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Programa de Doctorat Tecnologia Agroalimentària i Biotecnologia
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Durability of resistance to Meloidogyne spp. mediated by
R-genes in solanaceous and cucurbitaceous crops

Helio Adán Garćıa Mend́ıvil
Abstract

Watermelon, Citrullus lanatus var. lanatus, and eggplant, Solanum melongena, are two
major crops commonly grafted in order to overcome soilborne diseases. However, there are
currently no commercially available rootstocks resistant to root-knot nematodes (RKN),
Meloidogyne spp., infection in the Cucurbitacea family, and also a narrow diversity in
the Solanaceae, mostly in tomato and pepper. In order find alternatives to address this
problem, the main objective of this thesis was to determine the durability of resistance to
Meloidogyne of Citrullus amarus and Solanum torvum as potential rootstocks for water-
melon and eggplant, respectively. In the first part of this document, the work conducted
with the cucurbits is presented in chapters one and two, while chapters three and four
correspond to work done with solanaceous.

Durabilty of Citrullus amarus resistance to Meloidogyne: the response of two Cit-
rullus amarus accessions, BGV0005164 and BGV0005167, was assessed against different
Meloidogyne arenaria, M. incognita, and M. javanica isolates in pot experiments and
against M. incognita in plastic greenhouse. (i) In the pot experiments, plants were inoc-
ulated with a second-stage juvenile per cm3 of sterile sand and maintained in a growth
chamber at 25 ◦C for 50 days. The watermelon cv. Sugar Baby was included as a sus-
ceptible control for comparison. At the end of the experiments, the number of egg masses
and eggs per plant was determined, and the reproduction index was calculated as the per-
centage of the number of eggs produced in the C. amarus accessions with regard to that
produced in the susceptible cv. Sugar Baby. (ii) In the plastic greenhouse experiment, the
ungrafted watermelon cv. Sugar Baby and watermelon grafted onto each of the C. amarus
accessions and onto the watermelon rootstock cv. Robusta were cultivated from May to
August 2016 in plots with nematode densities from 46 to 1392 J2 per 250 cm3 of soil at
transplantation. At the end of the experiment, the galling index and the number of eggs
per plant were determined, and the reproduction index was calculated. (iii) Additionally,
the compatibility of the two accessions with the watermelon cv. Sugar Baby and the ef-
fect on fruit quality (weight, size, shape, firmness, pH, total soluble solids, and flesh color)
were assessed under a hydroponic system in a greenhouse. The commercial rootstocks
cv. Cobalt and cv. Robusta were also included. Moreover (iv) The response of ungrafted
and grafted watermelon cv. Sugar baby onto the C. amarus accessions BGV0005164
and BGV0005167 submitted to increasing densities of M. incognita and M. javanica was
studied in pot experiments to determine the maximum multiplication rate, the maximum
population density and the equilibrium density of the root-knot nematode species and the
effect on shoot dry biomass of watermelon. (v) In plastic greenhouse conditions, the un-
grafted and grafted watermelon onto both C. amarus accessions, and onto the C. lanatus
rootstock cv. Robusta were cultivated for two consecutive years in the same plots to assess
the level of resistance to M. incognita and crop yield. (vi) Additionally, after the second
crop, the putative selection for virulence in the nematode subpopulation originated in the
ungrafted and grafted watermelon was assessed in pot experiments. The results showed
that (i) all the Meloidogyne isolates produced fewer egg masses and eggs per plant in the
accessions than in Sugar Baby. Both accessions performed as resistant against M. are-
naria, and from highly to moderately resistant to M. incognita and M. javanica in pot
experiments. (ii) In the plastic greenhouse experiment, both C. amarus accessions per-
formed as resistant to M. incognita. (iii) Both C. amarus accessions were compatible with
the watermelon cv. Sugar Baby, but only the BGV0005167 accession did not influence
the fruit quality. (iv) The maximum multiplication rate, the maximum population density
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and the equilibrium density values of both Meloidogyne species were lower in grafted than
ungrafted watermelon. (v) In the plastic greenhouse experiment, the nematode densities
in soil at transplantation ranged from 1 to 53 J2 per 100 cm3 of soil in 2017 and did not
differ between grafted and ungrafted watermelons. At the end of the crop, the galling in-
dex and the number of eggs per plant was higher in ungrafted than in grafted watermelon
both years. The C. amarus accessions performed from highly resistant to resistant to M.
incognita, and the rootstock cv. Robusta from moderately resistant in 2017 to slightly
resistant in 2018. All grafted watermelons yielded more kg per plant than the ungrafted
in both years. (vi) The repeated cultivation of grafted watermelon onto C. amarus acces-
sions did not select for virulence. In conclusion, the BGV0005167 accession is a promising
rootstock for managing the three tropical root-knot nematode species without influencing
watermelon fruit quality. The results of this study highlight the poorer host status of
CI64 and CI67 accessions to M. incognita and M. javanica compared to watermelon; the
stability of the C. amarus resistance; and the beneficial effect of C. amarus on watermelon
yield when cultivated in Meloidogyne infested soils.

Durabilty of Solanum torvum resistance to Meloidogyne: several experiments were
carried out to assess the performance of commercial Solanum torvum cultivars against
Meloidogyne incognita and M. javanica isolates from Spain. (i) The response of S. torvum
rootstock cultivars Brutus, Espina, Salutamu and Torpedo against M. incognita and Mi1.2
(a)virulent M. javanica isolates was determined in pot experiments, and of cv. Brutus
to an N -virulent isolate of M. incognita, compared with that of the eggplant cv. Cristal.
(ii) The relationship between the initial and final population densities of M. javanica on
ungrafted and grafted ‘Cristal’ onto the S. torvum ‘Brutus’ was assessed, together with
the effect on dry shoot biomass. (iii) Finally, the population growth rate and the resis-
tance level of the four S. torvum cultivars against M. incognita was assessed under plastic
greenhouse conditions in two cropping seasons. (iv) The eggplant Solanum melongena
cv. Cristal, either ungrafted or grafted onto the S. torvum rootstock cv. Brutus was
cultivated for two consecutive years in the same plots in a plastic greenhouse to assess
the level of resistance to M. incognita and crop yield. (v) At the end of the second crop,
the putative selection for virulence of the nematode subpopulations coming from infected
ungrafted and grafted eggplant was assessed in the eggplant and in S. torvum in a pot
experiment. The results showed that: (i) all S. torvum rootstocks responded as resistant
to the M. incognita isolates and from highly resistant to susceptible against M. javanica
isolates. (ii) The maximum multiplication rate of M. javanica on the ungrafted or grafted
eggplant were 270 and 49, respectively, and the equilibrium density were 1318 and 2056
eggs and J2 per 100 cm3 soil, respectively. The tolerance of the ungrafted eggplant was
10.9 J2 per 100 cm3 soil, and the minimum relative dry shoot biomass was 0.76. (iii)
The population growth rate of M. incognita on eggplant cv. Cristal differed from that of
the S. torvum cultivars in both cropping seasons. (iv) Nematode population densities at
transplantation in 2017 ranged from 2 to 378 J2 per 100 cm3 of soil and did not differ
between ungrafted and grafted eggplant. At the end of each crop, higher galling index
and number of nematodes in soil and in roots were registered in ungrafted than grafted
eggplant. The grafted eggplant performed as resistant in 2017 and as highly resistant in
2018. Eggplant yield did not differ irrespective of grafting in 2017 after being cultivated for
135 days, but it differed after 251 days of cultivation in 2018. (v) In the pot experiment,
S. torvum performed as resistant to both M. incognita subpopulations. However, the M.
incognita subpopulation obtained from roots of S. torvum produced 49.4% less egg masses
and 56% less eggs per plant in the eggplant than the nematode subpopulation obtained
from roots of the eggplant cv. Cristal. These results suggest that S. torvum is a valuable
rootstock for managing the two Meloidogyne species irrespective of the (a)virulence status,
and revealed that the infective and reproductive fitness of the nematode decrease without
having been selected for virulence.
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General introduction

Durability of resistance to Meloidogyne spp. mediated by R-genes in
solanaceous and cucurbitaceous crops

Helio A. Garćıa-Mend́ıvil
PhD Dissertation
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Meloidogyne spp.

Biology

Root-knot nematodes (RKN), Meloidogyne
spp., are the most damaging plant parasitic
nematodes worldwide. This genus comprises
more than 100 species, however, most of the
crop yield losses are caused by four of them:
the tropical species M. arenaria, M. incog-
nita and M. javanica, and the temperate
species M. hapla (Jones et al. 2013). The
widened global warming can favor the ex-
pansion and proliferation of the RKN trop-
ical species in areas where the temperate
RKN species predominates. This fact ev-
idence the importance of focusing research
efforts for designing management strategies
to the tropical RKN species.

RKN are obligated parasites that re-
quire a suitable host plant for life cycle
completion (Fig. 1). The infective pre-
parasitic vermiform second-stage juveniles
(J2) of Meloidogyne moves through the soil

and penetrate the root behind the tip, by
using their protractible stylet and releasing
secretions containing cell-wall-degrading en-
zymes (Abad et al. 2003). J2 then migrate
intercellularly between the cortical cells to-
wards the root tip where they make a U-
turn to later enter into the vascular cylin-
der and moves until stablishing a feeding
site. Each J2 is able to induce the redif-
ferentiation of five to seven parenchymatic
root cells into multinucleate and hypertro-
phied feeding cells, the so-called giant cells,
from which get the nutrients needed for its
life cycle completion (Nyczepir and Thomas
2009). The accumulation of these giant
cells is responsible for the characteristic
galled tissue present in infected root sys-
tems, and for the disturbance of plant devel-
opment, defenses, and metabolism (Shukla
et al. 2018). Once infection occurs, juveniles
become sedentary and assume a “sausage”
shape as increases its size. J2 then moults

J2

J3J3

J4 J4

J2 after feeding J2 after feeding

First moult, 
egg with juvenile

Infective 
juvenile

Adult
with eggs

Adult

Figure 1: Diagram of the life cycle of the root-knot nematode, Meloidogyne. J2: second-
stage juvenile; J3: third-stage juvenile; J4: fourth-stage juvenile (adapted from Moens
et al. 2009)
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three times achieving the adult stage. The
tropical species, M. arenaria, M. incognita
and M. javanica, reproduce parthenogenet-
ically. The sedentary pearl-shaped adult
female keeps feeding from the giant cells
and is able to lay c. 300-500 eggs inside
a gelatinous mass. Under unfavourable con-
ditions (high nematode density, scarcity of
food or stressed plants) the juveniles de-
velop into males. Interestingly, some stud-
ies have found to increase stimulation to-
wards maleness by cropping several cucur-
bit species (Fassuliotis 1970; Walters et
al. 2006; Expósito et al. 2019).

Meloidogyne spp. is a poikilothermic or-
ganism, meaning that temperature influence
its life cycle and determine its length (Tyler
1933). The nematode development occurs
between 10 and 32 ◦C, and needs to ac-
cumulate an amount of degree-days (K) at
a certain basal temperature (Tb) to com-
plete its life cycle (Trudgill 1995). For in-
stance, it has been reported that Meloidog-
yne spp. requires between 600 and 700 ac-
cumulated degree-days with a base temper-
ature of 10 ◦C to complete its life cycle in
tomato (Ferris 1985). However, the ther-
mal time requirements for life cycle comple-
tion can differ between RKN populations of
a given species depending of its geographic
origin, showing its ability to adapt to en-
vironmental factors, i.e., optimal tempera-
tures of 25-30◦C and 32-34◦C were found in
populations of M. javanica from Australia
and California, respectively (Ferris and Van
Gundy 1979). Such adaptive ability may
be one of the main reasons of its success in
spreading globally, and also evidence its im-
portance for modern agriculture.

Economic importance

The occurrence of soilborne diseases and
pests have increased in recent years as con-
sequence of the intensive cultivation needed
to supply a growing population in limited
land resources (Thies et al. 2015b). A com-
prehensive summary of the estimation of
yield losses caused by RKN in several crops
have been published by Greco and Di Vito
(2009). The cucurbit and solanaceous crops
are two of the crop families most frequently

cultivated worldwide that are severely af-
fected by RKN. Regarding cucurbit crops,
maximum yield losses of 88, 53 and 35%
in cucumber, zucchini and watermelon, re-
spectively, have been estimated under green-
house conditions (Giné et al. 2014; Vela et
al. 2014; López-Gómez et al. 2014, 2015).
RKN are also one of the most damaging
soilborne pathogens for solanaceous crops,
specially under protected cultivation, with
maximum yield losses of 94, 95 and 100%
reported for pepper, eggplant and tomato,
respectively (Giné et al. 2017; Hallmann and
Meressa 2018).

Population dynamics and
yield losses

Population dynamics studies the factors
that determine the temporal oscillation of
densities of individuals from the same specie
living in a certain area. The nematode
population density at sowing or transplant-
ing of a crop is related with its productiv-
ity. The proper modeling of population dy-
namics allows to estimate the densities vari-
ability over time in relation with influenc-
ing factors, and therefore, to relate them
with the yield losses that nematodes could
cause. Modeling the damage levels enable
to calculate parameters such the tolerance
limit (T ), the maximum population den-
sity above which yield losses start to occur,
and the maximum yield losses (m). These
parameters, along with the maximum re-
production rate (a)(Pf/Pi at low densities;
Ferris 1985), and the equilibrium density,
that initial population at which nematode
receive just enough supply of nutrients to
maintain the population density at the same
level from begin at the end of the growing
season; permits to evaluate the importance
of a determined nematode from a growing
area, or the effect of management strate-
gies. These quantitative studies constitute
the basis for populations’ evolution under-
standing of specific patosystems with typi-
cal agro-environmental conditions from de-
termine growing area, and to design and im-
plement effective and durable management
strategies (Sorriba and Verdejo-Lucas 2011;
Fig 2).
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Figure 2: Relation between initial and final
densities in experiments with a nematode on
a good host, intermediate hosts, poor hosts,
and a nonhost. Pi and Pf : initial and final
densities on logarithmic scales. Equilibrium
density: Pf = Pi (adapted from Seinhorst
1970).

Population density fluctuations are af-
fected by denso-independent and denso-
dependent factors. Denso-independent fac-
tors, such climate, environmental condi-
tions, and intraspecific competition, in-
fluence from outside of population, while
denso-dependent include interspecific com-
petition and the action of antagonist or
predators. Two phases can be distinguish:
one during the host plant cultivation in
which nematode have enough nutrients to
increase its population density, and the sec-
ond during either no cropping periods in
which there is no food supply and popula-
tion density do not increase, or decrease de-
pending on the nematode and the duration
of periods with no host cultivation.

The multiplication growth rate (Pf /Pi),
that is, the relationship between the ne-
matode population density at transplanting
(Pi) and at the end of the crop (Pf ) is con-
sider a good indicator of population growth.
In absence of competition between individ-
uals for limiting resources, the Pf /Pi maxi-
mize (a), and the relationship with Pi its a
straight line (Pf = aPi ; thus Pf /Pi = a).
However, increases in Pi induce competition
between individuals for healthy plant tissue,
can induce alteration in sex differentiation

or to reduce in female fecundity, thus Pf /Pi
decreases. In the case of nematodes that re-
produce parthenogenetically, such Meloidog-
yne spp., the relationship between Pf /Pi
and Pi follows an inverse potential func-
tion (Pf /Pi = aPi -b, where a is the maxi-
mum multiplication rate, and -b is the de-
crease rate of the population as Pi increase).
The maximum multiplication rate (a) is a
good indicator of the plant host status to
Meloidogyne. Higher values of a indicate
that the plant is a good host and low val-
ues, a pooor host (Ferris 1985).

The population growth rate can also be
useful to estimate the Pi at which Pf /Pi
= 1, the equilibrium density (E ). This can
be calculated from the regression equation
obtained from linearizing the relationship
between the Pi and the multiplication rate
(Pf/Pi). The population growth rate is also
a useful indicator that allows to compare
between plant species and/or germplasms,
as well as the effectiveness of control meth-
ods (Talavera et al. 2009; Giné and Sorribas
2017; Expósito et al. 2018; Fig 3).

Log Pi

Lo
g
 P

f/
P
i

E = Log (Pf/Pi) = 0 
Pf/Pi = 1 

Pf = Pi

Figure 3: Relation between initial pop-
ulation density (Pi) and multiplication
rate (Pf/Pi) of RKN on two hypothetical
germplasms (adapted from Ferris 1985).

Regarding to crop yield losses, there
are two parameters that can be calcu-
lated by estimating the relationship be-
tween increasing levels of Pi and the rela-
tive crop biomass or yield according to the
Seinhort’s damage model (Seinhorst 1998):

y = m+ (1−m)0.95
Pi

T−1 forP i > T

y = 1 forP i ≤ T
y = m forP i −→∞
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The nematode population density above
which yield loss start to occur is defined as
the nematode damage threshold level or the
tolerance limit of the crop (T ). This value,
along with the the minimum relative yield
(m) are important parameters to character-
ize the response of a crop plant to a nema-
tode population. The parameter T mani-
fests itself at small nematode densities and
m at larger ones (Greco and Di Vito 2009;
Fig 4).
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Figure 4: Relationship between relative
yield and the initial nematode population
density of three hypothetical germplasms
with different values of T and m (adapted
from Schomaker and Been 2013).

Plant resistance

The most commonly used strategy for RKN
management has been, until recent years,
the use of fumigant and non fumigant ne-
maticides (Nyczepir and Thomas 2009).
However, regulations such the European di-
rective 2009/128/EC and the U.S. Clean Air
Act (US Environmental Protection Agency
2012), have brought special attention on the
research and development of environmen-
tally friendlier management strategies. A
promising alternative strategy involves the
use of resistant plants, those whose have the
ability to suppress infection development,
and/or reproduction of plant-parasitic ne-
matodes (Roberts 2009). Plant resistance
has proven to be effective and economically
profitable (Sorribas et al. 2005), and also re-
duce yield losses of the follwing crop (Ornat
et al. 1997; Talavera et al. 2009; Westphal
2011; Thies et al. 2015a; Giné and Sorribas
2017; Expósito et al. 2019).

The resistance levels of a determined
plant germplasm can be categorized in re-

lation to a susceptible standard (Hadisoe-
ganda 1982). Expressed as the percentage
of RKN reproduction compared to that in
a susceptible standard, this parameter is
called the reproduction index (RI; Fig 5).

Highly
Resistant

Resistant Moderately
Resistant

Slightly
Resistant

Susceptible

0-1% 10% 25% 50% 75% 100%

Nematode reproduction as percentage of the susceptible standard

Figure 5: A diagrammatic representation
of the continuum of susceptibility and re-
sistance to nematode reproduction within a
crop germplasm pool (adapted from Starr
and Mercer 2009).

Despite its advantages, the expression of
plant resistance can be affected by several
factors, such the genetic background of the
plant cultivar and/or the nematode species
or population (Cortada et al. 2008). The
selection of virulent nematode populations
due to repeated cultivation of the same resis-
tance gene (Verdejo-Lucas et al. 2009; Giné
and Sorribas 2017; Expósito et al. 2019).
Moreover, there are only a few resistance
genes introgressed into commercial solana-
ceous cultivars at present, and none in cu-
curbits. That are, the Me1, Me3 and N
gene in pepper, and the Mi1.2 gene in
tomato. Soil temeprature can also affect the
expression of plant resistance. It is known
that the Mi1.2 gene is affected at soil tem-
peratures above 30 ◦C, while the resistance
of the N gene is reported to be partially lost
at 32 ◦C (Araujo et al. 1982; Thies and Fery
1998). Thus,plant resistance is a valuable
management tool but it should be used in
a proper manner to maximize its effective-
ness. Moreover, more research are needed to
identify new resistance sources for increas-
ing the R-genes that could be used in rota-
tion schemes .

Grafting vegetables onto resistant root-
stocks is an effective method to control soil-
borne pathogens when no commercial culti-
vars are available (Miguel et al. 2004; Co-
hen et al. 2007; Thies et al. 2016; Kumar et
al. 2018). This control method was essen-
tially rediscovered in the past two decades
and quickly expanded to become a common
practice at the present (Thies et al. 2015b;
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Kyriacou et al. 2017). Grafting has ex-
panded mainly in the Cucurbitaceae and the
Solanaceae families (Moncada et al. 2013).
The use of anatomical and physiological
compatible graft combinations improve the
plant performance under biotic or abiotic
stress conditions when compared with that
of the ungrafted scion, allowing rapid re-
sponse to new pathogen races without the
prolonged screening and selection required
for breeding resistance into cultivars (Davis
et al. 2008). Although the tolerance and
resistance to abiotic and biotic stresses, re-
spectively, along with an increasing produc-
tivity have been the main drivers of root-
stock selection and breeding, the effect of
grafting on fruit quality is also another im-
portant factor to take into account (Kyria-
cou et al. 2017).

Some strategies proposed to avoid the
selection for RKN virulence or to reduce

the level of virulence and crop yield losses
consider to include resistant and suscepti-
ble crops in rotation sequences (Talavera
et al. 2009), the use of crops of two dif-
ferent resistant plant species (Expósito et
al. 2019), or to pyramid different R-genes
(Djian-Caporalino et al. 2014). However, as
literature reviewed points out, most of the
research done have been focusing on tomato
and pepper. Thus, the aim of this thesis
was to increase the diversity of resistance
sources against RKN by potentially effec-
tive rootstocks for two species of the most
economically important botanical families
cultivated, the cucurbitaseous watermelon
(Citrullus lanatus var. lanatus), and the
solanaseous eggplant (Solanum melongena).
A brief description of these two crops and
their potential rootstocks is presented in the
next two sections.

         tonnes
<=      4124
<=     44470
<=   147319
<= 4059786
   > 4059786

Figure 6: Origin and production quantities of watermelons in 2017 by country (FAOSTAT,
2019; Renner et al. 2019)

.

Watermelon

Importance

Watermelon is the most cultivated cucurbit
crop worldwide. The global production in
2017 was ca. 118 million t in ca. 3.4 mil-
lion ha, 38% of the arable land destined to
cultivate for this botanical family, with an
estimated value of $48.9B (FAOSTAT 2017;

Fig 6). In spite of its origin theorized in the
African continent, most of the watermelon
are produced in Asia, with 67% of total
world production in China. Within the Eu-
ropean Union (EU), Spain was the main wa-
termelon producer during 2017, with 20,026
ha harvested to produce 1.1 million t of fruit
marketed with an estimated value of $331M,
68% of which were exported (MAPA 2019).
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The watermelon fruit composition is 93%
water, with small amounts of protein, fat,
minerals, and vitamins. The major nutri-
tional fruit components are carbohydrates
(6.4 g/100 g), vitamin A (590 IU), and ly-
copene (4,100 µg/100g, range 2300–7200),
an anticarcinogenic compound found in red
flesh watermelon, even in higher amounts
than in tomato, pink grapefruit, or guava
(Wehner 2008).

Origin

Watermelon is a diploid creeping monoe-
cious crop that belongs to the Cucurbitaceae
family. The taxonomy of the genus Citrul-
lus have had major misapplication of names
until recent years, including that of water-
melon, C. lanatus, itself (Chomicki and Ren-
ner 2015; Renner et al. 2014). The Southern
African region is reported to be the center
of diversity and probably the center of ori-
gin of most of the Citrullus species (Dane
and Lang 2004; Rubatsky 2001; Robinson
and Decker-Walters 1997). However, four
hypotheses have been proposed for the ori-
gin of watermelon: i) that it descends from
the northern African colocynth (C. colocyn-
this, Singh 1978; Sain et al. 2002; McCreight
et al. 2013). ii) That it derives from the
South African citron melon, C. amarus, pre-
viously referred as C. lanatus var. citroides
(Robinson and Decker-Walters 1997; May-
nard and Maynard 2000; Rubatsky 2001;
Chomicki and Renner 2015). iii) That it
stems from the West African C. mucososper-
mus (Guo et al. 2013; Chomicki and Renner
2015), and iv) Recent research with polyge-
nomic analyses of nuclear gene sequences
suggest that the white-fleshed Sudanese Ko-
rdophan melon (Citrullus vulgaris) is the
closest relative of domesticated watermelon
that was originated and domesticated in
north-eastern Africa (Renner et al. 2019; Fig
6).

Cultivation challenges

The modern cultivated watermelon has a
narrow genetic base (Szamosi et al. 2009;
Solmaz et al. 2010; Nimmakayala et
al. 2014) attributed to many years of domes-

tication and selection of its desirable horti-
cultural traits such as red-scarlet flesh color
and sweetness (Levi et al. 2001b; Hwang et
al. 2011; Lambel et al. 2014; Nimmakay-
ala et al. 2014). The continued use of cul-
tivars with narrow genetic base for breed-
ing resulted in reduced gene diversity among
American watermelon accessions (Wang et
al. 2015; Zhang et al. 2016). This has
derived in susceptibility of crops to ran-
dom and emerging biotic and abiotic stresses
(Levi et al. 2001a; Mo et al. 2016). In spite
of being consider a less suitable host for
RKN than other cucurbit crops, watermelon
maximum yield losses of 37% have been re-
cently reported in Spain (López-Gómez et
al. 2014). Moreover, as the next section
will better describe, modern watermelons
are commonly grafted onto commercial root-
stocks owing its resistance to fusarium, how-
ever, these rootstocks are not resistant to
Meloidogyne (Kokalis-Burelle and Rosskopf
2011; López-Gómez et al. 2016; Giné et
al. 2017).

Grafting

A detailed history of cucurbit grafting have
been done by Davis (2008). The pri-
mary motive for grafting cucurbits is to
avoid damage caused by soilborne pests and
pathogens when genetic or chemical ap-
proaches for disease management are not
available (Oda 2002). Research on cucur-
bit grafting began in the 1920s with the use
of Cucurbita moschata as a rootstock for
watermelon, but then bottle gourd (Lage-
naria siceraria) soon became the preferred
rootstock. By the year 1998, approximately
95% of watermelon and oriental melons were
grafted onto squash or bottlegourd root-
stocks in Japan, Korea, and Taiwan (Oda
and Lee 2003). Possibly because of the
widespread use of bottle gourd rootstocks,
there are reports of plants affected by Fusar-
ium wilt, probably the most common and
damaging soilborne disease of cucurbit crops
worldwide, caused by Fusarium oxysporum
Schltdl. Moreover both rootstocks are sus-
ceptible to Meloidogyne infection (Kokalis-
Burelle and Rosskopf 2011; López-Gómez et
al. 2016; Giné et al. 2017). Hence, an alter-
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native genetic source of resistance to both
pathogens must be found and properly char-
acterized in order to be able to design an
effective and widely applicable RKN man-
agement strategy.

A potential alternative rootstock for wa-
termelon, is its close relative citron or pre-
serving melon, C. amarus. The flesh of
the citron is white or green, and may vary
from bland to bitter tasting. Its rind is
used to make pickles, and the fruit are feed-
ing to livestock (Wehner 2008). Conversely
to watermelon, citron melon exhibits wider
genetic variation (Levi et al. 2001b) sug-
gesting its genetic worthiness as a source
of valuable genes for breeding (Ngwepe et
al. 2019). This rootstock have show to be
resistant to several soil pathogens such as
fusarium wilt, gummy stem blight, pow-
dery mildew, potyviruses, and some species
and populations of Meloidogyne (Gusmini
et al. 2005; Huitrón et al. 2007; Guner and
Wehner 2008; Tetteh et al. 2010; Thies et
al. 2016). In spite of it, there is little infor-
mation about it use to control RKN in the
EU, thus, research on its response to local
population must be done before include it in
a management strategy.

Eggplant

Importance

Eggplant, Solanum melongena, is the third
most widely cultivated Solanaceous fruiting
crop after potato and tomato. The global
production in 2017 was ca. 52 million t
in ca. 1.8 million ha, 7% of the arable
land destined to cultivate for this family,
with an estimated value of $36.2B. Most of
eggplants production is made in China and
India, with ca. 87% of global production
done there in 2017. Italy, Spain and Ro-
mania were the top three eggplant producer
countries in the EU, with 286,473, 225,912
and 124,429 t produced, respectively (FAO-
STAT 2017; Fig 7). Eggplant is not high
in the majority of health-related micronutri-
ents, but it is very low in fat an calorie and
a rich source of nutritionally and pharma-
ceutically useful compounds, such a number
phytonutrients, especially hydroxycinnamic

acid (HCA) conjugates, potentially involved
in consumer health, fruit taste and texture
(Meyer et al. 2015; Chapman 2019).

Origin

The Asian eggplant is a widely grown
species from the Solanaceae family. Egg-
plant is especially popular in the Southeast
Asia and the Mediterranean region . Several
non-exclusive theories have been proposed
regarding eggplant’s origin. The general
consensus (Weese and Bohs 2010; Knapp et
al. 2013) is that the African/Middle East-
ern species S. incanum was transported into
Indo-China where the true wild progenitor,
S. insanum, evolved, from which S. melon-
gena is derived (Chapman 2019).

Cultivation challenges

The commercial eggplant cultivars also have
a narrow genetic diversity that, is even
poorer than for other solanaceous crops such
as tomato and pepper. A list of egg-
plant diseases and pests, and resistances de-
scribed has been well summarized by Dau-
nay (2008). Among the most common soil
borne diseases affecting eggplants are bacte-
rial, fusarium and verticillium wilt, caused
by Ralstonia solanacearum, Fusarium oxys-
porum f. sp. melongenae, Verticillium
dahliae and V. albo-atrum. Moreover, it is
also susceptible to RKN.

Grafting

Eggplant grafting is mostly used in intensive
production conditions. As Daunay (2008)
well summarize, there are currently three
types of eggplant rootstock: i) S. melongena
lines and hybrids that resist to Fusarium
and bacterial wilt, and Phomopsis blight,
ii) rootstocks based on the use of S. in-
tegrifolium, which also resists to Fusarium
and bacterial wilts, and is used directly as a
rootstock or as parent crossed with S. mel-
ongena varieties for producing interspecific
hybrid rootstocks (S. integrifolium × S. me-
longena), and iii) the third type of root-
stocks is composed by Solanum species such
S. torvum and S. sanitswongsei. However,
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within Europe eggplant is grafted mostly
onto tomato or tomato interspecific hybrids
(L. esculentum × L. hirsutum).

Solanum torvum is a wild relative of
eggplant that is resistant to V. dahliae,
R. solanacearum, F. oxysporum f. sp.
Melongenae, and some RKN populations
(Singh and Gopalakrishnan 1997; Bletsos et
al. 2003; Daunay 2008; Gisbert et al. 2011).
Although resistance of S. torvum rootstocks
to M. incognita have been consistently de-
scribed against several populations from
France (Daunay and Dalmasso 1985), In-
dia (Shetty and Reddy 1985; Dhivya et
al. 2014), Japan (Hara et al. 1983; Ali et
al. 1992), Pakistan (Rahman et al. 2002)
and Turkey (Çürük et al. 2009); several
studies found discrepancies on the levels of
resistance to M. arenaria (Daunay and Dal-
masso 1985; Gonzalez et al; 2010; Ryu et al.,
2011; Uehara et al. 2017b; Öçal et al. 2018)
and M. javanica (Daunay and Dalmasso

1985; Boiteux and Charchar 1996; Tzortza-
kakis et al. 2006; Öçal et al. 2018). As far as
literature reviewed pointed out, there are no
enough studies that widely characterize the
response of S. torvum against Meloidogyne
populations occurring in Spain.

Most of grafting application have ex-
panded mainly in the Cucurbitaceae and
Solanaceae family, both major vegetable
crops that are commonly rotated to max-
imize land use and boost productivity
(López-Gómez et al. 2015; Kyriacou et
al. 2017). The proper screening of C.
amarus and S. torvum rootstocks could give
crucial information about potential tools al-
ready available to design effective and envi-
ronmentally friendlier strategies to manag-
ing RKN. In particular, this work will fo-
cus on Meloidogyne populations ocurrying
in Spain, some of them previously described
as virulents to the Mi1.2 gene in tomato (Or-
nat et al. 2007; Verdejo-Lucas et al. 2012).

         tonnes
<=        905
<=      3824
<=     27898
<= 1307793
   > 1307793

Figure 7: Production quantities of eggplants in 2017 by country (FAOSTAT, 2019).
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Objectives

The main objective of this thesis was to determine the durability of resistance to
Meloidogyne of Citrullus amarus and Solanum torvum as potential rootstocks for water-
melon and eggplant, respectively. This objective was divided into specific objectives to
determine:

1. The response of two Citrullus amarus accessions, BGV0005164 and BGV0005167,
against different Meloidogyne arenaria, M. incognita, and M. javanica (a)virulent
isolates in pot experiments and against M. incognita in plastic greenhouse (Chapter
1).

2. The performance of ungrafted and grafted watermelon onto C. amarus accessions
submitted to increasing densities of M. incognita and M. javanica in pot experiments
to determine the maximum multiplication rate, the maximum population density and
the equilibrium density of the root-knot nematode species and the effect on shoot
dry biomass of watermelon (Chapter 2).

3. The durability of resistance of C. amarus accessions after two consecutive years in
the same plots, the selection for virulence and the fitness cost for the nematode
(Chapter 2).

4. The response of commercial Solanum torvum cultivars against (a)virulent isolates of
M. incognita and M. javanica in pot experiments and against M. incognita in plastic
greenhouse in two cropping seasons (Chapter 3).

5. The performance of ungrafted and grafted eggplant onto S. torvum ‘Brutus’ sub-
mitted to increasing densities of M. javanica in pot experiments to determine the
maximum multiplication rate, the maximum population density and the equilibrium
density of the root-knot nematode species and the effect on shoot dry biomass of
watermelon (Chapter 3).

6. The durability of resistance of S. torvum ‘Brutus’ after two consecutive years in the
same plots, the selection for virulence and the fitness cost for the nematode (Chapter
4).
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Chapter 1

Response of two Citrullus amarus
accessions to isolates of three
species of Meloidogyne and their
graft compatibility with
watermelon
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graft compatibility with watermelon
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Abstract

The response of two Citrullus amarus accessions, BGV0005164 and BGV0005167, was
assessed against different Meloidogyne arenaria, Meloidogyne incognita, and Meloidogyne
javanica isolates in pot experiments and against M. incognita in plastic greenhouse. In the
pot experiments, plants were inoculated with a second-stage juvenile per cm3 of sterile sand
and maintained in a growth chamber at 25 ◦C for 50 days. The watermelon cv. Sugar Baby
was included as a susceptible control for comparison. At the end of the experiments, the
number of egg masses and eggs per plant was determined, and the reproduction index was
calculated as the percentage of the number of eggs produced in the C. amarus accessions
with regard to that produced in the susceptible cv. Sugar Baby. In the plastic greenhouse
experiment, the ungrafted watermelon cv. Sugar Baby and watermelons grafted onto
each of the C. amarus accessions and onto the watermelon rootstock cv. Robusta were
cultivated from May to August 2016 in plots with nematode densities from 46 to 1392 J2
per 250 cm3 of soil at transplantation. At the end of the experiment, the galling index and
the number of eggs per plant were determined, and the reproduction index was calculated.
Additionally, the compatibility of the two accessions with the watermelon cv. Sugar Baby
and the effect on fruit quality (weight, size, shape, firmness, pH, total soluble solids, and
flesh color) were assessed under a hydroponic system in a greenhouse. The commercial
rootstocks cv. Cobalt and cv. Robusta were also included. All the Meloidogyne isolates
produced less egg masses and eggs per plant on the accessions than on Sugar Baby. Both
accessions performed as resistant against M. arenaria, and from highly to moderately
resistant to M. incognita and M. javanica in pot experiments. In the plastic greenhouse
experiment, both C. amarus accessions performed as resistant to M. incognita. Both
C. amarus accessions were compatible with the watermelon cv. Sugar Baby, but only
the BGV0005167 accession did not influence the fruit quality. Then, the BGV0005167
accession is a promising rootstock for managing the three tropical root-knot nematode
species without influencing watermelon fruit quality.

1.1 Introduction

Watermelon is one of the major cultivated
cucurbit crops, with an estimated world-
wide production of ca. 117 million t from
3.5 million ha (FAOSTAT 2017). As a re-
sult of the intensive cultivation in limited
land resources, soilborne diseases and pests
have significantly increased in recent years
(Thies et al. 2015b). The root-knot ne-
matode (RKN) Meloidogyne spp. is cur-

rently one of the main pathogens in cu-
curbit crops. Maximum yield losses of
88% in cucumber, 53% in zucchini, and
35% in watermelon cultivated under plastic
greenhouses have been estimated in Spain
(Giné et al. 2014; Vela et al. 2014; López-
Gómez et al. 2014, 2015). The control
of RKN has widely been done using fumi-
gant and non fumigant nematicides (Ny-
czepir and Thomas 2009). Nonetheless,
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Chapter 1: Host suitability of Citrullus amarus to RKN

the interest in nonchemical control alter-
natives has increased according to recent
regulations such as the European Direc-
tive 2009/128/EC and the U.S. Clean Air
Act (US Environmental Protection Agency
2012). In this scenario, plant resistance is
a key tool for RKN management because it
is an effective and economically profitable
control method (Sorribas et al. 2005). Crop-
ping resistant cultivars reduces the growth
rate and the equilibrium density of the RKN
population, as well as crop yield losses (Ta-
lavera et al. 2009). Moreover, it reduces
crop yield losses of the following crop in
the rotation scheme (Ornat et al. 1997;
Thies et al. 2004; Westphal 2011). Graft-
ing onto resistant rootstocks is an alterna-
tive method to control soilborne pathogens
when no commercial resistant cultivars are
available (Yetişir et al. 2003; Miguel et
al. 2004; Cohen et al. 2007; Oda 2002;
Thies et al. 2016). Regarding watermelon,
it has been commonly grafted onto commer-
cial rootstocks such as Cucurbita maxima ×
Cucurbita moschata and Lagenaria siceraria
owing to their resistance to fusarium wilt.
However, both rootstocks are susceptible to
infection by Meloidogyne (Davis et al. 2008;
Hassell et al. 2008; Thies et al. 2010, 2015a;
Kokalis-Burelle and Rosskopf 2011; López-
Gómez et al. 2016; Giné et al. 2017). In
the last few years, some accessions of cit-
ron melon, Citrullus lanatus var. citroides,
most recently referred as Citrullus amarus
(Chomicki and Renner 2015), have been
proven to be useful as watermelon rootstock.
Indeed, these accessions provide resistance
to fusarium wilt (Huitrón et al. 2007; Levi
et al. 2017) and some RKN species in both
greenhouse (Thies and Levi 2003, 2007) and
open field cultivation (Huitrón et al. 2007;
Thies et al. 2010, 2015a, 2016). In addition,
watermelon grafted onto C. amarus yielded
more than those grafted onto L. siceraria,
C. maxima × C. moschata or Praecitrullus
fistulosus, without affecting the quality and
the size of the fruits (Kyriacou et al. 2016;
Thies et al. 2015aa; Fredes et al. 2017).

However, not all C. amarus accessions re-
sponded equally to RKN isolates (Thies and
Levi 2003, 2007; Thies et al. 2016; Levi
et al. 2017), the screening of new acces-
sions against local RKN populations being
necessary to assure their efficacy. Further-
more, the compatibility with the scion and
the effect on the quality of fruits is also re-
quired to be considered as a potential root-
stock. The aim of this study was to charac-
terize the response of two experimental C.
amarus accessions against several isolates
of Meloidogyne arenaria, Meloidogyne incog-
nita and Meloidogyne javanica under con-
trolled conditions and against M. incognita
under plastic greenhouse conditions. Ad-
ditionally, the compatibility of the two C.
amarus accessions with the watermelon cv.
Sugar Baby and the effect on fruit quality
were assessed in a hydroponic system under
greenhouse.

1.2 Materials and methods

1.2.1 Nematode inoculum

Seven isolates of M. arenaria, M. incognita
and M. javanica were used in the experi-
ments (Table 1.1). All the RKN isolates
were maintained on the susceptible tomato
cv. Durinta (Seminis Seeds, St. Louis,
Missouri). Second-stage juveniles (J2) were
used as the inoculum. The J2 were ob-
tained from eggs by maceration of the in-
fected roots in a 5% commercial bleach so-
lution (40 g/L NaOCl) for 10 min according
to the Hussey and Barker (1973) method.
After maceration, the egg suspension was
filtered through a 74 µm sieve, and then,
the eggs were collected on a 25 µm sieve
and placed on Baermann trays (Whitehead
and Hemming 1965). The J2 emerged dur-
ing the first 24 h were discarded. After that,
the J2 emerged were recovered every two
days and maintained at 9 ◦C until the pot
experiments were carried out. The identifi-
cation of the Meloidogyne species was con-
firmed using SCAR-PCR markers (Zijlstra
et al. 2000).
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Table 1.1: Meloidogyne species and isolates used in pot experiments, geographic origin,
and (a)virulence status against the Mi1.2 gene of tomato.

Meloidogyne spp. Isolate Geographic origin (a)virulence Reference

M. arenaria MA68 Barcelona Avirulent Expósito et al. 2018
M. incognita Agropolis Barcelona Avirulent Giné et al. 2017

Garriga Barcelona Avirulent Expósito et al. 2018
M. javanica MJ05 Barcelona Avirulent Ornat et al. 2007

Tugues Barcelona Avirulent Expósito et al. 2018
Bay Murcia Avirulent Expósito et al. 2018
MJLg Almeŕıa Virulent Expósito et al. 2018

1.2.2 Response of C. amarus ac-
cessions to RKN isolates

The C. amarus accessions BGV0005164
(CI64) and BGV0005167 (CI67), ob-
tained from Institute for the Conservation
and Breeding of Agricultural Biodiversity
(COMAV-UPV) gene bank collection (Va-
lencia, Spain), were assessed against the
Meloidogyne isolates in three different pot
experiments. In the first experiment, the
accessions CI64 and CI67 were assessed
against the Mi1.2 avirulent isolates Agropo-
lis (M. incognita) and MJ05 (M. javanica).
In the second experiment, the response of
the two C. amarus accessions was assessed
against the Mi1.2 avirulent isolates MA68
of M. arenaria; Agropolis and Garriga of
M. incognita; and Bay, MJ05, and Tugues
of M. javanica. In the third experiment,
the response of both C. amarus accessions
was assessed against the Mi1.2 virulent iso-
late MJLg of M. javanica. The watermelon
cv. Sugar Baby (SB) (Intersemillas S. A.,
Loriguilla, Valencia, Spain) was included as
susceptible control for comparison in all ex-
periments. The watermelon rootstock cv.
Robusta (RO) (C. lanatus, Intersemillas S.
A., Loriguilla, Valencia, Spain) was also in-
cluded for comparison as resistant control
(López-Gómez et al. 2016) in the third ex-
periment. Experiment 1 and 3 were car-
ried out once, and each plant-RKN isolate
combination was replicated 10 times. Ex-
periment 2 was repeated once, and each
plant-RKN isolate combination was repli-
cated seven and eight times in the first and
second experiment repetition, respectively.

All experiments were carried out follow-
ing the same procedure. Briefly, seeds
were germinated according to the method
given in Exposito et al. (2018). Seedlings
were transplanted to 200 cm3 pots con-
taining sterile sand and maintained in a
growth chamber at 25 ± 2◦C with a 16:8
h (light:dark) photoperiod for a week and
then inoculated with 1 J2 per cm3 soil.
Plants were maintained in the growth cham-
ber for 50 days. Plants were watered as
needed throughout the experiment and fer-
tilized with a slow-release fertilizer (15% N,
9% P2O5, 12% K2O, 2% MgO2, microele-
ments; Osmocote Plus). Soil temperatures
were recorded daily at 30 min intervals with
a PT100 probe (Campbell Scientific Ltd.)
placed into the pots at 4 cm depth.

At the end of the experiments, the
roots were carefully washed and weighed.
Then, in the first and second experiments,
the roots were submerged in 15 mg/L eri-
oglaucine solution (Acros Organics) for 20
min to stain the egg masses before count-
ing them (Omwega 1988). In all experi-
ments, eggs were extracted from roots by
maceration in a 10% commercial bleach so-
lution (40 g/L NaOCl) for 10 min (Hussey
and Barker 1973), passed through a 74 µm
aperture screen and collected in a 25 µm
sieve for final counting. Reproduction in-
dex (RI) was calculated as the percentage of
eggs per plant produced in the experimen-
tal germplasm with regard to that in the
susceptible one. The response of the acces-
sions was categorized according to the RI
as highly resistant (RI < 1%), resistant (1%
≤ RI < 10%), moderately resistant (10% ≤
RI < 25%), slightly resistant (25% ≤ RI <
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50%), or susceptible (RI ≥ 50%) (Hadisoe-
ganda 1982).

1.2.3 Experiment under plastic
greenhouse

The experiment was carried out from May
10 to August 11, 2016, under a 700 m2

plastic greenhouse located at Viladecans
(Barcelona, Spain), infested with the M.
incognita isolate Agropolis. Ten 2.5 m long
individual plots were used. Each plot was
considered a replication and consisted in a
row in which one plant each of ungrafted wa-
termelon SB, the watermelon grafted onto
CI64 and CI67, and that grafted onto the
rootstock RO was transplanted with a space
of 0.6 m. Plants were arranged in such a way
that every germplasm was an equal number
of times at the edge of the plots and next
to the susceptible SB. Plants were irrigated
as needed through a drip irrigation system
and weekly fertilized with a solution consist-
ing of NPK (15-5-30) at 31 kg/ha and iron
chelate and micronutrients at 0.9 kg/ha.
Plants were maintained for 20 weeks. The
temperature was recorded at 30 min inter-
val with temperature probes 5TM (Decagon
Devices, Inc.) placed at a depth of 15 cm in
the soil.

Nematode densities were determined at
transplantation (Pi). Soil samples were
taken from each experimental plot and con-
sisted of eight cores taken from the first
30 cm of soil with an auger of diameter
2.5 cm. Soil subsamples were mixed and
passed through a 4 mm pore sieve to remove
stones. The J2 were extracted from 500
cm3 of soil using Baermann trays (White-
head and Hemming 1965) and incubated at
27 ± 2 ◦C for one week. Afterwards, the
J2 were collected using a 25 µm aperture
screen, counted, and expressed as J2 per 250
cm3 of soil. At the end of the experiment,
roots were carefully removed from the soil,
washed, and weighed, and the galling index
(GI) was evaluated on a scale from 0 to 10,
where 0 complete and healthy root system
and 10 plants and roots dead (Zeck 1971).
After that, the number of eggs per plant was
determined as described previously and was

considered the final nematode density (Pf ).
RI was calculated and the response of the C.
amarus accessions and RO was categorized
as described previously.

1.2.4 Grafting compatibility and
fruit quality

The watermelon cultivar SB was self-grafted
(SB-SB) and grafted onto CI64, CI67, RO,
and the commercial hybrid C. maxima ×
C. moschata rootstock cv. Cobalt (CO)
(Rijk Zwaan, BV, The Netherlands) ac-
cording to the cleft procedure (Lee et al.,
2010). Ten plants of each grafted combina-
tion were grown under a hydroponic system
in a commercial greenhouse at Fundación
Cajamar (Paiporta, Valencia) during the
spring–summer 2018. The ungrafted water-
melon SB was included for comparison. To
evaluate the impact of grafting on fruit qual-
ity, ten fruits per treatment were character-
ized for the following traits: weight, length
and width, rind and flesh thickness, flesh
firmness (measured with a digital Penetrom-
eter (8 mm) FHT-803 R©, Melrose, MA), pH
(measured with the pH indicator paper pH1-
14; Merck, Darmstadt, Germany), total sol-
uble solids (quantified using the digital re-
fractometer Atago R©, Tokyo, Japan), and
flesh color (measured with the colorimeter
Minolta CR-400, New Jersey, USA) using
the color parameters Hunter L, a and b,
where the L value indicates lightness (from
0 to 100), a value indicates redness (+) or
greenness (−), and b value indicates yellow-
ness (+) or blueness (−).

1.2.5 Statistical analysis

Statistical analyses were performed using
R Statistical Software version 3.5.1 (R
Foundation for Statistical Computing, Vi-
enna, Austria). The data on the num-
ber of egg masses and eggs per plant
were not normally distributed according to
the normal Shapiro–Wilk W test. Data
from both repetitions of the second exper-
iment were submitted to the nonparamet-
ric Mann–Whitney U test and pooled to-
gether as replications of the same exper-
iment because no differences were found
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(P ≥ 0.05). Comparisons between plant
germplasm per each RKN isolate, as well
as between RKN isolates per each plant
germplasm within each experiment were
done by the Mann–Whitney U test (two
groups) or the Kruskal–Wallis non paramet-
ric test (more than two groups). When sig-
nificant (P < 0.05), medians were separated
using pairwise multiple comparisons by the
Dunn test (P < 0.05). Data on fruit qual-
ity traits of each grafted combination were
compared to those of the ungrafted control
SB by the Student t-test (P < 0.05)

1.3 Results

1.3.1 Pot experiments

The number of egg masses and eggs per
plant was lower (P < 0.05) in both C.
amarus accessions than in the watermelon
SB, irrespective of the RKN isolate. Both
C. amarus accessions responded as resis-
tant (1% ≤ RI <10%) to the majority of
the RKN isolates. The accession CI64 re-
sponded only as moderately resistant to the
M. javanica isolate Tugues, and both CI67
and RO were moderately resistant to the
Mi1.2 virulent MJLg isolate of M. javanica
(Table 1.2).

1.3.2 Experiment under plastic
greenhouse

The minimum and maximum soil temper-
atures during the experiment were 18.4 ◦C

and 30.5 ◦C, respectively. The initial ne-
matode densities at transplantation ranged
from 46 to 1392 J2 per 250 cm3 of soil. The
number of eggs per plant and the galling in-
dex were significantly lower (P < 0.05) in
both C. amarus accessions than those in
the watermelon SB and the rootstock RO.
Both CI accession and the rootstock RO
performed as resistant (1% ≤ RI <10%) to
M. incognita (Table 1.3).

1.3.3 Grafting compatibility and
fruit quality

Under our experimental conditions, both
ungrafted watermelon SB and watermelon
SB grafted onto different rootstocks showed
a similar growth performance. However,
some effects of fruit traits were observed in
plants grafted onto specific rootstocks (Ta-
ble 1.4). The weight of watermelon fruits
produced by SB onto the Cucurbita hybrid
rootstock CO was greater (P < 0.05) than
the weight of those produced by the un-
grafted plants (5.5 ± 0.2 vs. 4.7 ± 0.5 kg)
but with a significant decrease (P < 0.05) of
soluble solids (9.45 ± 0.27 vs. 10.67 ± 0.32
◦Bx). The watermelon rootstocks RO and
CI67 did not influence the fruit traits com-
pared to those produced by the ungrafted
and self-grafted SB, but the rootstock CI64
produced fruits with thicker rinds, firmer
flesh, and less soluble solids (P < 0.05) (Ta-
ble 1.4).
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Table 1.3: Galling index, eggs per plant and reproduction index (RI) of M. incognita in
the watermelon cv. Sugar Baby, the commercial watermelon rootstock cv. Robusta, and
the C. amarus accessions BGV0005164 and BGV0005167 cultivated from May to August
2016 in plastic greenhouse at initial population densities from 46 to 1392 J2 per 250 cm3

of soil.

Plant host Galling indexa Eggs per plant (×102) Reproduction index (%)b

Sugar Baby 5.0 ± 0.6 a 1031 ± 484 a
Robusta 2.8 ± 0.4 b 51 ± 11 b 4.4 ± 0.9
BGV0005164 2.5 ± 0.5 b 16 ± 10 b 1.4 ± 0.9
BGV0005167 1.5 ± 0.5 b 15 ± 12 b 1.3 ± 1.0

Data are the mean ± standard error of 10 replicates. Different letters in the same
column indicate significant differences (P < 0.05) between germplasm according to the
Kruskal–Wallis test.
aGalling index on a scale from 0 to 10, where 0 = complete and healthy root system and
10 = plant and roots dead (Zeck 1971).
bReproduction index = 100 × (number of eggs per plant produced in the CI accessions or
Robusta / mean number of eggs per plant produced in the susceptible cv. Sugar Baby).

1.4 Discussion

The results of this study showed that the C.
amarus accessions CI64 and CI67 are resis-
tant to several nematode isolates belonging
to the three most widespread RKN species.
Some other C. amarus accessions resis-
tant to RKN have been reported previously
(Huitrón et al. 2007; Thies et al. 2015c),
thus increasing the number of accessions
that could be used as putative watermelon
rootstock. The watermelon has been de-
scribed as a poor host of Meloidogyne ow-
ing to its low values of maximum multipli-
cation rate and equilibrium density (López-
Gómez et al. 2014). The RKN isolates as-
sessed in this study reproduced less than
watermelon cv. Sugar Baby in both pot
and plastic greenhouse experiments, which
demonstrates their potential for suppressing
the RKN population growth rate. Other
C. amarus accessions and lines have also
been shown to be RKN resistant under field
and plastic greenhouse conditions (Huitrón
et al. 2007; Thies et al. 2008, 2009, 2015a,
2015b, 2015c). The resistance of C. amarus
to RKN has been associated with the rela-
tively high root fibrosity compared to that
of C. lanatus var. lanatus, Citrullus colo-
cynthis, L. siceraria, and C. maxima × C.
moschata (Thies and Levi 2003, 2007; Thies
et al. 2015c, 2016).

Interestingly, both C. amarus accessions
assessed in this study were also resistant to
a Mi1.2 gene virulent isolate. This find-
ing shows the usefulness to include this
germplasm as a component of the rotation
scheme for managing virulent RKN isolates
for specific resistance genes. The most avail-
able resistance genes to RKN in vegetables
are in solanaceous cultivars and rootstocks,
e.g., tomato and pepper. The virulence to
a given R-gene could be counter-selected
by other R-genes because it is highly spe-
cific and it has a fitness cost to be acquired
(Djian-Caporalino et al. 2011). Recently,
some Cucumis metuliferus accessions have
been described as resistant to Mi1.2 gene
virulent RKN isolates (Expósito et al. 2018),
and although the selection for virulence to
the Mi1.2 gene was not prevented when al-
ternated with tomato grafted onto the resis-
tant rootstock cv. Aligator, it influenced its
level (Expósito et al. 2019). The availabil-
ity of some more sources of resistance used
in rotation schemes could favor the durabil-
ity of specific resistant genes by preventing
the fixation of the virulence character in the
RKN population.

Grafting commercial watermelon culti-
vars onto resistant rootstocks has proven to
be a successful approach to manage plant
diseases, being a widely accepted practice in
some parts of the world (Oda 2002; Miguel
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Chapter 1: Host suitability of Citrullus amarus to RKN

et al. 2004; Cohen et al. 2007; Yetişir et
al. 2007; Leonardi et al. 2017). Cucurbita
hybrids, the most popular watermelon root-
stocks, are resistant to some soil-borne fun-
gal diseases but susceptible to RKN (López-
Gómez et al. 2016; Giné et al. 2017). The
results of this study showed that both C.
amarus accessions are able to suppress RKN
at the same level as that of the commercial
C. lanatus cv. Robusta. In addition, these
two experimental accessions have also been
proved to be moderately to highly resis-
tant to Fusarium oxysporum f. sp. niveum
(Fon) races 0 and 2 (Garces et al., per-
sonal communication), which improve their
success as watermelon rootstock. Some
other C. amarus accessions also showed re-
sistance to other diseases such as gummy
stem blight (Gusmini et al. 2005), pow-
dery mildew (Davis et al. 2007; Tetteh et
al. 2010), and potyviruses (Guner 2004;
Strange et al. 2002; Guner and Wehner
2008)

Both C. amarus accessions have shown ef-
ficient grafting compatibility to watermelon,
but they differed in influencing the fruit
quality. While the quality of fruit produced
by the watermelon grafted onto the CI67 ac-

cession did not show significant difference
from that produced by the ungrafted and
self-grafted plants, it did show a significant
difference when grafted onto CI64. Similar
results were obtained with the watermelon
F1 hybrid cv. Oneida onto CI67 (Fredes et
al. 2017). This previous study also showed
that the citron melon accession affected the
aroma of the watermelon flesh less than the
hybrid Cucurbita rootstock, which, in turn,
produced larger fruit with less soluble solids.

1.5 Conclusion

The C. amarus accession CI67 is a promis-
ing rootstock for managing the three tropi-
cal RKN species without influencing water-
melon fruit quality.
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Yetişir, H., Ş. Kurt, N. Sari, and F. M. Tok. 2007.
Rootstock potential of Turkish Lagenaria sicer-
aria germplasm for watermelon: Plant growth,
graft compatibility, and resistance to Fusarium.
Turkish Journal of Agriculture and Forestry.
issn: 1300011X. https://dergipark.org.tr/
tbtkagriculture/issue/11612/138378.
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Effect of Citrullus amarus accessions on the

population dynamics of Meloidogyne incognita

and M. javanica and watermelon yield

Helio A. Garćıa-Mend́ıvil and Francisco J. Sorribas

Abstract

The response of ungrafted and grafted watermelon cv. Sugar baby onto the C. amarus ac-
cessions BGV0005164 and BGV0005167 submitted to increasing densities of M. incognita
and M. javanica was studied in pot experiments to determine the maximum multiplication
rate, the maximum population density and the equilibrium density of the root-knot ne-
matode species and the effect on shoot dry biomass of watermelon. In plastic greenhouse
conditions, the ungrafted and grafted watermelon onto both C. amarus accessions, and
onto the C. lanatus rootstock cv. Robusta were cultivated for two consecutive years in the
same plots to assess the level of resistance to M. incognita and crop yield. Additionally,
after the second crop, the putative selection for virulence in the nematode subpopulation
originated in the ungrafted and grafted watermelon was assessed in pot experiments. The
maximum multiplication rate, the maximum population density and the equilibrium den-
sity values of both Meloidogyne species were lower in grafted than ungrafted watermelon.
In the plastic greenhouse experiment, the nematode densities in soil at transplantation
ranged from 1 to 53 J2 per 100 cm3 of soil in 2017 and did not differ between grafted
and ungrafted watermelons. At the end of the crop, the galling index and the number
of eggs per plant was higher in ungrafted than in grafted watermelon both years. The
C. amarus accessions performed from highly resistant to resistant to M. incognita, and
the rootstock cv. Robusta from moderately resistant in 2017 to slightly resistant in 2018.
The repeated cultivation of grafted watermelon onto C. amarus accessions did not select
for virulence. All grafted watermelons yielded more kg per plant than the ungrafted in
both years. The results of this study highlight the poorer host status of CI64 and CI67
accessions to M. incognita and M. javanica compared to watermelon; the stability of the
C. amarus resistance; and the beneficial effect of C. amarus on watermelon yield when
cultivated in Meloidogyne infested soils.

2.1 Introduction

Grafting vegetables onto resistant root-
stocks for managing soilborne plant
pathogens has become a common envi-
ronmentally friendly alternative to soil
fumigants (Thies et al. 2015b). Water-
melon, the most cultivated cucurbit crop
worldwide (FAOSTAT 2017), is commonly
grafted onto Cucurbita maxima × Cucur-
bita moschata and Lagenaria siceraria root-
stocks to control fusarium wilt (Miguel et
al. 2004), but these rootstocks are sus-
ceptible to root-knot nematodes (RKN),

Meloidogyne spp. (Huitrón et al. 2007;
López-Gómez et al. 2016; Levi et al. 2017).
Despite RKN are the main plant parasitic
nematode affecting cucurbit crops (Hall-
mann and Meressa 2018), watermelon is
less affected than others, such as cucum-
ber or melon (Giné et al. 2014; Expósito
et al. 2019), due to its poor host status
(López-Gómez et al. 2014). Nonetheless,
grafting onto interspecific squash hybrid
rootstocks leads to increasing nematode
densities (Giné et al. 2017) making nec-
essary the use of other methods for RKN
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management. Then, screening for other
putative watermelon rootstocks resistant
to both fusarium wilt and RKN, including
Citrullus amarus, has been done (Thies and
Levi 2003, 2007; Huitrón et al. 2007; Thies
et al. 2010, 2015a, 2015, 2016; Keinath et
al. 2019). As a result of these studies, the
C. amarus cv. Carolina Strongback has
been jointly released by USDA-ARS and
Clemson University (Kemble et al. 2019).
Recently, Garćıa-Mend́ıvil et al. (2019) have
reported two C. amarus accessions resistant
to fusarium wilt that were also resistant to
isolates of the three most widespread RKN
species, M. arenaria, M. incognita and M.
javanica, and were compatible as rootstocks
for a watermelon cultivar. Nonetheless, a
wider characterization of the potential of
these plant germplasms for RKN manage-
ment should consider the plant host status
and the level of plant resistance, and also
the plant tolerance to estimate yield losses.
The host status of a plant is determined
by three parameters estimated with the re-
lationship between the nematode density
at transplanting (Pi) and at the end of the
crop (Pf ): the maximum multiplication rate
(a), the maximum population density (M ),
and the equilibrium density (E, Pf = Pi ;
Pf/Pi = 1), that are higher in good host
than in resistant or poor host plants (Sein-
horst 1970). The resistance level of a given
plant can be categorized according to the re-
production index of the nematode, defined
as the proportion of the nematode reproduc-
tion in a given germplasm compared to that
in a susceptible standard (Hadisoeganda
1982). Plant tolerance (T ), the maximum
Pi at which no yield loss is recorded, is
estimated by the relationship between in-
creasing Pi and the relative plant biomass
or crop yield. This parameter, along with
the minimum relative yield (m), can be es-
timated by the Seinhorst’s damage function
model (Seinhorst 1998). In addition to this
characterization, the knowledge of the risk
of selection of virulent nematode popula-
tions can aid for designing good plant resis-
tance management practices for preserving
its durability. Then, several experiments
were conducted to estimate the population

dynamics of M. incognita and M. javan-
ica on ungrafted and grafted watermelon
onto two C. amarus accessions, its level
of resistance and tolerance, and the effect
of cultivation two consecutive watermelon
crops in the same plots under plastic green-
house conditions on M. incognita densities,
selection for nematode virulence, and wa-
termelon yield.

2.2 Materials and methods

2.2.1 Nematode inoculum

The isolates Agropolis of M. incognita and
MJ05 of M. javanica were used in the exper-
iments. Both RKN isolates were maintained
on the susceptible tomato cv. Durinta (Sem-
inis Seeds, St. Louis, Missouri). The nema-
tode inoculum consisted in second-stage ju-
veniles (J2) obtained from eggs by blender
maceration of infected roots in a 5% com-
mercial bleach solution (40 g/L NaOCl) for
10 min according to the Hussey and Barker
(1973) method. Afterwards, the egg sus-
pension was firstly filtered through a 74 µm
sieve and finally collected on a 25 µm sieve
and placed on Baermann trays (Whitehead
and Hemming 1965). The J2 emerged dur-
ing the first 24 h were discarded. After that,
the J2 emerged were recovered every two
days and maintained at 9 ◦C for 8 days until
the pot experiments were carried out. The
identification of the Meloidogyne species was
confirmed using SCAR-PCR markers (Zijl-
stra et al. 2000)

2.2.2 Relationship between in-
creasing Pi of M. incognita
or M. javanica on ungrafted
and grafted watermelon and
Pf and plant biomass

The C. amarus accessions BGV0005164
(CI64) and BGV0005167 (CI67), provided
by Dr. Gisbert and Dr. Picó from the Insti-
tute for the Conservation and Breeding of
Agricultural Biodiversity gene bank collec-
tion (COMAV-UPV, Valencia, Spain), and
the watermelon cv. Sugar Baby (SB) (Inter-
semillas S. A., Loriguilla, Valencia, Spain)
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were used in the experiments. The water-
melon cultivar SB was grafted onto the C.
amarus accessions using the cleft procedure
(Lee et al. 2010).

The watermelon SB ungrafted and
grafted onto the C. amarus accessions were
transplanted into 3 L pots filled with ster-
ile sand, and inoculated with the M. incog-
nita isolate Agropolis or M. javanica isolate
MJ05 at initial population densities (Pi) of
0, 0.1, 0.2, 0.4, 0.8, 1.5, 3, 6 and 12 J2 per
cm3 of sand to assess the relationship be-
tween Pi and the nematode densities at the
end of the experiment (Pf ), and the effect
on relative dry shoot biomass. Each treat-
ment was replicated four times. Plants were
maintained from May to July (73 d) in a
greenhouse. Plants were watered as needed
and fertilized with a slow release fertilizer
(15% N, 9% P2O5, 12% K2O, 2% MgO2,
microelements; Osmocote Plus). Soil tem-
peratures were recorded daily at 30 min in-
tervals with 5TM probes (Decagon devices,
Inc.).

At the end of the experiment, plants
were removed from the pots. The above-
ground part of the plants was dried in an
oven at 70 ◦C for 4 days and weighed. The
roots were carefully washed free of soil and
weighed. Afterwards, eggs were extracted
by blender maceration of all the root system
in a 10% commercial bleach solution (40 g/L
NaOCl) (Hussey and Barker 1973) and was
considered the Pf. The maximum multipli-
cation rate (a) was estimated by the slope
of the linear regression between Pf and the
lowest values of Pi, according to Pf = aPi
(Seinhorst 1970). The maximum population
density (M ) was estimated from the exper-
imental data, and the equilibrium density
(E ) was estimated by iteration from the re-
gression equation obtained from the relation
between Pi and Pf.

2.2.3 Effect of C. amarus on
M. incognita reproduction,
disease severity and water-
melon yield cultivated in
plastic greenhouse

The experiment was conducted in a 700
m2 plastic greenhouse located at Vilade-

cans (Barcelona, Spain), infested with M.
incognita. The soil texture was sandy loam
with 83.8% sand, 6.7% loam and 9.5% clay;
pH 8.7; 1.8% of organic matter (w/w) and
0.5 dS/m electrical conductivity. The ex-
periment consisted in four treatments: SB
grafted onto CI64; SB grafted onto CI67,
SB grafted onto the C. lanatus rootstock cv.
Robusta (RO) (Intersemillas S. A., Lorigu-
illa, Valencia, Spain), and the ungrafted SB.
Each treatment was replicated 5 times in
plots with narrow variation on nematode
densities between treatments at transplan-
tation of the first crop in 2017. Crops were
carried out from April 10 to August 17 2017
(129 d) and from March 20 to August 7 2018
(140 d). Plots were maintained in black fal-
low between cropping seasons. Individual
plots consisted in a row with 4 plants spaced
0.6 cm. Plots within a row were spaced 1 m.
Plants of each treatment were cultivated in
the same plot each year to determine the ef-
fect on M. incognita densities, the disease
severity, the crop yield and the durability of
the resistance. Soil of each plot was pre-
pared individually to avoid cross contam-
ination. Plants were irrigated as needed
trough a drip irrigation system and fertil-
ized with a solution of NPK (15-5-30) at
31 kg/ha, iron chelate and micronutrients
at 0.9 kg/ha. Weeds were removed manu-
ally before and during the cropping season.
Fruit yield were determined 13 and 18 weeks
after transplanting the crop in 2017, and
at 15 and 20 weeks after transplanting in
2018. Soil temperatures and water content
of soil were recorded daily at 1 h intervals
with digital probes 5TM (Decagon devices,
Inc.) placed at 15 cm depth.

Nematode densities in soil were deter-
mined at transplantation (Pi) and at the
end of the crop (Pf ). Soil samples were
taken from each experimental plot and con-
sisted of eight cores taken from the first
30 cm of soil with an auger of diameter
2.5 cm. Soil subsamples were mixed and
passed through a 4 mm pore sieve to remove
stones. The J2 were extracted from 500 cm3

of soil using Baermann trays (Whitehead
and Hemming 1965) and incubated at 27 ±
2 ◦C for one week. J2 were collected using
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a 25 µm aperture screen, counted, and ex-
pressed as J2 per 100 cm3 of soil. At the
end of the crop, roots were carefully up-
rooted and washed, and the galling index
(GI) was evaluated on a scale from 0 to 10,
where 0 = complete and healthy root system
and 10 = plants and roots dead (Zeck 1971).
After that, the number of eggs per plant
were determined extracting them from roots
by blender maceration in a 5% commercial
bleach solution (40 g/L NaOCl) (Hussey and
Barker 1973), as previously stated. The eggs
extracted from roots of SB, CI67, and RO at
the end of the crop in 2018 were incubated
in Baermann trays at 27 ± 2 ◦C to allow J2
emergence to determine the putative selec-
tion for virulence. Reproduction index (RI)
was calculated as the percentage of eggs pro-
duced in the rootstock with regard to that
in the watermelon cultivar. The response of
the rootstock was categorized according to
the RI as highly resistant (RI < 1%), resis-
tant (1% ≤ RI < 10%), moderately resistant
(10% ≤ RI < 25%), slightly resistant (25%
≤ RI < 50%), or susceptible (RI ≥ 50%)
(Hadisoeganda 1982).

2.2.4 Virulence selection

The nematode inoculum consisted of J2 ob-
tained as previously described. The J2
emerged in the first 24 h were discarded.
Afterwards, nematodes were collected daily
for 10 days using a 25 µm sieve and stored
at 9 ◦C until inoculation. Seeds of SB,
CI67, and RO were germinated according
to the method given in Expósito et al.
(2018). Seedlings were transplanted to 200
cm3 pots containing sterile sand and main-
tained in a growth chamber at 25 ± 2 ◦C
with a 16:8 h (light:dark) photoperiod for
a week, and then inoculated with 1 J2 per
cm3 sand. Each treatment was replicated 7
times. Plants were maintained in the growth
chamber for 50 days. Plants were watered
as needed throughout the experiment and
fertilized with a slow-release fertilizer (15%
N, 9% P2O5, 12% K2O, 2% MgO2, microele-
ments; Osmocote Plus). Soil temperatures
were recorded daily at 30 min intervals with
PT100 probes (Campbell Scientific Ltd.).

At the end of the experiments, the roots
were carefully washed free of sand. After-
wards, the GI was evaluated, the number of
eggs per plant was determined, the RI was
calculated, and the level of resistance was
categorized following the procedures previ-
ously stated.

2.2.5 Statistical analysis

Statistical analyses were performed using
R Statistical software version 3.5.1 (R
Foundation for Statistical Computing, Vi-
enna, Austria). The data were not nor-
mally distributed according to the normal
Shapiro–Wilk W test. Then, the non-
parametric Mann–Whitney U test was used
for paired comparisons. The relative yield
of grafted or ungrafted watermelon was plot-
ted against the Pi values and submitted to a
non-linear regression analysis (proc nlin) of
SAS system V9.4 (SAS Institute Inc., Cary,
NC) to determine if they fitted the Sein-
horst damage function model y = m+ (1−
m)0.95Pi/(T−1) when Pi ≥ T, and y = 1
when Pi < T, where y is the relative yield,
m is the minimum relative yield, and T is
the tolerance limit (Seinhorst 1998).

2.3 Results

2.3.1 Relationship between in-
creasing Pi of M. incognita
or M. javanica on ungrafted
and grafted watermelon and
Pf and plant biomass

The sand temperature during the experi-
ment ranged from 20.6 ◦C to 30.6 ◦C. The
maximum multiplication rate (a), the maxi-
mum population density (M ), and the equi-
librium density (E ) of the M. incognita iso-
late Agropolis in CI64 and CI67 were 37%
and 29%, 72% and 76%, and 69% and 79%
lower than in SB, respectively. Regarding
the M. javanica isolate MJ05, the values of
a, M and E in CI64 and CI67 were 99% and
81%, 65% and 76%, and 15% and 33% lower
than in SB, respectively (Table 2.1, fig. 2.1).
The relationship between Pi and the dry
shoot biomass of the ungrafted and grafted
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Table 2.1: Maximum multiplication rate (a), maximum population density (M, J2+ eggs
per 100 cm3 of sand) and equilibrium density (E, J2+ eggs per 100 cm3 of sand) of M.
incognita and M. javanica in ungrafted watermelon cv. Sugar Baby (SB) and grafted in
the C. amarus accessions BGV0005164 (CI64) and BGV0005167 (CI67) cultivated in 3 L
pots inoculated with 0, 0.1, 0.2, 0.4, 0.8, 1.5, 3, 6 and 12 J2 per cm3 of sand (Pi) and
maintained in a greenhouse for 73 d from May to July 2016.

Meloidogyne spp. Rootstock-scion a M E

M. incognita SB 9.5 3485 3031
CI64-SB 6.0 969 960
CI67-SB 6.8 828 684

M. javanica SB 58.3 5320 1321
CI64-SB 6.8 1875 1132
CI67-SB 11.4 12.73 882

watermelon did not fit the Seinhorst’s dam-
age model irrespective of the nematode iso-
late (data not shown).

2.3.2 Effect of C. amarus on
M. incognita reproduction,
disease severity and water-
melon yield cultivated in
plastic greenhouse

The minimum and maximum soil temper-
atures during the cropping season in 2017
ranged from 13.1 ◦C to 29.8 ◦C, and from
13.5 ◦C to 29.3 ◦C in 2018. The nematode
densities in soil at transplantation ranged
from 1 to 53 J2 per 100 cm3 of soil in
2017 and did not differ (P < 0.05) between
grafted and ungrafted watermelons, but the
galling index (fig. 2.2) and the number of
eggs per plant differed (P < 0.05) between
grafted and ungrafted watermelons at the
end of the crop (Table 2.2). All grafted wa-
termelons yielded between 2.9 and 5.6 more
kg per plant (P < 0.05) than the ungrafted
SB. In 2018, nematode densities in soil did
not differ (P < 0.05) between grafted and

ungrafted watermelons either at transplan-
tation nor at the end of the crop, nonetheless
higher galling index (P < 0.05) and more
eggs per plant (P < 0.05) were registered in
ungrafted than grafted SB. Regarding crop
yield, grafted watermelons yielded between
2.0 and 2.7 more kg per plant (P < 0.05)
than the ungrafted SB. The C. amarus ac-
cessions performed from highly resistant to
resistant (1% ≤ RI < 10%) to M. incognita
in both years, and the rootstock RO from
moderately resistant (10% ≤ RI < 25%) in
2017, to slightly resistant (25% ≤ RI < 50%)
in 2018 (Table 2).

2.3.3 Virulence selection

All the M. incognita subpopulations in-
fected all the plant germplasm (GI > 1) but
none of them reproduced in CI67 and re-
produced less (P < 0.05) in RO than SB
(Table 2.3). The reproduction of the nema-
tode subpopulations in SB did not differ (P
< 0.05). The rootstock RO performed as re-
sistant to the subpopulation SB but slightly
resistant to the subpopulation RO.
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Figure 2.1: Relationship between initial (Pi) and final (Pf ) M. incognita (a) and M.
javanica (b) densities in ungrafted watermelon cv. Sugar Baby (SB) and grafted onto
the C. amarus accessions BGV0005164 (CI64) and BGV0005167 (CI67) cultivated in 3 L
pots inoculated with 0, 0.1, 0.2, 0.4, 0.8, 1.5, 3, 6 and 12 J2 per cm3 of sand (Pi) and
maintained in a greenhouse for 73 d from May to July 2016.

2.4 Discussion

Both C. amarus accessions used in this
study have been recently reported as resis-
tant to M. arenaria, M. incognita and M.
javanica and also to a virulent Mi1.2 gene
isolate (Garćıa-Mend́ıvil et al. 2019), but
no information on its response to increas-
ing nematode densities has been previously
published. The results of this study show
the poorest host status of both C. amarus
accessions irrespective of the Meloidogyne
species. The nematode population dynamic
parameters in the C. amarus accessions
were lower than in watermelon, which has
been reported as a poor host of M. javan-

ica compared to other cucurbits in experi-
ments conducted under the same conditions
(Giné et al. 2014; López-Gómez et al. 2014,
2015). The maximum multiplication rate of
M. javanica in watermelon was 96.7% and
98.3% lower than in zucchini and cucum-
ber, respectively; and the equilibrium den-
sity, considered as an indicator of plant tol-
erance, was 93% lower than in zucchini but
494 times higher than in cucumber. In rela-
tion to M. incognita, as far we know, there
is no information on these population dy-
namic parameters for watermelon. Interest-
ingly, the results of this study show that wa-
termelon and both C. amarus accessions are
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Table 2.2: Meloidogyne incognita densities in soil at transplantation (Pi) and at the end
of the crop (Pf ), galling index (GI), eggs per plant, and reproduction index (RI) of the
nematode in the ungrafted (SB) and grafted watermelon cv. Sugar Baby onto the rootstock
cv. Robusta (RO), and the C. amarus accessions BGV0005164 (CI64) and BGV0005167
(CI67) cultivated for two consecutive years in the same plot from April to August 2017
(129 days) and March to August (140 days) in plastic greenhouse, and fruit yield per
plant.

Rootstock-scion
Pi (J2 per
100 cm3 soil)

Pf (J2 per
100 cm3 soil)

GIa
Eggs per
plant (×102)

RI (%)b
Yield
(kg per plant)

first crop (2017):
SB 14 ± 3 10 ± 5 4.5 ± 0.5 4097 ± 1528 2.7 ± 0.4
RO-SB 24 ± 10 8 ± 4 2.2 ± 0.3* 693 ± 495* 16.9 ± 11.5 5.6 ± 0.7*
CI64-SB 17 ± 8 6 ± 3 2.2 ± 0.3* 40 ± 20* 1.0 ± 0.7 8.3 ± 1.1*
CI67-SB 20 ± 13 4 ± 2 2.5 ± 0.3* 69 ± 24* 1.7 ± 0.6 6.0 ± 0.8*
Second crop (2018):
SB 11 ± 6 8 ± 4 4.0 ± 0.2 144 ± 44 2.9 ± 0.6
RO-SB 2 ± 2 4 ± 3 1.8 ± 0.3* 52 ± 41* 45.2 ± 37.3 4.9 ± 0.7*
CI64-SB 7 ± 2 2 ± 2 1.1 ± 0.2* 4 ± 2* 2.4 ± 1.9 5.0 ± 0.7*
CI67-SB 9 ± 5 7 ± 2 1.1 ± 0.2* 2 ± 1* 1.1 ± 0.6 5.6 ± 0.9*

Data are the mean ± standard error of 10 replicates. Different letters in the same
column indicate significant differences (P < 0.05) between germplasm according to the
Kruskal–Wallis test.
aGalling index on a scale from 0 to 10, where 0 = complete and healthy root system and
10 = plant and roots dead (Zeck 1971).
bReproduction index = 100 × (number of eggs per plant produced in the CI accessions or
Robusta / mean number of eggs per plant produced in the susceptible cv. Sugar Baby).

less suitable hosts for M. incognita than for
M. javanica according to the lower values
of maximum multiplication rate and maxi-
mum population density. However, water-
melon, conversely to both C. amarus ac-
cessions, would tolerate better M. incognita
than M. javanica according to the E val-
ues. In our experiments, the C. amarus ac-
cessions along with the watermelon cultivar
tolerates both M. incognita and M. javan-
ica since no differences in dry top weight
biomass were found when submitted to Pi
levels from 0 to 1200 J2 per 100 cm3 of soil.
Lopez-Gomez et al. (2016) also did not find
any differences at Pi levels from 0 to 1000 J2
per 100 cm3 of soil in pot experiments, but
they did at Pi levels from 0 to 51200 J2 per
100 cm3 of soil (López-Gómez et al. 2014).

The resistance level of both C. amarus
accessions was maintained after being cul-
tivated for two consecutive growing seasons
in the same plots under plastic greenhouse
conditions. In addition, no selection for vir-
ulence to C. amarus was found according
to the results of the experiment conducted

with the nematode subpopulations obtained
from roots of each germplasm at the end
of the second crop. These results are in
agreement with that reported by Thies et
al. (2010) who found that the resistance of
some C. amarus assessed in field conditions
was maintained after two consecutive years
of cultivation. The resistance of C. amarus
to RKN has been associated with the root
fibrosity (Thies and Levi 2003, 2007; Thies
et al. 2015c, 2016). In this study, the level
of root fibrosity was not assessed but visual
comparison between the root systems of all
the assessed germplasms suggest that those
of the C. amarus accessions were more fi-
brous than that of watermelon, as has been
shown in fig. 2.2. In fact, Thies et al.,
(2010) proposed the assessment of the per-
centage of fibrous roots as an additional
trait for identifying RKN resistance in C.
amarus.

Regarding watermelon yield, grafting in-
creased between 2 and 5.6 kg per plant com-
pared to the ungrafted watermelon. Pre-
vious studies reported that grafting water-
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Table 2.3: Galling index, number of eggs per plant, and reproduction index of M. incognita
subpopulations in the watermelon cv. Sugar Baby (SB), the rootstock cv. Robusta (RO),
and the C. amarus accession BGV0005167 (CI67) 50 days after cultivation in 200 cm3

pots inoculated with 1 J2 per cm3 of soil. The M. incognita were obtained from infected
roots of the ungrafted SB (SP-SB), grafted onto RO (SP-RO) and onto CI67 (SP-CI67)
after cultivation for two consecutive cropping seasons (2017 and 2018) in the same plots
in a plastic greenhouse.

Plant Galling indexa Eggs per plant (×102) Reproduction index (%)b

host SP-SB SP-RO SP-CI67 SP-SB SP-RO SP-CI67 SP-SB SP-RO ISP-CI67

SB 2.8 ± 0.4 3.0 ± 0.5 3.0 ± 0.4 11.3 ± 7.1 4.4 ± 1.5 3.1 ± 1.4
RO 2.0 ± 0.4 1.5 ± 0.5 Na 0.9 ± 0.6* 1.2 ± 1.1* Na 8.2 27.6 Na
CI67 1.4 ± 0.6 0.7 ± 0.2* 1.0 ± 0.4* 0 ± 0* 0 ± 0* 0 ± 0* 0 0 0

Data are mean ± standard error of 7 replicates. Values followed by * in the same column
show significant differences (P < 0.05) between each germplasm and the watermelon SB,
and values in the same row and parameter followed by + indicate significant differences
(P < 0.05) respect the SP-SB nematode subpopulation according to the non-parametric
Mann–Whitney U test; Na: Not assessed.
aGalling index on a scale from 0 to 10, where 0 = complete and healthy root system and
10 = plant and roots dead (Zeck 1971).
bReproduction index = 100 × (number of eggs per plant in a given rootstock / number
of eggs per plant on the watermelon cv. Sugar Baby).

melon onto C. amarus lines yielded between
1.3 and 1.9 more times than the non-grafted
cultivated in heavily infested soils (Thies
et al. 2015a, 2015b, 2015c), and also when
grafted onto cv. Carolina Strongback and
cultivated in soils infested with Fusarium
oxysporum f. sp. niveum (Fon) race 2 and
M. incognita but not in soils infested with
M. incognita alone (Keinath et al. 2019).

Among the C. amarus accessions as-
sessed in this study, the CI67 has been
shown compatible with watermelon without
affecting fruit quality (Fredes et al. 2017;
Garćıa-Mend́ıvil et al. 2019). Then, this ac-
cession might be an effective alternative to
other watermelon rootstocks. In addition,
it might be an additional resistant genetic
source to be included in rotation schemes
for managing the most widespread tropical
Meloidogyne species, and could affect the
level of virulence for a given R-gene if se-
lection occurs as reported by Expósito et al.
(2019) including Cucumis metuliferus in the
rotation schema. In addition, the reduced
ability of the nematode to reproduce in CI67
could leave low nematode densities at trans-

plantation of the following crop, which will
suffer less damage and crop yield losses (Or-
nat et al. 1997; Talavera et al. 2009; Giné et
al. 2017; Expósito et al. 2019).

2.5 Conclusion

The results of this study highlight the poor-
est host status of the CI64 and CI67 acces-
sions to M. incognita and M. javanica; its
tolerance to both Meloidogyne species; the
stability of the resistance; and its produc-
tivity when cropped in infested soils.
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Figure 2.2: Root system of the watermelon cv. Sugar Baby (A), the C. lanatus rootstock
cv. Robusta (B), the C. amarus accessions BGV0005164 (C) and BGV0005167 (D),
cultivated in plastic greenhouse infested with M. incognita.
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López-Gómez, M., E. Flor-Peregŕın, M. Talavera,
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López-Gómez, M., M. Talavera, and S. Verdejo-
Lucas. 2016. Differential reproduction of
Meloidogyne incognita and M. javanica in wa-
termelon cultivars and cucurbit rootstocks.
Plant Pathology 65, no. 1 (): 145–153. issn:
13653059. doi:10.1111/ppa.12394. http://

doi.wiley.com/10.1111/ppa.12394.

Miguel, A., J. V. Maroto, A. San Bautista, C. Baix-
auli, V. Cebolla, B. Pascual, et al. 2004. The
grafting of triploid watermelon is an advanta-
geous alternative to soil fumigation by methyl
bromide for control of Fusarium wilt. Scientia
Horticulturae 103, no. 1 (): 9–17. issn: 03044238.
doi:10.1016/j.scienta.2004.04.007. https:
//linkinghub.elsevier.com/retrieve/pii/

S030442380400086X.

Ornat, C., S. Verdejo-Lucas, and F. J. Sorribas.
1997. Effect of the previous crop on population
densities of Meloidogyne javanica and yield of
cucumber. Nematropica. issn: 0099-5444.

Seinhorst, J. W. 1970. Dynamics of Populations of
Plant Parasitic Nematodes. Annual Review of
Phytopathology 8, no. 1 (): 131–156. issn: 0066-
4286. doi:10.1146/annurev.py.08.090170.
001023. http://www.annualreviews.org/doi/
10.1146/annurev.py.08.090170.001023.

— . 1998. The common relation between popu-
lation density and plant weight in pot and
microplot experiments with various nematode
plant combinations. Fundamental and Applied
Nematology 21:459–468. issn: 1164-5571. http:
/ / www . documentation . ird . fr / hor / fdi :

010017629.

Talavera, M., S. Verdejo-Lucas, C. Ornat, J. Tor-
res, M. D. Vela, F. J. Macias, et al. 2009. Crop
rotations with Mi gene resistant and suscepti-
ble tomato cultivars for management of root-
knot nematodes in plastic houses. Crop Pro-
tection 28, no. 8 (): 662–667. issn: 02612194.
doi:10.1016/j.cropro.2009.03.015. https:
//linkinghub.elsevier.com/retrieve/pii/

S0261219409000763.

Thies, J. A., J. J. Ariss, R. L. Hassell, S. Buck-
ner, and A. Levi. 2015a. Accessions of Citrullus
lanatus var. citroides Are Valuable Rootstocks
for Grafted Watermelon in Fields Infested with
Root-knot Nematodes. HortScience 50, no. 1 ():
4–8. issn: 0018-5345. doi:10.21273/HORTSCI.
50.1.4. https://journals.ashs.org/view/
journals/hortsci/50/1/article-p4.xml.

Thies, J. A., J. J. Ariss, R. L. Hassell, S. Olson,
C. S. Kousik, and A. Levi. 2010. Grafting for
Management of Southern Root-Knot Nematode,
Meloidogyne incognita, in Watermelon. Plant
Disease 94, no. 10 (): 1195–1199. issn: 0191-
2917. doi:10.1094/PDIS- 09- 09- 0640. http:

//apsjournals.apsnet.org/doi/10.1094/

PDIS-09-09-0640.

Thies, J. A., J. J. Ariss, C. S. Kousik, R. L. Hassell,
and A. Levi. 2016. Resistance to Southern Root-
knot Nematode (Meloidogyne incognita) in Wild
Watermelon (Citrullus lanatus var. citroides).
Journal of Nematology 48 (1): 14–19. issn: 0022-
300X. doi:10.21307/jofnem-2017-004. https:
//www.exeley.com/journal%7B%5C_%7Dof%

7B%5C_%7Dnematology/doi/10.21307/jofnem-

2017-004.

Thies, J. A., S. Buckner, M. Horry, R. Hassell, and
A. Levi. 2015b. Influence of Citrullus lanatus
var. citroides Rootstocks and Their F1 Hybrids
on Yield and Response to Root-knot Nematode,
Meloidogyne incognita, in Grafted Watermelon.
HortScience 50, no. 1 (): 9–12. issn: 0018-5345.
doi:10 . 21273 / HORTSCI . 50 . 1 . 9. https : / /

journals.ashs.org/view/journals/hortsci/

50/1/article-p9.xml.

Thies, J. A., and A. Levi. 2003. Resistance of Wa-
termelon Germplasm to the Peanut Root-knot
Nematode. HortScience 38, no. 7 (): 1417–1421.
issn: 0018-5345. doi:10 . 21273 / HORTSCI . 38 .
7.1417. https://journals.ashs.org/view/
journals/hortsci/38/7/article-p1417.xml.

— . 2007. Characterization of Watermelon (Citrul-
lus lanatus var. citroides) Germplasm for Re-
sistance to Root-knot Nematodes. HortScience
42, no. 7 (): 1530–1533. issn: 0018-5345. doi:10.
21273 / HORTSCI . 42 . 7 . 1530. https : / /

journals.ashs.org/view/journals/hortsci/

42/7/article-p1530.xml.

Thies, J. A., A. Levi, J. J. Ariss, and R. L. Has-
sell. 2015c. RKVL-318, a Root-knot Nematode-
resistant Watermelon Line as Rootstock for
Grafted Watermelon. HortScience 50, no. 1
(): 141–142. issn: 0018-5345. doi:10 . 21273 /
HORTSCI.50.1.141. https://journals.ashs.
org/view/journals/hortsci/50/1/article-

p141.xml.

Whitehead, A. G., and J. R. Hemming. 1965. A
comparison of some quantitative methods of ex-
tracting small vermiform nematodes from soil.
Annals of Applied Biology 55, no. 1 (): 25–38.
issn: 0003-4746. doi:10.1111/j.1744- 7348.
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Abstract

Several experiments were carried out to assess the performance of commercial Solanum
torvum cultivars against the root knot nematodes Meloidogyne incognita and M. javanica
in Spain. The response of S. torvum rootstock cultivars Brutus, Espina, Salutamu and
Torpedo against M. incognita and Mi1.2 (a)virulent M. javanica isolates was determined
in pot experiments, and of ‘Brutus’ to an N -virulent isolate of M. incognita, compared
with that of the eggplant S. melongena ‘Cristal’. The relationship between the initial and
final population densities of M. javanica on ungrafted and grafted ‘Cristal’ onto the S.
torvum ‘Brutus’ was assessed, together with the effect on dry shoot biomass. finally, the
population growth rate and the resistance level of the four S. torvum cultivars against M.
incognita was assessed under plastic greenhouse conditions in two cropping seasons. All
S. torvum rootstocks responded as resistant to the M. incognita isolates and from highly
resistant to susceptible against M. javanica isolates. The maximum multiplication rates
of M. javanica on the ungrafted or grafted eggplant were 270 and 49, respectively, and the
equilibrium densities were 1318 and 2056 eggs and J2 per 100 cm3 soil, respectively. The
tolerance of the ungrafted eggplant was 10.9 J2 per 100 cm3 soil, and the minimum relative
dry shoot biomass was 0.76. The population growth rate of M. incognita on eggplant cv.
Cristal differed from that of the S. torvum cultivars in both cropping seasons. These
results suggest that S. torvum is a valuable rootstock for managing the two Meloidogyne
species irrespective of the (a)virulence status.

3.1 Introduction

Root knot nematodes (RKN), Meloidogyne
spp., are the most damaging plant-parasitic
nematodes worldwide. This genus com-
prises more than 100 species, but four of
them are responsible for the majority of crop
yield losses: the tropical species M. are-
naria, M. incognita and M. javanica, and
the temperate species M. hapla (Jones et
al. 2013). RKN can cause severe damage in
solanaceous crops, depending on the plant
germplasm, the nematode soil density at
transplanting, the (a)virulence status of the
population, and the environmental condi-
tions. Estimations of yield losses caused
by RKN in several crops have been sum-
marized (Greco and Di Vito 2009). Re-
garding fruiting solanaceous crops, maxi-

mum yield losses of 94, 95 and 100% have
been reported for pepper (Capsicum an-
nuum), eggplant (Solanum melongena), and
tomato (S. lycopersicum) in microplot ex-
periments, respectively. Although RKN
control has broadly been done using soil fu-
migants and nonfumigant nematicides, cur-
rent regulations, including the European Di-
rective 2009/128/EC and the US Clean Air
Act (US Environmental Protection Agency,
2012), are encouraging the research and de-
velopment of environment-friendly alterna-
tive management strategies. The use of
plant resistance is an effective and economi-
cally profitable approach for RKN manage-
ment (Sorribas et al. 2005). The commer-
cial RKN resistant-tolerant germplasm re-
duces both the infectivity and reproduction
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of the nematode, and reduces crop yield
losses (Talavera et al. 2009; Giné and Sor-
ribas 2017; Expósito et al. 2019). RKN
resistant germplasm comprises both culti-
vars and rootstocks. Grafting is a use-
ful option when no commercial RKN resis-
tant cultivars are available or when other
resistance/tolerance genes are needed for
complementing the management of other
economically important soilborne diseases
and/or abiotic stresses but have not been
introgressed into commercial cultivars (Ku-
mar et al. 2018). Despite these advantages,
plant resistance must be used properly to
avoid selection for virulence by the repeated
cultivation of plant germplasm carrying the
same resistance (R) gene (Verdejo-Lucas et
al. 2009; Giné and Sorribas 2017); and also
to reduce the expression of plant resistance
due to high soil temperatures (Araujo et
al. 1982).

Eggplant is one of the most cultivated
solanaceous crops with an estimated world-
wide production of c. 52 million tonnes
in 1.8 million ha (FAOSTAT 2017). This
plant species is affected by some soilborne
pathogens including RKN. To control them,
eggplant has been mostly grafted onto re-
sistant tomato or tomato interspecific hy-
brids (S. lycopersicum × S. habrochaites)
(Daunay 2008). However, the continuous
use of tomato rootstocks induces the selec-
tion for virulence (Verdejo-Lucas et al. 2009;
Expósito et al. 2019). Consequently, other
resistant germplasms have been assessed, in-
cluding S. melongena lines, interspecific hy-
brids of S. integrifolium × S. melongena,and
wild related species such as S. integrifolium,
S. sisymbriifolium and S. torvum (Daunay
2008). Among these wild species, only S.
torvum is currently commercially available
to be employed as a rootstock for eggplant
cultivation worldwide (Uehara et al. 2017b;
Öçal et al. 2018).

Some S. torvum cultivars are resistant to
a wide range of soilborne diseases, including
fungal and bacterial wilt diseases (Daunay
2008). Regarding RKN, S. torvum acces-
sions and cultivars have been consistently
described as resistant to M. incognita (Ali
et al. 1992; Rahman et al. 2002; Dhivya et

al. 2014), M. luci ( Öçal et al. 2018), and
some populations of M. arenaria and M.
javanica (Tzortzakakis et al. 2006; Uehara
et al. 2017b; Öçal et al. 2018); but are de-
scribed as susceptible to M. hapla ( Öçal et
al. 2018). As far as the authors know, there
is no information about the performance of
commercial S. torvum cultivars against M.
incognita and M. javanica populations from
Spain, the most frequent RKN species in
vegetable growing areas. Some are known
to be virulent to the Mi1.2 or the N genes
in tomato and pepper, respectively (Ornat
et al. 2001; Robertson et al. 2006; Verdejo-
Lucas et al. 2012).

The design of effective and profitable
management strategies must consider the
host status, the resistance level and the tol-
erance of the plant species and germplasm
to RKN species and local populations. The
host status is estimated by three parameters
obtained from the relationship between the
nematode population density at transplant-
ing (initial population density, Pi) and at
the end of the crop (final population density,
Pf ): (i) the maximum multiplication rate
in the absence of limiting factors (a); (ii)
the maximum population density achieved
by the nematode under specific conditions
(M ); and (iii) the equilibrium density at
which the plant can supply enough nutri-
ents to a given Pi to maintain this den-
sity at the end of the crop (E, Pf = Pi ;
Pf /Pi = 1) (Seinhorst 1970). The values
of these parameters are higher in suscepti-
ble than in resistant or poor hosts. Another
useful indicator is the population growth
rate, estimated by the relationship between
the Pi and the multiplication rate (Pf /Pi),
which allows comparison of nematode pop-
ulation dynamics between plant species or
germplasms, as well as the efficacy of con-
trol methods (Talavera et al. 2009; Giné and
Sorribas 2017; Expósito et al. 2019). The
resistance level of a given plant germplasm
is categorized according to the reproduc-
tion index (RI), expressed as the percentage
of RKN reproduction in a plant germplasm
with regard to that in a susceptible standard
plant host (Hadisoeganda 1982). Plant tol-
erance (T ), the maximum Pi at which no
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yield losses is recorded, is estimated by the
relationship between increasing Pi and the
relative plant biomass or crop yield. This
parameter, along with the minimum rela-
tive yield (m), can be estimated by the
Seinhorst’s damage function model (Sein-
horst 1998). Thus, several experiments were
conducted to characterize the host suitabil-
ity of four commercial S. torvum rootstocks
against several M. incognita and M. javan-
ica isolates, including virulent isolates to the
Mi1.2 or N genes; to estimate the popula-
tion dynamic of M. javanica on ungrafted
and grafted eggplant onto S. torvum ‘Bru-
tus’ and also the plant tolerance and the
minimum relative dry shoot biomass; and
to determine the effect of increasing Pi and
cropping season on the M. incognita popula-
tion growth rate and the level of resistance.

3.2 Materials and methods

3.2.1 Plant material

The four S. torvum rootstocks cultivars
Brutus (TB), Espina (TE), Salutamu (TS)
and Torpedo (TT), and the eggplant cv.
Cristal (MC) were used in the experiments.
The main characteristics of these cultivars
are presented in Table 3.1. Seeds of the
S. torvum cultivars were pretreated with
a KNO3 solution to improve germination
(Ranil et al. 2015). Afterwards, seeds were
transferred to vermiculite-filled trays and in-
cubated in a growth chamber at 25 ± 2 ◦C
and a 16:8 h light:dark photoperiod for 4
weeks. Seedlings were transplanted singly
to pots containing sterilized river sand.

3.2.2 Nematode inoculum

Six M. incognita and eight M. javanica iso-
lates were used in the experiments (Table
3.2). All RKN isolates were maintained
on the susceptible tomato cv. Durinta
(Seminis Seeds). The M. javanica MJLg
and M. incognita MILgN field isolates were
provided by M. López-Gómez (Rijk Zwaan
Iberica). These isolates were obtained from
fields in which resistant tomato or pepper
cultivars were the main crops, and in which
a possible selection for virulence might have

occurred. Virulence status of the MJLg iso-
late to the Mi1.2 gene in tomato, and of
the MILgN isolate to the N gene in pep-
per was confirmed 55 days after cultivation
of the resistant tomato cv. Monika and the
susceptible cv. Durinta, and the resistant
pepper cv. Solfeo and the susceptible cv.
Compás in 200 cm3 pots inoculated with 1
second-juvenile (J2)/cm3 of sand and main-
tained in a growth chamber at 25 ± 2 ◦C.
The number of eggs produced by the MJLg
and MILgN isolates in the resistant tomato
and pepper were a 98.3% and 89.3% of those
produced in the susceptible tomato and pep-
per cultivars, respectively (Table 3.3, Re-
sults section). All the Meloidogyne isolates
were identified by SCAR-PCR markers (Zi-
jlstra et al. 2000)

The inoculum used in the pot experi-
ments consisted in J2 emerged from eggs
extracted from infected roots by maceration
of roots using a 5% commercial bleach solu-
tion (40 g/L NaOCl) during 10 min (Hussey
and Barker 1973). The J2 emerged during
the first 24 h were discarded. After that,
J2 were recovered every two days and main-
tained at 9◦C for 8 days until the pot exper-
iments were carried out.

3.2.3 Host suitability

Three pot experiments were carried out to
evaluate the response of the four S. torvum
rootstocks against Meloidogyne spp. In
the first experiment, the response of the
S. torvum rootstocks was assessed against
five avirulent isolates of M. incognita and
six of M. javanica. Plants were trans-
planted to 1 L pots and maintained in a
greenhouse for 40 days. In the second ex-
periment, the S. torvum rootstocks were
assessed against the M. javanica Mi1.2 -
virulent isolate MJLg in 200 cm3 pots and
maintained in a growth chamber at 25 ±
2 ◦C with a 16:8h (light:dark) photoperiod
for 55 days. In the third experiment, the
response of the selected S. torvum root-
stock TB was assessed against the M. ja-
vanica Mi1.2 -virulent isolate MJ27 and the
N -virulent M. incognita isolate MILgN in
500 cm3 pots and maintained for 49 days
in a greenhouse. The rootstock cv. Brutus
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was selected because showed the most stable
response against the most RKN isolates as-
sessed. The eggplant MC was included in all
experiment as susceptible control for com-
parison. Each plant–RKN isolate combina-
tion was replicated seven times and the ex-
periments conducted twice, with two weeks
apart between each repetition.

All experiments were conducted follow-
ing the same procedure. Plants were inoc-
ulated with 1 J2/cm3 of sand. Plants were
watered as needed throughout the experi-
ment and fertilized with a slow release fertil-
izer (15% N, 9% P2O5, 12% K2O, 2% MgO2,
microelements; Osmocote Plus). Soil tem-
peratures were recorded daily at 30 min in-
tervals with PT100 probes (Campbell Sci-
entific Ltd.).

At the end of the experiments, roots
were carefully removed from the soil and
washed. The final population density (Pf )
was determined extracting the eggs by mac-
eration of roots in a 10% commercial bleach
solution (40 g/L NaOCl) for 10 min (Hussey
and Barker 1973) and final counting. Re-
production index (RI) was calculated as the
percentage of eggs produced in the rootstock
cultivar with regard to that in the eggplant
cultivar. The response of the plant host was
categorized according to the RI as highly re-
sistant (RI < 1%), resistant (1% ≤ RI <
10%), moderately resistant (10% ≤ RI <
25%), slightly resistant (25% ≤ RI < 50%)
or susceptible (RI ≥ 50%) (Hadisoeganda
1982).

3.2.4 Population dynamics of M.
javanica on ungrafted and
grafted eggplant

The eggplant MC ungrafted and grafted
onto the S. torvum rootstock cv. TB were
transplanted into 500 cm3 pots filled with
sterile sand, and inoculated with the M.
javanica isolate MJ27 at 0, 0.1, 0.2, 0.4,
0.8, 1.5, 3, 6 and 12 J2/cm3 of sand (ini-
tial population density, Pi) to assess the re-
lationship between Pi and Pf, and the ef-
fect on relative dry shoot biomass. Each
treatment was replicated four times. Plants
were maintained in a greenhouse for 55 days,
from June to August, 2017. Plants were

watered as needed and fertilized with Os-
mocote Plus. Soil temperatures were also
recorded daily at 30 min intervals with 5TM
probes.

At the end of the experiment, plants
were uprooted, the roots were carefully
washed free of sand and weighed. The
aboveground part of the plant (leaves,
stems, flowers and fruits) were dried in an
oven at 70 ◦C for 4 days and weighed. The
Pf was determined as described previously.
The maximum multiplication rate (a) was
estimated by the slope of the linear regres-
sion between Pf and the lowest values of Pi,
according to Pf = aPi (Seinhorst 1970).
The maximum population density (M ) was
estimated from the experimental data, and
the equilibrium density (E ) was estimated
by iteration from the regression equation ob-
tained from the relation between Pi and Pf.

3.2.5 Effect of increasing Pi and
seasonal cultivation on M.
incognita

Two experiments were conducted in a 700
m2 plastic greenhouse located at Viladecans
(Barcelona, Spain), infested with M. incog-
nita. The first experiment was conducted
from May 10 to June 27, 2016 (48 days), and
the second from October 4, 2016 to January
31, 2017 (119 days). The S. torvum root-
stocks TB, TE, TS and TT, and the suscep-
tible eggplant MC were cultivated in 10 and
15 (2.5 m long) plots in the first and sec-
ond experiments, respectively. In each sin-
gle plot, one plant of each germplasm was
transplanted with a space of 0.5 m, in such
a way that every germplasm was an equal
number of times nearby to both the edge
of the plots and the susceptible MC. Plants
were irrigated as needed through a drip irri-
gation system, and weekly fertilized with a
solution consisting of NPK (15-5-30) at 31
kg/ha and iron chelate and micronutrients
at 0.9 kg/ha. The temperature was recorded
at 30 min interval with temperature probes
5TM (Decagon devices, Inc.) at a depth of
15 cm.

Nematode population density was deter-
mined at transplantation (Pi). Soil samples
consisted of eight cores taken from the first
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30 cm of soil with an auger of diameter 2.5
cm. Soil subsamples were mixed and sieved
(4 mm) to remove stones. For each exper-
imental plot, J2 were extracted from 500
cm3 of soil using Baermann trays (White-
head and Hemming 1965) and incubated at
27 ± 2 ◦C for a week. J2 were counted
and expressed as J2 per 250 cm3 of soil.
At the end of the experiments, roots were
carefully removed from the soil, washed, and
weighed, and the galling index (GI) was es-
timated in a scale from 0 to 10, where 0 =
complete and healthy root system and 10
= plants and roots dead (Zeck 1971). The
Pf was determined from all the root sys-
tem, the RI was calculated and the resis-
tance level categorized as described previ-
ously. The maximum multiplication rate (a)
and the maximum population density (M )
were estimated as described previously, and
the equilibrium density (E ) from the linear
regression equation obtained from the rela-
tionship between log10 Pi and log10 Pf/Pi.

3.2.6 Statistical analysis

Statistical analysis was performed using R
Statistical Software version 3.5.1 (R Foun-
dation for Statistical Computing, Vienna,
Austria). The data from the host suitability
experiments were not normally distributed
according to the normal Shapiro–Wilk W
test. Then, data were submitted to the
nonparametric Mann–Whitney U test to
compare between repetitions of the same
experiment. When no differences were
found (P < 0.05), data were pooled and
considered as replications of the same ex-
periment. Comparisons between plant
germplasm per each RKN isolate as well
as between RKN isolates per each plant
germplasm within each experiment were
done by the Mann–Whitney U test (two
groups) or the Kruskal–Wallis non paramet-
ric test (more than two groups). When
significant (P < 0.05), medians were sub-
sequently separated using pairwise multi-
ple comparisons by the Dunn test (P <
0.05). The nonlinear procedure (proc nlin)
of SAS system V9.4 (SAS Institute Inc.,
Cary, NC) was used to determine the com-
pliance of the data to the Seinhorst dam-

age function model (Seinhorst 1998); y =
m+ (1−m)0.95Pi/(T−1) when Pi ≥ T, and
y = 1 when Pi < T, where y is the relative
dry shoot biomass, m is the minimum rela-
tive dry shoot biomass, and T is the toler-
ance limit. The values of Pi and Pf /Pi were
transformed to log10 to linearize the rela-
tionship between Pi and Pi/Pf and the re-
gression of each rootstock cultivar was com-
pared to that of the eggplant MC. When the
Pi values of different experimental plots per
seasonal cultivation were closer the mean
was calculated (Schomaker and Been 2013)
and used for the regression analysis between
Pi and Pf /Pi.

3.3 Results

3.3.1 Host suitability

The minimal, maximal and mean sand tem-
peratures recorded in the greenhouse condi-
tions experiments were 23.3◦C, 30.0 ◦C and
27.4 ◦C, respectively, in experiment 1; and
17.8 ◦C, 25.6◦C and 22.8 ◦C in experiment 3.
All RKN isolates produced less (P < 0.05)
number of eggs in the S. torvum rootstocks
cultivars than in the eggplant cv. MC, irre-
spective of the nematode species and viru-
lence status. The response of all S. torvum
rootstocks ranged between highly resistant
(RI < 1%) (3 out of 21 combinations) and
resistant (10% ≤ RI < 10%) (18 out of 21
combinations) to the M. incognita isolates.
But they responded mainly as resistant and
moderately resistant (15 and 10 out 29 com-
binations, respectively) to the M. javanica
isolates (Table 3.4).

3.3.2 Population dynamics of M.
javanica on ungrafted and
grafted eggplant

The minimum, maximum and mean sand
temperatures recorded were 23.9, 27.8 and
26.2 ◦C, respectively. The maximum mul-
tiplication rate (a), maximum density (M )
and equilibrium density (E ) of the M. ja-
vanica isolate MJ27 on the ungrafted egg-
plant MC were 270, 30 906 eggs+J2 per 100
cm3, and 1318 eggs+J2 per 100 cm3, respec-
tively. In the grafted MC onto TB the values
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of a, M and E were 49, 4223 eggs+J2 per
100 cm3, and 2056 eggs+J2 per cm3, respec-
tively (fig. 3.1). The relationship between
Pi and dry shoot weight biomass for the un-
grafted eggplant fitted to the Seinhorst dam-
age model (P < 0.0001, R2 = 0.998), but
that of the grafted eggplant did not. The
tolerance (T ) of the ungrafted eggplant was
10.9 J2 per 100 cm3 soil, and the minimum
dry shoot biomass (m) was 0.76 (fig. 3.2).

3.3.3 Effect of increasing Pi and
seasonal cultivation on M.
incognita

The Pi in the 10 experimental plots culti-
vated in spring–summer ranged from 10 to
547 J2 per 250 cm3 of soil, and the min-
imum, maximum and mean soil tempera-
tures were 17.5, 28.2 and 23.5 ◦C, respec-
tively. The Pi in the 15 experimental plots
cultivated in autumn–winter ranged from 42
to 842 per 250 cm3 of soil, and the minimum,
maximum and mean soil temperatures were
6.8, 25.5 and 16.4 ◦C, respectively. The
S. torvum rootstocks showed a lower (P <
0.05) galling index than the susceptible MC

eggplant, with fewer (P < 0.05) eggs per
plant, irrespective of the cropping season.
The resistance level of the S. torvum root-
stocks shifted from highly resistant or re-
sistant in the spring–summer crop to mod-
erately resistant in the autumn–winter crop.
The maximum multiplication rate (a), max-
imum density (M ) and equilibrium density
(E ) of M. incognita were higher on the sus-
ceptible MC than on the S. torvum root-
stocks, irrespective of the cropping season
(Table 3.5). The population growth rate
of M. incognita in the MC differed from
those in all the S. torvum rootstocks in the
spring–summer crop (fig. 3.3a) (MC vs TB:
intercept P = 0.0009, slope P = 0.5829;
MC vs TE: intercept P = 0.0095, slope P
= 0.9909; MC vs TS: intercept P = 0.0009,
slope P = 0.3637; MC vs TT: intercept P =
0.0018, slope P = 0.8036), but only differed
from some of them when cultivated in au-
tumn–winter (fig. 3.3b) (MC vs TB: inter-
cept P = 0.0125, slope P = 0.0854; MC vs
TE: intercept P = 0.0136, slope P = 0.1150;
MC vs TS: intercept P = 0.0060, slope P =
0.0730; MC vs TT: intercept P = 0.4685,
slope P = 0.9616).

Table 3.1: Resistance and origin of Solanum melongena (eggplant) and the S. torvum
rootstock cultivars used in experiments.

Plant host Cultivar
(code)

Resistance Company

S. melongena Cristal (MC) Semillas fito
S. torvum Brutus (TB) HR: Ma, Mi, Mj; IR: Va, Vd Semillas fito

Espina (TB) HR: Fom; Rs, Pl, Ma, Mi, Mj, Vd Asasem
Salutamu (TS) HR: N, Pl, Vd La perla de sud
Torpedo (TT) HR: Rs, V, Fol; IR: N Ramiro Arnedo

aHR: high resistance; IR: intermediate resistance; Fom: Fusarium oxysporum f. sp.
melongena; Fol: Fusarium oxysporum f.sp. lycopersici ; Ma: Meloidogyne arenaria;
Mi: M. incognita; Mj: M. javanica; N: Nematodes (Meloidogyne); Pl: Pyrenochaeta
lycopersici ; Rs: Ralstonia solanacearum; V: Verticillium spp.; Va: Verticillium alboatrum
Vd: Verticillium dahliae.
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Table 3.2: Meloidogyne isolates from Spain, geographic origin, virulence status against
tomato cultivars carrying the Mi1.2 of tomato or N of pepper.

Meloidogyne
spp.

Isolate Geographic
origin

(a)Virulence Referece

M. incognita MIAd Barcelona Avirulent -
MIAm Barcelona Avirulent -
MIAL09 Almeria Avirulent Verdejo-Lucas et al. 2012
MIAL30 Almeria Avirulent Verdejo-Lucas et al. 2012
MIPa Almeria Avirulent -
MILGN Almeria N -virulent -

M. javaniva MJ05 Barcelona Avirulent Ornat et al. 2001
MJAL01 Almeria Avirulent Verdejo-Lucas et al. 2012
MJAL05 Almeria Avirulent Verdejo-Lucas et al. 2012
MJPm Murcia Avirulent -
MJTU Barcelona Avirulent Expósito et al. 2018
MJVI Barcelona Avirulent -
MJ27 Barcelona Mi1.2 -virulent Ornat et al. 2001
MJLg Almeria Mi1.2 -virulent -

3.4 Discussion

The results of this study show that S.
torvum is not a suitable host for most
Meloidogyne isolates from Spain, accord-
ing to the resistance levels registered. The
mechanisms of resistance are not clear, but
sesquiterpenoids and chitinases seem to play
a key role, acting as nematotoxic and ne-
matostatic compounds affecting the via-
bility of the nematode at various stages
(Bagnaresi et al. 2013).

Although all the nematode isolates
tested reproduced less in the S. torvum cul-
tivars than on the susceptible eggplant, the
species of nematode influenced the level of
resistance. Indeed, high resistance levels to
M. incognita were found in both pot and
plastic greenhouse experiments, similar to
other results previously reported about M.
incognita populations from other parts of
the world (Daunay and Dalmasso 1985; Ali
et al. 1992; Rahman et al. 2002; Dhivya
et al. 2014; Uehara et al. 2017b). How-
ever, the host suitability of S. torvum to
M. javanica varied greatly from resistant
to susceptible, as in previous reports (Dau-
nay and Dalmasso 1985; Tzortzakakis et
al. 2006; Öçal et al. 2018). This variabil-
ity in the plant–nematode interaction could
be due to the genetic background of both

plant germplasm and RKN isolate, as has
been postulated for tomato rootstocks (Cor-
tada et al. 2008). For example, in this study
all the S. torvum cultivars responded with a
moderately resistant to susceptible reaction
to the M. javanica isolate MJ05 which re-
produced 81% less than the isolate MJAl05,
which achieved the higher reproduction in
the susceptible eggplant cv. Cristal. In ad-
dition, the S. torvum rootstock Torpedo was
more suitable to the most M. javanica iso-
lates according to the reproduction index.

The effect of increasing Pi did not affect
the S. torvum suitability. Lower values of
maximum multiplication rate (a) and maxi-
mum population density (M ) of both M. ja-
vanica and M. incognita on S. torvum than
on the susceptible eggplant were estimated,
confirming its host status. The cropping
season influenced the population growth
rate of all the S. torvum cultivars and of
the eggplant. The lower resistance level of
the S. torvum cultivars were observed when
cropped during autumn–winter, mainly due
to a more pronounced reduction of the pop-
ulation growth rate on the susceptible egg-
plant that seemed more affected than the S.
torvum cultivars when cropped in this pe-
riod. In fact, eggplant is a warm season crop
affected by low temperatures.
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Table 3.3: Number of eggs per plant and reproduction index (RI) of MJLg isolate of
Meloidogyne javanica on the susceptible tomato, Solanum lycopersicum, cv. Durinta and
the resistant cv. Monika, the susceptible pepper, Capsicum annuum, cv. Compás and the
resistant cv. Solfeo 55 days after inoculation with a rate of 1 second-stage juvenile/cm3.

Meloidogyne
spp.

Isolate Crop Cultivar Eggs per plant
(×102)

RI (%)a

M. javanica MJLg Tomato Durinta 477.4 ± 93.8
Monika 469.3 ± 51.5 98.3 ± 10.8

M. incognita MILgN Tomato Durinta 387.9 ± 50.1*
Monika 10.2 ± 2.5 2.6 ± 0.6

Pepper Compas 63.9 ± 11.0
Solfeo 57.0 ± 15.5 89.3 ± 24.2

Data are mean ± standard error of 14 replicates. Values per each Meloidogyne species
followed by * show significant differences (P < 0.05) between cultivars of the same crop
according to the Mann–Whitney U non parametric test.
aReproduction index = 100 × (number of eggs per plant in the resistant cultivar / mean
number of eggs per plant on the susceptible cultivar).

Cultivar Brutus confers tolerance to M.
javanica because the dry shoot weight of
the grafted eggplant was not reduced when
submitted to increasing Pi but that of the
ungrafted did according to the Seinhorst’s
damage model. The estimated tolerance
limit of eggplant to M. javanica was 10.9
J2 per 100 cm3 of sandy soil. Di Vito et
al. (1986) reported a tolerance limit of 0.054
eggs and J2 of M. incognita per cm3 of sandy
loam soil. Watanabe et al. (2014) reported
eggplant yield losses at Pi higher than 2
J2 of a mixed population of M. incognita
and M. hapla per 20 g of clay loam soil.
It is known that the tolerance limit can be
influenced by the plant cultivar, nematode
species and densities, the source of inocu-
lum, soil type and cropping system (Greco
and Di Vito 2009). Therefore, an accurate
estimation of the tolerance limit must be ob-
tained for specific conditions in order to be
used as a decision-making tool.

Interestingly, this study provides the
first evidence of the resistance of S. torvum
to a N -virulent M. incognita isolate. In
addition, the resistance to Mi1.2 -virulent
isolates has been corroborated in agree-
ment with that of the S. torvum culti-
vars Tonashimu, Torero and Torvum vigour
to two Mi1.2 -virulent M. incognita from
Japan, and to that of cv. Hawk to a Mi1.2 -
virulent M. incognita from Turkey (Uehara

et al. 2017a; Öçal et al. 2018).

This study points out that S. torvum is
a valuable tool for managing M. incognita
and M. javanica populations irrespective of
their (a)virulence status to the resistant N
and Mi1.2 genes, and may help to avoid se-
lection for virulence to any specific R gene
in growing systems in which crop rotation
is done. The inclusion of some more resis-
tance sources in the rotation could prevent
the selection to specific R genes because
the high specificity of the virulence to a
given R gene and the fitness cost that RKN
population acquires, raises the possibility of
counterselection by the proper use of differ-
ent resistance sources (Djian-Caporalino et
al. 2011). In fact, alternating only two re-
sistance genes does not prevent the selec-
tion for virulence, although the level is re-
duced (Expósito et al. 2019). The number
of resistance sources is expected to increase
and to be available to growers in the future,
as for example the accessions of Cucumis
metuliferus and C. amarus recently charac-
terized as resistant to Mi1.2 (a)virulent iso-
lates (Expósito et al. 2018; Garćıa-Mend́ıvil
et al. 2019).

Some other wild eggplant species, such
as S. aethiopicum, S. sisymbriifolium and
S. warscewiczii, are also resistant to the
three tropical RKN species but less than S.
torvum (Daunay and Dalmasso 1985). De-
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Figure 3.1: Relationship between initial (Pi) and final (Pf ) Meloidogyne javanica densities
in ungrafted eggplant cv. Cristal (MC) and grafted onto the S. torvum rootstock cv.
Brutus (TB) cultivated in 500 cm3 pots inoculated with increasing inoculum levels of
second-stage juveniles (J2) and maintained in a greenhouse for 55 days, from June to
August 2017. Each point is the mean of 4 replicates.

spite the value of S. torvum as a rootstock,
it is not yet widely used because of its poor
and irregular seed germination, making it
necessary to sow it 20–30 days earlier than
the scion (Oda and Lee 2003). However,
seed treatments that result in a high and
rapid germination (Ranil et al. 2015) could
favour its use in the future.
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vated in a plastic greenhouse from May 10 to June 27 2016 (spring–summer) in 10 plots
with increasing nematode densities at transplantation (Pi : 10–547 J2/250 cm3 of soil),
and from October 4 2016 to January 31 2017 in 15 plots (autumn–winter) (Pi : 42–842
J2/250 cm3 of soil).
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F. J. Sorribas. 2019. Cucumis metuliferus re-
duces Meloidogyne incognita virulence against
the Mi1.2 resistance gene in a tomato–melon ro-
tation sequence. Pest Management Science 75,
no. 7 (): 1902–1910. issn: 1526-498X. doi:10.
1002 / ps . 5297. https : / / onlinelibrary .

wiley.com/doi/abs/10.1002/ps.5297.

Expósito, A., M. Munera, A. Giné, M. López-
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Abstract

The eggplant Solanum melongena cv. Cristal, either ungrafted or grafted onto the S.
torvum rootstock cv. Brutus was cultivated for two consecutive years in the same plots in
a plastic greenhouse to assess the level of resistance to M. incognita and crop yield. At the
end of the second crop, the putative selection for virulence of the nematode subpopulations
coming from infected ungrafted and grafted eggplant was assessed in the eggplant and in
S. torvum in a pot experiment. Nematode population densities at transplantation in
2017 ranged from 2 to 378 J2 per 100 cm3 of soil and did not differ between ungrafted and
grafted eggplant. At the end of each crop, higher galling index and number of nematodes in
soil and in roots were registered in ungrafted than grafted eggplant. The grafted eggplant
performed as resistant in 2017 and as highly resistant in 2018. Eggplant yield did not differ
irrespective of grafting in 2017 after being cultivated for 135 days, but it differed after
251 days of cultivation in 2018. In the pot experiment, S. torvum performed as resistant
to both M. incognita subpopulations. However, the M. incognita subpopulation obtained
from roots of S. torvum produced 49.4% less egg masses and 56% less eggs per plant in
the eggplant than the nematode subpopulation obtained from roots of the eggplant cv.
Cristal. The results of this study revealed that the infective and reproductive fitness of
the nematode decrease without having been selected for virulence.

4.1 Introduction

Eggplant,Solanum melongena, is one of the
most cultivated solanaceous crops with an
estimated worldwide production of c. 52
million tonnes in 1.8 million ha (FAO-
STAT 2017). Root-knot nematodes (RKN),
Meloidogyne spp., are one of the most dam-
aging soilborne pathogens in solanaceous
crops, especially under protected cultivation
(Hallmann and Meressa 2018). Maximum
eggplant yield losses of 95% have been re-
ported (Greco and Di Vito 2009). The use
of resistant plants is an effective and eco-
nomically profitable management strategy
to control RKN (Sorribas et al. 2005) that
is environmentally friendlier than the com-
mon soil nematicides (Nyczepir and Thomas
2009). In Nematology, plant resistance is
defined as the ability of a plant to supress in-
fection development and/or reproduction of

plant-parasitic nematodes (Roberts 2009).
Grafting onto resistant rootstocks has be-
come a common method to control soil-
borne pathogens when no commercial resis-
tant cultivars are available (Oda 2002; Thies
et al. 2015). That is the case of eggplant,
which has been usually grafted onto resis-
tant tomato or interspecific hybrids such
as S. lycopersicum × S. habrochaites (Dau-
nay 2008). However, the expression of re-
sistance can be limited by several factors
like constant soil temperatures above 30 ◦C
(Araujo et al. 1982), and the genetic back-
ground of the rootstock along with that of
the nematode species (Cortada et al. 2008).
Moreover, the repeated cultivation of plant
species carrying the same resistance gene
can select virulent nematode populations ca-
pable to overcome the plant defense mecha-
nisms (Verdejo-Lucas et al. 2009; Giné and
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Sorribas 2017; Expósito et al. 2019). Thus,
other resistance sources have been assessed,
including S. melongena lines, interspecific
hybrid of S. integrifolium × S. melongena,
and the wild related species S. integrifolium,
S. sisymbriifolium and S. torvum (Daunay
2008). Nonetheless, S. torvum is currently
the only wild species commercially available
to be used as rootstock for eggplant world-
wide (Uehara et al. 2017; Öçal et al. 2018).
Several S. torvum accessions and cultivars
have been previously described as resistant
to M. incognita (Ali et al. 1992; Rahman
et al. 2002; Dhivya et al. 2014), M. luci
(Öçal et al. 2018), and to some populations
of M. arenaria and M. javanica (Tzortza-
kakis et al. 2006; Uehara et al. 2017; Öçal
et al. 2018); but susceptible to M. hapla
(Öçal et al. 2018). Some S. torvum root-
stocks have been recently described as a
valuable tool for managing M. incognita and
M. javanica populations from Spain, irre-
spective of their (a)virulence status to the
resistance N and Mi1.2 genes in pepper
and tomato, respectively (Garćıa-Mend́ıvil
et al. 2019b). Nevertheless, no information
about the effect of the continuous cultiva-
tion of S. torvum on selecting for virulence
and on the nematode fitness has been pre-
viously reported. Therefore, experiments
were conducted to estimate the effect of two-
year cultivation in the same plot under plas-
tic greenhouse conditions on M. incognita
population densities, disease severity, egg-
plant yield, selection for virulence and ne-
matode fitness.

4.2 Materials and methods

4.2.1 Effect of S. torvum on M.
incognita reproduction, dis-
ease severity and eggplant
yield cultivated in plastic
greenhouse

The experiment was conducted in a 700
m2 plastic greenhouse located at Viladecans
(Barcelona, Spain). The soil texture was
sandy loam with 83.8% sand, 6.7% loam
and 9.5% clay; pH 8.7; 1.8% of organic mat-
ter (w/w) and 0.5 dS/m electrical conduc-

tivity. The soil was infested in 2014 with
the avirulent Mi1.2 gene isolate Agropo-
lis from M. incognita coming from a single
egg mass and multiplied in the susceptible
tomato cv. Durinta (Expósito et al. 2019).
The plots used in the experiment were pre-
viously cultivated with the rotation lettuce-
French bean-eggplant. The experiment con-
sisted of two treatments: the eggplant cv.
Cristal (Semillas Fitó) grafted onto the S.
torvum cv. Brutus (Semillas Fitó), and the
ungrafted eggplant cv. Cristal as standard
for comparison. Each treatment was repli-
cated 10 times in plots with a narrow vari-
ation on nematode densities between treat-
ments at transplantation. Crops were car-
ried out from June 16 to October 29 2017
(135 d) and from March 20 to November 26
2018 (251 d) and plots maintained in black
fallow between cropping seasons. Individ-
ual plots consisted of a row of 2.5 m with 4
plants spaced 0.6 m apart plots within a row
were spaced 1 m. Plants of each treatment
were cultivated in the same plot each year to
determine the effect on M. incognita popula-
tion densities, the disease severity, the crop
yield and the durability of the resistance.
Soil of each plot was prepared individually
to avoid cross contamination. Plants were
irrigated as needed trough a drip irrigation
system and fertilized with a solution of NPK
(15-5-30) at 31 kg/ha, iron chelate and mi-
cronutrients at 0.9 kg/ha. Weeds were re-
moved manually before and during the crop-
ping season. Fruit yield were determined
weekly between 8 and 17 weeks after trans-
plantation in 2017, and between 11 and 31
weeks in 2018. Soil temperatures and water
content were recorded daily at 1 h intervals
with digital probes 5TM (Decagon devices,
Inc.) placed at 15 cm depth.

The initial nematode populaion densi-
ties(Pi) in soil were quantified at trans-
plantation and the final population densi-
ties (Pf ) at the end of the crops. Soil sam-
ples were taken from each experimental plot
and consisted of eight cores taken from the
first 30 cm of soil with an auger of diameter
2.5 cm that were mixed and passed through
a 4 mm pore sieve to remove stones. The
second-stage juveniles (J2) were extracted
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from 500 cm3 of soil and incubated at 27
± 2 ◦C for one week, using Baermann trays
(Whitehead and Hemming 1965). J2 were
collected using a 25 µm aperture screen,
counted, and expressed as J2/100 cm3 of
soil. At the end of the crop, roots were care-
fully uprooted, washed, and the galling in-
dex (GI) evaluated on a scale from 0 to 10,
where 0 = complete and healthy root sys-
tem and 10 = plants and roots dead (Zeck
1971). After that, the number of eggs/plant
was assessed extracting them from roots
by blender maceration in a 5% commercial
bleach solution (Hussey and Barker 1973)
and counted. Reproduction index (RI) was
calculated as the percentage of eggs pro-
duced in the rootstock with regard to that
in the eggplant cultivar. The response of
the rootstock was categorized according to
the RI as highly resistant (RI < 1%), resis-
tant (1% ≤ RI < 10%), moderately resistant
(10% ≤ RI < 25%), slightly resistant (25%
≤ RI < 50%) or susceptible (RI ≥ 50%)
(Hadisoeganda 1982).

4.2.2 Selection for virulence and
nematode fitness

At the end of the plastic greenhouse ex-
periment in 2018, two nematode subpop-
ulations were considered according to the
plant species in which they were produced,
that is, eggplant or S. torvum. The eggs
extracted from roots of the ungrafted egg-
plant were inoculated in Baermann trays at
27 ± 2 ◦C to allow J2 emergence to de-
termine the putative selection for virulence
in a pot experiment. J2 emerged in the
first 24 h were discarded. Nematodes were
collected daily for 10 days using a 25 µm
sieve, and stored at 9 ◦C until inoculation.
Seeds of the S. torvum cv. Brutus were pre-
treated with a KNO3 solution to improve
germination (Ranil et al. 2015), transferred
to vermiculite filled trays and incubated in
a growth chamber at 25 ± 2 ◦C and 16:8h
(light:dark) photoperiod for four weeks. Af-
terwards, the seedlings were transplanted to
200 cm3 pots containing sterile sand and
maintained in a growth chamber at 25 ±
2 ◦C with a 16:8 h (light:dark) photoperiod
for a week, and inoculated with 1 J2/cm3

sand. Each treatment was replicated 10
times. Plants were maintained in the growth
chamber for 55 days. Plants were watered
as needed throughout the experiment and
fertilized with a slow-release fertilizer (15%
N, 9% P2O5, 12% K2O, 2% MgO2, microele-
ments; Osmocote Plus). Soil temperatures
were recorded daily at 30 min intervals with
PT100 probes (Campbell Scientific Ltd).

At the end of the experiments, the roots
were carefully washed, the GI evaluated, the
number of egg masses and egg/plant deter-
mined, the number of eggs/egg mass and RI
calculated, and the level of resistance cate-
gorized following the procedures previously
stated.

4.2.3 Statistical analysis

Statistical analyses were performed using
R Statistical software version 3.5.1 (R
Foundation for Statistical Computing, Vi-
enna, Austria). The data were not nor-
mally distributed according to the normal
Shapiro–Wilk W test. Then, the non-
parametric analyses Mann–Whitney U test
was used for paired comparisons between
plant species per cropping season, between
plant species per each M. incognita subpop-
ulation and between M. incognita subpopu-
lations per each plant species.

4.3 Results

4.3.1 Effect of S. torvum on M.
incognita reproduction, dis-
ease severity and eggplant
yield cultivated in plastic
greenhouse

The minimum and maximum soil temper-
atures during the cropping season in 2017
ranged from 21.1 ◦C to 29.9 ◦C, and from
14.6 ◦C to 31.3 ◦C in 2018. The nematode
population densities in soil at transplanta-
tion in 2017 ranged from 2 to 378 J2/100
cm3 of soil and did not differ (P < 0.05) be-
tween treatments. At the end of the crop,
higher (P < 0.05) GI, and number of J2 in
soil and eggs per plant were registered in
the ungrafted than the grafted eggplant, but
fruit yield did not differ (Table 4.1). In 2018,
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Table 4.1: Meloidogyne incognita population densities in soil at transplantation (Pi) and
at the end of the crop (Pf ), galling index (GI), number of eggs/plant, reproduction index
(RI) and eggplant, S. melongena, cv. Cristal yield ungrafted (MC) or grafted onto the S.
torvum rootstock cv. Brutus (TB) cultivated from June to October 2017 (135 days) and
March to November 218 (251 days) in the same plots in plastic greenhouse.

J2 per 100 cm3 soil

Plant Pi Pf GIa
Eggs per
plant (×102) RI (%)b

Yield
(kg/plant)

First
crop
Ungrafted 51 ± 36 29054 ± 8626 4.6 ± 0.3 12323 ± 2408 0.8 ± 0.1
Grafted 28 ± 12 2061 ± 818* 1.0 ± 0.1* 228 ± 76* 2.0 ± 1.00 0.8 ± 0.1
Second
crop
Ungrafted 686 ± 302 821 ± 179 7.5 ± 0.2 36422 ± 5895 1.9 ± 0.2
Grafted 127 ± 54* 124 ± 44* 0.9 ± 0.1* 883 ± 138* 0.1 ± 0.01 4.0 ± 0.4*

Data on nematode population densities in soil are the mean ± standard error of 10 repli-
cates. Data on GI, eggs/plant, RI and yield are the mean ± standard error of 40 replicates.
Data followed by * in the same column and year indicate significant differences (P < 0.05)
between plant species according to the non-parametric Mann–Whitney U test.
aGalling index on a scale from 0 to 10, where 0 = complete and healthy root system and
10 = plant and roots dead (Zeck, 1971).
bReproduction index) = 100 × (number of eggs per plant in the rootstock / number of
eggs per plant on the eggplant cv. Cristal).

the nematode population densities in soil at
transplantation were between 94 and 98%
less than those registered at the end of the
crop in 2017 but differed (P < 0.05) between
treatments. At the end of the crop, a higher
(P < 0.05) GI and number of J2 in soil
and eggs in roots were also registered in un-
grafted than grafted eggplant. Grafted egg-
plant yielded 2.1 more kg of fruits per plant
(P < 0.05) than ungrafted. The S. torvum
rootstock performed as resistant (1% ≤ RI
< 10%) to M. incognita in 2017, and highly
resistant (RI < 1%) in 2018 (Table 4.1).

4.3.2 Virulence selection

The S. torvum cv. Brutus was resistant (1%
≤ RI < 10%) to both M. incognita subpopu-

lations obtained from roots of the ungrafted
eggplant cv. Cristal or grafted onto the S.
torvum cv. Brutus after being cultivated
for two consecutive years in the same plots
in a plastic greenhouse. Both M. incognita
subpopulations caused between 53 and 69%
lower (P < 0.05) GI and produced 97% less
egg masses and eggs per plant, and between
21 and 31% less eggs per egg mass in S.
torvum than in eggplant (Table 4.2). The
M. incognita subpopulation from roots of S.
torvum cv. Brutus produced 49.4% less (P
< 0.05) egg masses and 56% less eggs per
plant in the eggplant cv. Cristal than the
nematode subpopulation from roots of egg-
plant cv. Cristal, but these parameters did
not differ between subpopulations when in-
oculated in S. torvum (Table 4.2).
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4.4 Discussion

This study demonstrates for the first time
that two consecutive crops of S. torvum in
the same plots do not select for virulence in
M. incognita but has an infective and repro-
ductive fitness cost for the nematode in the
susceptible eggplant. The resistance of S.
torvum seems to be more stable than other
R-genes in fruiting solanaceous crops such
as tomato and pepper. In tomato, the se-
lection for virulence to the Mi1.2 gene can
be acquired progressively crop by crop of
resistant tomato cultivars (Giné and Sor-
ribas 2017) or rootstocks (Verdejo-Lucas et
al. 2009), or suddenly just after one tomato
crop grafted onto the resistant rootstock cv.
Aligator (Expósito et al. 2019). Regarding
pepper, the selection for virulence to the
Me3 gene has been reported after two con-
secutive pepper crops grafted onto the root-
stock cv. Atlante (Ros-Ibáñez et al. 2014).
In relation to the N gene, virulence has been
reported in the USA but without any in-
formation on the selection process (Thies
2011). Yang et al. (2014) consider that the
entire disease resistance pathway is ampli-
fied in S. torvum compared with tomato and
potato enhancing plant defense mechanisms
and resistance durability.

The acquisition of virulence to a R-
gene can have a fitness cost for the ne-
matode in susceptible cultivars of the
same plant species (Petrillo and Roberts
2005; Castagnone-Sereno et al. 2007; Djian-
Caporalino et al. 2011; Expósito et al. 2019)
after a minimum number of exposures to
this R-gene. For example, three resistant
tomato crops were needed to affect the infec-
tivity, reproduction and fecundity of a par-
tially virulent M. incognita subpopulation
in susceptible tomato compared to the avir-
ulent subpopulation (Expósito et al. 2019).
Surprisingly, the results of this study re-
vealed that the infective and reproductive
fitness of the nematode decreased without
having been selected for virulence after two
years of repeated cultivation. The causes
for this loss of fitness as well as the sta-
bility of this characteristic should be inves-
tigated. In a nematode field population a
certain proportion of infective J2 can coun-

teract the S. torvum resistance in a propor-
tion that is maintained in the offspring ir-
respective of the plant resistance status in
which they were originated, as it was ob-
served in our experiment. Nonetheless, the
proportion of the offspring originated in S.
torvum has a fitness cost manifested in sus-
ceptible eggplant. This finding can have
important consequences for managing M.
incognita by agronomic methods since the
nematode reproduction in susceptible egg-
plant decreased about 56%. Therefore, the
use of different resistant sources in rota-
tion with susceptible ones will decrease the
risk of selecting virulent nematode popula-
tions. Solanaceae and Cucurbitaceae are the
two most common botanical families used in
rotation under protected cultivation (Mon-
cada et al. 2013). In addition to the com-
mercially available resistant tomato, pepper
and eggplant cultivars and/or rootstocks,
some other resistance sources in the Cucur-
bitaceae family such as Cucumis metuliferus
and Citrullus amarus could be used as root-
stocks in rotation schemes. Moreover, the
resistance of C. metuliferus, C. amarus and
S. torvum is also expressed against viru-
lent populations to the Mi-1.2 and N resis-
tance genes (Expósito et al. 2018; Garćıa-
Mend́ıvil et al. 2019a). Plant resistance is
an effective and economically profitable con-
trol method (Sorribas et al. 2005) that can
be durable if it is used in a proper manner
(Djian-Caporalino et al. 2011; Davies and
Elling 2015). Among the proposed strate-
gies to increase resistance durability, alter-
nating only two resistance genes reduce vir-
ulence selection but not prevent it (Expósito
et al. 2019). Including more resistance
sources, some of them having a fitness cost
for the nematode such as that in S. torvum,
could prevent the selection for virulence to
specific R-genes and could also reduce the
infective and reproductive capability of the
nematode in susceptible germplasm.

In relation to crop yield, significant dif-
ferences between ungrafted and grafted egg-
plant were only detected at long cropping
periods. An eggplant yield increase of
27% was recorded when cultivated during
9 months, but no differences were found at
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cropping periods shorter than 6.5 months
(Çürük et al. 2009; Gisbert et al. 2011;
Moncada et al. 2013; Sabatino et al. 2013,
2019; Miceli et al. 2014; Bogoescu and
Doltu 2015). In our study, grafted egg-
plant yielded a 110% more than the un-
grafted when cropped during 8.3 months,
but did not differ when cultivated during 4.5
months.

In summary, grafted eggplant onto S.
torvum can yield significantly more in nema-
tode infested soil depending on Pi and/or
crop duration and is a valuable tool for
managing the three tropical Meloidogyne
spp. irrespective of its (a)virulence status to
other R-genes in fruiting solanaceous crops;
it reduces the infective and reproductive fit-
ness of the nematode in susceptible after two
consecutive crops without selecting for ne-
matode virulence. However, special atten-
tion has to be taken in relation to variants of
the nematode able to overcome resistance in
S. torvum. Recently, the genotype A2-J of
M. arenaria from Japan has been reported

as virulent to S. torvum, but not the A2-
O. Interestingly, the distribution area of the
genotype A2-J overlaps with the cultivation
area of eggplant (Uehara et al. 2017). Ad-
ditional long term studies will be necessary
to determine the resistance durability.
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Garćıa-Mend́ıvil, H. A., N. Escudero, and F. J. Sor-
ribas. 2019b. Host suitability of Solanum torvum
cultivars to Meloidogyne incognita and M. ja-
vanica and population dynamics. Plant Pathol-
ogy (): ppa.13036. issn: 13653059. doi:10.1111/

67



Chapter 4: REFERENCES

ppa.13036. https://onlinelibrary.wiley.

com/doi/abs/10.1111/ppa.13036.
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General discussion

The Citrullus amarus accessions and the
Solanum torvum cultivars studied in this
thesis demonstrated to be resistant to the
majority of Meloidogyne populations of the
three most widespread species occurring
in Spain. Particularly interesting, per-
formed as resistant to virulent isolates to
the Mi1.2 and N resistance genes of tomato
and pepper, respectively. Reports about vir-
ulent populations are increasing (Ornat et
al. 2007; Verdejo-Lucas et al. 2009; Thies
2011; Verdejo-Lucas et al. 2012; Ros-Ibáñez
et al. 2014; Uehara et al. 2017b; Öçal et
al. 2018). Then, the use of the studied
rootstocks in growing areas with such vir-
ulent populations could be remarkable help
to deal with this issue.

As population dynamic parameters
pointed out, the response of the C. amarus
and S. torvum rootstocks to increasing ne-
matode densities also revealed its excep-
tionally poor hosts status. Interestingly,
both were less suitable host for M. incognita
than for M. javanica. Previous research also
found C. amarus accessions and S. torvum
rootstocks to be resistant to M. incognita
(Rahman et al. 2002; Huitrón et al. 2007;
Dhivya et al. 2014; Thies et al. 2008; 2009;
2015; 2015; 2015; Uehara et al. 2017a), and
for S. torvum, a wide range of responses to
M. javanica (Daunay 2008; Tzortzakakis et
al. 2006; Öçal et al. 2018). Interestingly,
in contrast with the cucurbit species stud-
ied, an apparent decrease in root fibrosity
seems to be associated with increases in a
and M values, and relatively low E values
compared to M. Besides lower values of a
and M.

C. amarus and S. torvum showed the
same ability to maintain its resistance lev-
els after being cultivated for two consecu-

tive growing seasons in the same plot. Pre-
vious studies found evidence of partial or
complete loss of resistance in tomato or pep-
per germplasm carrying the Mi1.2, Me3 or
N R-genes in the same number of seasons
(Castagnone-Sereno et al. 2007; Verdejo-
Lucas et al. 2009; Thies 2011; Giné and Sor-
ribas 2017; Expósito et al. 2019). Then, it
is an indicator of durability of resistance.
In addition, both rootstocks studied had
an infective and reproductive fitness cost
for the nematode. That is, the reproduc-
tion of the nematode population coming
from grafted watermelon or eggplant was
less than 50% when inoculated in a suscepti-
ble watermelon or eggplant, compared to the
reproduction of a population coming from a
susceptible host. This acquisition of fitness
cost in a susceptible cultivar have been pre-
viously reported after a minimum amount
of exposures to the same R-gene (Petrillo
and Roberts 2005; Castagnone-Sereno et
al. 2007; Djian-Caporalino et al. 2011;
Expósito et al. 2019), but only at the ex-
pense of virulence selection. The effect of
this fitness cost on rotation schemes in-
cluding resistant and susceptible germplasm
should be studied in field conditions.

Tolerance to the nematode population
densities evaluated in this thesis was also
found in rootstocks of both families, as no
difference in dry top weight were found.
This was also evidenced in the plastic green-
house experiments, where rootstock-scion
compatibility was manifested in yield in-
crements, more than double in some cases,
when compared with ungrafted plants. In
accordance, previous studies also found in-
crements, or at least no differences, in yield
of both watermelon (Thies et al. 2015a;
2015b) and eggplant (Çürük et al. 2009;
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Gisbert et al. 2011; Moncada et al. 2013;
Sabatino et al. 2013, 2019; Miceli et al. 2014;
Bogoescu and Doltu 2015). Another remark
on this subject, was the work done by the
Dr Maria Belén Picó and Dr. Carmina Gis-
bert, described in chapter 1, that showed
null effect of the CI67 accession over the wa-
termelon fruit quality, which was in accor-
dance with Fredes et al. (2017), that also
found similar results when grafting the F1
hybrid cv. Oneida onto CI67. Although
this thesis have not evaluated eggplant fruit
quality, previous research also found no neg-
ative effects on yield and quality, however,
it may increase the size of fruit and also re-
duce its lightness and saturation of color,
thus, more research on the effect of grafting
on fruit quality needs to be done to assure
the standards demanded by the market.

In summary, a) the poor host status to

a wide range of populations, included some
virulent to most cultivated R-genes, b) the
absent selection for virulence after two crop-
ping seasons in the same plot, c) the fit-
ness cost acquired by the nematode popula-
tion, and d) the effect on crop yield, makes
evident the usefulness of both, C. amarus
and S. torvum, to be employed in rotation
schemes. Previous studies found that the
inclusion of only two genetic sources of re-
sistance in a rotation scheme are not enough
to avoid virulence selection (Expósito et
al. 2019), however, it does reduce its levels.
Thus, including these two more sources of
resistance could be a solution to avoid vir-
ulence selection and improving crop yield.
Some experiments to assess the validity of
this hypothesis are currently ongoing. That
should be studied in the future.
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Conclusions

Conclusions on C. amarus accessions:

I. The C. amarus accessions BGV0005164 and BGV0005167 are resistant to Meloidog-
yne isolates belonging to the three most widespread RKN species, including one
virulent to the Mi1.2 resistance gene.

II. C. amarus accessions are less suitable host for M. incognita than for M. javanica.

III. Watermelon cv. Sugar baby and both C. amarus accessions are tolerant to M.
incognita and M. javanica.

IV. Cropping both C. amarus accessions two consecutive growing seasons in the same
plots are not enough time to reduce its resistance levels nor to select for virulence in
M. incognita, but it has an infective and reproductive fitness cost for the nematode
in watermelon.

V. Grafting onto both C. amarus accessions improves watermelon yield.

Conclusions on S. torvum rootstocks:

VI. S. torvum rootstocks are resistant to several M. incognita and M. javanica isolates,
including two virulent isolates to the Mi1.2 gene and, for first time reported, N
resistance gene.

VII. S. torvum rootstocks are less suitable host for M. incognita than for M. javanica.

VIII. The cropping season influence the population growth rate of the nematode in S.
torvum rootstocks and, to a higher degree, in eggplant.

IX. Cultivar Brutus confers tolerance to M. javanica.

X. Cropping S. torvum two consecutive growing seasons in the same plots do not select
for virulence in M. incognita but has an infective and reproductive fitness cost for
the nematode in eggplant.

XI. Grafting onto S. torvum improves eggplant yield when cultivated for long periods
(8.3 months), but does not differ when cultivated in shorter periods (4.5 months).

General conclusion

XII. Rootstocks from both families present particularly useful characteristics that suggest
its convenience to be employed in rotation scheme as supplementary genetic source
of resistance in order to increase its diversity.
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