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Summary

The root-knot nematode Meloidogyne enterolo-
bii is difficult to control due to its high aggressive-
ness and lack of resistant cultivars in the parasitized
crops. Therefore, finding and characterizing sources
of resistance to this nematode is an important task
that may lead to new strategies for reducing its popu-
lations. The aim of the present study was to compare
and describe the penetration and development of
M. enterolobii in resistant and susceptible chili pep-
per genotypes (Capsicum spp.). Experiments were
conducted under greenhouse conditions in a com-
pletely randomized design, in 2 x5 factorial scheme,
being factor A: two pepper genotypes (UFGCCH 24
- ‘Bode Roxa’ - resistant, and UFGCBA 3 - ‘Cambuci’ -
susceptible), and factor B: five periods of evaluation
(7, 14, 21, 28, and 35 days after inoculation - DAI).
The two genotypes were chosen based on a previous
study that screened 72 Capsicum genotypes belong-
ing to Universidade Federal de Goias (UFG) collec-
tion. UFGCCH 24 is from Capsicum chinense species
(CCH) and UFGCBA is a Capsicum baccatum species
(CBA). At each period the roots were washed, stained
and evaluated for nematode penetration and life cy-
cle stage. At 35 DAI the nematode population densi-
ty and reproduction factor (RF) were also evaluated
by extraction from roots. Second stage juveniles (J2)
penetrated the roots of resistant and susceptible gen-
otypes, although in a lesser number in the resistant.
M. enterolobii had its life cycle delayed within the re-
sistant genotype roots resulting in a lower number of
specimens. At 28 DAI, fully developed females were
observed in the susceptible ‘Cambuci’, whereas in the
resistant ‘Bode Roxa’ at 35 DAI, nematodes with the
appearance of J4 were still observed, and some indi-
viduals differentiating into males. ‘Cambuci’ showed
RF = 1.82 and higher gall index and egg mass index
compared to ‘Bode Roxa’ that had RF = 0.67.
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Introduction

Meloidogyne enterolobii Yang and Eisenback, 1983, is a
species of root-knot nematode of great importance for sever-
al crops, including vegetables. As well as other Meloidogyne
species, it is a polyphagous parasite that reproduces and
feeds within plant roots and induce small to large galls or
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Significance of this study

What is already known on this subject?
Meloidogyne enterolobii parasitizes roots of tomatoes
and peppers cultivars that carry the Mi gene that
confers resistance to M. incognita and M. javanica.

What are the new findings?
The chili pepper ‘Bode Roxa’ is resistant to
M. enterolobii, by reducing ]2 root penetration,
delaying its development, and reducing the
reproduction factor.

What is the expected impact on horticulture?
The resistant genotype may be used as source of
resistance in breeding programs, as a rootstock for
other susceptible Capsicum species, or planted in
infested areas.

root-knots. The life cycle comprises the eggs, four juvenile
stages and adult male or female. Eggs are enclosed in ge-
latinous egg sacs that are usually deposited on the surface
of galled roots. The first moult occurs within the egg giving
rise to the second-stage juvenile (J2), which is the infective
stage. Three other moults occur within the roots allowing the
nematode to go through the stages ]3, J4, and adults (Karssen
and Moens, 2006). The species M. enterolobii was detected
for the first time in Brazil in the states of Pernambuco and
Bahia, causing severe damages in guava orchards (Carneiro
and Almeida, 2001). In vegetables, it was detected for the
first time in the state of Sdo Paulo, parasitizing green pepper
(Capsicum annuum) cultivar Silver and tomato (Solanum lyco-
persicum) cultivars ‘Andrea’ and ‘Debora’, all known to be re-
sistant to M. incognita and M. javanica (Carneiro et al., 2006).
This ability of M. enterolobii to parasite plants resistant to
other species of Meloidogyne makes it a difficult-to-control
nematode (Bitencourt and Silva, 2010). This species presents
a wide polyphagia and highly aggressive behavior for most
vegetable species in comparison to M. incognita and M. ja-
vanica (Pinheiro and Pereira, 2012).

Cultivars of tomato and pepper that have resistance to
M. incognita, M. javanica and M. arenaria carry the Mi gene
that gives the plant a hypersensitivity reaction (HR) causing
histological changes, such as cell death near the infection
site (Dropkin, 1969). This usually occurs 12 hours after at-
tempted infection. However, the resistance conferred by
the Mi-1 gene is unstable and can be compromised by soil
temperatures above 28°C (Dropkin, 1969). In addition, there
are species and races of Meloidogyne that have the ability to
break the resistance conferred by the Mi gene, which makes
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it necessary to search for new sources of resistance, especial-
ly those that are effective against M. enterolobii.

Anatomical, physiological or biochemical characteristics
may be responsible for lack of nematode penetration and/
or development in some plants (Rosso and Asmus, 2010).
The expression of resistance genes may be the cause of
the previous or post-infection existence of mechanisms
triggering reactions that inhibit or reduce penetration or
development after penetration (Wallace, 1973; Melo et al,

2011).
Reports on the penetration and development of
nematodes in roots of Capsicum species, especially

M. enterolobii, are unknown and may aid the identification
of resistance mechanisms. In recent years, studies have
been carried out in the search for sources of resistance to
M. enterolobiiin several crops, since the resistance of Capsicum
to M. enterolobii is apparently mediated by genes other than
those that confer resistance to other species and races of
Meloidogyne (Melo et al., 2011). Currently, two intraspecific
hybrid peppers (cvs. ‘Silver’ and ‘Snooker’) with resistance
to M. incognita races 1, 2, 3 and 4 and M. javanica, a pepper
cultivar ‘BRS Sarakura’ with resistance to M. incognita race 1
and M. javanica and four cultivars ‘BRS Mari, ‘BRS Moema,
‘BRS Garg¢a’, and ‘BRS Seriema’, with resistance to M. javanica
(Pinheiro et al., 2013) are commercially available. However,
there is no information on commercial cultivars of Capsicum
resistant to M. enterolobii.

The objective of the present study was to compare and
describe the penetration, development and reproduction of
M. enterolobiiinroots of pepper genotypes resistant (UFGCCH
24 ‘Bode Roxa’) and susceptible (UFGCBA 3 ‘Cambuci’).

Materials and methods

The research was conducted under greenhouse and
laboratory conditions at the geographic coordinates:
16°40°22”S and 49°15’19”"W and average altitude of 730 m,
from September to October, 2016. Two pepper genotypes
were chosen (Capsicum spp.) based on previous studies
(Marques et al., 2019), which presented resistance and
susceptibility to M. enterolobii, with RF equal to 0.08
(C. chinense - UFGCCH 24 ‘Bode Roxa’) and 7.21 (Capsicum
baccatum - UFGCBA 3 ‘Cambuci’). UFGCCH stands for
Universidade Federal de Goias, Capsicum chinense genotype
24 and UFGCBA 3 stands for Universidade Federal de Goias,
Capsicum baccatum genotype 3

The seeds were obtained from the Capsicum spp. seed
collection of Federal University of Goids. Sowing was done by
a certified nursery and seedlings presenting four leaves were
transplanted into black polyethylene plastic bags (500 mL),
one seedling in each bag, containing a mixture of sterilized
soil and sand (1:1). Fertilizers were not used due to the short
period of the experiment.

The inoculum of M. enterolobii was obtained from a
population extracted from Psidium guajava L. var. ‘Paluma’
and was kept in tomato (cultivar ‘Santa Cruz Kada’) plants
under greenhouse. The identification and confirmation of
the nematode species was performed by the analysis of the
esterase phenotypes according to Carneiro and Almeida
(2001). After fifteen days of transplanting the seedlings were
artificially inoculated with 5.0 mL of suspension containing
approximately 5,000 eggs and ]2 of M. enterolobii per plot
(one plant bag). Plants were watered daily by hand avoiding
excess humidity. The average maximum, minimum and soil
temperature during the period were, respectively, 38.03,
21.31 and 29.37.

The experimental design was completely randomized in
a 2x5 factorial scheme (two genotypes of Capsicum spp. x
five evaluation periods) with three replications. When dif-
ference among evaluation timings was found the regression
analysis was performed using logarithmic model.

Ten replicates of each genotype were added for evalua-
tions at 35 days after inoculation (DAI) of fresh root mass
(FRM), gall index (GI), egg mass index (EMI), nematode pop-
ulation density (eggs + J2 / 10 g of roots) and reproduction
factor (RF).

The nematode penetration evaluation in the roots was
carried out at 7, 14, 21, 28, and 35 days after inoculation
(DAI), with three plants of each genotype being removed in
each evaluation period. The plants were carefully removed,
the aerial part discarded, and the roots washed in running
water and weighed for fresh root mass (FRM). The roots
were then stained by the acid fuchsin technique (Byrd et al.,
1983) where the root fragments were soaked for four min-
utes in a 1.5% NaOCl solution and subsequently drained and
washed in tap water to remove all sodium hypochlorite and
remained soaked in water for fifteen minutes. Thereafter,
1 mL of stain was added in about 30 mL of water and the
material was boiled. The stain was prepared by diluting3.5 g
of acid fuchsin in 250 mL of acetic acid (99.7%) and 750 mL
of distilled water. After boiling for approximately thirty sec-
onds, the root fragments were drained, allowed to cool and
washed in running water to remove any excess stain. They
were then placed in a 50 mL beaker containing glycerin acid-
ified with two drops of hydrochloric acid and again brought
to boil in order to clarify the roots. After bleaching, the frag-
ments were placed in glycerin and stored at room tempera-
ture until the slides preparation for readings.

The evaluation was made by observation and counting of
the nematodes present in the roots, using the optical micro-
scope (40x magnification). For this, the roots were arranged
in petri plates to allow a total counting.

For photographic records of the nematodes roots of each
Capsicum genotype, in each evaluation period, were pressed
between two glass slides and taken to the optical microscope
(100x magnification) with a digital camera coupled to cap-
ture images using the program LADEZ version 1.8.1.

At 35 DAI the plants were removed from pots, the shoots
were discarded and the roots washed under running water
and allowed to dry on paper towels. The roots were weighed
on a digital scale (0.001 g accuracy) and then stained with
Floxin B (0.015%), allowed to stand for 15-20 minutes, and
then washed in running water to remove the residual stain
from the roots. The egg masses external to the roots were
colored, allowing the counting under a stereoscopic micro-
scope. Gall index (GI) and egg mass index (EMI) were deter-
mined according to Taylor and Sasser (1978).

These same roots were used for nematode extraction
following the technique of Coolen and D’Herde (1972). After
extraction the nematodes were kept in 50-mL test tubes, for
further counting using a Peters slide under an optical micro-
scope (40x magnification). The population density (Pd) was
calculated considering 10 g of roots (eggs and J2 / 10 g of
root).

The total number of nematodes in each root system was
considered the final population (Fp). The reproduction factor
(RF) was obtained by the ratio between the final population
(Fp) and the initial population (Ip) (RF = Ip/Fp), according to
Oostenbrink (1966).

The data were submitted to the Lillieford and Bartlett test
(Conagin et al., 1993) for continuous and discrete quantita-
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Meloidogyne enterolobii penetration
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FIGURE 1. Penetration of Meloidogyne enterolobii in the roots of two Capsicum spp. genotypes (UFGCCH 24, ‘Bode Roxa’ -
Resistant, and UFGCBA 3, ‘Cambuci’ - Susceptible) at different sampling times (7, 14, 21, 28, and 35 days after inoculation).

tive dependent variables to test for normality and homosce-
dasticity. Data were submitted to analysis of variance using
the Assistat version 7.7 computer program (Silva, 2017).

Results

The penetration of M. enterolobii in the roots of the two
genotypes of Capsicum spp. in weekly evaluations, from sev-
en to 35 DAI was higher in UFGCBA 3, ‘Cambuci’ at all times,
compared to UFGCCH 24, ‘Bode Roxa’ (Figure 1). The number
of specimens inside the roots of ‘Cambuci’ and ‘Bode Roxa’
increased over the period.

Root nematode extraction at 35 DAI resulted in RF equal
to 1.82 for ‘Cambuci’ and 0.67 for ‘Bode Roxa, confirming
their susceptibility and resistance behaviors, respectively
(Table 1). In addition, ‘Cambuci’ also presented higher GI
and EMI than ‘Bode Roxa’ Population density, although not
significantly different between the two genotypes, showed a
percentage of reduction of 47.5% in the resistant genotype
compared to the susceptible one (Table 1).

Along the evaluation period greater nematode penetra-

tion and development in the roots of the susceptible geno-
type ‘Cambuci’ was observed (Figure 2 - 2, 4, 6, 8, 10). The
presence of second stage juveniles (J2) within the roots of
both genotypes was observed at 7 DAI, but higher in the
susceptible genotype (Figure 2-2). At 14 DAI third stage
juveniles (J3) were found in the roots of the two genotypes
(Figure 2-3, 4). However, larger, darker-colored nematodes
in the ‘Cambuci’ susceptible genotype (Figure 2-4) are an
indication of better fed individuals.

At 21 DAI it was already possible to see very clear differ-
ences between the genotypes, with the presence of a large
number of well-developed individuals, with characteristics
of J4 in ‘Cambuci’ (Figure 2-6), while in ‘Bode Roxa’, there
was still the presence of poorly developed nematodes (de-
formed) in stage J3 (Figure 2-5). These differences remained
at 28 DAI, with the presence of fully developed females and
rupture of the plant tissue in the susceptible genotype root
(Figure 2-8). In the resistant genotype (Figure 2-7) speci-
mens still in stages J3 and J4, and in smaller numbers, were
observed.

TABLE 1. Reaction of two genotypes of Capsicum spp. to Meloidogyne enterolobii at 35 days after inoculation.

Capsicum genotypes aE r((;c))t mass Population density" RF? Gall index Eglg dn;iss
UFGCBA 3 ‘Cambuci’ 194+1.12a 55,329 + 45,028 a 1.82+0.53a 40a 4.0a'
UFGCCH 24 ‘Bode Roxa’ 1.37£0.66 a 29,019+ 31,958 a 0.67£0.30b 3.0b 3.0b

F test 1.93n 2.27m 35.26** 1x10%* 1x10%*
CV (%) 16.83 43.76 34.76 0.0 0.0

Means from ten replications. Means followed by the same letter do not differ statistically (F Test, 5%). Data were transformed into V/(x+1) for analysis.

" Number of nematodes per 10 g of roots.
2 Reproduction factor.
*: Tukey test significance, 5%; **: Tukey test significance, 1%.
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FIGURE 2. Roots of Capsicum spp. resistant (UFGCCH 24, ‘Bode Roxa’) and susceptible (UFGCBA 3, ‘Cambuci’) to Meloidogyne
enterolobii at different sampling times showing the nematode development. 1, 3, 5, 7 and 9: roots of resistant genotype; 2, 4,
6, 8 and 10: roots of susceptible genotype; 1 and 2: 7 days after inoculation (DAI); 3 and 4: 14 DAL; 5 and 6: 21 DAI; 7 and 8:
28 DAI; 9 and 10: 35 DAL Ne: nematode; ]2: second-stage juvenile; ]3: third-stage juvenile; J4: fourth-stage juvenile; ?: adult

female. Scale: 200 pm.

Fully mature and developed females were found at
35 DAI in ‘Cambuci’ (Figure 2-10), while in ‘Bode Roxa, fe-
males were poorly developed. In addition, the presence of |4
differentiating into males (Figure 2-9) was noted, which is
an unusual situation in the Meloidogyne genus.

Discussion

The comparison between the two pepper genotypes
throughout the penetration evaluation period (Figure 1) and
the reproduction factor (RF) evaluation (Table 1) confirmed
the resistance behavior in UFGCCH 24, ‘Bode Roxa’ and sus-
ceptibility in UFGCBA 3, ‘Cambuci’. Similar behavior of resis-
tance to M. enterolobii in C. chinense (BGH 433 and BGH 4285
Pepper) was observed by Melo et al. (2011) in their study
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to identify lettuce, sweet potato, bean, tomato, and Capsicum
genotypes with resistance to this nematode species.

Along the period of evaluation the number of nema-
todes penetrating the roots of the resistant genotype ‘Bode
Roxa’ were always lower than that found on the susceptible
‘Cambuci’ (Figure 1). This shows that the resistance is not
complete and although reducing M. enterolobii penetration
the resistant genotype still allows some population develop-
ment, which leads to the need of adding other alternatives
when planning a nematode management program.

Juveniles of M. enterolobii inoculated in two genotypes
of Capsicum spp. were attracted, penetrated the roots and
migrated towards the vascular cylinder (Figure 2). However,
there was less penetration in the resistant genotype ‘Bode
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Roxa’ than in the susceptible genotype ‘Cambuci’ (Figure
2-1, 2), indicating that possibly there is a preformed struc-
tural mechanism of resistance, such as higher root lignifica-
tion that has restricted the penetration of juveniles. It is also
possible that this resistance to penetration is conferred by
the production of root exudates which repel ]2 or are toxic to
them (Rhode, 1972).

In the evaluations performed from the 14" DAI on, it was
observed that, in addition to penetration resistance, the UF-
GCCH 24, ‘Bode Roxa’ genotype decreased or hindered the
development of M. enterolobii with a delay in the nematode
development when compared to the susceptible genotype.
It also led to a malformation of individuals (Figure 2-5, 7,
9). According to Huang (1985), some resistant plants may
not present enough nutrients or substances essential for the
nematode establishment, which would result in emigration
and/or developmental delay. Based on this observation, it is
possible that besides the hypersensitivity reaction (HR), oth-
er defense mechanisms associated with mechanical, physio-
logical or biochemical barriers are developed by the plants
(Silva et al., 1989), which did not necessarily cause the death
of ]2, but prevented from establishing a feeding site. The
phenomenon of emigration as a result of the plant defense
response was also observed previously in the coffee cultivar
‘Apoatd’ inoculated with M. incognita (Oliveira, 2006).

At 21 DAI the number of individuals in stages J3 and J4
were higher in the susceptible genotype, with only a few
specimens in the roots of resistant genotype (Figure 2-5, 6).
This suggests that the mechanism involved in resistance, be-
sides delaying and consequently decreasing the amount of
nematodes, also affects the establishment of these parasites
in the root system. The presence of ]3 and ]J4 in the resistant
genotype indicates that the resistance reaction does not oc-
cur immediately after inoculation and does not prevent the
initial establishment of M. enterolobii in this genotype.

Adult females of M. enterolobii in the egg laying phase
were observed inside the roots within the feeding site at
28 DAl in the susceptible genotype (‘Cambuci’) (Figure 2-8).
This shows that the nematodes in the roots of the suscepti-
ble genotype found favorable conditions for its development
and multiplication. In the resistant genotype (‘Bode Roxa’),
at 28 DAI, we found nematodes in phases 3 and J4, and they
were in smaller amounts than in ‘Cambuci’ (Figure 2- 7). This
indicates that there was damage or difficulties in the estab-
lishment and maintenance of the feeding site, which led to
poor performance of the parasite in the resistant genotype.
This persisted at 35 DAI, when the presence of individuals in
the J4 phase was still observed and some individuals differ-
entiated into males (Figure 2-9), which is rare in the Meloid-
ogyne genus, and usually induced by stress, probably due to
the lack of nutrients (Moura et al.,, 1993). It is known that the
complete development of females and multiplication of the
nematode depends on the formation of giant cells capable of
nourishing the nematode throughout its cycle (Hussey, 1985;
Abad et al,, 2009). The females remain longer periods feed-
ing in the roots while the males, as soon as becoming adults,
stop feeding and leave the roots. Although of unusual pres-
ence of males, its only purpose is the reproduction (Moura
et al, 1993). Thus, it is already proven the higher formation
of males in stress situations, such as plant genetic resistance.

On the other hand, the presence of females, even in small-
er numbers, was noted in the roots of the resistant genotype,
showing that the resistance of this genotype (UFGCCH 24,
‘Bode Roxa") is not complete. It is known that most resistance
mechanisms are postinfectious, that is, root-knot nematodes
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(M. incognita, M. arenaria, M. javanica, M. hapla) penetrate
the roots, migrate in search of cells to establish the feeding
site, but are impaired by the resistance genes (Me3 gene in
chili pepper, Mi1, Mi3 and Mi9 genes in tomato) (Williamson
and Kumar, 2006).

According to Castagnone-Sereno et al. (2001) the resis-
tance of C. annuum to M. javanica is conferred by the Mi gene.
Peppers carrying the Mel gene may be resistant to M. incog-
nita and M. javanica if the Me3 gene is present in the same
variety and may be susceptible to M. incognita. Gongalves et
al. (2014) verified the inefficiency of the Me7 resistance gene,
present in the C. annuum CM334 genotype, against M. enter-
olobii. The resistance and susceptibility of Capsicum spp. gen-
otypes to nematodes could be related to the genes present
in different species (Kiewnick et al,, 2009; Melo et al., 2011).
According to Dropkin (1969), this phenomenon usually oc-
curs 12 hours after the attempt of establishment of the nem-
atode inside the root, with occurrence of localized necrosis
or hypersensitivity reaction (HR).

The C. chinense genotype UFGCCH 24 (‘Bode Roxa’) react-
ed with resistance to M. enterolobii, presenting lower levels
of ]2 penetration in the roots and developmental delay for
the subsequent phases of J3, J4 and adult. In addition, it pre-
sented RF <1.0 and lower number of nematodes throughout
the evaluation period. Facing several reports of lack of resis-
tance in commercial cultivars of Capsicum spp. to M. enterolo-
bii, this research confirms the resistance of C. chinense - UF-
GCH 24 (‘Bode Roxa’) showing lower penetration and a delay
on the development phases of the nematode. This indicates
the need for further studies to identify the mechanisms and
whether there are new genes conferring this resistance. In
addition, this genotype can be used as source of resistance in
breeding programs, as rootstock for other species of Capsi-
cum spp. susceptible to M. enterolobii, or even for planting in
areas infested by this nematode.
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