D2/D3 sequence (as is e.g. evident from the branch
lengths). It is therefore possible that at least some of these are synonymous species, but
we consider it more likely that the D2/D3 region is simply too conserved for the
phylogenetic analysis of mitotic parthenogen®tetoidogyne species”.

According Tandingan De Leyt al., 2002 “only mitochondrial DNA data
(Powers and Sandall, 1988) pladed arenaria in apposition toM. incognita and M.
javanica. Hyman and Powers (1991) subsequently revised some of the identifications in
the previous study but retaineld. arenaria as the more divergent species, and
hypothesized that it could actually represent a hybrid lineage. Discordance between the
mitochondrial results and those obtained with other data may be due to some or all of the
methodological differences in types of characters (e.g., fragment lengths vs. chromosome
numbers or nucleotides), sources of data (e.g., rapidly evolving mitochondrial loci vs. a
highly conserved ribosomal locus), numbers of included taxa, and tree construction
methods. If hybridization did indeed occurhfeloidogyne, then this would be probable
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the most important cause of disagreement between mitochondrial and ribosomal trees
(Hugallet al., 1999)".

The evolutionary relationships ®leloidogyne have been inferred from several
types of data starting with Triantaphyllou (1966, 1985) who inferred the phylogeny of
root-knot nematodes from cytogenetic data. Our results placed the ameiotic species on a
separate clade that is distantly related to either the obligate amphimictic or meiotic
species. This agrees with previous phylogenies of Castagnone-8eakn@994, 2006),
Esbenshade & Triantaphyllou (1987), Tandingan De é&egl. (2002), Tiganoet al.,

(2005), van der Beek & Karssen (1997) and van der Bealk(1998).

The phylogenetic trees from all three rDNA regions (18S, D2D3 and ITS1-5.8-
ITS2) result in a similar topology for the Colombian populations (see figures 4.15, 4.16
and 4.17); the same clades could be appointed independent of the analyzed sequence,
thus: clade 1 containdd. hapla populations (exception was population P15, see species-
specific PCR for explanation); clade 2 grouped six populations not identified at species
level and therefore their reproductive strategies are unknown, and clade 3 coktained
incognita, M. javanica andM. arenaria. These topologies agreed to cytogenetic data as
indicated above from different authors.

Colombian populations containirg. paranaensis andM. konaensis were taken
in orchards where fruit trees grow together with coffee plants as mixed cidps.
paranaensis, M. konaensis, M. arabicida have coffee plants as type host and their type
localities are respectively Brazil, Hawaii and Puerto Rico. Bedslugaranaensis and
M. konaensis have been reported as dangerous pest organisms to coffee production in
other countries and coffee is one of the most economically important crops in Colombia
priority should be given to determine presence/absence, distribution and losses due to
these species. The fruit crops included in this study are also important in local and
export markets no only in Colombia but also in some Latin American countries. Similar
studies based on different identification techniques but not only nhéghoidogyne
species should be considered.

M. incognita was identified in this study fronPassiflora ligularis in two
localities, Urrao and Bogota, and frdvtusa plants, FHIA and harton cultivars, from La

Tebaida and Arauca, respectively. HoweWwr,incognita has already been reported in
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the first host in different Colombian regions and studies about damage, interaction
betweenM. incognita and Fusarium solani and preliminary studies about resistance in
passiflora germoplasm collections have been performdd.incognita has also been
recorded fromS. quitoense andC. betacea in Colombia (Corrales, 1996; Lozadgaal .,

2002; Munera 2000, 2002; Munera & Navarro, 2000; Navarro, 1990; Vetrgas2001;

see Chapter 3).

M. javanica was identified fromSolanum quitoense in three localities, Urrao,
Manizales and Venecia anMl. hapla from Tolima and Rionegro. These two
Meloidogyne species have been reported also fRuiigularis andC. betacea (Corrales,

1996; Lozadat al., 2002; Manera 2002; Munera & Navarro, 2000; Vargas. , 2001;
see Chapter3)Studies about resistance of different clones of “lulo La Sel&” (
quitoence x S hirtum) to M. incognita, M javanica and M. hapla were conduced by
Munera (2003) in Colombia

M. arenaria was identified fromMusa plants, Gros Michel and hartén cultivars
from La Tebaida and Magdalena, respectively. The same species was identified from
Cyphomandra betacea from Aguadas. Records d¥l. arenaria from C. betacea in
Colombia are known (Lozada al., 2002; Munera & Navarro, 2000; Navarro, 1990; see
Chapter 3).

M. paranaensis was identified fromP. ligularis (from Bogota);Musa plants,
harton cultivar (from Arauca)C. betacea (from Villamaria and Rionegro) an&.
guitoense (from Rionegro and Urrao). In the former study in Colombia, a root-knot
nematode population was found to exhibit a perineal pattern similar to thisit of
incognita but produced a response to the North Carolina differential host test similar to
that reported foM. paranaensis (Campos, V. 2005, quoted by De Waele and Elsen,
2007). However, this is a first register of this species in Colombia. Because its
widespread ocurrence; wide host range and observed mixed populations in field, this
species needs special attention in Colombia and South Améticancognita P.
paranaensis andP. konaensis are morphologically similar, making identification difficult
for the non-specialist, but distinguishing them is important for utilizing appropriate crop
rotations, managing resistance effectively and for plant quarantine requirements and for

integrated management of the crops.
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One locality (Rionegro) showed a remarkably larger numbeka@bidogyne
species that are mixed in the field. This could be associated with the introduction of
different fruit materials (seeds and vegetative material) from different geographical areas

of the country.

Conclusions

Perineal patterns to groudeloidogyne populations sensu Jepson (1987) were
useful in our research as a first step to separate/group populations from the field. From
the combination of several analyses it turned out that several species occur together in the
field. Thus, the purification of populations (from single egg mass) is recommended as
second step.

Qualitative characters (juvenile tail shape and male head shape) showed to be
more useful than morphometric values, especially SEM of head regidel afdogyne
males appeared to show a high species resolution. The head morphology of males,
mainly inface view, wasable to differentiate species within the five populations studied.
Three typical patterns were found and these fitted redy. tocognita, M. javanica, and
M. hapla SEM descriptions. Other differences detected in the light microscope (LM)
were also helpful for identification e.g. head shape in lateral view. Males of Colombian
populations showed that head shape morphology using LM is a reasonably reliable
taxonomic character for the identification of the four common root-knot nematode
species.

Combinations of measurements are useful as supporting data but are never
unequivocal. The quantitative characters proposed by Jepson (1987) (stylet length, cone
and DGO for males and tail and tail terminus length for juveniles) are those of highest
practical value in terms of intraspecific variation and differentiation between species
group. Qualitative characters (perineal pattern for females, male head shape and juvenile
tail shape) are frequently species-specific.

Biochemical studies have demonstrated that the main spedsaélogyne can
be differentiated by species-specific enzyme phenotypes, mainly esterase. The esterase

phenotypes combined with malate dehydrogenase phenotypes can be used as a rapid and
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efficient method to carry out extensive field surveys to determine the frequency and
relative distribution oMeloidogyne spp., to characteriadel oidogyne species and detect
atypical phenotypes; and to detect mixed species isolates for purification prior to
conducting other studies which need purification.

Additionally, species-specific PCR is a rapid and useful tool for differentiating
mixtures of root-knot nematodes species. The method has potential to be optimized for
routine practical diagnostic tests facilitating the control of these economically important
pest organisms.

At this time, the resolution of the routine sequenced loci is too low and no
simple, a single-step PCR capable of amplifying from and specifically identifying single
specimens of all three important tropical specibs (ncognita, M. javanica, M.
arenaria) has been described. Other loci must therefore be investigated to be useful to
discriminate species and unravel the evolutionary history of these species.

Meloidogyne populations included in clade 2 of the phylogenetic trees (P1, P2,
P5a, P5b, P15, P22 and P23) did not fit to kndweahoidogyne species based on all
analyses; however, studies based on purified populations are necessary for their accurate
characterization and to understand their diversity.

In conclusion, sixMeloidogyne species: M. incognita, M. javanica, M.
arenaria, M. hapla, M. paranaensis and/or M. konaensis were found associated with
four fruit crops and plantain in Colombia. Because last two species show morphological
features ofM. incognita they were probably misidentified in the past; thus, only the use
of combined methods allowed accurate identification of species. This is necessary to

select more appropriate management methods to control nematode populations.
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Introduction

Plant parasitic nematodes belonging to the geRtestylenchus are mobile
endoparasites. They usually live in roots, rhizomes or tubers, but occasionally they are
found in above-ground parts like stems or fruits. The root parts where these nematodes
multiply often assume a dark red or brown color, caused by necrosis of the invaded cells
and invasion of secondary pathogens like fungi or bacteria. These discolored patches
(lesions) have earndeatylenchus species the vernacular name of root lesion nematode
and are a fairly good diagnostic (Loof, 1991).

Pratylenchus species are among the economically most damaging plant-parasitic
nematodes and are found in a wide variety of crBpatylenchus coffeae is a species of
world quarantine importance (Ryss, 2002). Althou&hatylenchus species are
polyphagous, there are clear differences in host preference among the species (Al-Banna,
et. al., 2004). Most of the better known species have a wide distribution which is zonal in
character. Some species occur throughout the northern temperate zone but also occur in
mountainous regions of the tropics. Other species occur throughout the tropics but may
maintain themselves in temperate zones in greenhouses. Pratylenchids multiply to very
large numbers (10.000 — 35.000 specimens per 10 g of roots). It is not unusual to find
two or three species together in a soil sample (Loof, 1991).

de Man is credited with describing the first root-lesion nematodEylaachus
pratensis in 1880. In 1884 de Man redescribed and illustrated this species. The genus
Pratylenchus was erected by Filipjev in 1936 with pratensis as the type species. The
name had already been published in 1934 by Filipjev, but at that time no generic
diagnosis was given; only the type species was indicated (Handoo & Golden, 1989).

The genusPratylenchus at present comprises 139 original descriptions among
them four subspecies (Table 5.1) but the number of valid species is variable according to
different authors. Some species have been synonymized or consipksied inquirida

or nomina nuda.
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Table 5.1 List of nominalPratylenchus species based on Sher & Allen (1953), Loof
(1960, 1978, 1991) Corbett (1969, 1983), Café Fihlo & Huang (1989), Frederick &
Tarjan (1989), Handoo & Golden (1989), Siddigi, 2000 and Ryss (2002) and
supplemented with species more recently described. Junior syncspasies
inquirenda andnomen nudum are indicated (valid species in bold according Siddiqi,
2000 and recently descriptions of new species).

» P.aberrans (Thorne, 1935) Filipjev, 1936 (transferred\Nacobbus by Thorne &
Allen, 1944)

. acuticaudatus Braasch & Decker, 1989

.agilisThorne & Malek, 196&sp. ing. for Frederick & Tarjan, 1989)

. aleni Ferris, 1961

. allius Shahina & Magbool, 1996

.andinus Lordello, Zamith & Boock, 1961

. angelicae Kapoor, 1983 (nomina nuda for Siddiqi, 2000)

. angulatus Siddiqi, 1994

. arlingtoni Handoo, Carta & Skantar, 2001

. artemisiae Sheng & Chen, 1994

. australis Valenzuela & Raski, 1985 ( syn. Bf bolivianus for Frederick &

Tarjan, 1989)

P. barkati Das & Sultana, 1979 (sp. ing. for Loof, 1991)

» P.bhattii Siddiqgi, Dabur & Bajaj, 1991

* P. bicaudatus Meyl, 1954 (Meyl, 1961 syn. ¢1. penetrans bicaudatus Meyl,
1954; sp. inq. for Frederick & Tarjan, 1989; for Handoo & Golden, 1989; for
Siddiqi, 2000)

* P. bolivianus Corbett, 1983

» P. brachyurus (Godfrey, 1929) Filipjev & Schuurmans Stekhoven, 1941 (Byn.
lelocephalus Steiner, 1949; syn. &1. steineri Lordello, Zamith & Boock, 1954)

» P. brassicae Shahina & Magbool, 1996

» P.brevicercus Das, 1960 (sp. ing. for Frederick & Tarjan, 1989; for Handoo &
Golden, 1989; for Siddiqgi, 2000)

* P. brzseskii Karssen, Waeyenberge & Moens, 2000

» P. capitatus Das & Sultana, 1979 nét capitatus lvanova, 1968 (syrP. dasi
andP. neglectus, sp. ing. for Handoo & Golden, 1989)

» P.cerealisHaque, 1965 (sp. inqg. for Loof, 1978, 1991)

» P. chrysanthus Edward, Misra, Rai & Peter, 1969(sp. inq. for Loof, 1978, 1991;
for Frederick & Tarjan, 1989; for Handoo & Golden, 1989)

» P. clavicaudatus Baranovskaya & Haque, 1968 (sp. ing. for Handoo & Golden,
1989; for Siddiqi, 2000; valid species for Frederick & Tarjan, 1989;)

* P.codiael Singh & Jain, 1984 (sp. ing. for Loof, 1991)

» P. coffeae (Zimmerman, 1898) Filipjev & Schuurmans Stekhoven, 1941 @&yn.
musicola (Cobb, 1919) Filipjev, 1936; syrR. mahogany (Cobb, 1920) Filipjev,
1936)

» P. coffeae brasiliensis Lordello, 1956 (sp. ing. for Frederick & Tarjan, 1989; for

Handoo & Golden, 1989; for Siddiqgi, 2000)

P. coffeae brevicauda Rahm, 1928(sp. ing. for Loof, 1960)

P. convallariae Seinhorst, 1959

P. crassi Das & Sultana, 1979 (sp. ing. for Loof, 1991)

P. crenatus Loof, 1960(syn.P. pratensis apud Thorne, 1949; syR.

clavicaudatusin Loof, 1991)

P. crossandrae Subramaniyan & Sivakumar, 1991

P. cruciferus Bajaj & Bhatti, 1984
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P. cubensis Razjivin & O'Relly, 1976 (syrP. zeae; sp. ing. for Handoo &
Golden, 1989)

P. curvicauda Siddig, Dabur & Bajaj, 1991

P. das Fortuner, 1985 (=nom.nov. f& capitatus Das & Sultana, 1979; syR.
hyderbadensis Singh & Gill, 1986; sp. inq. for Loof, 1991)

P. delattrei Luc, 1958 (synP. singhi Das & Sultana, 1979; syR. portulacus
Zarina & Magbool, 1998)

P. dendrophilus (Marcinowski, 1909) Filipjev, 1936

P. dioscoreae Yang & Zhao, 1992

P. dunensis de la Pefia, Moens, van Aelst & Karssen, 2006

P. ekrami Bajaj & Bhatti, 1984

P. elamini Zeidan & Geraert, 1991

P. emarginatus Eroshenko, 1978 (sp. inqg. for Loof, 1991)

P. estoniensisRyss, 1982

P. exilis Das & Sultan, 1979 (sp. ing. for Loof, 1991)

P. fallax Seinhorst, 1968 (syn. &f cerealis for Frederick & Tarjan, 1989)

P. flakkensis Seinhorst, 1968

P. gibbicaudatus Minagawa, 1982

P. globulicola Romaniko, 1960 (syn. d?. penetrans for Loof, 1978, 1991, sp.
ing. for Handoo & Golden, 1989)

P. gongjuensis Choi, Lee, Park, Han & Choi, 2006

P. goodeyi Sher & Allen, 1953

P. gotohi Mizukubo & Minagawa, 1991

P. graminis Subramaniyan & Sivakumar, 1991

P. graminophilus (Goodey, 1933) Filipjev, 1936

P. gulosus (Kuhn, 1890) Filipjev & Schuurmans Stekhoven, 1941 (Byn.
penetrans)

P. gutierrezi Golden, Lépez & Vilchez, 1992 (sylA. panamaensis)

P. helophilus Seinhorst, 1959 (syi. pratensis)

P. heterocercus Kreis, 1930, syn. dP. penetrans for Andrassy, 1960; sp. inq. for
Frederick & Tarjan, 1989; for Handoo & Golden, 1989; for Siddigi, 2000)
P. hexincisus Taylor & Jenkins, 1957

P. hyderbadensis Singh & Gill, 1986 (synP. capitatus andP. dasi)

P. himalayensis Kapoor, 1983 (nomina nuda for Siddiqi, 2000)

P. hippeastri Inserra, Troccoli, Gozel, Bernard, Dunn & Duncan, 2007

P. impar Khan & Singh, 1975 (syrR. zeae; valid species for Frederick &
Tarjan, 1989; for Handoo & Golden, 1989)

P. indicus Das, 1960 (sp. inq. for Frederick & Tarjan, 1989; for Handoo &
Golden, 1989; for Siddiqgi, 2000)

P.irregularis Loof, 1960 (synP. pratensis)

P. jaehni Inserra,Duncan, Troccoli, Dunn, Maia Dos Santos, Kaplan & Vovlas, 2001
P. japonicus Ryss, 1998 (syn. d&?. macrostylus japonicus Ryss, 1988 (Mizukubo
et al. (1997) elevated it to species level)

P. jordanensis Hashim, 1984

P. kasari Ryss, 1982

P. kolourus Fortuner, 1985 (sp. ing. for Handoo & Golden, 1989; for Siddiqi,
2000)

P. kralli Ryss, 1982 (syn. d?. ventroprojectus for Frederick & Tarjan, 1989;
P. kumaoensisLal & Khan, 1989

P. leiocephalus Steiner, 1949 (syrR. brachyurus)

P. loofi Singh & Jain, 1984 (sp. ing. for Loof, 1991)

P. loos Loof, 1960 (synP. coffeae apud Loos, 1953)

P. macrostylus Wu, 1971
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P. macrostylus japonicus Ryss, 1988 (syrP. japonicus)

P. mahogani (Cobb, 1920) Filipjev, 1936 (syR. coffeae)

P. manaliensis Khan & Sharma, 1992

P. manohari Quraishi, 1982 (syn. oP. cerealis for Frederick & Tarjan, 1989;
sp. ing. for Loof, 1991)

P. mediterraneus Corbett, 1983

P. menthae Kapoor, 1983 (homina nuda for Siddigi, 2000)

P. microstylus Bajaj & Bhatti, 1984

P. minyus Sher & Allen, 1953 (syrP. neglectus)

P. montanus Zyubin, 1966 (sp. inq. for Frederick & Tarjan, 1989; for Handoo &
Golden, 1989; for Siddiqi, 2000)

P. morettoi Luc, Baldwin & Bell, 1986

P. mulchandi Nandakumar & Khera, 1970 (syn. & muli Nandakumar &
Khera, 1969, = nomen nudum)

P. muli Nandakumar & Khera, 1969 (syia. mulchandi)

P. musicola (Cobb, 1919) Filipjev, 1936 (syR. coffeae)

P. neglectus (Rensch, 1924) Filipjev & Schuurmans Stekhoven, 1941(sy®. of
minyus Sher & Allen, 1953; syn. of P. capitatus lvanova, 1968; syn oP.
neocapitatus Khan & Singh, 1975; syn &. similis Khan & Singh, 1975)

P. neobrachyurus Siddiqi, 1994

P. neocapitatus Khan & Singh, 1975 (syr. neglectus; valid species for Handoo
& Golden, 1989)

P. nizamabadensis Maharaju & Das, 1981 (sp. inq. for Loof, 1991)

P. obtusicaudatus Romaniko, 1977 (sp. inqg. for Loof, 1991)

P. obtusus (Bastian, 1865) Goodey, 1951 (sp. ing. for Frederick & Tarjan, 1989;
for Handoo & Golden, 1989; for Siddiqi, 2000)

P. okinawaensis Minagawa, 1991

P. panamaensis Siddiqi, Dabur & Bajaj, 1991 (syn. & gutierrezi Golden,
Lépez & Vilchez, 1992)

P. peerlari Chawla & Prasad, 1973 (syR. ranjani)

P. penetrans (Cobb, 1917) Filipjev & Schuurmans Stekhoven, 1941 (syR. of
gulosus (Kuhn, 1890) Filipjev & Schuurmans Stekhoven, 1941)

P. pinguicaudatus Corbett, 1969

P. portulacus Zarina & Magbool, 1998 (syr®. delattrei)

P. pratensis (de Man, 1880) Filipjev, 1936 apud Thorne, 1949

P. pratensis bicaudatus Meyl, 1954 (synP. bicaudatus)

P. pratensis tenuistriatus Meyl, 1953 (sp. ing. for Frederick & Tarjan, 1989; for
Handoo & Golden, 1989; for Siddiqgi, 2000)

P. pratensisobrinus Bernard, 1984(syn. oP. pratensis for Frederick & Tarjan,
1989)

P. pseudocoffeae Mizukubo, 1992

P. pseudofallax Cafe Filho & Huang, 1989

P. pseudopratensis Seinhorst, 1968

P. ranjani Khan & Singh, 1975 (sp. ing. for Loof, 1978; valid sp. for Handoo &
Golden, 1989; syn. ®. pedlari in Chawla & Prasad, 1973 = nomen nudum)
P. rhizasinus Sher, 1948 (nomina nuda for Siddigi, 2000)

P. roseus Zarina & Magbool, 1998

P. sacchari (Soltwedel, 1888) Filipjev, 1936 (sp. ing. for Frederick & Tarjan,
1989; for Handoo & Golden, 1989; for Siddigi, 2000)

P. scribneri Steiner in Sherbakoff & Stanley, 1943

P. sefaensis Fortuner, 1973 (syrP. pseudopratensis; valid species for Handoo &
Golden, 1989)

P. sensillatus Anderson & Townshend, 1985
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* P.septincisus Chang, 1991

P. silvaticus Brzeskii, 1998

P. similisKhan & Singh, 1975 (syrR. neglectus; valid species for Frederick &

Tarjan, 1989; Handoo & Golden, 1989)

* P.singhi Das & Sultana, 1979 (syR. delattrei; valid species for Handoo &
Golden, 1989)

* P. steineri Lordello, Zamith & Boock, 1954 (syiR. brachyurus)

P. stupidus Romaniko, 1977 (sp. ing. for Loof, 1991; sp. inq. for Frederick &

Tarjan, 1989)

P. subpenetrans Taylor & Jenkins, 1957

P. subranjani Mizukubo, Toida, Keereewan & Yoshida, 1990

P. sudanensis Loof & Yassin, 1971

P. tenuis Thorne & Malek, 1968 (sp. ing. for Loof, 1978, 1991, for Frederick &

Tarjan, 1989)

P. teres Khan & Singh, 1975

» P.thorne Sher & Allen, 1953 (syrP. thornei, 1948 = nom. nud.)

» P.tulaganovi Samibaeva, 1966 (sp. ing. for Loof, 1978, 1991, for Frederick &
Tarjan, 1989; for Handoo & Golden, 1989)

* P.tumidiceps Merzheevskaya, 1951 (sp. ing. for Frederick & Tarjan, 1989; for

Handoo & Golden, 1989; for Siddiqgi, 2000)

P. tumefaciens (Cobb, 1932) Filipjev, 1936

P. typicus Rashid, 1974

P. unzenensis Mizukubo, 1992

P. uralensis Romaniko, 1966 (sp. ing. for Loof, 1991, for Frederick & Tarjan,

1989)

* P.variacaudatus Romaniko, 1977 (sp. inq. for Loof, 1991; for Frederick &

Tarjan, 1989)

P. ventroprojectus Bernard, 1984 (syn. oP. kralli for Frederick & Tarjan, 1989)

P. wulnus Allen & Jensen, 1951

P. wescolagricus Corbett, 1983

P. yamagutii Minagawa, 1991

P. yassini Zeidan & Geraert, 1991

P. zeae Graham, 1951 (syn. &f. cubensis Razjivin & O'Relly, 1976; syn. ofP.

zeae Steiner and Clayton & McMurtrey, 1950=nomen nudum; syrP.dfnpar

Khan & Singh, 1975)

Until now, ninePratylenchus identification keys have been published. Characters
commonly used to diagnose and to differentiate species are number of head annules,
presence/absence of males, shape of head, shape of spermatheca, length and structure of
posterior uterine sac (PUS), shape of female tail and terminus, the de man ratios, body
length, length of stylet, shape of stylet knobs and structure of lateral field.

Pratylenchus has been considered as a genus with many sibling species which are
difficult to separate because of the small number of diagnostic characters at species level
and because of the intraspecific variability of some of these characters (Luc, 1987).
Several studies on intraspecific variation of morphometric characters have been
published (Anderson & Townshend, 1980; Corbett & Clark, 1982; Instial, 1996,
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1998, 2001, 2007; Rashid & Khan, 1976; Roman & Hirschmann, 1969; Tarjan &
Frederick, 1978; Tarté & Mai, 1976a, 1976b; Taylor & Jenkins, 1957). The general
outcome of these studies is that the majority of commonly used diagnostic characters are
highly variable (Loof, 1991) and overlapping of morphometric characters between
species is common.

The use of molecular diagnostic tools in combination with phylogenetic analyses
contribute to overcome such a problem. The 28S rDNA gene has been used quite
frequently to characterize different populations and species of plant-parasitic nematodes.
DNA-based techniques have been used in the last twenty years to discriminate among
species oPratylenchus (Al-Bannaet al., 1997, 2004; de la Pei@al., 2006, 2007; De
Lucaet al., 2004; Duncaret al, 1999; Handoat al., 2001; Inserrat al., 2001, 2007,

Orui, 1996; Ueharat al., 1998; Waeyenberget al., 2000). Sequence variability was
also considered in a phylogenetic framework in the studies above mentioned.

The purpose of this study was to characterize Rrnagylenchus population from

Colombia using morphological, morphometric and molecular criteria.

Materials and Methods

Terminology
Tail shape: Tails tapering strongly, with terminus narrow are described as

“conoid”; tails tapering but little and with broad terminus are indicated as
“subcylindrical”. However, these two terms suggesting the existence of two well-
separated classes of tail shape are inadequate, since a continuous grading transition series
from markedly conoid to nearlylindrical can be observed (Loof, 1991).

Tail terminus: When the transverse cuticular striation extends around the
terminus, the latter is callegtenate; when not, the terminus @nooth (Loof, 1991). A
variation called “clef” which combines tail annulation and bilobed tail tip shape
(Frederick & Tarjan, 1989) is included here. Tail tip shape in literature described as:
blunty pointed, digitale, finely pointed, hemispherical, subdigitate, subhemispherical,

truncate (see Frederick & Tarjan, 1989); pointed, conically rounded, rounded, spherical,
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truncate, bilobed, irregular, conical with heel-like dorsal outline, obliquely truncate (see
Ryss, 2002).

En face view of head: IrPratylenchus, theen face view of head seen by SEM is
characterized by the fusion of the median lip sectors to each other and the oral disc; the
large lateral lip sectors remain separated in many species (Geraert, 2006). Different
arrangements divide the genus into three groups. In group 1, the nematodes have a plain
undivided face with no division between sub-median and lateral lip sectors. In the other
two groups, the area immediately surrounding the oral aperture is similar, but the outer
part of the face is sub-divided into sub-median and lateral sectors. Group 2 has sub-
median segments that are fused to the oral disc and are narrower at their inner extremity
but widened towards the outer edge of the:ftuey are separated from the larger lateral
segments that complete the circular face, with amphid openings on their inner edges.
Group 3 has a more distinctive dumb-bell shaped pattern of the sub-median segments
with slightly smaller lateral segments to complete the circle. The amphid apertures are

again on the inner edges of the lateral lip sectors (Corbett & Clark, 1982).

Morphological observations
Root and soil samples of plantaiMysa AAB, “dominico harton”

cultivar) were collected in fields from Arauca (Los Llanos Orientales Region) situated in
the East of Colombia (see general material and methods).

Nematodes were identified to species level using both original descriptions and
polytomous identification keysPratylenchus diagnostic keys used were from Brzeskii
(1998), Café Fihlo & Huang (1989), Corbett (1969), Frederick & Tarjan (1989), Handoo
& Golden (1989), Sher & Allen (1953), Loof (1960, 1991) and Ryss (2002).
Morphological comparative studies by Corbet & Clark (1982), Mizukubo (1992), Roman
& Hirschmann (1969); Tarjan & Frederick (1978), Tarté & Mai (1976a, 1976b) using
LM and SEM were considered.

Molecular characterization
Six nematodes from Arauca population were included in the analysis. DNA was

extracted from a single nematode previously identified morphologically and used for
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analysis of three different regions of rDNA: D2D3 expansion region of 28S, 18S and
ITS1-5.8-ITS2.

Preparation of DNA, sequence analyses, sequence comparison and phylogenetic
analyses were conducted as explained in chapter 2, general materials and methods. Only
some details concerning the outgroup used for phylogenetic analyses/trees are mentioned
here.

Radopholus sp., DQ328712 accession number and ohlicotylenchus
multicinctus, accession number DQ328745 from Subbadinal. (2006, 2007) were
selected as outgroup taxa for D2D3. For 18S analysis, outgroup taxa select& were
similis accession AJ966502 aiktl dihystera, accession number AJ966486 from Meldal
et al. (2007). Radopholus similis accession AY903311 and ohkk dihystera, accession
number DQ309585 from Zhowet al. (2005, unpublished) and Chest al. (2006,
unpublished) were outgroup taxa for ITS analyses.

Results

Morphological identification

Nematodes samples collected in fields of plantsiusg ABB) from Arauca (Los
Llanos Orientales Region) in Eastern Colombia fitted morphological descriptions for a
root lesion nematode species described heReatglenchus n.sp.

Pratylenchus n. sp.
(Figs 5.1 -5.2)

M easur ements
Females and males: see Table 5.2.

Description

Female
Body vermiform, slender and tapering towards both ends. Cuticle finely
annulated with annules 0/8n wide at mid-body. Lateral field marked by four lines or

three bands beginning at level of annule 7 as two lines, widening to three at following
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annules and to four by level of median pharyngeal bulb and extending to phasmid. Only
outer incisures extending beyond phasmid i.e. a few annules anterior to the tail tip.
Lateral field with four lines non-equidistant, with middle ridge narrower than outer
ridges, occupying almost half of body diam. at mid-body. Outer lines partially areolated,
with alternate complete and one to three incompletely interrupted transverse striae. The
internal band can be smooth or sculptured by striae, parallel to the main incisures.

Head not offset from the neck region by constriction but often showing a small
discontinuity in body outline at its base; head width over three times its height. Moderate
sclerotization of cephalic framework. Two annules on the labial region (second lip
annulus thicker than first), but also two annules on one side and three annules on the
other (LM). In scanning electron microscopy a minute and incomplete initiation of a
third lip annulus visible in some specimens. Anterior surface of the oral disc may be
low-conical or flat with rounded edges. Face view characterized by complete fusion of
the lip sectors to each other and to oral disc, resulting in a plain and smooth face.

Stylet short and strong, with well developed round to oblong basal knobs,
directed laterally. Stylet cone length equal to length of shaft plus knobs. Dorsal
pharyngeal gland opening at 1.8-3.1 um (mear2.7 um) behind the stylet knobs.
Median bulb oval, occupying half of body width. Secretory-excretory pore and canal
located slightly anterior to pharyngeal-intestinal junction. Hemizonid located just anterior
to S-E pore and two body annuli long. Hemizonion distinct and located eight to ten
annules posterior to hemizonid; not visible in some specimens. Pharyngeal glands
overlapping intestine ventrally.

Vulva at 78 percent of total body length from anterior end and lips well-
developed, often protruding. Genital tract monoprodelphic; extending forward for nearly
two times the distance between vulva and anus; ovary with single row of oocytes.
Spermatheca variable in size, oval to slightly round, filled with rounded sperm. Distance
from vulva to anus three times the distance between vulva and spermatheca. Post-uterine
sac generally short, undifferentiated. Sometimes cellular tissue is present at the distal

end. Anus round to oval shaped.
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Table 5. 2 Morphometrics oPratylenchus n. sp. from ColombieMeasurments

in um and in form: meaz standard deviation (ranc.

Female Male
n 40 36
L 462 + 31 438 + 32
(376 - 511) (377 - 517)
a 239 + 23 259 + 26
(19.6 — 29.2) (21.3-36.8)
b 6.2 + 0.6 6.2 + 05
(4.8-7.8) (5.1-7.5)
b 47 + 04 20 + 05
(3.6-5.9) (1.5-4.6)
c 176 + 14 48 = 05
(14.5-21.1) (3.8-5.7)
¢ 23 + 0.3 25+ 04
1.7-2.9) (1.8-3.5)
78 + 1.2
0, -
V% (75 - 80)
mb.w 195 + 2.3 170 + 1.8
- (15.3-23.3) (13.0 - 20.0)
. 170 + 1.8
Body diam. at vulva (13.5 - 20.9) -
Bodv diam. at anus 114 = 15 96 + 14
y diam. (8.6 —17.2) (7.4-12.3)
. 72 £ 0.3 6.6 + 0.4
Head diam. (6.7-7.4) (6.1-7.4)
. 25 + 0.7 26 + 0.3
Head height (2.0-4.0) (2.0-4.0)
153 + 04 143 + 0.8
Stylet length (14.7 - 15.9) (12.9 - 15.9)
2.7+ 04 26 + 04
DGO (1.8-3.1) (1.8-3.4)
. 72 + 53 70 + 5.2
Anterior end to S-E pore (57 - 84) (55 - 86)
to pharyngo-intestinal junction 75 * 54 71+ 55
pharyng J (61 - 88) (59 - 82)
to posterior end pharyngeal gland 9 * 84 93 + 89
P pharyngeal g (78 - 115) (82 - 117)
0 vulva 359 + 24.4 i
(298 - 401)
242 + 7.7 220 + 6.3
Pharyngeal gland length (10.4 — 46.6) (11.0 — 43)
Length posterior uterine sac 181+ 4.0 -
gthp (9.8 — 24.5)
Tail lenath 263 + 25 238 + 25
g (21.5-31.9) (19.0 — 30.7)
Tail annules 9 * 84 -
(78 - 115)
. . 142 + 205
Anterior genital branch (98 - 176) -
. 121 + 0.8
Vulva — anus distance (11 - 14.5) -
. 19.0 + 22
Spicula length - (16.0 — 22.0)
65 + 24
Gubernaculum length - (5.3 - 6.5)
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Fig. 5.1 LM photographs oPratylenchus n. sp. from Colombia. Female (A, C-D, F-O, Q-U); male (E,
P); anterior end (A, B); female reproductive system (C); PUS (D), spicule details (E); lateral field at mid-
body (F), at vulva (G); S-E pore (H); head (I-K); tail shape of female (L-O), male (P) and tail terminus (Q-
U). Scale bars: A-P: 10um; Q-U: 5um.
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Fig. 5. 2 SEM Photographs d®ratylenchus n. sp. from Colombia. Female (A-E); male (F); entire body
(A); anterior end (B); face view (C); lateral field at vulva (D); tail shape of female with arrow shown
phasmid (E); tail shape of male with bursa details (F). Scale bars: A, F: 10um; B, C, D and E: 1 pum.
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Tail clearly conoid in half of population but subcylindrical (25%) or continuous
grading from conical to subcylindrical (25%) in rest of population. Tail terminus variable
in shape, mostly conical rounded or rounded but also truncate, subdigitate, bilobed,
trilobed or occasional cleft tip. Twenty one (16-28) annules present on ventral side of
tail; smooth tail tip. In SEM an unusual form of break in annulation just above tail tip
visible; resulting in a ‘tiled’ appearance. Small, rounded phasmid located at mid-tail,
between outer lateral field lines, 10 to 15 annules anterior to tail tip. Hyaline portion of

tail terminus distinct.

Male
As abundant as female. Morphologically similar to females, but smaller for all

morphometric data, except ratio a, being larger than in females. Reproductive system
with a single outstretched anterior testis, not extending to pharyngeal glands. Testis
lengthca 195 um; spicule lengtlta 15 um. Sperm globular. Gubernaculum simple, not
protruding. Male tail pointed; bursa arising from a little anterior to head of spicule and
enveloping tail; bursa edge smooth or finely crenate proximally. Phasmid distinct,

situated in bursa region at, or just anterior to mid-tail.

Type host and locality
Pratylenchus n. sp. was found in roots ®flusa ABB, harton cultivar in Cafio

Limén area, Municipality of Tame, Arauca State, at North East of Colombia. Latitude
6°56’N; longitude: 71°05’; altitude 140 meters above sea level;, temperature 26.5°C;
annual precipitation 2000 mm and tropical climate; topography: alluvial plain; soil type
sandy; life zone (Holdridge, 1964): Tropical dry forest.

Diagnosis and relationships
Pratylenchus n. sp, is characterised by a combination of the following

morphological features of females: slender body, flat, plain and smooth face, head with
two lip annuli, with or without an incomplete third annulus and second lip annulus

thicker than anteriormost, stylet ca 15.3 um, vulva at 78% of body length from anterior
end, oval to rounded spermatheca filled with round sperm, and conoid to subcylindrical

tail with smooth and variable shape terminus.
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As is the case foPratylenchus n. sp. the following nine species all have two lip
annules; a non-crenate tail and female spermatheca filled with sperm and males present,
usually abundant:P. alleni Ferris, 1961;P. brzeskii Karssen,Waeyenberge & Moens,
2000; P. coffeae (Zimmermann, 1898) Filipjev & Schuurmans Stekhoven, 1941; P.
dunensis de la Pefia, Moens, van Aelst & Karssen, 20@6jaehni Inserra, Duncan,
Troccoli, Dunn, Maia Dos Santos, Kaplan & Vovlas, 2081;loos Loof, 1960; P.
neobrachyurus Siddiqi, 1994 andP. pseudocoffeae Mizukubo, 1992.

MorphologicallyPratylenchus alleni differs fromPratylenchus n. sp. by a shorter
body (330-440vs 376-511um); smaller stylek{5 vs 14.7-15.9um); more posterior
vulva position (78-83vs 75-80%); spherical spermatheces (oval to rounded); tail
terminus with 1-2 indentations; phasmids in the anterior half of thevisgih@smids at
mid-tail). P. pseudocoffeae differs fromPratylenchus n. sp. in a generally more posterior
vulva position (78-83/s 75-80%), long pharyngeal overlap ( 61-1510-47um), long
distance between the base of the pharyngeal gland lobe and head end ( ¥g¥&10
115um), elongated spermathecs pval to round) and a well differentiated post uterine
branch y¢s undifferentiated and short).Pratylenchus neobrachyurus is shorter than
Pratylenchus n. sp. (310-41@s 376-511um) with a more posterior vulva (80-88 75-
80%), anterior head annule angular, and a non-areolated lateraPfibtdeskii is longer
thanPratylenchus n. sp. (69%s 462um), has a greater body diameter (820 um), a
longer stylet (19s15.3um) and tail length (48s 26 um).

Examination of theen face head pattern by SEM separate other species above
mentioned. Pratylenchus n. sp.,P. coffeag* , P. jaehni and P. loos are the only
amphimictic lesion nematodes with two lip annuli, and with the lip sectors fused together
and also fused with the oral disc, presenting a smooth face. The head pat®ern of

* P. jaehni (paratypes)P. coffeae (K6) andP. loosi (T) morphometric used for our comparison were taken

from Inserraet al. (2001) and Duncaret al., 1999. Research of Insergqial. (2001) provided the first
evidence that th®. coffeae specimens from Java described by Zimmermann (1898) probably had smooth
faces. They selected the isolate K6 foffeae) from coffee in Kaliwining, Java arfél loosi isolate T from

tea of Sri-Lanka for use as a standard for morphological comparison withRo#tgenchus populations

included in their study. Because measurements of live specimend. labs were reported,
measurements of fixed specimens of the same isolate (T) but from other papers by the same authors
(Duncanet al., 1999) were considered.
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dunensis (dum-bell shaped pattern) aRdyamagutii fits to group 3 and 2 of Corbett &
Clark (1982), respectively.

P. coffeae*, P. jaehni* andP. loos* share a tail terminus smooth, unstriated but
different in shape, the latter is truncate or hemisphericaP.ircoffeae (standard
populations used by Inserra, 200d3ually subhemispherical r jaehni and bluntly or
finely pointed inP. loosi. Tail terminus ofPratylenchus n. sp. shows considerable
variation in shape: conical rounded or rounded in most specimens but truncate,

subdigitate, bilobed, trilobed or cleft tip also occurs occasionally.

Pratylenchus n. sp. shares witl. jaehni a generally posterior vulva position
though less posterior comparedRocoffeae andP. loosi (78 vs 80%). Body length is
shorter inPratylenchus n. sp. than irP. jaehni, P. loosi andP. coffeae (462 vs 488, 522,
622 um). The mean values of body width (195 23.7, 21.6, 23.2m), width at vulva
(A7 vs 20.2, 18.1, 19.xm), width at anus (11.4s 13.0, 12.1, 13.2m), pharyngeal
overlap (24.%s 33.0, 50.1, 49.8 pm), post-uterine branch (18.22.9, 29.1, 28.gm);
ratio ¢ (17.6vs 19.2, 18.3, 19.;xm) are also smaller iRratylenchus n. sp. compare to
those inP. jaehni, P.loos and P. coffeae (Table 5.3).

The mean values of tail length (26:825.3, 29.0, 32.0 um), stylet length (1,5.3
vs 14.5, 15.5, 16.4 pum), and ratio a (23® 20.7, 24.7, 26.0 um) are larger in
Pratylenchus n. sp. than irP. jaehni, but smaller that irP. loosi and P. coffeae (Table
5.3).

Because following théPratylenchus keys the root lesion nematode specimens
from Colombian Pratylenchus n. sp.) result ifP. coffeae, comparison of morphological
characters of 2@. coffeae populations from different hosts and localities worldwide are
presented in Table 5.4. In gener8atylenchus n. sp. shared maximum 30% of
morphological and morphometrical character values with each one of all populations of
P. coffeae considered.
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Table 5.3 Comparison of morphometrics Bfatylenchus n. sp. population from Colombia with thoseRofjaehni, P. loos
andP. hippeastri from different crops and localities around the world. Measuremenisiiand in form: mean + standard
deviation (range).

Pratylenchus | P.jaehni P. jaehni P. jaehni P. jaehni P. loosi P. loos P. loos P. loos P. loosi* P. coffeae P.
n. sp. Citrus Citrus-C1 CitrusC2 | Coffee-K5 | bahia grass b. grass * maiden.* maiden. teaT Coffee-K6 | hippeastri
Musa AAB Brazil Brazil Brazil Brazil USA-N1 USA-N1b USA-N2 USA-N2b Sri Lanka Java Amarillis
Colombia 2001 1999 1999 1999 USA
n 40 20 20 20 20 20 20 20 20 20 20 20

462 £ 31 488 £ 28 517 +6 527 +6 483 £41 500 + 13 507 + 6 538+9 631+ 14 522 +13 622 + 36 590+ 22

- (376 -511) | (434-537)| (462 -553)| (475-576)| (394 - 561)| (421 -602)| (458 - 549)| (452 - 602)| (511 - 745)| (430 - 615)| (536-670) | (445 - 627)

239+23 | 20.7+20| 23.7+04 | 25004 | 256+15| 282+06| 253+03| 284+04 | 268+05| 247+10 | 260+1.8 | 255+1.2

a (19.6-29.2) | (16.6-5.8) | (20.1-26.3)| (22.4-28.2)| (21.9-28.3)| (23.9-2.8) | (21.8-27.7)| (24.4-1.4) | (22.3-32.6)| (19.5-29.9)| (23.9-30.5)| (23.2-7.9)
. 62+06 | 60+04 | 59+01 | 59+01 | 54+05 | 54+01 | 5501 | 56%01 | 61+01 | 58+02 | 6904 | 65+04
(48-78) | (54-6.7) | (536.7) | (5368) | (43-62) | (4865) | (4859 | (49-63) | (5.3-7.0) | (4.7-7.1) | (6.0-7.5) | (5.7-7.1)

176+14 | 192+1.7 | 20405 | 195+05| 19.7+15| 157+04 | 171+03| 16.7+03 | 16.9+03 | 183+04 | 195+1.1| 161+1.0

¢ (14.5-21.1) | (17.1-23.7)| (17.8-25.0)| (19.5-24.6)| (17.2-23.1)| (12.0-18.6)| (15.1-19.7)| (15.2-19.4)| (14.5-19.5)| (16.2-20.5)| (17.4-21.4)| (14.6-18.7)
Vo 78+1.2 78+0.7 | 79+02 | 7903 | 79+15 | 7702 | 78%02 | 7702 | 77402 | 80%03 | 80209 | 77+08
(75- 80) (77-80) | (78-81) (77-81) | (77-82) | (76-79) | (76-79) (75-79) | (76-79) | (79-83) | (79.0-82.0)| (75-80)

e 105+23 | 23.7+23| 21.9+04 | 21.2+02 | 189+18| 17.7+03| 201+03| 190%03 | 236+05| 21.6+1.1| 233+21| 232=14

(15.3-23.3) | (18.5-28.5)| (19.5-24.5)| (19.0-23.0)| (15.5-22.0)| (16.5-20.0)| (18.0-23.0)| (17.0-22.5)| (19.5-27.0)| (16.0-31.0)| (17.5-26.0)| (21.0-27.0)

Stylet 153+04 | 145+03 | 152+ 01| 151+01 | 153+04 | 153+0.1 | 150+0.1 | 15001 | 151401 | 155+01 | 164+02 | 1565+04
(14.7-15.9) | (14.0-15.0)| (14.5-16.0)| (14.5-15.5)| (15.0-15.0)| (14.7-15.8)| (14.0-15.5)| (14.0-15.5)| (14.0-15.5)| (15.0-16.0)| (16.0-16.5)| (15.0-16.0)
72+53 73+45 | 88+10 | 870£13| 84+53 | 84+11 | 84+12 | 87+13 | 97+16 75+16 | 91+43 | 91+x25

S-E pore (57- 84) (74-91) (81-98) (72-96) (75-92) (78-95) (75-92) (68-95) | (84-113) | (64-87) (85-97) (85-95)
ph.aryngeal| 99 +8.4 8154 87£0.9 90+11 | 90%37 | 92+08 | 92t11 | 97+07 | 104+14 | 92%28 | 901 +3.1| 81*54
gland (78-115) | (70-92) | (82-95) | (81-98) | (82-99) | (86-96) | (83-100) | (90-103) | (93-119) | (80 -109) | (86 -96) (70 - 92)
oUS 181+40 | 229+45 | 238+10| 273208 | 20524 | 30008 | 28410 | 29.7+13 | 348+21| 291+09 | 288=4.2| 300£4.9
(9.8-24.5) | (17.5-34.0)| (16.5-31.0)| (20.5-36.0)| (16.5-26.0)| (23.5-35.2)| (22.5-40.0)| (21.5-42.0)| (21.5-53.5)| (25.0-36.0)| (21.5-35.0)| (21.0-45.0)
Tail 263+25 | 253%20 | 256+06 | 273207 | 246%22 | 31906 | 29.8+06 | 322£05 | 374207 | 320+23 | 320+2.3 | 36822
length (21.5-31.9) | (22.0-29.0)| (20.0-30.0)| (22.0-34.0)| (19.5-30.0)| (27.4-36.2)| (24.0-36.0)| (28.5-37.0)| (31.0-41.1)| (28.0-36.0)| (28.0-36.0)| (32.0-42.0)

* b. grass: bahia grass; madein.: madeincane.
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Table 5.4a Comparison of morphometrics Bfatylenchus n. sp. population from Colombia with those Rfcoffeae
from different crops and localities around the world. Measurementmiand in form: mean * standard deviation

(range).
Population This study Sher & Allen Loof Roman & Van den Berg  Rashid & Khan Rashid & Khan
(1953) (1960) Hirschmann (1971) (1976) (1976)
(1969)
Arauca Bangor Florida Cape Aligarh Aligarh
Locality Colombia Indonesia USA South Africa India India
Musa ABB Coffee sp. - Chinese vegetable  Chrysanthemum Chrysanthemum
Host roots roots evergreen carinatum- roots carinatunm soil
n 40 - 69 25 2 20 20
L 462 + 31 590* 529 503 +11 - 590 + 14 519 +0.0
(376 -511)  (450-700) (374-698) (516-721) (620 & 590) (500-725) (445-610)
a 239 + 23 34* 23.7 26.3+0.6 - 21.5+0.6 25.6 £ 0.6
(19.6 —29.2)  (25-35) (17.7-30.5) (20.1-33.7) (20.3&14.1) (17.6-28.0) (21.7-29.1)
b 6.2 + 0.6 6.3* 6.8 6.7+£0.1 i 6.6 +0.2 6.4+0.1
(4.8-7.8) (5-7) (5.0-7.8) (5.2-7.5) (5.7-7.5) (5.9-7.0)
c 176 + 14 21* 19.0 18.2+0.3 - 21.1+0.8 19.9+0.6
(145-21.1) (17-22) (13.7-23.9) (14.9-20.8) (33.4 & 25.9) (16.6-31.0) (16.4-27.7)
V% 78 + 1.2 81.9* 80.1 78.6 £0.4 - 73+0.4 76 +0.7
(75 - 80) (76-83) (75.8-84.2) (74-79) (83.4 & 83.6) (74-80) (65-80)
mbw 195 + 23 i i 225+05 i 275+0.7 21.0+0.6
"' (15.3-23.3) (19.2-27.0) (22-34) (17-26)
Stylet 153 + 04 18* - 155+0.1 - 16.3+£0.2 15.3+0.2
(14.7-15.9) (15-18) (14-17.5) (14.4-16.8) (17.6 &16.9) (15.0-17.0) (15.0-17.0)
S-E- pore 72 + 53 i i 87+1.0 - 91+14 80+1.6
(57 - 84) (81-104) (114 & 84.6) (78-100) (70-102)
Pharynx length 75 + 54 i i 87+0.9 i 118+2.0 115+ 3.1
(61 - 88) (78-97) (102-145) (92-145)
181 + 4.0 - 448+2.6 31+1.9
PUS ©8-245 1OBDV - - (235&559)  (19-63) (18-52)
Tail length 26.3 £ 25 i i 3205 - 282+10 27+0.6
(21.5-31.9) (27.0-38.4) (18.8 & 22.8) (29-33) (22-32)
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Table 5.4b Comparison of morphometrics Pratylenchus n. sp. population from Colombia with thoseP. coffeae
from different crops and localities around the world. Measuremenismimnd in form: mean + standard deviation
(range). Populations with asterisk (*) were included in phylogenetical analyses.

Bajaj & Bhatti Pourjam Pourjame Inserraet al. Inserraet al. Inserra et.al Duncanet al.
Population (1984) (1997a) (1997b) (1996) (1996) (1996) (1999)
Sirsa Lahijan & Honduras Florida Florida Florida Florida
Locality India Shiraz-Iran USA USA USA USA
Citrus-soil Citrus - Citrus lemon Citruslemon Citruslemon Citrus
Host roots - C4*
n 30 8 7 20 20 20 20
L 615+ 44 515 +43 526 + 25 700 £ 54 748 £ 59 731+ 85 749 £ 13
(552-703) (460-570) (480-560) (568-788) (618-838) (586-907) (618-839)
a 28+4.9 27+4 24.7+2.4 28.5+1.9 295+1.6 28.4+2.1 29.6+04
(23-38) (22-32) (20.4-27.0) (24.2-32.1) (25.2-32.9) (25.4-33.1) (25.2-33.0)
b 7.3+05 55+04 6.5+04 7.0+05 7.4+0.6 7.0+05 74+0.1
(6.1-7.8) (5.1-6.3) (5.7-7.0) (6.1-8.1) (6.3-8.4) (5.9-8.0) (6.3-8.4)
c 20+2.1 19.8+1.8 17.7+1.7 21.3+2.2 227124 215+21 22.8+05
(17-26) (16.5-22.0) (14.6-20.0) (18.3-26.2) (18.5-28.4) (17.5-27.2) (18.6-28.4)
V% 81+1.2 81+1.3 79+1.8 79.6+1.9 80.6+1.4 81+ 1.3 80.6+0.4
(79-84) (80.0-82.5) (76-80) (76-83) (78-84) (77-83) (78.3-83.5)
mbw. 24 +3.6 19.9 214+2.1 i i i 25.3+04
(15-27) (15-25) (20-25) (22.5-28.4)
Stylet 15+0.4 16.0+1.1 15.1+0.7 16.5+0.3 16.5+0.6 16.5+0.4 16.7+0.2
(24-17) (15.0-18.0) (14.0-16.0) (15.5-17.0) (15.5-17.5) (15.5-17.5) (15.7-17.7)
SE- pore i 87+3.9 85.+4.9 103 +£6.5 103 +£6.0 103 +£9.9 103 +£1.3
(80-90) (81-91) (89-117) (89-112) (87-127) (89-112)
Pharynx i 93+4.9 124 +9 i i i 101+1.8
length (90-100) (116-138) (88-115)
PUS 27+4.8 28+5.0 28.6 £6.3 58 +22.6 62 +22.7 63 +234 62.4+5.1
(18-37) (20-33) (17-36) (21.5-102) (32-100) (31-111) (32.3-99.9)
Tail 30+3.7 26.0+22 30.0£29 i 33+23 34+2.7 33.0£0.5
length (24-39) (21-30) (26-35) (28.0-37.0) (29-39) (28.4-37.2)
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Table 5.4c Comparison of morphometrics Bfatylenchus n. sp. population from Colombia with thoseRofcoffeae
from different crops and localities around the world. Measurementmiand in form: mean * standard deviation
(range).

Inserraet al. Duncanet al. Duncanet al. Duncanet al. Duncanet al. Duncanetal.  Duncanet al.
Population (1998) (1999) (1999) (1999) (1999) (1999) (1999)
Djember - Java  Kaliwining Ghana Honduras Costa Rica Malaysia Florida
Locality Indonesia Indonesia USA
Coffee sp. Coffee sp Banana Banana Banana Banana Aglaonema -
Host 45-yr-old roots — K6* roots - B1* roots - B2* roots - B3 roots - B4 M3*
n 7 20 10 10 15 16 20
L 514+ 38 622 + 36 674 + 14 659 + 26 626 + 7 533 + 9 646 + 64
(467-579) (536-670) (563 - 808) (474 - 749) (576 - 672) (438 - 620) (527-763)
a 21.8+24 26.0+1.8 240 £ 04 24.1-0.6 232 £ 0.6 259 + 05 23.4+20
(19.1-25.0) (23.9-30.5) (21.0-27.7) (20.6-26.2) (19.6-—27.3) (21.8-28.5) (19.7-27.3)
b 6.2+0.4 6.9+0.4 6.9 + 0.2 6.8 + 0.2 6.8 £ 0.1 6.1 + 0.1 6.8+0.4
(5.6-6.8) (6.0-7.5) (5.7-8.4) (5.6 —7.6) (6.3-7.8) (5.3-7.2) (5.9-7.4)
c 17.7+£1.7 195+1.1 205 + 04 21.0 £ 0.8 19.2 £+ 0.3 20.0 £ 0.8 20.6+1.8
(16.0-20.3) (17.4.-21.4) (18.2-25.6) (179-26.7) (16.9-20.8) (17.2-34.8) (17.9-24.5)
V% 80.5+15 80.2+0.9 80.0 + 0.4 80.1 + 0.4 80.1 £+ 0.5 80.4 + 0.2 80.2+14
(78-83) (79.0-82.0) (77 —84) (78 — 82) (74 - 82) (79 —82) (77.8-83.4)
mb.w 23.8+25 23321 28.1 £ 05 274 + 1.2 272 £ 0.9 20.7 £ 0.5 27.7+0.6
T (19.5-27) (17.5-26.0) (23.5-32.0) (21.5-32.0) (21.5-33.0) (175-245) (23.5-33.0)
Stylet i 16.4+£0.2 16.8 + 0.1 16.1 + 0.2 17.2 £ 0.1 158 + 0.1 16.2+0.4
(16.0-16.5) (16.5-17.5) (15.0-16.5) (16.5-18.0) (15.0-16.5) (15.5-17.0)
SE- pore 84 +3.6 91+43 98 + 1.6 91 + 25 78 + 2.7 86 + 1.4 89.+1.8
(80-90) (85.0-97.0) (83-114) (73 -101) (59 - 92) (74 - 97) (69-103)
Pharynx length 84.7+1.3 90.1 + 3.1 99 + 1.3 97 + 3.1 93+ 1.3 88+ 1.2 95.7+15
(83-86) (86.0 — 96.0) (85 -110) (83 — 115) (81 —100) (79 —98) (83-108)
PUS 28.3+34 28.8+4.2 515+ 14 38.7 + 1.8 29.6 + 1.3 287 + 14 37.7+10.0
(24.5-32.0) (21.5-35.0) (27.0-515) (31.0-47.0 (225-40.0) (20.0-44.5) (21.5-58.8)
Tail length 29.6+2.0 32023 33.0 £ .05 315 + 09 32.7 £ 04 272 £ 0.8 31.7+5.0
(26.5-31.5) (28.0-36.0) (29.0-38.0) (26.5-36.0) (30.0-35.0) (155-33.0) (21.5-40.0)
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Table5.4d Comparison of morphometrics dfratylenchus n. sp. population from Colombia with thoseRofcoffeae
from different crops and localities around the world. Measurementmiand in form: mean * standard deviation.

(range).
Duncanet al. Duncanet al. Duncanet al. Duncanet al. Xiuhua Xiuhua
Population (1999) (1999) (1999) (1999) (2006) (2006)
Martinique Pernambuco Puerto Rico Sao Paulo Heibei Heibei
Locality Brazil USA Brazil China China
Yam — Y1* Yam — Y2* Yam — Y3* Cocoyam — M1* gaoyang Dioscorea sp.
Host
n 20 20 20 20 18 20
L 558 + 26 725+ 62 659 + 63 551 +25 543 + 41 517+ 32
(518-608) (589-821) (565-821) (501-598) (426-594) (449-569)
a 269+1.9 24.2+1.6 272+23 262+15 225+2.6 229+23
(23.1-30.2) (19.6-27.0) (23.9-31.2) (23.8-29.1) (18.0-27.2) (20.0-27.1)
b 59+0.3 7.4+0.7 6.8+0.5 6.2+0.4 58+0.4 6.2+0.4
(5.5-6.4) (6.1-8.9) (6.1-7.7) (5.4-6.9) (4.9-6.6) (5.5-6.8)
c 206+1.0 20.6+2.2 20.1+24 209+1.6 18.4+2.2 18.0+1.4
(17.9-21.8) (17.3-24.8) (16.3-25.9) (18.3-24.2) (15.8-23.6) (16.0-20.7)
V% 80.7+1.3 81.3+1.3 80.7+1.2 81.6+22 77.7+1.2 78.9+ 1.0
(78-83) (79-83) (78-83) (78-86) (75.2-79.4) (77.2-80.4)
mb.w 209+04 30.1+0.5 245+0.8 21.1+0.2 24.4+2.8 227+138
o (17.5-24.5) (27.0-35.0) (19.5-31.5) (19.5-23.5) (20.7-31.6) (20.1-25.3)
Stylet 16.1+0.3 16.5+0.4 16.8+£0.3 16.1+0.2 16.4+0.6 16.0+0.5
(15.5-16.5) (15.5-17.0) (16.5-17.5) (15.5-16.5) (14.9-17.2) (14.9-16.7)
SE- pore 88.5+0.7 103+£1.3 9+15 86+1.0 84.8+4.3 76.9£3.8
(82-94) (89-117) (81-110) (80-96) (75.9-91.4) (69-82.8)
Pharynx length 95+0.7 98+1.7 98+1.2 89+0.7 94+1.6 83.1+3.7
(89-102) (87-116) (86-110) (84-96) (86-106) (75.9-89.1)
PUS 25.2+4.6 33.4+6.7 379+11.4 28.7+4.9 32.8+35 29.7+4.2
(16.5-35.0) (20.5-49.0) (26.0-77.0) (20.5-41.0) (25.9-40.8) (22.4-39.7)
Tail length 27217 35.4+27 33.1+34 265+22 29.8+3.0 28.8+24
(25.0-32.5) (30.0-39.0) (28.0-38.0) (22.5-31.5) (24.7-35.1) (23.6-32.8)

123



Pratylenchugrom Colombia

Molecular characterization

All obtained sequences of tReatylenchus n. sp. population from Colombia were
deposited in EMBL (Table 5.5).

D2D3rDNA
The polymerase chain reaction amplified a single DNA product of about 760 bp

(727-779) for each of the Pratylenchus n. sp. specimens. D2D3 rDNA region
sequences obtained were subsequently used for phylogenetic analysis. Additionally, a
comparison with 31 GenBank sequenceBratylenchus spp. was performed.

In GenBank, 80 sequences from Bratylenchus 28S rDNA gene were available;
they concerned 26 species: only sequences longer than 700 bp and homologous with
Colombian populations were used for comparison and phylogenetic trees, i.e. 31
accessions of 10 species. Sequencés j@ehni (2), P. loosi (10), P. hippeastri (1), P.
gutierrezi (3), P. pseudocoffeae (1), P. coffeae (10), P. pratensis (1), P. penetrans(1) , P.
dunensis (1) andP. brzeskii (1) presented the full length of the D2D3 regiBadopholus
similis DQ328712 andHelicotylenchus multicinctus DQ328745 (Subbotiret al, 2006,

2007) were selected as outgroup taxa for D2D3 analyses.

Comparison of the D2D3-LSU sequences at intraspecific le\Riatylenchus n.
sp. did not show divergence (0%), except for the specimen GM18 which had 1.9%
divergence with respect to other Colombian specimens (Table Serspecific
variation was much greater, with conspicuous divergences Ritatylenchus sequences
from GenBank were included in the analysis (3.1-30.8%).

The relationship of the detected populations with oBratylenchus species was
measured through Bayesian inference (Bl) analysis. The obtained alignment presented
684 characters of which 264 were parsimony informative. On the basis of the topology
of the majority rule 50 consensus tree, one well supported clade (PP=1.00) that contains
the 6 specimens of Colombian population could be appointed. GenBank accesBions of
coffeae; P. loosi from Iran; Pratylenchus loosi plus P. hippeastri from USA; and P.

jaehni composed their own clades (PP=1.00). The two latter groups appeared most
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Table 5.5 Accession number and code rfatylenchus species from GenBank used for comparison Withatylenchus n.sp.
sequences from Colombia.

Species 28S code bp* Author 18S code bp author | ITS**code bp author
Pratylenchus : L This
n.sp. - GM16 | 763 This study - GM16 1803 study
. GM17 This
- GM17 779 This study - 1056 study
- GM18 | 727 This study
- GM19 | 761 This study
- GM20 | 761 This study
- Pra34 | 766 This study
P. brzeskii AM231911| br | 47| delabenetal.,
745 Duncaret al., Saekiet
P. coffeae AF170428 | C4 1999 AB053485 959 al. 2003
AF170429 | Cce | /35| Duncam al., AY561436 1251| L&
730 Duncaret al.,
AF170430 | Y1 1999
741 Duncaret al.,
AF170431 | Y2 1999
726 Duncaret al.,
AF170432 | Y3 1999
754 Duncaret al.,
AF170433 | B1 1999
731 Duncaret al.,
AF170434 | B2 1999
731 Duncaret al.,
AF170435 | M1 1999
750 Duncaret al.,
AF170436 | M3 1999
735 Duncaret al.,
AF170443 | K6 1999
P. crenatus cr AY284610 1729 | Helderet
P. dunensis AJ890459 | du 745 delaPeneal.,
2006
P. goodeyi go AJ966498 1612| Meldalet
P. gutierrezi AF170440 | k1 | /40| Duncartal,
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Species 28S code bp* Author 18S code bp | author | ITS**code bp | author
AF170441 | K2 | 742 Dunlcggg al.,
AF170442 | k3 | /38| Duncamtal,
P. hippeastri DQ498s31| psp3| 698 Inserat al,
P. jaehni AF170426 | c1 | 70 Dunfggg al.,
AF170427 | c2 | 796 D“”fg‘g;‘ al.,
P. loos AF170437 | N1 | /38 Dunfgég al.,
AF170438 | N2 | 740 Dunlcgég al.,
AF170439 | T 787|  Duncaretal,
EF446991 | P2 | 760 ngii.c’e%r&roa;a
EF446992 | p4a | 760 Hg{i_?%%r()a;bt
EF446993 | P | /60 Hglifffgg(r%fbt
EF446994 | p7 | 760 ngii.’e%%roaga
EF446995 | P10 | 760 ngi'?%groa;a
EF446996 | P11 | /0 Hg}i'c’e%raroa;a
EF446997 | P9 | 760 H:Jii.t’e%groa;bt
P. penetrans AM231936| pe | /47| de '32%%@6 al.,
P. pratensis AM231929| pr 762 de 'az%%f;ﬁ al., | Av284611 1605 Hgllfjflet
P. pseudocoffeae | AF170444 | pse | 739 Dunlcgggt a.,
P. thornel thl AJ966499 1761 '\;'ﬁ'gg'oe;
th2 AY284612 1717| Hejderet
th3 AY284613 1745| Hedere

bp: number of base pairs (sequence size). *ITS=ITS1-5.8-1TS2; * unpublished; ** patent No. PCT/NL2004/000247)-A 01-Apr-2004
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Table 5.6 Pairwise D2D3 sequences (700 bp) alignmemrafylenchus spp. from Colombian and Genbank sequences.

% Similarity

Populations* 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Eri%"e_”ft‘fs 1100 981 969 964 92.0 91.9 88.6 87.8 875 874 87.3 87.2 868 867 86.6 864 863 86.1 780 721 708 69.2
Erzté"‘f”g:\;’ig 2 100 950 945 902 90.0 869 86.0 858 857 85.6 855 849 850 847 845 844 842 765 708 69.6 68.2
c2 3 100 986 91.2 912 882 862 860 866 864 862 860 853 858 856 855 84.8 77.8 710 70.0 68.3
C1* 4 100 90.7 90.9 87.7 857 855 86.1 859 857 855 855 853 851 850 843 773 705 69.7 67.9
N2 5 100 97.4 895 87.3 87.2 876 87.9 87.8 87.4 863 87.3 87.1 869 863 798 703 70.2 695
N1, PSP3* 6 100 88.8 86.7 865 869 87.0 869 864 857 863 861 859 851 79.0 705 70.4 68.6
P.pseudocoffeae | 7 100 87.2 87.0 87.1 87.7 87.6 886 862 885 883 882 851 79.3 728 711 69.4
:\(All '\,\’/'é 8 100 99.8 945 847 846 87.3 989 872 87.0 869 848 808 718 716 684
Y3+ 9 100 943 84.6 844 872 987 87.0 86.8 86.7 84.6 80.6 716 715 682
B1* 10 100 853 851 89.3 935 89.1 889 88.8 854 81.6 723 725 68.4
5;;%' 11 100 99.8 88.7 837 887 885 883 841 792 69.0 683 689
K2* 12 100 885 83.6 885 883 882 839 790 688 685 68.7
P7, K6* 13 100 86.3 99.8 99.6 99.4 89.3 824 732 717 707
cax 14 100 86.2 86.0 859 838 802 70.8 71.0 67.6
P9,P10 15 100 99.8 99.6 89.1 822 732 717 70.7
P4, P6,

P2, p11* 16 100 99.4 889 821 73.0 715 705
T 17 100 88.8 81.9 729 715 704
K3* 18 100 79.2 70.9 69.8 68.0

P. pratensis 19 100 711 71.3 69.9

P. dunensis 20 100 87.3 69.8

P. penetrans 21 100 68.2

P. brzeskii 22 100

for code ofP. coffeae, P. jaehni, P. loosi, P. gutierrez, P. hippeasti andPratylenchus n. sp see table 5.5; **1: GM16=GM17=GM19=GM20=Pra34
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Fig. 5.3 Summary cladogram folPratylenchus n. sp population (6 specimens) and Batylenchus
GenBank accession-28S rDNA obtained from Bayesian inference (Bl) performed with MrBayes v3.1.2
using a GTR + | 4 model, as estimated by PAUP/Mr Modeltest 1.0b. OutgiRagiopholus similis
DQ328712 andHelicotylenchus multicinctus DQ328745 (Subbotimt al, 2006, 2007). Branch support is
indicated with PP; high>05% PP)/ medium (<95% t850% PP)/ low (<50%% PP). The branches with
Pratylenchus n. sp. andP. jaehni are supported by two and three autapomorphies indicate with thick line.
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@16 CTETTCETTC UL 3BTRTTACCCCACAR GGEC1L 1 3ETECCBAGCT
@117 CTETTCETTCCEBTRTTACCCCACAL ATGGACAAGGCTTTECRAGTT GEGCIT;GTECCGAGCT GGGAGTCRETGECEETCRCAT
@19 CTETTCETTCCEBTRTTACCCCACAL ATGGACAAGGCTTTECRAGTT GEGCIT;GTECCGAGCT GGGAGTCRETGECEETCRCAT
@120 CTETTCETTCCEBTRTTACCCCACAL ATGGACAAGGCTTTECRAGTT GEGCIT;GTECCGAGCT GGGAGTCRETGECEETCRCAT
Pra34 CTETTCETTCCEBTRTTACCCCACAL ATGGACAAGGCTTTECRAGTT GEGCIT;GTECCGAGCT GGGAGTCRETGECEETCRCAT
@118 CTETTCETTCCEBTRTTACCCCACAR ATGGACAAGGCTTTECRAGTT GGGCITIGTECCGAGCT GGGAGTCRETGECEETCRCAT
c2 CTETTCETTCTEEETRTTCCCACACATTAT GEACAAGGCTTTECRAGTT GGGCTGGGTE CT GGGAGTCBGTGECEETCRCAT
c1 CTETTCETTCTEEETRTTCCCACACATTAT GEACAAGGCTTTECRAGTT GEGCTGGGTE CT GGGAGHCBGTGECEETCRCAT
1oH2 CTETTCETTCTBABCETT — CCCACGA ATGGACATEGCTTTECGGETT TGGTTGGGTE GTC GGGEGTCEGTGECEETCRCAT
1oH1 CTETTCETTCTBABCETT — CCCAC — ACGBACATEGCTTTECRAGTT TGGTTEGGTTACGAGTT GGGAGCCEETGECEETCRCAT
829hi CTETTCETTCTBABCRTT — CCCACGA ATGGACATEGCTTTECRAGTT TGETTEGGTECCGAGTC GGGEECCEETEECEETCRCAT
pse CTETTCETTCTABGTETT — TTACGG TGGAACAAGGCTCTECRAGCC TEETTEEETECCGAGCT GEETETCEETEECEETCRCAT
guKkl CTETTCETECTBABTTGETTTCCAAGG —  GEACATEGCTTTECREECTCAGGTTEGGCECCGAGCT GEETETCRETEECEETCRCAT
guK2 CTGTTCETECTEABTTGETTICCAAGG —  GGACATEGCTTTECEEECTCAGGTTEGGCECCGAGCT GEETETCEETGECEETCHCAT
¥1 TETGCTETTCETTCTREETRTTCACACACARL TTGAAGGGEECTTTE GTAGGGTECCGAGCT GEETETCEETEECEETCGCTT
B2 TETGCTETTCETTCTGEETETTCACACACAR TTGAAGGGEECTTTE GTAGGGTECCGAGCT GEETETCEETEECEETCGCTT
M1 TETGCTETTCETTCTREETRTTCACACACARL TTGAAGGGEECTTTE GTAGGGTECCGAGCT GEETETCEETEECEETCGCTT
M3 TETGCTETTCETTCTGEETETTCACACACAR TTGAAGGGEECTTTE GTAGGGTECCGAGCT GEETETCEETEECEETCGCTT
C6 TETGCTETTCETTCTREETRTTCACACACARL TTGAAGGGEECTTTE GTAGGGTECCGAGCT GEETETCEETEECEETCGCTT
¥3 TETGCTETTCETTCTEEETETTCACACACAR TTGAAGGGEGCTTTE GTAGGGTECCGAGCT GEETETCEETEECEETCGCTT
¥2 TETGCTETTCETTCTREETRTTCACACACARL TTGAAGGGEECTTTE GTAGGGTECCGAGCT GEETETCEETEECEETCGCTT
B1 TATGCTETTCATTCTEEETETTCACACACAT TTGEECAAGECTTTECEEETT TEETABGGTECCGAGCT GEETETCEETEECEETCECTT
10P7 CTETTCATECTGGATTGT ATCTGTGT — GGACAAGGCTTTGCRGECT GAGTTGGGTECCGAGCT GGATGTCEETEECEETCRCTT
10P9 CTETTCATECTEGATTGC ATCTGTBT  GGACAAGGCTTTECEEECT GAGTTGGGTECCGAGCT GGATETCEETEECEETCECTT
1oP4 CTETTCATECTGGATTGC ATCTGTBT — GGACAAGGCTTTGCRGECT GAGTTBGGTECCGAGCT GGATGTCEETEECEETCRCTT
10P6 CTETTCATECTEGATTGC ATCTGTBT - GEACAAGGCTTTECEEECT GAGTTEGGTECCGAGCT GEATETCEETEECEETCECTT
1oP10 CTETTCATECTGGATTGC ATCTGTBT — GGACAAGGCTTTGCRGECT GAGTTBGGTECCGAGCT GGATGTCEETEECEETCRCTT
ca TETGCTETTCETTCTEEETETTCACACACAL TTGAAGGCEECTTTE GTAGGGTECCGAGCT GEETETCEETEECEETCGCTT
1oT CTETTCATECTGGATTGC ATCTGTBT — GGACAAGGCTTTECRGECT GAGTTBGGTECCGAGCTTGGATETCTETEECEETCRCTT
K6 TETGCTETTCETTCTEEETETTCACACACAL TTGAAGGCEECTTTE GTAGGGTECCGAGCT GEETETCEETEECEETCGCTT
10P2 CTETTCATECTGGATTGC ATCTGTBT — GGACAAGGCTTTGCRGECT GAGTTBGGTECCGAGCT GGATGTCEETEECEETCRCTT
1oP11 CTETTCATECTEBATTGC ATCTBTRT - GEACAABGCTTTECEEECT  GAGTTEGGTECCGAGCT GEATETCEETEECEETCRCTT
quk3 CTETTCACTCTBAGTRTT AAGAGCAL — GGACAAGGCTTTGCBGECT GTGTTBGGTETCGAGCT GGGTETCEETEECEECCRCTT
310 3E0 330 240 3E0 360 370 380 390

T T T T T [ T
GM16 CETACTETGCCT CTEETTCEETCCTTGT CA AGCTCCACCTCT - BTTCACBCTCGECETARAAGCT GETCATCTTTCCBACCCETCTTGAR
@117 CBTACTETGCCT CTRETTCGETCCTTGTCA AGCTCCACCTCT - BTTCACGCTCGECETARAAGCTGETCATCTTTCCBACCCETCTTGAR
GM19 CETACTETECCT - CTEETTCEETCCTTRT CA AGCTCCACCTCT - BTTCACBCTCEECETARAAGCT GETCATCTTTCCRACCCETCTTRAR
@120 CBTACTETGCCT CTRETTCGETCCTTGTCA AGCTCCACCTCT - BTTCACGCTCGECETARAAGCTGETCATCTTTCCBACCCETCTTGAR
Pra34 CBTACTETGCCT CTRETTCGETCCTTGTCA AGCTCCACCTCT - BTTCACGCTCGECETARAAGCTGETCATCTTTCCBACCCETCTTGAR
@118 CBTACTETGCCT CTGGT TCCTTGTCA AGCTCCACCTCT — GTTCACGCT GTAARAGCTGETCATCTTTCCGACCCGTCTTGAR
c2 CBTACTETGCCT CTGGT TCCTGGTCA AGCTCCACCTCT — GTTCBCGCT GTAARAGCTGETCATCTTTCCGACCCGTCTTGAR
c1 CBTACTETGCCT CTGGT TCCTGGTCA AGCTCCACCTCT — GTTCBCGCT GTAARAGCTGETCAGCTTTCCGACCCGTCTTGAR
1oH2 CBTACTETGCAC TCRETTCETGCCTEECCC GACTCCTCCACT — BTTCAATCTCGGCETARAAGCTGETCATCTTTCCRACCCETCTTRAR
1oH1 CBTACTETGCAC TCRETTCRTGCCTEECCC GECTCCTCCACT - BTTCAATCTCGGCETARAAGCTGETCATCTTTCCRACCCETCTTGAR
829hi CBTACTETGCAC TCRETTCRTGCCTEECCC GECTCCTCCACT - BTTCAATCTCGGCETARAAGCTGETCATCTTTCCRACCCETCTTGAR
pse CBTACTETGCCCACCARTTCRETCCTGECCCBAGCTCACTCCCT — BTTCAATCTCGGCETARAAGCTGETCATCTTTCCRACCCETCTTRAR
guKkl CBTACCETGCAL CCAGTTCGGTCCTGGCCE AGCTCCACTCETE TTCARAACTCGGCETARAAGCTGETCATCTTTCCRACCCETCTTGAR
guK2 CETACCETGCAR CCAGTTCGGTCCTGGCCE AGCTCCACTCETE TTCARAACTCGGCETARALGCTGGTCATCTTTCCEACCCETCTTGAR
¥1 CBTACTETGCAC ACAGTTCGETCCTTRCCE AGCTCACTCCAT CTATCTCBGCGTARAAGCTBETCATCTTTCCGACCCGTCTTGAR
B2 CBTACTETGCAC ACAGTTCEETCCTTRCCE AGCTCACTCCAT CTATCTCBGCGTARAAGCTBETCATCTTTCCRACCCGTCTTGAR
M1 CBTACTETGCAC ACAGTTCGETCCTTRCCE AGCTCACTCCAT CTATCTCBGCGTARAAGCTBETCATCTTTCCGACCCGTCTTGAR
n3 CETACTETGCAC ACAGTTCEETCCTTRCCE AGCTCACTCCAT CTATCTCEGCGTARARGCTBETCATCTTTCCGACCCGTCTTGAR
C6 CBTACTETGCAC ACAGTTCGETCCTTRCCE AGCTCACTCCAT CTATCTCBGCGTARAAGCTBETCATCTTTCCGACCCGTCTTGAR
¥3 CETACTETHCAC ACAGTTCERTCCTTRCCE ARCTCACTCCAT CTATCTCEECETARARGCTBETCATCTTTCCRACCCRTCTTRAR
¥2 CBTACTETGCAC ACAGTTCGETCCTTRCCE AGCTCACTCCAT CTATCTCBGCGTARAAGCTBETCATCTTTCCGACCCGTCTTGAR
Bl CBTACTGTGCAL TCAGTTCGGTCCTTGCTR AGCTCACTCCACATETCCTATCTCGGCETARAAGCTGETCATCTTTCCRACCCETCTTGAR
10P7 CBTACTETGCCE CCAGTTCGETCCTGGCTT AGCTCACTCCTCT GTTCAATCTCGGCETARAAGCTGETCATCTTTCCRACCCETCTTGAR
10P9 CBTACTETGCCE CCAGTTCGETCCTGGCTT AGCTCACTCCTCT GTTCAATCTCGGCETARAAGCTGETCATCTTTCCRACCCETCTTGAR
1oP4 CBTACTETGCCE CCAGTTCGGTCCTGGCTT AGCTCACTCCTCT GTTCAATCTCGGCETARAAGCTGETCATCCTTCCRACCCETCTTRAR
10P6 CETACTETGCCE CCAGTTCRETCCTGGCTT AGCTCACTCCTCT - GTTCALTCTCGECETARAAGCT GETCATCTTTCCEACCCETCTTRAR
1oP10 CBTACTETGCCE CCAGTTCGETCCTGGCTT AGCTCACTCCTCT GTTCAATCTCGGCETARAAGCTGETCATCTTTCCRACCCETCTTGAR
ca CBTACTETGCAC ACAGTTCEETCCTTRCCE AGCTCACTCCAT CTATCTCBGCGTARAAGCTBETCATCTTTCCRACCCGTCTTGAR
1oT CBTACTETGCCE CCAGTTCGETCCTGGCTT AGCTCACTCCTCT GTTCAATCTCGGCETARAAGCTGETCATCTTTCCRACCCETCTTGAR
K6 CETACTETGCAC ACAGTTCGETCCTTGCCG AGCTCACTCCAT CTATCTCEGCGTARARGCTGETCATCTTTCCGACCCGTCTTGAR
10P2 CBTACTETGCCE CCAGTTCGETCCTGGCTT AGCTCACTCCTCT GTTCAATCTCGGCETARAAGCTGETCATCTTTCCRACCCETCTTGAR
1oP11 CBTACTETGCCE CCAGTTCGETCCTGGCTT AGCTCACTCCTCT GTTCAATCTCGGCETARAAGCTGETCATCTTTCCRACCCETCTTGAR
guk3 CBCGCTTEGCCA CCAGTTCGATGCTGAGCT CAATC TCCTTAT GTCCAATCACGGCETARAAGCTGGTCATCTTTCCBACCCETCTTGAA

Fig. 5.4 Clustal W (1.81) multiple sequences nucleotide alignment of segment of the LSU 28S RDNA for
Pratylenchus n. sp. (GM16, GM17, GM18, GM19and Pra34) and related nematodes over 700 alignment
positions. Taxa include species most closertiylenchus n. sp.:P. jaehni (C1, C2) P.loosi (N1, N2, P2,

P4, P6, P7, P9, P10, P11 and H)hippeastri (829hip) P. gutierrezi (K1, K2 and K3) P. pseudocoffeae

(pse) P. coffeae (M1, M3, B1, B2, C4, C6 and K6) (see codes in Table 5.5). Autapomorphic characters
within Colombian populations dfratylenchus n.sp. andP. jaehni are shown in yellow and pink boxes.
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closely related td°ratylenchus n. sp. (Fig. 5.3).P. jaehni was found to have a sister
relations withPratylenchus n. sp. andP. jaehni. The branches witRratylenchus n. sp.

andP. jaehni were supported by two and three autapomorphies, respectively (Fig. 5.3).

18SrDNA
The polymerase chain reaction amplified a single DNA product of nearly 1803 bp

for a single specimen d?ratylenchus n. sp. when the 18S rDNA region was analyzed
(Table 5.5). Additionally, comparisons with 6 GenBank sequencPsatylenchus spp.
were established.

In GenBank 57 sequences from #ratylenchus 18S rDNA gene were available.
They concerned 11 specie®nly sequences longer than 1700 bp and homologous with
Colombian populations were used for comparison and phylogenetic tree$
accessions of 4 specid?: goodeyi (1), P. pratensis (1), P. crenatus (1) andP. thornei
(3). Helicotylenchus dihystera AJ966486 andRadopholus similis, AJ966502 (Meldakt
al., 2007) were selected as outgroup taxa for 18S rDNA analyses.

The comparison of the 18S-SSU sequences at inter-species level showed
divergence ranging between 0.9 to 24.1% wReatylenchus sequences from GenBank
were included in the analysis (Table 5.7).

The relationship withinPratylenchus species was measured through Bayesian
inference (BI) analysis. The obtained alignment presented 1747 characters of which 178
were parsimony informative. The topology of the majority rule 50 consensus tree
relatively weakly supporteBratylenchus n. sp. as a sister @ crenatus (only 0.79 PP)
(Fig.5.5).

Table 5.7 Pairwise 18S sequences (1700 bp) alignmeRtatfylenchus spp. from
Colombian and Genbank sequences.

% Similarity
Pratylenchus species 1 2 3 4 5 6 7
Pratylenchus n. sp. GM16 1 100 91.0 90.6 90.3 86.4 81.9 75.9
P. crenatus 2 100 922 919 871 817 773
P. thornei 1 3 100 99.7 87.9 834 83.8
P. thornei 2 4 100 87.4 83.2 83.7
P. pratensis 5 100 87.2 726
P. goodeyi 6 100 69.2
P. thornei 3 7 100
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Fig. 55 Summary cladogram for onEratylenchus n. sp specimen and Bratylenchus GenBank
accession-18S rDNA obtained from Bayesian inference (BI) performed with MrBayes v3.1.2 using a GTR
+ | + I model, as estimated by PAUP/Mr Modeltest 1.0b. Outgkdajrotylenchus dihystera AJ966486
andRadopholus similis, AJ966502 (Meldakt al., 2007). Branch support is indicated with PP; hig®506

PP)/ medium (<95% te50% PP)/ low (<50%% PP).

ITS1-5.8-1TS2 rDNA
The polymerase chain reaction amplified a single DNA product of nearly 1056 bp

for a single specimen dPratylenchus n. sp. when ITS-5.8-ITS2 rDNA region was
analyzed (Table 5.6). Additionally, comparisons with 2 available GenBank sequences of
Pratylenchus coffeae were established. They were used for comparison and phylogenetic

trees.
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The comparison of the ITS-5.8-ITS2 rDNA sequences at inter-species level
showed divergence ranging between 29.9 to 30.5% Whatylenchus sequences from
GenBank were included in the analysis (Table 5.8).

The relationship with the very few molecular comparaB¥atylenchus species
was measured through Bayesian inference (Bl) analysis. The obtained alignment
presented 1020 characters of which 337 were parsimony informative. On the basis of the
topology of the majority rule 50 consensus tree, only the sister relation &. woffeae

populations could be confirmed (Fig. 5.6).

Fig. 5.6 Summary cladogram for onratylenchus n. sp. specimen and deloidogyne GenBank
accession-ITS1-5.5-ITS2 rDNA obtained from Bayesian inference (Bl) performed with MrBayes v3.1.2
using a GTR + | HI' model, as estimated by PAUP/Mr Modeltest 1.0b. Outgrdselpcotylenchus
dihystera DQ309585 (Chert al., 2007) andRadopholus similis, AY903311 (Zhouet al., 2007). Branch
support is indicated with PP; high95% PP)/ medium (<95% teb0% PP)/ low (<50%% PP).
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Table 5. 8 Pairwise ITS1-5.8-ITS2 sequences (1056 bp) alignmeBtaiylenchus spp.
from Colombian and Genbank sequences.

% Similarity
Pratylenchus species Pratylenchusn. sp. GM 17 P. coffeae P. coffeae
AB053436 AY561485
Pratylenchus n. sp. GM17 100 69.5 70.1
P. coffeae AB053436 100 95.2
P. coffeae AY561485 100

Discussion

The population described here Bsatylenchus sp. n. resulted a®. coffeae
following different Pratylenchus keys. However, comparison of morphological
characters of 26°. coffeae populations from different hosts and localities worldwide
showed that the root lesion nematode from ColomBiatyienchus n. sp.) shared
maximum 30% of morphological characters with each one of all populatidncoffeae
considered.

Pratylenchus n. sp. showed morphometrical differences with respect to standard
populations oP. coffeae (K6) andP. loosi (T) and paratypes d@?. jaehni (Inserra, 2001),

i.e. the mean values of body length, maximum body width, body width at vulva and anus,
pharyngeal overlap, post-uterine sac; ratio ¢ were smallePratylenchus n. sp.
compared to those iR. jaehni, P. loosi and P. coffeae. The mean values of tail length,
stylet length and ratio a were largerRratylenchus n. sp. than irP. jaehni, but smaller

that inP. loosi and P. coffeae. However, when other populations of those three species
were considered (Table5.10), this study provided clear evidence of the difficulty of
discriminating Pratylenchus n. sp. from P. jaehni and P. loos based only on
morphometrical characters.

Pratylenchus n. sp.,P. coffeae, P.loos andP. jaehni are the only amphimictic
lesion nematodes with two lip annuli, and with the fused lip sectors also fused with the
oral disc resulting in a smooth face. The separatid?ratlylenchus n. sp. from the latter

two speciess difficult because these two species share simitzipphometric parameters
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(Tables 5.4)Molecular distinctions between those species are more clearcut than are
morphological differences. A similar opinion abdutcoffeae, P. loosi andP. jaehni
was given by Duncaet al. (1999).

P. hippeastri also has a plain and smooth face and two head annules. It was used
for comparison and phylogenetic trees but its morphology (mainly empty spermatheca)
and morphometric characters separate it clearly fPoatylenchus n. sp.,P. coffeae, P.
jaehni andP. loosi. Correspondence between molecular tree clades and groups 1-3 based
on SEM head patterns proposed by Corbett & Clark (1982) has been founde{@hrta
2001; Duncaret al., 1999; Inserratel., 2001).

The taxonomic separation of the various species of root lesion nematodes (reared
under standard conditions) is difficult since they exhibit little interspecific morphological
diversity, and morphological and morphometric intraspecific comparisons show a high
degree of variability (Corbet & Clark, 1983; Mizukubo, 1992; Roman & Hirschmann,
1969; Tarté & Mai, 1976a,1976b) with few species-specific diagnostic characteristics
available (Loof, 1978; Orui, 1996). Single species subjected to different environmental
conditions and different host plants differ also in many morphometric relationships
(Roman & Hirschmann, 1969). Doucet al. (2001) reported that temperature
significantly influenced the morphometrics of individuals derived from a single isolate of
P. wulnus. Together, these findings indicate that morphometric characters are not always
reliable as primary characters fératylenchus species identification. Additionally, when
comparison is established between populations of one species, the differences found by
different authors in morphometric data may also be influenced by fixation procedures,
origin of populations (different hosts and localities), different age at moment of analysis
and impact of culture.

The description of a new nematode species or taxon should be based on a
consensus of all available data. The term polyphasic taxonomy has been coined for this
type of integrated taxonomy, which is based not only on phenotypic and genotypic
differences, and phylogenic relationships, but also on differences in the ability of
populations to infect host plants (De Waele & Elsen, 2007).

For Pratylenchus n. sp. as folP. jaehni, P. loosi and P. coffeae (Inserraat al.,

2001) type host associate dviusa ABB (plantain); Citrus aurantium L.; Paspalum
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notatum Flugge andPanicum hemitomon and coffee, respectivelf. jaehni is associated
also with coffee plants an. loos (Inserraat al., 2001) with teaP. coffeae has been
reported from a wide range of hostB. jaehni and P. loosi have been not reported on
Musa plants at present. Althoud®ratylenchus species are polyphagous, there are clear
differences in host preference among the species. For example, wherelasis andP.
penetrans are commonly found on a range of perennial fruit crops in Califofia,
brachyurus is mainly associated with cotton (McKenry & Roberts, 1985 quoted by Al-
Banna, 2004). Thus, to predict risks of crop damage based on pre-plant nematode levels,
proper identification oPratylenchus populations to species is essential.
In addition to the morphology and morphometrics, the sequence comparison of

the D2D3 rDNA expansion region clearly separates the new speciesfri@ehni, P.
loosi andP. coffeae. Although about 20@Pratylenchus spp. sequences are available on
Genbank, most of them from LSU rDNA region, only sequences of similar size and
homologous with Colombian population were used for comparison and phylogenetic
trees; thus, this discussion (molecular and phylogenetic) is based on results of D2D3
rDNA region. Nucleotide divergences Bfatylenchus n. sp. ranged between 3.1-3.6%;
7.9-8.0% and 11.2-11.3% for respect®tgaehni, P. loosi andP. coffeae, respectively.
Molecular (D2D3 DNA sequences) dissimilarities amé&agaehni sp. n.,P. coffeae and
P. loos were documented in two previous studies (Dundaal.e 1999; Inserrateal.,
2001). This rDNA region has been widely used to separate different groups of nematodes
at species level, including pratylenchids (Cattal., 2001; de la Pefe al., 2006, 2007;
De Lucaet al., 2004, Duncaret al., 1999; Handocet al., 2001; Inserreet al., 2001,
2007). In the most recent descriptions of new speci€satylenchus, i.e. P. arlingtoni,
P. jaehni, P. dunensis andP. hippeastri, molecular distinctions had higher weight than
morphological and morphometric comparison (de la Rei@h, 2006, 2007; Handoet
al., 2001; Inserrat al., 2001, 2007).

Al-Banna (1977) found that the D3 expansion regiorPfatylenchus is specific
and does not vary among populations of conspecifics. Intra-specific variability of the
Pratylenchus genome has been demonstratedPincoffeae by others (Duncaret al.,
1999; Waeyenberget al., 2000) and evidence has been produced that several species

closely related t#. coffeae are species complexes (Dunal., 1999). The concept of
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species complex (syngameon), indicate a large number of species linked by frequent and
occasional hybridization in nature (Grant, 1957). The recent availability of sequence data
has allowed the identification in other taxa of cryptic species which are morphological
identical, yet genetically distinct (van Oppetral., 2001).

The phylogenetic position based on molecular characters indicates that the genus
Pratylenchus is paraphyletic, suggesting that lineage sorting is incomplete (Al-Bainna
al., 1997; Duncaret al., 1999; Inserraet al., 2001, 2007). The existence of cryptic
nematode species suggesting the existence of species complexes has recently been
reported in other nematode genera (Courtrgylad., 2000). Therefore, further molecular
studies are needed to revise the species that currently are included in the genus
Pratylenchus (De Luceet al., 2004).

Thus, numerous studies suggest that nematode isolates descriBedotisae
must be a complex of several species, many of which are still undescribed. However, the
type of species concept used is the main problem in taxonomical studies. Numerous
species concepts have been proposed and advocated for general use in species
delimitation. Of these, the Linnean or typological morphospecies concept, biological
(BSC) evolutionary (ESC), and phylogenetic (PSC) species concepts figure most
prominently in the substantial literature on the subject. A review of the taxonomic
literature suggests that, in practice, most nematode taxonomists are operating within the
Linnean system (Adams, 1998). However, recent descriptions include biological,
evolutionary, and phylogenetic species concepts. For most of fheaBtenchus species
described since 1985 only the morphological description is available, sometimes
supplemented with mostly DNA-based comparisons with relBtetllenchus species
(De Waele & Elsen, 2007).

Adams (1998) stated that “according to the objectives of taxonomy, the best
species concept for use in nematology is an amalgamation of the ESC and the PSC” and
“fundamental to any description of species is the underlying concept used to delimit
them, and | encourage nematologists of all persuasions to make explicit their methods of
delimitation”.

In our molecular analysis of sequences especially attention was given to the

resulting tree and to the autapomorphic characters present in all specimens studied on
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D2D3 rDNA (see figure 5.4). Thus, our results fill requirements of evolutionary species
concept (a species forms a separate lineage or separate clade) and phylogenetic species
concept (a lineage can be characterized by autapomorphies; an autapomorphy is a
derived trait unique to any given taxon). Important for a trust full “an amalgam of the
evolutionary and phylogenetic species concept we need autapomorphies in both lineages”
(Adams, 1998, 2001; Coomans, 1988; Nadler, 2002); those could be observed in figure
5.4 forPratylenchus n. sp. andP. jaehni, two and three autapomorphies, respectively.
Results of mating experiments showed tRajaehni is reproductively isolated
from P. coffeae (Inserra €al., 2001). Similar experiments will be carry out in the future
with Pratylenchus n. sp.,P. coffeae, P. jaehni and P. loosi. Limited case studies have
shown that the molecular based species concepts are more in agreement with the
biological species concept than with the typological species concept (Eyualem and
Blaxter, 2003). Our study provides arguments based on typological morphospecies
concept, evolutionary and phylogenetic species concepts but biological species concept
was not included. However, we consider previous concepts valid to characterize and

introduce a new species.

Conclusions
The population described here Rsatylenchus sp. n. is closely related to three

Pratylenchus species but clearly different from other species within the genus. It shares
with P. coffeae, P. loosi and P. jaehni some morphology features (they are the only
amphimictic lesion nematodes with two lip annuli, and with the lip sectors fused together
and also fused with the oral disc to present a smooth face).

Pratylenchus sp. n. shares maximum 30% of morphological characters Rvith
coffeae populations. However, the separatiorPoétylenchus n. sp. fromP. loos andP.
jaehni is difficult because these species share similaphometric parameters.

Although Pratylenchus species are polyphagous, there are differences in host
preference among the species. Type hosPfatylenchus n. sp. isMusa ABB (plantain,
harton cultivar) which had been also reportedMocoffeae. P. jaehni andP. loosi have

been not yet recorded dhusa plants.
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The sequence comparison of the D2D3 rDNA expansion region clearly separates
the new species froif. jaehni, P. loosi andP. coffeae. Pratylenchus n. sp.,P. coffeae, P.
jaehni and P. loos were positioned in different clades, and clear autapomorphic
characters were present in all specimens studied on D2D3 expansion region of 28S
rDNA of Pratylenchus n. sp. and its sister speci€sjaehni.

Molecular distinctions betweepratylenchus n. sp.,P. coffeae, P. jaehni andP.
loosi are more clearcut than are morphological differences. Similar conclusions were put
forward for close morphometrical and morphological species in the more recently
descriptions of new species ifatylenchus.

Our results fill the requeriments of the evolutionary and phylogenetic species
concept in agreement with Adams (1998). Additionally our new species is a typological
morphospecies compared with most of species included in the genus; morphometric

characters overlap only with jaehni andP. loos.
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Introduction

Colombia is one of the major producers in the world of plantain and banana, with
more than 450,000 hectares for local consumption and export. Among the biotic factors
affecting banana yield, plant parasitic nematodes rank second after black sigatoka
(Mycosphaerella fijiens)s reducing bunch weight and longevity and increasing the crop
cycle duration. Destruction of root and corm tissues also results in a tendency for plants
to uproot or topple, with a high economic impaR&adopholus similigCobb, 1893)
Thorne, 1949 is considered the most important nematode associatellugdiplants
worldwide. In Colombia, highest population densities of these nematodes were found at
low altitude (Uraba Region, 50,000 nematodes per 100g of fresh roots). The burrowing
nematode has been reported in different Colombian regions, including all important yield
area of banana and plantain; however, so far no morphological, morphometric and
molecular studies have been carried out (Sher, 1968b; Gomez, 1980; Barriga & Cubillos,
1981; Saralet al,, 1993).

Radopholus similiss a migratory endoparasite spending its adult vermiform life
in the root, but capable of emerging in adverse conditions. All juvenile stages and
females are infective. Its vernacular name, burrowing nematode, is related to the
symptoms produced by it: on entering the root the nematode occupies an intercellular
position in the cortical parenchyma that coalesce and are continually enlarged laterally
and towards the endodermis by the nematodes feeding and tunneling, producing the
characteristic reddish brown lesions throughout the cortex. 3-4 weeks after infection,
when extensive cavities have formed, one or more deep cracks with raised margins
appear on the surface roots. The endodermis seems to act as a barrier to the nematode;
the stele is not invaded (Orton Willliams & Siddiqi, 1973).

R. similisis widespread in tropical and subtropical regions of the world and
present in glasshouses in Europe. In FlorRlasimiliscauses spreading decline of citrus.

In Europe, the USA and the Caribbednsimilisis also a pest for indoors decorative
plants like Anthurium Calathea sp. andMarantha (O’Bannonet al, 1976; Elbadri,
2000). Furthermore, this nematode is a major pest for the black pepper industry in

Indonesia (Holdeman, 1986). Other important hosts are sugarcane, avocado, coffee,
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maize, vegetables and ornamental plants (Ortom Willliams & Siddiqi, 1973). Two groups
of burrowing nematodes can be differentiat®d, similis “banana pathotype” (called
banana race) attacking banana but not citrus, and “citrus pathotype” (called citrus race or
R. citrophilis) pathogenic to both (DuCharme & Birchfield, 1956; Kagaal, 2000).

The purpose of this study was to characterizeRadopholus similipopulations
from Colombia using morphological, morphometric and molecular criteria and to make a

review on the taxonomical statusRédopholuspecies.

Materials and Methods

Morphological observation
Root and soil samples of plantaMysa AAB, “dominico hartén” cultivar) were

collected in fields from two Colombian localities: Arauca (Los Llanos Orientales
Region) and Carepa (Urabd Region) situated at East and North West of Colombia,
respectively (see general material and methods). Nematodes were identified to species
level using both identification keys and original species descriptioRadopholus
diagnostic keys used were Sher (1968b), Colbran (1970), Ryss & Wouts (1997) and Ryss
(2003).

Molecular characterization
Five nematodes from each field population (Los Llanos and Uraba) were included

in the analysis. DNA was extracted from a single nematode previously morphologically
identified. Although, the DNA was extracted from 10 specimens in total, five from Los
Llanos population and five from Uraba, only for the 28S region results were successful
for all ten specimens. For molecular analysis of the 18S and ITS1-5.8-ITS2 regions
some analyses failed, results were only obtained from 8 and 5 nematodes, respectively
(see Table 6.3).

Preparation of DNA, sequence analyses, sequence comparisons and phylogenetic
analyses were conducted as explained in chapter 2, general materials and methods. Only
some details concerning to the outgroup used for phylogenetic analyses/trees are

mentioned here.
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Heterodera zeaeaccession number DQ328695 aHedlicotylenchus vulgaris,
DQ328759 from Subbotiat al. (2006, 2007a) were selected as outgroup taxa for D2D3.
For 18S analysis, outgroup taxa selected wéebcotylenchus varicaudatuaccession
EU306354 andHelicotylenchus dihysteraaccession number AJ966486 from Bert &
Vierstraete (2008) and Meldat al. (2007). Heterodera schachtiaccession AF498389
and Helicotylenchus dihysteraaccession number DQ309585 from Tanha Maafal.
(2003) and Chent al.(2006) were outgroup taxa for ITS analyses.

Results

Morphological identification of the populations
The morphological and morphometric data of 59 females and 17 males from two

different Colombian localities fittedRadopholus similisdescriptions (Table 6.1).
However, some characters showed variation with respedRamopholuskeys and
descriptions mentioned in the literature. Female average length was 13 percent shorter
than populations described by different authors, but males were slightly longer. No
morphometric differences between Uraba and Llanos Orientales populations were found.
Differences in morphometric data betwdensimilisfrom different localities worldwide

andRadopholuspecies that resemidRe similisare shown in Table 6.2.

Radopholus similis (Cobb, 1893) Thorne, 1949
(Fig 6.1, LM; 6.2, SEM))

Measurements
Females and males: see Table 6.1.

Description
Female

Body straight to slightly arcuate ventrally; cuticle distinctly annulated. Lateral
field with four incisures; as viewed by light microscopy (LM) outer lines areolated,
extending nearly along the entire body length; inner incisures coalescing near middle of

tail, posterior to the phasmid; central bands equal to outer bands in width.
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Lip region hemispherical, clearly off set from body, with 3-4 annules; labial
framework highly sclerotized. Stylet moderately strong with well developed round basal
knobs which are occasionally indented anteriorly; dorsal and ventrosublateral knobs of
equal size; length of stylet cone equal to length of shaft plus knobs.

Dorsal gland opening near stylet base (3.1um). Hemizonid three annules long,
just anterior to secretory-excretory pore located at level or posterior to pharyngeal-
intestinal junction. Oval median pharyngeal bulb well developed; valvular apparatus
prominent. Three pharyngeal glands, in separate lobes, overlapping intestine dorsally and
dorso-laterally. Some specimens showing one or two extended gland lobes.

Reproductive system didelphic, amphidelphic, outstretched; two genital branches
equally developed; oocytes in two rows; vulva prominent, just postequatorial (58% of the
body length); spermathecae round and of equal size, filled with small rod-shapes sperm.
Tail elongate conoid, with variously shaped tip without mucro but frequently with a
narrow rounded or indented and annulated terminus. Hyaline part of tail with 4-10

annules. Phasmids distinct, located in anterior third of tail.

Male
Occurring abundantly (nearly 30% of adults). Generally males more slender and

longer than females, body slightly arcuate ventrally. Strongly dimorphic relative to
females. Elevated lip region set off by a distinct constriction; cephalic framework not
strongly sclerotized; head cuticle smooth or sometimes with 4-5 annules. Stylet weak
relative to that of female, with knobs amalgamated in a single round base. Pharynx
degenerated; oval median bulb and valvular apparatus reduced. Hemizonid and
secretory-excretory pore similar to females.

Reproductive system monorchic, outstretched anterior testis. Testis with 3-4
rows of spermatocytes; posteriorly with rod-shaped spermatids. Postrectal intestinal sac
absent. Bursa leptoderan, frequently almost reaching the tail tip but sometimes evolving
about 2/3 of tail. Spicules strongly cephalated, with pointed distal ends. Gubernaculum
rod-like, protrusible. Males as viewed by light microscopy (LM) with two genital papilla-
like projections on the anterior lip of cloacal aperture. Tail tapering, rounded to almost
pointed terminus, with 49 (42-61) annules. Hyaline part of tail narrow and short with 2-6

annules.
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Table 6.1 Morphometrics oR. similispopulation from Colombia. Measurements in

um and in form: mean + standard deviation (range).

Females Males
Population Uraba Llanos Uraba Llanos
n 27 22 9 8
. 504 + 53 509 + 44 597 + 41 609 + 29
(504-722)  (511-654)  (541-656) (574 - 654)
. 31+ 3.8 30+ 4.4 33+ 35 30+ 3.9
(20 — 36) (23-37) (28 - 37) (27 -37)
) 82+05 84+07 77+05 82009
(74-92)  (7.1-98) (7.2-84)  (6.9-9.3)
o 46 + 05 44 +04 52+05 49 + 00
(37-54)  (31-53) (48-58)  (4.9-4.9)
. 91+06 88+07 79+05 8205
81-103) (7.0-10.3) (6.9-86)  (7.8-9.2)
o 45+ 04 45+08 60+06 5906
(38-53) (33-58) (52-7.2)  (52-6.9)
- 197 + 35 203 + 33 185 + 1.7  20.3 + 2.2
bW (153-337) (153-245) (153-20.9) (16.6— 23.3)
. 147 + 20 157 + 30 127 + 1.1 126 + 0.9
Body diam. at anus (11.7-18.4) (10.4-20.9) (11.0-147) (11.7-14.1)
. 92 +07 91+09 75+10 76+ 1.0
Head diam. (8.0 11) (74-11)  (61-86)  (6.7-9.2)
. 37+06 40+04 54+07 5809
Head height 31-49) (31-49) (43-61) (43-74)
185 + 1.1 190 + 0.7 128 + 1.9  13.9 0.8
Stylet length (15.9-215) (17.2-202) (9.0-153) (13.5-15.3)
etac 54 + 3.4 56 + 40 52 + 2.2 52 + 0.0
: (49 - 63) (48 - 67) (49 - 55) (52 - 52)
84 + 6.2 85 + 40 84 + 6.7 84 + 4.9
S-E-pore (73 - 99) (76 - 94) (69 - 90) (79 - 93)
130 + 11.6 138 + 156 113 + 83 126 + 0.0
ph. gland length (112-155)  (115-186) (106—125) (126 — 126)
73 + 4.9 72 + 4.4 76 + 4.9 72 + 6.9
ph. length (64 - 82) (63 - 83) (70 - 86) (66 - 85)
533 + 46 530 + 41 519 + 37 531 + 25
Ant. end to anus (449~ 648)  (453-582) (466—573) (492 — 564)
. 66 + 6.0 69 + 6.2 76 + 6.4 75 + 5.3
Tail length (55 - 77) (54 - 84) (67 - 85) (64 - 81)
. 35+04 36+04 62+08 54+05
Tail length/ stylet length (28-42)  (30-46)  (52-7.7)  (47-60)
. 98 + 14 100 +20 98+ 15 75+ 16
Hyaline part 6.1-12.3)  (6.1-135)  (8.0-1.7)  (4.9-9.2)
57 + 1.6 58 + 1.3
0, - -
V(%) (51 - 59) (55 — 62)
121 + 32.3 118 + 18.0
Ant. gonad length (64 - 215) (89-172) - -
110 + 286 112 + 15.0
Post. gonad length (64- 199) (75- 141) - -
coic ] ] 188 + 05 183 + 1.0
pic. (18.3-19.5)  (17.2- 20.0)
b ] ] 94 + 04 85+ 06
gub. (8.6- 9.7) (7.4-9.2)

144



Radopholus similifrom Colombia

A C F H
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Fig. 6.1 LM photographs oRadopholus similisrom Colombia. Female (A-D, I-M); male (E-H, N-P);
entire body (A,H); neck region (B,G); head region (C,F); reproductive system (D,E,I,N); spicule details
(N); bursa (O); tail shape of female (J-M) and male, posterior body region (P). Scale bars: A, H and I
100um; B-G and J-P: 10um.
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Fig. 6.2 SEM Photographs dkadopholus similisirom Colombia. A. female (A-D); male (E-I); anterior
end female (A) and male (E); face view female (B) and male (F); tail shape of female (D) and male (G, H)
(D); spicule details (I). Scale bars: A, B, C, Fand |: 1um; D, G and H: 10 um.
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Table 6.2 Morphometrics oR. similis populations from Colombia compared with thos&osimilis from different crops and localities around
the world and three new species described recently. Measuremgmsird in form: mean + standard deviation (range)

Population This study  Elbadri Ryss Ort<_)n W Sher van Stanton Trinh et al. Nguyenet al.
(2000) ~ &Wouts &Siddigi - jqee Weerdt i 0001)  (2004) (2003)
(1997) (1973) (1958)
Species R. similis R. similis R.similis R.similis R.similis R.similis R. musicola R. arabocoffea R. duriophilus
Localities Colombia 13 . Island- Fiji Fiji Australia Vietnam Vietnam
countries India
Musa _ Musa Citrus. and _
Hosts ABB Musaand Ginger AAA X,:Za Musa Mu§a Coffea arabica .Dur_| 0
other crops ABB acuminata zibetinus
N (n) * 2 (49) 18 (540) x (34) x(18)  2(25) 3 (46) x (18) x (20) 3(90)
L~ 1 594-599 601-725 680 690 680-690 596-690 696 615 588-669
2 504 -722 510-860  554-792 520-880  520-880  498-785 604-781 590-682 490-840
a 30.0-31.0 24.5-30.5 26.4 27.0 26.0-27.0 25.7-30.0 28.9 29.9 26.3-30.5
20.0 - 20.2-475 17.8-36.0 22.0-30.0 22.0-35.0 20.0-34.3 24.0-33.3 23.6-33.6 22.5-42.0
b 8.2-8.4 7.6-8.5 7.9 6.5 6.5-6.9 9.3-94 8.0 8.0 7.8-8.0
7.1-9.8 6.2-9.6 6.0-9.3 4.7-7.4 4.7-7.8 8.2-10.5 6.9-9.0 7.5-8.8 6.5-9.0
b 4.4-4.6 4.0-5.0 4.4 4.5 4.5-4.6 ) 4.8 4.4 4.1-4.5
3.1-54 3.3-5.9 3.2-5.2 3.5-5.2 3.5-6.5 4.1-5.6 4.2-4.8 3.7-55
c 8.8-9.1 8.0-10.2 9.15 10.6 9.7-10.6  9.0-11.2 9.8 8.5 8.3-8.7
7.0-10.3 6.4-16.4  6.8-11.7 8.0-13.0 8.0-13.0 8.5-12.8 7.8-12.1 8.0-9.0 6.0-10.0
c 4.5-4.5 3.7-45 4.2 3.4 3.4-3.6 ) 4.5 4.5 4.5-4.7
3.3-58 2.3-6.2 2.4-6.3 2.9-4.0 24-4.1 3.8-5.8 3.0-5.2 3.3-6.8
m.b.w. 19.7-20.3  21-275 26.8 i 19-9-24.6 24.2 21.0 19.0-23.0
15.3 - 14.0-34.0 18.0-40.0 16.0-33.0 18.4-28.8 18.0-25.0 16.0-31.0
Body width at anus 14.7-15.7 16.0-21.0 18.8 ) 15.0-18.0 15.5 16.0 14.9-17.3
10.4-20.9 12.5-26.0 12.0-28.0 12.0-21.0 12.0-20.8 14.0-23.0 12.0-24.0
. 7-4, A4-5. . - 3.2 4.0-4.0
Head height (HH) 31-45 2560 2545 ] ] 2.6-3.4 3.0-6.0
. 9.1-9.2 9.0-10.5 8.9 9.1 9.4-10.3
Head width (HW) 74-110 80120 7.5-10.0 ) - - - 7.7-10.3 8.0-11.5
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Table 6.2 Morphometrics oR. similis populations from Colombia compared with thos&osimilis from different crops and localities around
the world and three new species described recently. Measuremgmsird in form: mean + standard deviation (range)

Population This study  Elbadri Ryss Ort<_)n W Sher van Stanton Trinh et al. Nguyenet al.
(2000) ~ &Wouts &Siddigi - jqee Weerdt i 0001)  (2004) (2003)
(1997) (1973) (1958) '
tvlet lendth 18.5-19.0 17.6-204  18.0 19.0 19.0-19.0 17.9-185 17.8 15.9 17.4-18.0
y 9 159-215 15.0-23.0 16.5-20.0 17.0-20.0 17.0-20.0 16.0-20.0 15.2-20.8 14.6-17.2 16.5-19.0
5GO 3133 4055 4.0 ] ] ] 3.0 3.1 4.4-4.6
25-37 2085 2055 2.0-4.8 2.6-4.3 3.0-5.5
] 72-73 79-94 87 ] ] ] 88 77 76-82
63-83 65-120  73-132 74-108 72-84 64-92
b aland lenath 56-63 ] 67 ] ] ] 80 79-83
ph-g 9 41 - 107 50-118 70-90 57-98
Ant. end to end of 130-138 141-167 ) ) ) ) 145 ) )
pharyng. gland 112-168 115-204 114-159
Ant. end to excretory- 84-85 83-100 91.5 ) ) 89-97 ) 84 86-92
pore 73-99  59-116  86-100 62-107 74-90 73-110
Tail lenath 66-69 63.5-86 76 ] ] 62-63 72 72 70-77
9 54- 84 40-104  50-100 49-75 57-91 67-79 48-94
. 3.5-3.6 4.2 4.6 4.0-4.2
Tail length/ styletlength "¢ /' & - 2955 - - - - 4.1-4.9 2.85.5
Hvaline part 9.8-10.0 ] 14.7 ] 12.0-13.0 ] 7.8 8.4 ]
yaliné p 6.1- 13.5 7.5-23.0 9.0-17.0 5.6-13.6 6.9-11.2
v 57-58 56-58 71 56 56-56 57-59 55 55 ]
51 — 62 51-68 53-88 55-61 52-61 54-63 53-57 51-58
Ant. aonad lenath 118121 150-225.2 ] ] ] ] 166 159 ]
-9 9 64-215 112-351 101-246 114-209
Post. donad lendth 110-112  137-209 ] ] ] ] 153 139 ]
-9 9 64-199  105-345 93-236 103-176

* N: number of populations; n: number of individuals; x: number of populations were not indicated by author; ** 1. minimal and maximal average; 2:
minimal and maximal measured value.
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Molecular characterization
All obtained sequences &adopholus similisrom Colombia were deposited in

EMBL — Genbank (Table 6.3). Codes of all sequences obtained per population are shown
in Table 6.3.

D2D3 rDNA
PCR of D2D3 (expansion region of 28S LSU rDNA region) amplified a single

DNA product of nearly 740 bp (672-754) for each of the Ramlopholuspopulations
when D2D3 rDNA region was analyzed (Fig.6.3). Five sequences were obtained per
population (Table 6.3).

Sequences of different populationsRafsimilis(Elbadriet al, 2002; Zhowet al,
2005*; Xie et al, 2006*, Penget al, 2007*; Al-Banna, 1996 and Longt al, 2007%*),
one population oR. arabocoffea€Trinh et al, 2004) and one population Badopholus
sp. (Subbotiret al, 2006) from Genbank were aligned and compared with the sequences
of Colombian populations dR. similis Since most sequences from Genbank did not
match with Colombian sequencesRufsimilisand U47558 accession did not present the
full length of the D2D3 region, only a 652 bp sequence of the D2D3 expansion region,
accession number DQ328712 from Vietnam (Subbetinal, 2006) was used for

comparisons and phylogenetic tree.

Table 6.3 Genbank accession number fi@r similis samples from two Colombian
localities; Radopholusspp. sequences from Genbank and outgroups included in the
molecular analysis.

Localities/origen Samples D2D3 18S ITS?
bp bp bp
Los LLanos Rs1 754 833 836
Rs2 697 832 842
Rs3 752 832 789
Rs4 742 818
Rs6 672
Uraba Rs7 754
Rs8 850 832
Rs9 751 826 830
Rs10 752 831 834
Rs11 708 832

! Different R. similispopulations from Colombia are named Rs1 to RS§1TS: ITS1-5.8-ITS2; bp: base
pairs.

* unpublished
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X Rsl Rs2 Rs3 Rs4 Rs6 Rs7 Rs8 Rs9 Rs10 PRsll

Fig. 6.3 PCR products oR. similisfrom Colombiaobtained after using primers and PCR conditions for
D2D3 amplifications were as described by De kéwl. (1999).P.b: Pratylenchus brzesk{control) (X =
DNA ladder, 740 bp, Promega).

The comparison of the D2D3-LSU sequences at intra-populations level showed
no divergence (0%) between Rs7, Rs8, Rs9 and Rs10 (Uraba population) and between
Rs2 and Rs3 oR. similis(Llanos population); very low sequence divergences, ranging
between 0.9% and 2.3 % were observed for the &hsimilis(Table 6.4). Radopholus
sp. accession number DQ328712 (Subbainal, 2006) showed a clearly larger
nucleotide divergence (1.8-3.5%, average 2.0%) compared with all (Rsl to Rsl1l)
Colombian populations dR. similis(Table 6.4). Specimens Rs4 of Llanos populations
showed largest nucleotide divergence (2.3%) for the Colombian sequences compared.

The phylogenetic relationship detected betwé&adopholuspopulations and
specimens was measured through Bayesian inference (BI) analysis. A partial sequence of
Helicotylenchus vulgarisaccession number DQ328759 and a sequendéetdrodera
zeag accession number DQ328695 (Subbetinal, 2006) were used as outgroups based
on hypotheses of their affinities wikkadopholudound in the literature (Subbotat al,
2007a). The obtained alignment represented 640 characters of which only 76 were
parsimony informative. On the basis of the topology of the majority rule 50 consensus
tree, the clade that contains Colombian populations (Fig. 6.4) formed a well supported
clade (PP=0.98). AlthougRadopholussp., accession number DQ328712 from Genbank

was not included in the same clade, only few informative parsimony characters (10
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different nucleotides) separate it from Colombian populationR.a$imilis Sequence
divergences as shown in Table 6.4 agree with topology of tree from D2D3 rDNA region

(Fig. 6.4) for all Colombian populations studied.

Table 6.4 Pairwise D2D3 sequence alignment similarity (%)Rofsimilisfrom

two Colombian localities.

% Similarity
Llanos Uraba
Locality | SPECIMeNs/ po1 Rs2 Rs3 Rs4 Rsp Rs7 Rs8 Rs9 Rslo REAdOPhOIUS
species 328712
LLanos | Rs1 100 99.1 99.1 97.4 989 99.2 99.2 99.2 99.2 98.9 97)5
Rs2 - 100 100 97.9 9955 99.8 99.8 99.8 99.8 99.8 98.8
Rs3 - - 100 97.9 995 99.8 99.8 99.8 99.8 99.8 98.3
Rs4 - - - 100 97.6 979 97.9 979 979 97.7 96.3
Rs6 - - - - 100] 99.7 99.7 99.7 99.7 99.4 98.0
Uraba | Rs7 - - - - - | 100 100 100 100 99|7 98.3
Rs8 - - - - - - 100 100 100 99.J 98.3
Rs9 - - - - - - - 100 100 99.7 98.3
Rs10 - - - - - - - - 100 99.7 98.3
Rs11 - - - - - - - - - 100 98.2
Radopholus
DQ328712 i i i i i i i i i 100
18S rDNA

For the analysis of 18S rDNA region, PCR was divided in two parts, each one of
900 bp. For the first part of all sequences and second part of sequences 6 and 7 no results
were obtained. The PCR amplified a single DNA product of only about 830 bp for each
of the 2 Radopholuspopulations (Fig. 6.5). Eight sequences were obtained from two
populations (Table 6.3). All sequences were subsequently used for the molecular analysis
of these regions.

Only one homologous sequence close (similar siz&atopholus Colombian
populations, accession AJ966502 (isolated in United Kingdom see Mgtlda| 2007)
was used for different comparisons. The comparison of the 18S sequences at intra-
population level showed no divergence (0%) between both Colombian populations

except for specimen Rs10 which showed very low sequence divergence (0.2%). The
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similis population of Meldakt al. (2007), accession number AJ966502 showed only a

nucleotide divergence of 0.3-0.4% compared to the Colombian populations (Table 6.5).

Fig. 6.4 Summary cladogram for D2D3 sequence from ten Colombian specimeRs sifmilis(Rs1 to
Rs11) from two localities and onBRadopholussp. from GenBank accession (DQ328712). D2D3
expansion region of LSU-28S rDNA obtained from Bayesian inference (Bl) performed with MrBayes
v3.1.2 using a GTR + | ¥ model, as estimated by PAUP/Mr Modeltest 1.0b. Outgkdelcotylenchus
vulgaris DQ328759 andHeterodera zea®Q328695. Branch support is indicated with PP; highb{o

PP)/ medium (<95% te50% PP)/ low (<50%% PP).
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Rs1 Rs2 Rs3 Rs4 Rs8 Rs9 Rsl1l0 Rsl1l1 X

Fig. 6.5 PCR products obtained froR similisfrom Colombia after using primers and PCR conditions for
18S amplifications were as described by De Ley et al. (1999) (X = DNA ladder, 830 bp, Promega).

The relationship detected between and witRadopholuspopulations was
measured through Bayesian inference (Bl) analysis. A partial sequence of
Helicotylenchus varicaudatugccession number EU306354 (from Genbank, deposited
by Bertet al, 2008) and a sequence ldtlicotylenchus dihysteraccession number
AJ966486 (Meldalet. al, 2007) were used as outgroups. The obtained alignment
presented 820 characters of which 82 were parsimony informative. The topology of the
majority rule 50 consensus tree was completely unresolved (Fig. @&6)similis
accession number AJ966502 (PP=1.00) from Genbank showed only two different
nucleotides. Sequence divergences as shown in Table 6.5 agreed with topology of tree

from 18S rDNA region (Fig. 6.6) for all Colombian populations and specimens studied.

ITS1-5.8-1TS2

PCR of ITS1-5.8-ITS2 amplified a single DNA product of nearly 800 bp (789-
842) for each of the twRadopholugpopulations of which ITS1-5.8-ITS2 rDNA region
were analyzed. Three and two sequences were obtained from populations Los Llanos and
Urabd, respectively (Table 6.3).

Sequences from Genbank of 42 different populations: 39 populatidgtssahilis
(most of them from Elbadri, 2000R. arabocoffea¢one population; Trinlet al, 2004)
and R. duriophilus(two populations; Nguyept al, 2003) were aligned and compared

with the sequences of the Colombian populatiorR.&fimilis
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Table 6.5 Pairwise 18S sequence alignment similarity (%)Fof similis from two
Colombian localities.

%Similarity
Llanos Uraba
Locality ?g:gge”y Rsl Rs2 Rs3 Rs4| Rs8 Rs9 Rsl0 Rslijggrggigz
Rsl 100 100 100 100 100 100 99.8 1Q0 99.7
LLanos | 52 - 100 100 100, 100 100 99.8 100 99.7
Rs3 - - 100 100 100 100 99.8 100 99.7
Rs4 - - - 100| 100 100 99.8 10C( 99.7
Rs8 - - - - | 100 100 99.8 100 99.7
Urabé Rs9 - - - - - 100 99.8 100 99.7
Rs10 - - - - - - 100 99.8 99.6
Rs1l - - - - - - - 100 99.7
R. similis
AJ966502 i i i ) i ) i i 100

The comparison of the ITS1-5.8-1TS2 sequences at intra-population level showed
no divergence (0%) between Rsl, Rs2, Rs3, Rs9 and a sequence from Genbank,
accession number AY903311 recorded from ornamental plants from ChinagZhbu
2007, unpublished). The Colombian populatiorRofsimilisRs10 and 27 sequences of
R. similisfrom Genbank reported from different host and localities showed very low
sequence divergences Q.5). Sequence divergences, ranging between 1.8% and 2.7 %
were obtained of 17 banana populationRo$imilisfrom Sudan (Fig. 6.7).

One population oR. arabocoffegetwo population ofR. duriophilusand 12
populations ofR. similis from different hosts and localities showed a much larger
nucleotide divergence (3.6-9.5%) compared with Colombian populatioRs siimilis.
Additionally, six banana populations &. similisfrom Sudan (5) and Costa Rica (1),
were most different with 11.7-23.3% nucleotide divergence compared with Colombian
sequences (Table 6.5). Divergence percentages with Colombian populations are shown
in the phylogenetic tree (Fig. 6.4)

The relationship detected betwdgadopholugpopulations was measured through
Bayesian inference (Bl) analysis. A partial sequenddeatérodera schachtiaccession

number AF498389 and a sequence H#licotylenchus dihysteraaccession number
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DQ309585 (Chenet al, 2006) were used as outgroups. The obtained alignment
presented 674 characters of which 138 were parsimony informative. On the basis of the
topology of the majority rule 50 consensus tree, a single clade that containR.only
similis sequences from Colombia (5), China (7), Sudan (1), Uganda (1), Germany (1),
Costa Rica (1) and Cuba (1) could be appointed (Fig. B.73imilissequence number
AF275378 from Sudan was sister to this clade. Sequence divergences as shown in Table
6.5 differed considerably with the topology of the tree based on ITS1-5.8-ITS2 rDNA
region (Fig. 6.7).

Fig. 6.6 Summary cladogram for 18S sequence from eight Colombian speciménssiofilis (Rsl to
Rs11) from two localities and oriRadopholussp. from GenBank accession (AJ966502). 18S rDNA
obtained from Bayesian inference (Bl) performed with MrBayes v3.1.2 using a GTRI*rhedel, as
estimated by PAUP/Mr Modeltest 1.0b. Outgrodielicotylenchus varicaudatu€£U306354 and
Helicotylenchus dihyster&J966486. Branch support is indicated with PP; high5¢% PP)/ medium
(<95% to>50% PP)/ low (<50%% PP).
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Fig. 6.7 Summary cladogram for ITS sequence from five Colombian specimeRssifilis(Rs1, Rs2,

Rs3, Rs9 and Rs10) from two localities and&2lopholusp. GenBank accessions. ITS1-5.8ITS2 rDNA
obtained from Bayesian inference (Bl) performed with MrBayes v3.1.2 using a GTRI+rhadel, as
estimated by PAUP/Mr Modeltest 1.0b. Outgradpterodera schachtifF498389 andHelicotylenchus
dihysteraDQ309585. Branch support is indicated with PP; hifb¢o PP)/ medium (<95% teb0% PP)/

low (<50%% PP). Host ofR. similisno mentioned in the tree are banana plants. Divergence percentages
are shown in the last column.
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Discussion on Colombian populations of R. similis

Morphological observations
With respect to morphological characters and morphometric data, Colombian

populations ofR. similisfemales only slightly extend the inferior limits of the otRer

similis populations described from different localities around the world particularly with
respect to body length, diameter at mid body and anus, length neck region, hyaline part
of tail and length ovaries.

Presence of postrectal intestinal sac and smooth tail tip were incluBedimilis
descriptions by Ryss & Wouts (1997) but those characteristics were not observed in
Colombian populations d®. similis. Later, Ryss (2003) considered two character states,
presence or absence of postrectal intestinal sac to be vaRd $onilis

Tail length and length of hyaline part (65-70um; 9-17 um) were the unique
criteria used to separa®e similisspecies in Colbran key (1970). In having a long female
tail, R. similis resemblesR. arabocoffeaelrinh, Nguyen, Waeyenberge, Subbotin,
Karssen & Moens, 2004R. bridgeiSiddigi & Hahn, 1995R. colbraniKumar, 1980R.
kahikateaeRyss & Wouts, 1997R. musicoléStanton, Mundo, Baldwin & Kaplan, 2001,
and R. duriophilus Nguyen, Subbotin, Madani, Trinh & Moens, 2003ifferences
between the Colombian populations Rf similis and species mentioned above are
presented in the following paragraphs.

According to Trinhet al (2004) and Nguyeet al. (2004)R. similisdiffers from
R. arabocoffea@ndR. duriophilusby the three incisures terminating at or just posterior
to the phasmidvs four incisures of the lateral field terminating far posterior to the
position of the phasmid iR. arabocoffea@ndR. duriophilus R. similisdiffers fromR.
arabocoffeaeby the longer stylet of females 18.5-1%ufd vs 15.9 um (14.6-17.2) and
males 12.8 -13.8mvs10um (8.2-11.6). Rod-shaped sperm are preseRt similisand
R. arabocoffeasvhereask. duriophiluspossesses oval sperm. Colombian specimens of
R. similis show on overlap with diagnostics characteristicRofarabacoffeaeand R.
duriophilusexcept for sperm shape compared with the latter specieR; is@nilisfrom
Colombia has four incisures terminating at or just posterior to the phasmid; the stylet of
females was 18.5xm (15.9-21.5) and 19.am (17.2-20.2) for Uraba and Llanos,
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respectively; stylet of males was 1218 (9-15.3) and 13.9m (13.5-15.3) for Urab& and
Llanos, respectively.

Other characteristics used by these authors to sefRraaeabocoffeaeand R.
duriophilusfrom R. similiswere bursa in male reaching one third of tail, rarely half or
never reaching tail terminuss bursa reaching tail terminus; presence of a postrectal
intestinal sac inR. similis vs absence inR. arabocoffeaeand R. duriophilus the
secretory-excretory pore located at level of pharyngo-intestine junctiBn similisvs
posterior to pharyngo-intestine junctian R. duriophilus (Nguyen et al, 2003).
However, some specimensf similisfrom Colombia showed secretory-excretory pore
located at the level to pharyngeal-intestinal junction and the postrectal intestinal sac was
absent in all specimens.

Females oR. similisdiffer from R. kahikateaén therod-like sperm(vs.round),
set off lip region (vs. continuous), length of stylet 18.5-1810 (vs. 20.9-21..um) and
low c value (8.8-9.1 vs. 13.2-15un). Males ofR. similis differ from those ofR.
kahikateaeby the knob-like cephalic regiorvg. conical to cup-shaped) and by the
amalgamated knobs in one round basal stylet knebd{stinctly separated) (Ryss &
Wouts, 1997). Former authors considered that femaleR. ofimilis differ from R.
kahikateaein the mostly smooth tail terminuéss. annulated) however irregular
annulations of tail tip were common in Colombian populatioR.cfimilis.

Females oR. similisdiffer from R. colbraniin cephalic annulation (3-5 annules
vs.smooth cephalic region), rod-like spems.@bsent sperm cell in spermatheca), longer
stylet (18.5-19.um vs.15um or less), longer hyaline tail portion (9.8-10€9 5-7 um),
longer male spicule length (17-28.15-16um) (Ryss, 2003).

Morphologically,R. similisis similar toR. musicolaandR. bridgej from which it
is distinguished by a combination of the following characters. The stylet in makes of
similisis 13.4 um (9.0-15.3) in Colombian populatipe. slightly shorter according to
data from different authors: 13.2 pum (10-16) in Elbadral. (1999a); 14 um (12-17) in
Sher (1968b); 15 um (13.5-16.5) in Ryss & Wouts (1997) but despite of the variation, the
stylet remains longer than iR. musicolaand R. bridgei 10.4 um (8.8-12) and 11
calculated mean (10-12 um), respectively.Rnsimilis females, the stylet knobs are
anteriorly flattened (Ryss & Wouts, 1997) compared to round®l bridge.The stylet
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of female and male dR. musicolas unusually robust with large rounded knobs.RIn
similis (Ryss & Wouts, 1997) maldbe stylet knobsre ‘amalgamated into one round
basal knobsvs well-developed stylet knobs distinctly separate®imusicoleor ‘three
tiny often obscure knobs’ iR. bridgei(Siddigi & Hahn, 1995). Although the DGO range
in females is variable and overlaps between the species, the mean VRlugnmlisis
4.0 um (Ryss &Wouts, 1997; 3.2 um in Colombian populatidR.afimilig similar toR.
bridgei (4.0 um, Siddiqi& Hahn, 1995) but larger thanRnmusicolg2.8 pm).

Rod-shaped structures, previously considered to be speRadapholugSher,
1968), and more recently identified as spermatids, were observed in most females and
males ofR. similisexamined. Kaplan & Opperman (1997) considered Rhaimilisis a
syngonic hermaphrodite. Self fertilizatidakes place ca. 50 to 60 days after the fourth
moult in virgin females. Thus, they proposed that hermaphroditism is an alternative
reproductive strategy within the genu&adopholus.Presence of these rod shaped
structures in two freshly moulted, apparently virginsimilis females of Colombian
population suggests that these are hermaphrodites. In that case, $taatof2001)
suggested what was refered to as thmale and ovary would more strictly be
hermaphroditeand ovotestesSher (1968b) commented that he could not satisfactorily
explain the presence of females with sperm in sevRaalopholusspecies in which
males are unknown; these species must be further examined for the possibility of
hermaphroditism.

Molecular analysis
The sequence comparisons of the 18S, D2D3 rDNA expansion region and ITS1-

5.8-ITS2 clearly grouped all Colombian populatiorRafdopholus similigs revealed by
the Bayesian inference (Bl) analysis and the direct sequence comparisons.

Maximum identity and query coverage were 99% and 98-99% respectively for
18S sequences of Colombian populatiofRosimiliswhen those were compared wigh
similis AJ966502 accession (Meldat al., 2007). When ColombianR. similis
sequences from D2D3 region were compared Raldopholg sp. accession DQ328712
(Subbotinet al.,2006), maximum identity (97-98%) and query coverage (85-93%) were

lower.
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A sequence from 26S rRNA gene, D3 expansion domain (U47558 accession)
submitted in genbank by Al-Banm al. (1997) aligned and showed 0% divergence with
Colombian population dR. similiswhen the latter ones were cut at its length (302bp).

Since only one sequence Radopholusspp. has been reported from D2D3 and
18S, those regions are not appropriate to differerflatemilisfrom anotheRadopholus
species at this time. However, rDNA D2D3 and 18S sequences have been commonly
used to separate different groups of nematodes at species level, including pratylenchids
(Cartaet al, 2001; de la Pefiet al, 2006, 2007; De Lucat al, 2004; Duncaret al,

1999; Handoet al, 2001; Inserrat al, 2001, 2007).

The majority of sequences available to date fRadopholus similisre from the
ITS1-5.8-ITS2 rDNA region, and the Colombian population®osimiliscould only be
compared with Elbadet al, (2002), Nguyeret al (2003), Trinhet al (2004), Zhowet
al., (2005)*, Xieet al, (2006)*, Penget al, (2007)* and Longet al, (2007)* for this
region. Topology of the ITS1-5.8-ITS tree positioned Colombian populatiorR. of
similis in the same clade together with populations from different countries and hosts.
Percentage of divergence yielded similar results except for the Costa Rican population
which showed 11.7% divergence with respect to Colombian populations from the same
clade. The populations &. similisdid not cluster together according to geographical
distribution, nor host; for example, accessions from the same host (banana plants) and
from the same country (Sudan) were positioned in different clades and showed the
largest differences in percentage of divergence.

The worldwide distribution oR. similisis relatively recent (beginning of the™.9
century) and is due to the transfer of infected plant material from country to country.
The wide distribution oR. similisseems often to be correlated with the areas where
banana plants of the subgroup Cavendish (AAA) were imported. It is speculated that in
Latin America and the CaribbedR, similiswas introduced with the cv. Gros Michel and
subsequently infested the more susceptible Cavendish cultivars (da&gh1998 data
quoted by Goweret al, 2005). The Australian banana industry for instance was
established from infected Fijian sets imported between 1890-1920; ornamentals from the

USA transferred the nematode to FranRe.similishas been recognized as the major

* unpublished
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banana root pathogen, probably present in most banana-growing areas and of great
economic importance in Australia, Central and South America, parts of Africa and the
Pacific and Caribbean Islands (Orton Williams & Siddigi, 1973). This worldwide
distribution ofRadopholushas most likely resulted in a phylogenetic tree which does not
corresponds to the biogeographically history of the species.

The populations analyzed by Elbadri (2000) from Sudan, Uganda, Cuba and
Germany and sharing a clade with Colombian populations in the phylogenetic tree, were
found to be the most pathogenic populations towards banana among all the tested
populations by this author. He stated that those findings agreed with the results obtained
by Pastricket al. (1995), Liet al. (1996), Bloket al. (1997b) and Thiérgt al.(1997)
who were able to separate populations of nematode species with similar virulence using
RAPD primers (Elbadri, 2000).

The phylogenetic position dadopholusspecies in the ITS1-5.8-ITS tree, more
particularly of R. arabocoffee P. duriophilus R. similis from Sudan and Belgium
suggests thatR. similis” could be a species complex and more research is needed to
unravel relationships. Additionally, it is not clear why sequence divergence \thin
similis populations (e.g. accession number AF375377 from Sudan, 37%) were larger than
R. duriophilus (8.2-8.4%) andR. arabocoffeae(5.6%) in relation to Colombian
populations oR. similis.

Kaplan & Opperman (1997, 2000) and Kapétral. (1996, 1997b) stated thRt
similis has a high degree of genomic conservation. However, genetic diversity of
similis populations as determined by RAPD analysis was found between populations
from Sri Lanka originating from different hosts (Halet,al, 1996). The latter authors
proposed three populations Rssimilisbiotypes on the basis of RAPD profiles. Kaplan
et al. (1997) stated that diversity among burrowing nematodes may be greater in Africa

than in Hawaii, Florida, Central America, Puerto Rico and Guadeloupe.
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Notes on taxonomical status of Radopholus species

Thorne (1949) proposed the family Pratylenchidae in order to include the genera
Pratylenchus Filipjev, 1936 and relatively close species. At present, the family
Pratylenchidae Thorne, 1949 (Siddigi, 1963) comprises four subfamilies:
Hirschmanniellinae, Pratylenchinae, Nacobbinae, Radopholinae (Table 6.6) and eleven
genera: PratylenchuskFilipjev, 1936; NacobbusThorne & Allen, 1944;Radopholus
Thorne, 1949; Pratylenchoides Winslow, 1958; Hoplotylus s’Jacob, 1960;
ApratylenchoidesSher, 1963;ZygotylenchusSiddiqi, 1963;HirschmanniellaLuc &
Goodey, 1964Radopholoidesde Guiran, 1967AchlysiellaHunt, Bridge & Machon,

1989 andzygradusSiddiqi, 1991.

Table 6.6Key to subfamilies of Pratylenchidae (Siddiqi, 2000)

1. Pharynx glands extending over intestine mostly ventrally and ventrolaterally; no

marked sexual dimorphism in anterior region.. .. 2.
Pharynx glands extending over intestine mostly dorsally and dorsolaterally W|th
marked sexual dimorphism in anterior region............ocoveiviiie e 3....

2. Tails similar between sexes; phasmids near terminus........Hirschmanniellinae

Tails dissimilar between sexes; phasmids not near terminus..Rratylenchinae
3. Mature female spindle-shaped or batatiform, with numerous eggs within body, gall

o311 o PP Nacobbinae
Mature female not spindle-shaped or batatiform, not with numerous eggs within
body, not gall INCItING..........o.ui i Radopholinae

The subfamily Radopholinae Allen & Sher, 1967 comprises seven genera (Table
6.7) of which Radopholusis the most economically important taxon worldwide.
Originally, the genufkadopholusThorne, 1949 was proposed in order to include those
Pratylenchidae most closely resembling the geRtetylenchuskFilipjev, 1936 but
possessing two ovaries. There are two different views on the taxonomy and species
composition ofRadopholus The first point of view (Siddigi, 1986, 2000; Ryss, 1988,
2003) is that the genus includes only didelphic species and female genital system consists
of two equally sized opposite branches, while the closely related Bawmlapholoidess
characterized by monodelphic (prodelphic) females with the posterior genital branch

reduced and non-functional.
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According to the second view (Lt al, 1987) both didelphic and monodelphic
species are present in the gemadopholus(Ryss, 2003). Recently LSU and SSU
guided molecular phylogenetic studies indicate with high support a sister relationship of
Radopholus and the ectoparasitic and cyst-forming endoparasitic nematodes
(Hoplolaiminae and Heteroderinae) (Subboéin al, 2007a; Bertet al 2008). The
inclusion of the burrowing endoparastic nematodes in a single family Pratylenchidae is
classically defined by a context of similar morphological character sets that are likely the

result of convergent evolution related to similar feeding modes.

Table 6.7Key to genera of Radopholinae (Siddiqi, 2000)

1. Deirids present; at least one pharynx gland nucleus opposite or anterior to oesophago-

intestinal JUNCLION..........coooi it Pratylenchoides
Deirids absent; all oesophageal gland nuclei behind oesophago-intestinal
18] ex 1 o] o 1R PP 2
2. Sexual dimorphism in anterior region Prominent .............c.coovvevviiiiinnnnn. 3.....
Sexual dimorphism in anterior region Nnot prominent .............c.ccovvvviivinennnn. 6.....
3. Posterior ovary normally developed, functional.................ccooiiiiiiiiiiiinennee. 4.....
Posterior ovary reduced or absented, non-functional....................cooeeen, 5......
4. Mature female swollen to become sausage-shaped; juveniles moulting to adult stage
WIthOUL fEeAING ... e e e Achlysiella
Mature female not swollen; juveniles moulting to adult stage with feeding
........................................................................................... Radopholus
5. Female stylet 21-29 um long; basal knobs tulip-shaped................. Hoplotylus
Female stylet under 20 um long; basal knobs not tulip-shaped...Radopholoides
6. Posterior ovary normally developed, functional.........................eee. Zygradus
Posterior ovary reduced, non-functional ............................. Apratylenchoides

Radopholusat present comprises 51 original descriptions (Table 6.8) but the
number of valid species varies according to different authors. Some species have been
synonymized or transferred to other taxa. Four species have been synonymized with
similis and one withR. nativus;two species were declarspecies inquirendaand 20
species were transferred to other genera in PratylenchHidatylenchus (2),
Pratylenchoideg?), Hoplotylus(1), Hirschmanniella(7), Radopholoidegl); Achlysiella
(6) andzZygradus(1). We consider 24 valid species within the geRadopholusased
on literature.
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Table 6.8 List of nominalRadopholuspecies (valid species in bold).

A

164

R. acutocaudatu&Zimmermann, 1898) Siddiqi, 1986 (syn. with similig

R. alliusShahina & Magbool, 1996 (transferredRmatylenchu¥

R. antoni van den Berge, Heyns & Tiedt, 2000

R. arabocoffeae Trinh, Nguyen, Waeyenberge, Subbotin, Karssen & Moens,
2004

R. behningi(Micoletzky, 1923) Allen, 1955 (transferred irschmanniellaby
Luc & Goodey, 1962; sp. ing. for Luc & Goodey, 1962)

R. biformis(Cobb, 1909) Siddiqi, 1986 (syn. wikh similig

R. brassica&hahina & Maqgbool, 1996 (transferredRratylenchuy

R. brevicaudatu€olbran, 1971 (transferred Axhlysiellg

R. bridgei Siddigi & Hahn, 1995

. R. capitatus Colbran, 1971 (transferred £zchlysiellg
. R. cavenessiEgunjobi, 1968 (sp. ing. for Colbran, 1971 and for Ryss & Woults,

1997; valid species for Siddigi, 2000)

R. citri Machon & Bridgei, 1996
R. citrophilusHuettel, Dickson & Kaplan, 1984 (syn. wigh similig
R. clarus Colbran, 1971
R. colbrani Kumar, 1980
R. crenatus Colbran, 1971
R. duriophilus Nguyen, Subbotin, Madani, Trinh & Moens, 2003
R. feraxColbran, 1971 (syn. witR. nativu$
R. gigasAndrassy, 1954 (transferredtrschmanniellaand syn. wittH. oryzaé
. R. gracilis (de Man, 1880) Allen, 1955 (also n. comb. by Hirschmann, 1955)

(transferred tadirschmanniellaby Luc & Goodey, 1962)

. R. granulosugCobb, 1893) Siddiqi, 1986 (syn. wik similig

. R.inaequalis Sauer, 1958

. R.inanisColbran, 1971

. R. intermedius Colbran, 1971

. R. kahikateae Ryss & Wouts, 1997

. R. lavabri Luc, 1957 (transferred tdHirschmanniella and syn. with H.

spinicaudateby Luc & Goodey, 1962)

. R. litoralis (de Guiran, 1967) Luc, 1987 (transferredRimdopholoides

. R. magniglanssher, 1968 (transferred Achlysiellg

. R. megadorus Colbran, 1971

. R. megalobatu@Bernard, 1984) Ryss, 1988 (transferre®tatylenchoideps

. R. mucronatus Das, 1960 (transferred thirschmanniellaand syn. withH.

oryzaeby Luc & Goodey, 1962)

. R. musicola Stanton,Mundo-Ocampo,Baldwin & Kaplan, 2001

. R. nativus Sher, 1968

. R. nelsonensisRyss & Wouts, 1997

. R. neosimilis Sauer, 1958

. R. nigeriensisSher, 1968 (transferred Zygradu3

.R. oryzae (van Breda de Haan, 1902) Thorne, 1949 (transferred to

Hirschmanniellg
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38. R. paludosudVhitlock, 1957 (sp. nomen nudum for Siddigi, 1986 and for Ryss,
2003)

39. R. rectus Colbran, 1971

40. R. ritteri (Sher, 1970) Vovlas & Inserra, 1978 (transferreBratylenchoides
41. R. rotundisemenus Sher, 1968

42. R. sanoi Mizukubo, 1989

43. R. serratus Colbran, 1971

44. R. similis (Cobb, 1893) Thorne, 1949 = type species

45. R. trilineatusSher, 1968 (transferred Axchlysiellaby Ebsary, 1991)

46. R. triversugMinagawa, 1984) Luc, 1987 (transferredHoplotylug

47. R. vacuugColbran, 1971 (transferred &zhlysiellg

48. R. vangundyi Sher, 1968

49. R. vertexplanus Sher, 1968

50. R. williamsiSiddiqi, 1964 (transferred t#chlysiellg

51. R. zostericolgAllgén, 1934) Allen, 1955 (transferred krschmanniellaby Luc

& Goodey, 1962; sp. ing. for Luc & Goodey, 1962)

Four Radopholusidentification keys have been proposed (Table 6.9). Sher
(1968) revised the genus including 11 species. A key to 22 didelphic species was given
by Colbran (1970). Ryss & Wouts (1997) classified 23 species within the genus
Radopholuswhile Siddigi (2000) accepted only 20 species, placing several others in
other genera. The most recent key was proposed by Ryss (2003) who recognized 25
species in the gentgadopholugTable 6.9).

When Thorne (1949) introduced the geRalopholusit contained two species:
the type specieRR. similis(Cobb, 1893), Thorne, 1949 witR. oryzae(van Breda de
Hann, 1902) Thorne, 1949. In 1994, gigaswas described by Andrassy and a year
later, Allen transferred three species from the gdiylenchorhynchu€obb, 1913 to the
genusRadopholus, R. graciligde Man, 1880)R. behningi(Micoletzky, 1923), andr.
zostericola(Allgén, 1934). In 1957, two new species were descriBethvabriby Luc
(1957) andR. paludosudy Whitlock. Sauer (1958) described two spe&eseosimilis
and R. inaequalis from a native habitat in Australia. Das descrilBedmucronatusn
1960

In 1964, Luc and Goodey proposed the gendgschmannia (now
Hirschmanniellg for the large species iRadopholuswith long overlapping ventral
glands. HerebyR. gracilisbecameH. gracilis and R. oryzaebecameH. oryzae They
synonymizedR. lavabri with Hirschmanniella spinicaudateand R. gigas and R.

mucronatuswith H. oryzae. Further, R. zostericolabecameH. zostericola and R.
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behningi becameH. behningibut at the same time, the authors considered them as
species inquirendae This left only the type specieR, similisand the two species of
Sauer inRadopholus R. paludosusvas not included in the genus, it was considered
nomen nudurby Siddigi (1986) and by Ryss (2003).

An additional specieR. williamsi was proposed by Siddigi (1964) for a
population described from Mauritius & similis by Williams (1960) In 1967, de
Guiran describe®. litoralis which was transferred and designated type species of a new
genusRaphololoidegproposed by the author in the same year.

Egunjobi (1968) describeld. cavenesdrom New Zealand but several characters
introduced by Sher, e.g. the length of the hyaline area in the tail and sperm shape were
not described nor can these features be determined from the illustration. The value of b
(=3.2) appeared to be incorrect. For this reagdncavenessivas consideredpecies
inquirendaby Colbran (1970) and Ryss (2003).

Sher (1968b) described seven new speckRs:maniglans, R. nativus, R.
nigeriensis, R. rotundisemenus, R. trilineatus, R. vangudeyi and R. vertepl&teus
suggested that the genus is indigenous to Australia. Two years latter, he deRcribed
ritteri which was transferred tBratylenchoides In 1970, Colbran described 11 new
species:R. brevicaudatus, R. capitatus, R. clarus, R. crenatus, R. ferax, R. inanis, R.
intermedius, R. megadorus, R. rectus, R. serraad. vacuus

In the 1980°s, four new species were descrilbedcolbrani Kumar, 1980;R.
citrophilus Huetel, Dickson & Kaplan, 198A&. triversus(Minagawa, 1984) Luc, 1987
and R. sanoiMizukubo, 1989. AdditionallyPratylenchoides megalobatuBernard,

1984 was transferred by Ryss (1988) Radopholus A study of P. megalobatus
specimens showed that in this species the spicules of the male have a shape typical for
Pratylenchoidegconical part of spicule shovs long in Radopholuys and the male tail

curves dorsally as iRratylenchoidesnales, while irRadopholughe male tail is straight

or curves ventrally (Ryss & Wouts, 1997).

R. citrophilusHuetel, Dickson & Kaplan, 1984 (Siddiqi, 1986) has been the most
controversially introduced taxon Radopholudifferentiated on the basis relation of its

host preference, biological characteristics and economical importance. Its ability to
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Table 6.9Valid Radopholuspecies at present (2008).

Sher-key Colbran-key Ryss & Wouts- Siddiqi-list Ryss-key Valid species
key at present
1968 1970 1997 2000 2003 2008
11 22 23 20 25 24
R. antoni*
R. arabocoffeate
R. brevicaudatus| R. brevicaudatys R. brevicaudatus
R. bridgei R. bridgei R. bridgei R. bridgei*
R. capitatus R. capitatus R. capitatus R. capitatus
R. cavenessi
R. citri R. citri R. citri R. citri*
R. clarus R. clarus R. clarus R. clarus R. clarus
R. colbrani R. colbrani*
R. crenatus R. crenatus R. crenatus R. crenatus R. crénatus
R. duriophilug
R. ferax*
R. inaequalis R. inaequalis R. inaequalis R. inaequalis R. inaequalis R. inagqualis
R. inanis R. inanis R. inanis R. inanis R. in&nis
R. intermedius R. intermedius R. intermedius R. intermedius R. intermedius
R. kahikateae R. kahikateae R. kahikateae R. kahikatege
R. magniglans R. magniglans R. magniglans R. magniglans
R. megadorus R. megadorus R. megadorus R. megadorus R. megadorus
R. musicola R. musicdla
R. nativus R. nativus R. nativus R. nativus R. nativus R. nativus
R. nelsonensis | R. nelsonensis R. nelsonensis R. nelsorfensjs
R. neosimilis R. neosimilis R. neosimilis R. neosimilis R. neosimilis R. nedsimilis
R. nigeriensis R. nigeriensis
R. rectus R. rectus R. rectus R. rectus R. r&éctus
R. R. R. R. R. R.
rotundisemenus | rotundisemenus | rotundisemenus | rotundisemenus | rotundisemenus | rotundisemenus
R. sanoi R. sanoi
R. serratus R. serratus R. serratus R. serratus R. setratus
R. similis R. similis R. similis R. similis R. similis R. sirhilis
R. trilineatus R. trilineatus R. trilineatus R. trilineatus
R. vacuus R. vacuus R. vacuus
R. vangundyi R. vangundyi R. vangundyi R. vangundyi R. vangundyi R. vanhgunfyi
R. vertexplanus | R. vertexplanus | R. vertexplanus R. vertexplanus  R. vertexplanus  R. vertexplanus
R. williamstk R. williamsi

* males known (19/24 species)
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parasitize citrus was not correlated with differences in karyotype, gametogenesis, or
reproductive strategy (Kaplan & Opperman, 1997, 2000). Huettel & Yaegashi (1988) and
Huettel et al. (1983) found morphological and biochemical differences betvWeen
similisandR. citrophilus,respectively. Furthermore, morphological differences (Elbadri
et al, 1999b; Valetteet al 1998) and reproductive barriers between citrus-and non-
citrus-parasitic burrowing nematodes could not be demonstrated (Ketpén 1997
and Kaplan & Opperman, 1997). Valett¢ al. (1998) and Elbadri teal. (1999a)
hypothesized thaR. citrophilusshould be considered a junior synonymRofsimilis
Molecular, biological, morphological, and cytological findings involving a global
collection of citrus and non-citrus parasitic burrowing nematodes conducted by kKaplan
al. (2000) brought them to the same conclusidR. citrophilusis an invalid species
designation and citrus-parasitic burrowing nematodes are correctly synonymizd®l with
similis and should be a pathotype.

Hunt, Bridge & Machon (1989) proposed a new geduahlysiella for R.
williamsi, a Radopholusspecies with somewhat swollen adult femakRs.nigeriensis
was transferred to a new gerfygradusintroduced by Siddiqi (1991).

Three species described earliz, Tylenchusgranulosus Cobb, 1893;T.
acutocaudatugZimmermann, 1898) and. biformis (Cobb, 1909) were synonymized
with R. similis Additionally, R. triversuswas transferred to the genuoplotylus
(Siddiqi, 2000).

Ebsary (1991) transferre®. brevicaudatus, R. capitatus, R. maniglans, R.
trilineatusandR. vacuugo the genuéchlysiella P. bridgeiwas described by Siddigi &
Hahn in 1995. One year later, Shahina & Maqgbool described two new species of
RadopholusR. allius and R. brassicaeboth with one functional anterior ovary. No
males were described. Ryss & Wouts (1997) considered the last two species to belong to
Radopholoidebecause of the monoprodelphic genital system of their females. However,
Siddigi (2000) examined the paratypes of the two species and found them to belong to
the genudPratylenchusto which they were transferred. At the same tRaecitri was
described by Machon & Bridgei (1996). Shahina & Magbool (1996) described two new
species from Pakistan: R; allius and R. brassicae but those have been considered invalid

species for different authors.
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Ryss & Wouts (1997) described two speci@s,kahikateaeand R. nelsonensis
from native vegetation in New Zealandhe five species transferred A@hlysyellawvere
considered to belong tRadopholusby them. R. nelsonensi®ias somewhat obese
females, a characteristic éfchlysiella Close examination of thAchlysiellalike R.
nelsonensigevealed that the females do not swell until egg-laying starts. Due to this
change of the character state during the females lifetime, the shape of the female body is
unsatisfactory as a character for generic differentiation. The presence of a gelatinous egg
sac and the juveniles moulting to adult stages without feeding, as characteristic for
Achlysiellaspecies, could not be verified. The advanced state of development of the few
juveniles observed indicates thatRn nelsonensimoulting does occur. Therefore, until
character states other than swollen female habitus are found characterizing the genus
Achlysiellg the species should be recognized Radopholuspecies.

R. feraxColbran 1970 was proposed as a junior synonyR. ofativusSher, 1968
by Ryss & Wouts (1997) because the differences given by Colbran (197R) fexax
with round spermatheca filled with rod-shaped sperm vs. spermatheca empty, continuous
with the genital tract contour; broadly rounded tail termimsisrounded; ratio of tail
length to stylet length (2.3-2v&.2.0), and length of the hyaline part of the tail = 2.5 um
(vs.4-8) were not accepted as valid. The data found by Ryss & Wouts (1997) showed
that the only difference between the species lies in the spermatheca being filled with rod-
shaped sperm IR. feraxand empty irR. nativus Further, they observed that in females
of R. nativuspopulations spermathecae vary from set off and filled with sperm to
continuos and empty, and males are rare or absent in most populations.

Additionally, Ryss & Wouts (1997) stated thaR.“cavenessiEgunjobi, 1968
closely resembleRR. clarus differing by its greater body width, the more anterior
position of the excretory pore and the more posterior position of the vulva in female, and
longer spicules and more distinct stylet knobs of male. The descriptncaizenesss
based on a single female and a male. The female specimen is flattened, what seems to be
the cause of the large body width. It is probably also the cause of the posterior shift of
the oesophagus, causing the nerve ring to line up with the excretory pore. This leaves the
posterior position of the vulva (65.8%) and characters of the male as the only characters

to distinguish it fronR. clarus As these are variable characters based on a single male,
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the species cannot be identified with certainty. We heRebgavenesstonsidered a
species inquirendaHowever, Siddigi (2000) listeld. cavenessis a valid species.

R. colbranidescribed by Kumar (1980) and the five species transferred by Ebsary
(1991) toAchlysiellawere not included in Siddigi 2000°s list. However these six species
were considered valid by Ryss (2003) in his polytomous key to species of the genus
Radopholusin this key, he recognized 25 valid species being included in the genus but
he did not includé&k. sanoMizukubo, 1989 an®. antonj van den Berg, 2000.

Most recently, two species have been added from VietRanduriophilus
Nguyen, Subbotin, Madani, Trinh & Moens (2003), described fidurio zibetinusM.
andR. arabocoffeadrinh, Nguyen, Waeyenberge, Subbotin, Karssen & Moens (2004)

associated witlcoffea Arabicacv. Catimor.
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General discussion

Only general considerations are included here because an extensive discussion of
the results was included in each of the chapters. Comparison between different methods
used is given.

The process prior to identification: purification

The previous studies indicatédiel oidogyne, Pratylenchus, Helicotylenchus and
Radopholus as the most important genera (more prevalent and high populations)
associated with the rhizosphere of fruit crofsldnum quitoense Lam., Cyphomandra
betacea (Cav.) Sendt. (synSolanum betaceum Cav.), Passiflora ligularis Juss. and
Rubus glaucus Benth. and plantain in Colombia.

The prevalent taxa include a high species number and consequently nematode
analysis at species level is time consuming. Therefore, this study has focused on three of
the four world-wide most important genera found in Colomhi4eloidogyne,
Pratylenchus and Radopholus. Samples of the three genera were obtained from different
regions of Colombia. Most of tHdeloidogyne populations survived initial conditions of
storage and transportation (suspension for more than two month) but only one
Pratylenchus and twoRadopholus populations. Thus, actual diversity was better covered
by the genudeloidogyne (24 populations included in this study) compared to the other
two genera.

The co-existence in the field of more than one species within a plant-parasitic
genus has been frequently recorded for many genera by different authors. The most
recent examples of mixed species associations of taxa involved in this study have been
reported forPratylenchus by Duncanet al.(1997), Inserraet al. (2001, 2007) and de la
Pefaet al. (2006, 2007); and foMeloidogyne by Handooet al. (2001, 2004) and
Carneiroet al. (2000, 2004a, 2008). All of those studies have lead to descriptions of new
species. Mixed presence IdEl oidogyne species within a sample from single root system
of a single host were the first results of this study which were confirmed using perineal
pattern and protein analyses. Thus, the first step for taxonomical studies is to determine

if the sample is pure which implies than only one species is present. To make purification
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of species before identification is compulsory when a new species is described because
only in this way we have certainty that molecular results (sequence and isozyme
phenotype) match with morphometric and morphological data of all life stages included
in the description. It is also desirable to make purification of populations containing
species that do no include combined methods in their original description, in order to
obtain sequences and isozyme phenotypes that allow comparison with well established
species within the genus. Nevertheless, purification is a difficult process for many
genera.

Meloidogyne populations are commonly purified using a single egg mass to
inoculate on a plant grown in sterile soil in small pots. This method was used in this
research but only three populations were successfully increased. Several factors could be
involved in failed purification of most populations, e.g.: vigor of egg mass (after storage
for one month); different greenhouse conditions compared to original conditions in
Colombia and development of life stages that could be affected by environmental
conditions (mainly soil type, humidity and temperature). Additionally purification of
populations in pot requires a lot of time and a lot of replicates. Alternative methods
which allow a fast population increase and less risk of mixed species include modified
tomato roots grown in special medium in petri dishedMieloidogyne populations and
carrot disks folPratylenchus andRadopholus populations.

Because mixed species associations frequently occur in the field, identification of
Meloidogyne based on a single young egg-laying female (Esbenshade & Triantaphyllou,
1985a, 1990; Karssent al., 1995 is more appropriate than using various females
(Carneiroet al., 1996a, 2000, 2004a). Further, DNA was always extracted from a single
juvenile.

Ignoring possible mixed species associations from field samples results in
overlapping of morphometric characters when populations are studied. However,
overlapping in measurement has also been reported from offspring of a single female or a
single egg mass foPratylenchus (Roman & Hirschmann1969) andMeloidogyne
(Jepson, 1987).

Overlapping in morphometric characters between species has been recorded in

several studies of the three genera included here which made identification of
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populations based only on those criteria difficult. Thus, combination of different methods

is needed for accurate species identification.

Morphometric and morphological characters used for species
identification

In nematology, species identification has been based primarily on light
microscopy observations and morphological and morphometrical features, mainly of
females and males. Many nematode genera, especially plant-parasitic nematode genera,
exhibit little morphological diversity. Intraspecific variation of diagnostic features, the
possibility of observational and interpretative mistakes, among other factors, make the
precise and reliable identification of nematode species a challenge even for well-
gualified taxonomists (Coomans, 2000, 2002).

In our case, morphometric and/or morphological features allowed to separate
populations into small species groups as a first step towards identification. Hereby,
features of perineal pattern of females or head shape of mahMsladogyne;, head
annulation number iRPratylenchus and tail length oRadopholus genera were the most
helpful features to reduce the number of possible species.

For Meloidogyne, the perineal pattern was very useful in our research as a first
step to apportion the Colombian population to the six recognized morphogroups.
Additionally, a unique pattern as shown for populations P9, P16, P17, P18, P19a, P19b,
P21 and P23 for example, allowed identification at species lewdElai dogyne hapla.

Four mainMeloidogyne species were easily identified based on head of males using LM

of specimens in appropriate position (lateral). The combination of LM and SEM
observations provided even more accurate results e.g. based on details of face views. The
number of projections protruding from the stylet shaft of males was a helpful tool to
separate some Colombian populations at species level. It was the most useful diagnostic
character foM. konaensis (6-12 large projections) (Eisenbaekal, 1994) and also for

M. paranaensis andM. brasilensis (1-2 projections) (Carneiret. al, 1996b; Charchar &

Eisenback, 2002). BecauBk konaensis andM. paranaensis shared the same phenotype
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P1 in protein analysis, the number of projections of male stylet represented the diagnostic
character to separate both species.

For Pratylenchus, morphometric characters such as number of annulations (two),
tail shape (non-crenate tail), spermatheca features (filled with sperm- amphimictic)
allowed reduction of the number of putative species to a small group (11 out of about 80
valid species) with similar features as the Colombian population. The combination with
SEM observations however, provided even more accurate results, e.g. some specimens of
Pratylenchus showed two annules plus one incomplete annule at one side of the head
(clearly observed using SEM) and all of them showed lip sectors fused with the oral disc
and resulting in a smooth face. Therefore, the number of annules (2) and face shape
(smooth) were the most useful features used for identification of the Colombian
Pratylenchus populations and allow to reduce the number of species to treeffeae;

P. loosi andP. jaehni). Pratylenchus species from Colombia share maximum 30% of
morphometric characters with coffeae populations. Thusratylenchus from Colombia

can be separated, solely based on morphological and morphometrical grounds from most
of the species included in the genus; morphometric characters overlap oniy jaghni

andP. loosi. Finally, comparison of morphometric data between our populations and the
latter two species in combination with molecular studies allowed to separate Colombian
Pratylenchus population from thoseratylenchus species and to consider the Colombian
population as belonging to a new species.

In the case oRadopholus, morphological and morphometric approaches were
adequate for identification at species level. Firstly, tail length and length of hyaline
portion placed Colombian populations closertdoridgel, R. colbrani, R. kahikateae, R.
musicola, R. arabocoffeae and R. duriophilus. Further, morphology and morphometric
data allowed separation from those species. Some characters showed overlap only with
the latter two species. Molecular and phylogenetic approaches were included to reinforce
our results and separate Colombian populationsRadopholus similis from R.
arabocoffeae andR. duriophilus. Molecular analysis confirmed species identity and was
also helpful to analyse phylogenetic relationships between our populations and other

Radopholus similis populations an&adopholus spp. populations around the world.
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Protein analyses (method used only for Meloidogyne
populations)

Protein electrophoresis was the first molecular technique to be applied in plant
nematology. Identification of most common and some Kkéaiidogyne species became
routine based on isozymes from the soluble protein extract of a single young egg-laying
female (Esbenshade & Triantaphyllou, 1985c, 1990; Kargtsan 1995; Molinariet al.,

2005), various females (Carneigbal., 1996a, 2000, 2004b) or from galled root pieces
harboring a female (Ibrahim & Perry, 1993).

Extensive characterization of isozyme phenotypes has subsequently been carried
out for other plant-parasitic nematode genera Apmhelenchoides and Ditylenchus
(Iborahimet al., 1994);Heterodera (Esbenshade & Triantaphyllou, 1987, 1988; Ibrahim
& Rowe, 1995; Andrest al., 2001); Radopholus (Fallaset al., 1996; Huettelet al.,

1983); Globodera (Fox & Atkinson, 198&)ratylenchus (Ibrahimet al., 1995; Andres

et al., 2000). For many genera, these studies revealed a wide variation in isozyme
phenotypes between populations of the same species with the exceplidioidbgyne,

in which limited intraspecific variation was detected. In the relatively few studies where
protein-based diagnostics have been used, nematologists have obtained a much better
insight into the diversity d¥eloidogyne species present and the frequency of occurrence
and abundance of the individual species (De Waele & Elsen, 2007).

Because number of described species have increased and populations with similar
esterase patterns showed different malate dehydrogenase (MDH) patterns (more than one
band or different Rm), combination of esterase with malate dehydrogenase on a unique
gel has become more appropriate to use than esterase alone. This was confirmed in our
study in which phenotype number 16 (E1bN1b) differered from specific-species
phenotype oM. hapla just in faster Rm of malate dehydrogenase band.

Based on number of esterase bands and its rate of migration (Rm) our Colombian
phenotype ElaNla fitted to the phenotype P1 describedfqraranaensis and M.
konaensis (Carneiroet al. , 1996a, 1996b, 2000, 2004b). This result combined with

morphological analysis, i.e. mainly based on number projections protruding from the
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shaft in stylet of males, confirmed the presenc&loparanaensis andM. konaensis in

Colombia.

Species-specific PCR (method used only for Meloidogyne
populations)

Our results confirm previous studies (Williamsenal., 1997; Zijlstraet al.,

2000; Wisharet al.,2002) which showed that the use of a species-specific PCR is a rapid
and useful tool for differentiating mixtures of root-knot nematodes However, three
apparently wrong signals were obtained: two false-positive and one false-negative.

False-positive were the populations P1land P15 which produced the expected band
sizes forM. arenaria andM. hapla, respectively. However, P15 did not show the typical
autapomorphic features characterizing sequencedd. diapla. Both populations were
included in clade 2 (unknown species) in phylogenetic trees. Only morphological data of
juvenile stages were obtained (no perineal pattern, no isozymes results available) from
populations P1 and P15 which clustered with unknown species in CDA (Fig. 4.7), hereby
confirming their position in clade 2 i. e. not closely relateMtdapla andM. arenaria.
Additionally, population P15 was associated wiRbtbus glaucus, a host so far never
recorded as host of root knot nematodes. For populations P1 and P15, a wrong specific
primer signal could be possible, or an alternative reproductive strategy might separate
population P15 from othe. hapla populations from Colombia. The species-specific
primers used in our case were built based on a gene pool from different countries.

The false negative was the population P25 (named 1 in specific primer) which did
not produce the expected bandMf javanica or control populations used for protein
analysis.

Using species-specific PCR, Adatnal. (2005) reported inconsistent results with
lines of M. incognita “when DNA of single females was used and a band of the expected
size was produced with DNA extracted from a bulk sample of nematodes suggesting that
variation in the primer site(s) or sensitivity to DNA concentration may occur with the

Finc and Rinc primers”.
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Molecular and phylogenetic analyses

Analyses of ColombiarMeloidogyne populations at different rDNA regions
(D2D3, 18S and ITS1-5.8-ITS2) yielded phylogenetic trees with similar topologies:
Clade 1 contained. hapla populations; clade 2 grouped six populations (P1, P2, P5a,
P15, P22 and P23) not identified at species level and therefore their reproductive
strategies are unknown, and clade 3 contaiNedincognita, M. javanica and M.
arenaria.

These topologies agreed with morphological and morphometric data, protein
analyses and species-specific PCR. An exception was formed by population P15 (see
species-specific PCR for explanation). The tree topology and analyses of individual
sequences allowed to infer that the species-specific PCR results of populations P1 and
P15 were wrong. For the latter population the absence of autapomorphic characters
typical of M. hapla species was enough to recognize the error. Additionally, GenBank
accessionsf Meloidogyne containing mainly temperate species were consistently placed
as a separate clade (clade 0). All of the generated trees contained three identical clades
which were strongly supported by high PP values.

In the same way, topologies of trees and analyses of autapomorphic characters of
nucleotide sequences were decisive tools to support the Colombian population of
Pratylenchus as a new species.

Additionally, molecular and phylogenetic data suggested that the evolutionary
history of someRadopholus similis populations included in previous studies (Elbadri,
2000; Elbadriet al., 2002) is not clear. For example, populations from the same host
(banana plants) and from the same country (Sudan) were positioned in different clades in
our phylogenetic trees and showed the largest differences in percentage of divergence.

Additional to taxonomical approaches, analyses of sequences and phylogenetic
trees allowed to infer important aspects of evolutionary history and biol@gyhe
populations reported by Elbadri (2000) from Sudan, Uganda, Cuba and Germany, sharing
the same clade with the Colombian population®Rosimilis in the phylogenetic tree,
were found to be the most pathogenic populations for banana among all the populations

tested by this author. He stated that those findings agreed with the results obtained by
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Pastricket al. (1995), Liet al. (1996), and Thiérgt al. (1997) who were able to separate
populations of nematode species with similar virulence using RAPD primers (Elbadri,
2000).

Diversity of Meloidogyne, Pratylenchus and Radopholus from
Colombia: hosts and localities.

Studies on nematode biodiversity focusing at species level are needed since wide
distributions of plant-parasitic nematodes have been recorded in plantain and fruit crops,
resulting in significant economic losses (as shown in chapter 2). Thus, this thesis
focused mainly on two composition components of biodiversity (species and genes) as a

contribution to analyse the biodiversity of the nematofauna in Colombia.

Although only onePratylenchus population was considered in this thesis, a new
species was identified. This finding might suggest that, we can expect a high diversity in
future research when samples from different hosts and localities will be included. For
Radopholus, only one speciesR. similis, was identified from the two populations
studied, but small differences were shown for the different regiamsthe stylet of
females was 18.5xm (15.9-21.5) and 19.xm (17.2-20.2) for Uraba and Llanos,
respectively; stylet of males was 12# (9-15.3) and 13.2 m (13.5-15.3) for Uraba
and Llanos, respectively. Morphometric data together with molecular analyses,

confirmed the high intraspecific variability Bf similis.

Since a large number dfleoidogyne populations (24) were included in this
study, the highest diversity was analysed in this gefiasonomical studies on
Meloidogyne in Colombia are based mainly on the perineal pattern. The most recent
species descriptions and results of current study have shown that the perineal pattern is a
good criterion as a first step to group/separate species but further combined methods
(morphological, protein analyses and relationships) are essential for accurate
identification. Only combined methods allowed identification of the four most common
species worldwide as well as recognizing new records that were probably misidentified

before. These werkl. paranaensis and M. konaensis and probably one or more new
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species, all included in clade 2 of the phylogenetic analyses and representing phenotypes
16 to 19 of the protein analysé$owever, additional specimens are needed for complete

analysis of the latter populations.

Concerning the distribution of the species identified in the present study, the
results showed thadl. incognita is the species most widely distributed (present in 11 of
24 localities), followed byM. javanica (8); M. paranaensis (7), M. hapla (6) andM.
arenaria (4). In relationship with the hodt). incognita was also the species associated
to the largest number of crops (four out of six crops considered in this study):
quitoense, C. betacea, P. ligularis and plantain), followed byP. arenaria and P.
paranaensis (three of sixC. betacea and plantain for both nematode species plus banana
andP. ligularis, respectively) anil. javanica andM. hapla (two of six: S quitoense and
C. betacea). The putativeM. hapla (only in species-specific PCR test) population P15
was associated witlR. glaucus, however analysis of the absence of autapomorphic
characters typical oM. hapla species and the position of the population in clade 2 of
phylogenetic tree suggested that this population probably represents a new species.

Additionally, noMeloidogyne species have been reported from this host.

Previous studies on nematodes associated with fruit crops in Colombia (Figs. 3.4,
3.5) have already demonstrated that M. incognita, M. javanaiad M. hapla are
associated witts. quitoense, C. betacea andP. ligularis; M. arenaria is also associated
with the first two crops. Some specimens/populatiorid.cdrenaria are associated with
fungi resulting in a dangerous pathological complex. Additionally, exigua was
recorded orC. betacea in two localities(Gaviria & Navarro, 2003) but this nematode
species was not identified during this study. Differences between these former studies
and the present study are likely because no identical localities and host were analysed.
Atypical phenotypes, E3N1, E3N2, were found in Colomiaahoidogyne populations
P5a, P19a and P19b. Those phenotypes represent a new species which will be described
from Brazil, Chile, Iran and Africa by Karssen and Carneiro (personal communication;
December 10, 2007). Similar phenotype (hamed M3) was observed by Esbenshade &
Triantaphyllou (1985c) in three populations from South America (from Argentina,

Bolivia and Ecuador) and one population from Turkey (E923). At present, this
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phenotype was found in Colombia associated @itluitoense andC. betacea in Tolima
and Caldas, respectively, but probably its distribution and host range could be more
widespread.

On Musa plants (plantain and banand)eloidogyne and Pratylenchus were
already recorded from different localities as shown in previous studies (chapter 3, tables
3.12 to 3.16), however, samples from those localities were not included in this study.
Because data of previous studies fit to different agro-ecological regions and a wide
spectrum of production conditions (banana fields with high technology for export in
Carepa to almost primitive production conditions under natural primary forestry in
Guapi) high diversity can be expected.

Further considerations

Correct species identification is crucial for reliable crop management because of
differences in host range and virulence between the species. Diversity of nematodes
found in the present study matched with high biodiversity expected from Colombia.

As stated in the introduction, studies on biodiversity represent a long-term
multidisciplinary task.

The first future task will be to recover and purify those populations included in
clade 2 in the phylogenetic trees (P1, P2, P5a, P5b, P15 and P23) and those that fit to
phenotypes 16 and 19 (P14a and P3a, P10, P11, respectively) in the protein analyses.
They probably represent new species. Descriptions of the new species, their distribution,
host associates and potential damage will be considered.

At the same time, althoughl. paranaensis and M. konaensis were record in
Colombia in this study, more research is needed to define their geographical distribution
and host range in Colombia. Carnegtcal .( 2004) found two phenotypes associated
with M. paranaensis and M. konaensis, P1 and K3 (the first one associated with both
species and the latter one specifidviokonaensis) but only P1 (recorded in this study as
ElaNla or phenotype number 15) was detected in Colombia. Further information about
clear differentiation of these species using isozyme phenotypes is required, moreover

because important damage to crops has been recordedMrgraranaensis and M.
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konaensis. Since both species have not yet been recorded forbetacea and P.
ligularis, evaluating possible damage to these fruit crops is also needed.

Similar studies should be conducted in Colombia for the new species that will be
described from Brazil, Chile, Iran and Africa populations by Karssen and Carneiro
(personal communication; December 10, 2007).

Analyses of Radopholus populations on phylogenetic trees suggested that
additional research is needed to bring more insight in the observed high divergence
within R. similis from the same host (banana plants) and from the same country (Sudan),
a diversity even higher than between different speckis diriophilus and R.
araboccofeae).

To obtain appropriate and reliable identification, access to different methods for
taxonomic research (mainly those molecular, protein analysis, analyses of sequences and
phylogenetic studies) should be recommended to Institutions and Government. Because
"Biodiversity” refers not simply to the number of genes, species, ecosystems, or any
other group of things in a defined area", but also to composition, structure, and function
determining, and in fact constituting, the biodiversity of an area, multidisciplinary and
inter-institutional project should planned to adequate approach and more efficient
research results on biodiversity.

Our results suggest that if more host and localities would be included in future
studies, the number of new species, not onlyMefoidogyne but also of other plant
parasitic nematodes, will increase in correspondence with the high biodiversity of fauna
and flora in Colombia.
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Summary

Wide distributions of economically important plant-parasitic nematodes
belonging to the geneideloidogyne, Pratylenchusnd Radopholushave been recorded
in plantain and fruit crops in Colombia. Despite of significant economic losses,
taxonomic research on these taxa in Colombia is limited. This thesis focuses mainly on
two composition components of biodiversity (species and genes) as a contribution to the
analyses of biodiversity of economically important plant-parasitic nematodes in

Colombia. Samples were taken from 16 different regions of the country.

Identification, characterization, and description of known and new nematode
species should be based on a combination of as many data as possible, using different
approaches. Morphometrical and morphological studies were based on LM and SEM
observations, combined with other taxonomical methods such as analyses of proteins and
use of species-specific primers (only fdeloidogynepopulations), molecular analyses
of sequences and phylogenetic analyses. In the current study, morphometric and/or
morphological features allowed to separate populations into small species groups as a
first step towards identification. Hereby, features of perineal pattern of females or head
shape of males iMeloidogyne head annulation number Rratylenchusand tail length
of Radopholusvere the most helpful features at species level and reduced the number of
species to be taken into account. From the combination of these analyses it turned out
that several species ocurred together in the field. Thus, purification of populations is
recommended as a second step in the identification process. In this study, only three
Meloidogyne“populations” could be successfully purified. However, to overcome the
mixed species problem for all other specigloidogyneidentification was based on a
single young egg-laying female (protein analysis) and DNA (for species-specific PCR

and sequence analyses) was always extracted from a single juvenile.

The highest diversity was analyzed in the geMedoidogynesince a large
number of populations (24) were available for this study.M&oidogynespeciesM.
incognita, M. javanica, M. arenarjaVl. hapla, M. paranaensiand M. konaensisvere

found associated with four fruit crops and plantain in Colombia. The last two species
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had never been recorded previously in Colombia but since they show morphological
features ofM. incognita,they were probably misidentified in the past. Only the use of
combined methods allows accurate identification to species level. Analyses of esterase
and malate dehydrogenase resulted in a profile that is typical of both species, P1 fitted
both M. paranaensisand M. konaensisThough, the morphological feature, number of
projections protruding from the stylet shaft of males allowed their separation. Isozyme
analysis also recovered phenotypes that could not be connected to Metewlogyne
species.E3N1, E3N2 phenotypes were found in populations P5a, P19a and P19b. These
phenotypes represent a new species that is currently under investigation based on
populations from Iran, Africa, Chile and Brazil by Karssen, Carneiro and collaborators
(personal communication; December 10, 2007). Furthermore, the pheriiigpEb
(population P14a) matched withl. hapla but the Mdh band was very slow and
morphological features of this population agreed Wthavanica Populations P3a, P10

and P11 yielded two esterase banf2N_2): one slow band, and one fast band with a
migration rate largely similar to the 11 band of MeincognitaphenotypeE1bN1b and
phenotypes probably represent a new species. However additional specimens are needed

for accurate morphological and morphometrical studies.

Analyses of ColombianMeloidogyne populations (based on 65 nematode
specimens) in combination witMeloidogynepopulations from GenBank at different
rDNA regions (D2D3, 18S and ITS1-5.8-ITS2) yielded phylogenetic trees with similar
topologies. All of the generated trees contained three identical clades, strongly supported
by high PP values.Meloidogynepopulations containing mainly temperate species (as
obtained from GenBank) were consistently placed as a separate clade (clade 0). Clade 1
containedM. haplapopulations; clade 2 grouped six populations (P1, P2, P5a, P15, P22
and P23) not identified at species level and therefore with unknown reproductive
strategies, and clade 3 containdd incognita, M. javanicaand M. arenaria These
topologies agreed with morphological and morphometric data, protein analyses and
species-specific PCR. However, populations P1 and P15 formed exceptions. The tree
topology and analyses of individual sequences showed that species-specific PCR results
of populations P1 and P15 were wrong. For the latter populations the absence of

autapomorphic characters typicalMf haplaspecies allowed to recognize the error.
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Only one Pratylenchuspopulation was obtained, but morphological analyses
were completed with comprehensive molecular divergence and phylogenetic analyses
(based on eight nematode specimens from Colombia and additional Genbank material).
Their outcome resulted in the description of a new species, indicated here as
Pratylenchussp. n. The new species is closely related to tRra¢ylenchusspecies but
clearly differs from the other species within genus. It sharesRvitoffeae, P. loosaand
P. jaehnimorphology features: amphimictic lesion nematodes with two lip annuli, and
lip sectors fused together and also fused with the oral disc to a smooth face. Molecular
distinctions betweerPratylenchusn. sp.,P. coffeae, P. jaehrand P. loosi are more
clear-cut than are morphological differences. The sequence comparison of the D2D3
rDNA expansion region clearly separates the new speciesHrgaehni,P. loosi andP.
coffeae Pratylenchum. sp. had a sister relation with jaehni. P. loosiandP. coffeae
were more distinctly related. Clear autapomorphic characters of the new species were
present in all specimens studied, differentiating its D2D3 expansion region of 28S rDNA
from the observations of its sister spedegaehni.Our results fulfill the requirements of
the evolutionary species concept and phylogenetic species cerospfdams (1998).
Additionally, our new species is a typological morphospecies compared with most
species included in the genus; morphometric characters overlap onlf.w#ehniand
P. loosi. In general, Pratylenchusspecies are polyphagous, but differences in host
preference occur among the species. Type hosPiatylenchusn. sp. isMusa ABB
(plantain, hartén cultivar), a host also reportedHorcoffeae So far,P. jaehniand P.
loosi have not yet been recorded Mnsaplants.

Morphological data of two obtainegladopholugpopulations were supplemented
with sequence divergence and phylogenetic analyses (D2D3, 18S and ITS1-5.8-1TS2)
based on 23 specimens of nematodes of Colombia and additional Genbank material. All
specimens were identified & similis. With respect to morphological characters and
morphometric data, Colombian populationRofsimilisfemales only slightly extend the
inferior limits of the otherR. similis populations described from different localities
around the world, particularly with respect to body length, diameter at mid body and
anus, length of the neck region, hyaline part of tail and length of the ovaries. The
topology of ITS1-5.8-ITS tree positioned Colombian populationR.o§imilistogether
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with populations from different countries and hosts in the same clade. Percentage of
divergence yielded similar results except for the Costa Rican population which showed
11.7% divergence with respect to Colombian populations from the same clade. The
populations ofR. similisdid not cluster together according to geographical distribution,
nor did they for host. For example, accessions from the same host (banana plants) and
from the same country (Sudan) were positioned in different clades and showed the
largest differences in percentage of divergence. The populations analyzed by Elbadri
(2000) from Sudan, Uganda, Cuba and Germany and sharing clade with Colombian
populations in phylogenetic tree, were found to be the most pathogenic populations for
banana among all the tested populations by this author. The phylogenetic position of
Radopholusspecies in the ITS1-5.8-ITS tree, more particularlyRofarabocoffeeP.
duriophilus R. similis from Sudan and Belgium suggests th&. “similis” could
represent a species complex; more research is needed to unravel these relationships.

In conclusion, all retrievedMeloidogynespecies were widely distributed and
present in most of the fruit cropsR. similisand Pratylenchusn. sp. were restricted to
Musa plants, but an incomplete distribution picture related to flawed
sampling/transported processing can not be excluded for the Pratylenchidae. Correct
species identification is crucial for reliable crop management because of differences in
host range and virulence between species. Our results suggest that if more hosts and
localities would be included in future studies, the number of new species, not only of
Meloidogynebut also of other plant parasitic nematodes, will increase in correspondence
with the high biodiversity of fauna and flora in Colombia. Additionally, studies on
biodiversity represent a long-term multidisciplinary task, including descriptions of the
new species, data on distribution, host associations, potential damage and relationships

with other ecosystem components.
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