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ABSTRACT

Meloidogyne enterolobii is currently the most damaging nematode of the genus Meloidogyne due to its
aggressiveness and ability to overcome existing sources of resistance; therefore, the search for
genotypes with resistance in crops of high economic importance such as chili pepper (Capsicum
annuum L. var. annuum) is one of the greatest challenges facing agricultural researchers. The aim of
this study was to determine the level of resistance in C. annuum landraces from Mexico to different
population densities of M. enterolobii. Five C. annuum landraces (UTC24, UTC25, UTC66, UTC67,
and UTC90) and the commercial cv. Revelation were used. The experiment was conducted twice under
greenhouse conditions with a randomized block design with four replicates per genotype and cultivar.
Inoculation was performed on 21-d-old seedlings with inoculum doses of 0, 4500, 9000, and 13500
eggs plant™. The gall index, reproduction factor, and reproduction index were evaluated at 42 and 63 d
after inoculation. Genotypes UTC66, UTC67, and UTC90 showed a higher level of resistance with a
damage percentage lower than 50% compared to ‘Revelation” (susceptible). Genotype UTC90 showed
the lowest reproduction factor and index, so it was considered a highly resistant genotype to an
inoculum dose of 4500 M. enterolobii eggs with a damage percentage of less than 10%, while, at a dose
of 13 500 eggs, its resistance level was intermediate. The results of this study contribute to the search
for sources of resistance to M. enterolobii in chili pepper landraces.
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INTRODUCTION

The genus Capsicum is native to the Americas and comprises about 30 species, of which five have been
domesticated (C. pubescens, C. chinense, C. frutescens, C. baccatum, and C. annuum) (Votava et al., 2005).
The species C. annuum was domesticated in Mexico and is considered the most economically important, as
it is cultivated worldwide, and within it are most of the commercial peppers and chilies. In addition, this
species includes semi-domesticated, landraces and wild genotypes that are widely distributed throughout
the country (Votava et al., 2005; Carrizo-Garcia et al., 2016).

About 3086 742 tons of green chili peppers are produced annually in Mexico which is considered the 3™
largest pepper-exporting country with an economic profit of 1144 billion dollars (SIAP, 2022). However,
the production of this crop is affected by soil-borne pathogens, including root-knot nematodes belonging to
the genus Meloidogyne (Castagnone-Sereno, 2012).

For the species M. incognita, M. arenaria, and M. javanica, the N, Mel, Me2, Me3, Me4, Me5, Me6,
Me7, Mechl, and Mech2 genes associated with resistance have been efficient as a genetic control tool in
several commercial cultivars containing them (Djian-Caporalino et al., 2001; Wang et al., 2009; Fazari et
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al., 2012). However, M. enterolobii have been reported to successfully parasitize these cultivars with
resistance genes to other Meloidogyne species (Brito et al., 2008; Velloso et al., 2022; Long et al., 2023).

The damage produced by M. enterolobii is greater than that of any of the other root-knot nematode
species investigated so far (Castagnone-Sereno, 2012; Castillo and Castagnone-Sereno, 2020). To mitigate
the damage in Solanaceae such as chili pepper, physical, chemical, and biological control methods are
carried out. To date, there are no commercial chili pepper cultivars with resistance to M. enterolobii. The
search for multiple resistance to several nematodes of different genera or species in commercial rootstocks
is quite difficult to achieve in practice and constitutes one of the greatest challenges for researchers (Pinheiro
etal., 2014). However, different studies have been carried out focused on searching for sources of resistance
using plants of wild origin, which constitute the main source of genes with resistance to pathogens such as
root-knot nematodes (Soares et al., 2018).

Some plant species such as guava (Psidium spp.), acerola (Malpighia emarginata), sweet potato
(Ipomoea batatas), and wild watermelon (Citrullus amarus) have been reported as possible candidates with
resistance to M. enterolobii (Freitas et al., 2014; Santos et al., 2021; Schwarz et al., 2021; Waldo et al.,
2022). In chili pepper, mainly the species C. chinense, C. frutescens, and C. baccatum have been reported
as highly resistant to M. enterolobii (Goncalves et al., 2014; Marques et al., 2019; 2020; Pinheiro et al.,
2020); however, few studies have investigated the sources of resistance in C. annuum genotypes (Marques
etal., 2019; Carrillo-Fasio et al., 2020; Pinheiro et al., 2020). In this sense, Carrillo-Fasio et al. (2020) found
C. annuum landraces from Mexico with potential for resistance to M. enterolobii at population densities of
2000 eggs, but it is still necessary to investigate in depth the use of chili pepper landraces as a source of
resistance to this nematode in order to generate information that can be incorporated into the integrated
management of M. enterolobii. Therefore, the aim of this study was to characterize the level of resistance
in C. annuum landraces from Mexico to different population densities of M. enterolobii.

MATERIALS AND METHODS

Plant material

Five landraces of Capsicum annuum L. var. annuum (UTC24, UTC25, UTC66, UTC67, and UTC90)
previously reported by Carrillo-Fasio et al. (2020) were used. The commercial chili pepper ‘Revelation’
(Seminis, Oxnard, California, USA) was used as the susceptible control.

Inoculum production

A population of Meloidogyne enterolobii previously characterized by Salazar-Mesta et al. (2023) was used.
The population was multiplied on 21-d-old tomato ‘Aguamiel’ (Vilmorin-Mikado, Santiago de Queretaro,
Mexico) plants, individually transplanted into 2 kg pots with a mixture of sand, silt, and sterile plant
substrate (2:1:1). Each plant was inoculated with 20 egg masses obtained from the population of M.
enterolobii, with a total of 10 pots, and kept for 90 d under greenhouse conditions at temperatures ranging
from 25 to 35 °C. Prior to inoculation, nematode eggs were extracted from infected tomato roots using the
methodology described by Hussey and Barker (1973) and modified by using 0.5% NaOCI in a blender,
instead of by manual shaking.

Resistance test

Two independent experiments were conducted under greenhouse conditions. The first experiment was
conducted from March to June 2021 (mean temperature 22-36 °C) and the second experiment was from
December 2021 to February 2022 (mean temperature 17-29 °C).

Seedlings of all chili pepper landraces and the commercial cultivar were produced in 128-cavity
polystyrene trays with sterile plant substrate (Sogemix, Premier Tech, Riviére-du-Loup, Quebec, Canada).
At 21 d after germination, plants were individually transplanted into 3 kg pots containing a mixture of sand,
silt, and plant substrate (2:1:1) previously sterilized in an autoclave and kept under greenhouse conditions.
Inoculation was carried out 7 d after transplanting and the inoculum doses used were 0, 4500, 9000, and
13500 eggs of M. enterolobii per plant.
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The experimental design for all experiments consisted of a randomized block design, considering a pot
with one plant as the experimental unit, with four replicates per genotype and per cultivar. The number of
galls per root system was counted and eggs were extracted from the masses using the methodology indicated
by Hussey and Barker (1973).

Data analysis

To determine the resistance of the chili pepper landraces, the gall index (Gl), reproduction factor (RF), and
reproduction index (RI) were evaluated at 42 and 63 d after inoculation (DAI), using the 1-to-5 gall index
scale reported by Taylor and Sasser (1978), where: 0 =0 galls, 1 = 1-2 galls, 2 = 3-10 galls, 3 = 11-30 galls,
4 = 31-100 galls, and 5 = more than 100 galls.

The reproduction factor (RF) was determined with the formula RF = Pf/Pi, where Pi is the initial
nematode population at the time of inoculation and Pf is the final number of nematodes at the time of
extraction of each root, and it was classified according to the Oostenbrink scale (Oostenbrink, 1966), where:
An RF less than 1.0 is resistant (R), an RF greater than 1.0 is susceptible (S), and an RF equal to zero is
immune (I). Finally, the reproduction index (RI) was calculated using the formula: 100 (Number of eggs
per gram of root of each genotype/Average number of eggs per gram of root of the susceptible cultivar).

The resistance level of each genotype was established using the scale reported by Taylor (1967). It was
classified as susceptible (S) when the RI value of the genotype was greater than 50% of the value obtained
for the susceptible cultivar; it was classified as having low resistance (LR) when it was in the 26%-50%
range, as having intermediate resistance (IR) when it was in the 11%-25% range, as being highly resistant
(HR) when it had a value of 1%-10% and as being immune (I) when there was no reproduction. Data
obtained were transformed to log (x + 1) to standardize the variance. The transformed means were compared
using Fisher’s LSD test (P < 0.05) with SAS software version 9.3 (SAS Institute, Cary, North Carlina, USA).

RESULTS

All chili pepper landraces and ‘Revelation’ analyzed in this study showed root gall symptoms in both
experiments. The number of galls increased over time and the highest number of galls on the roots was
observed at 63 DAI in all inoculated plants (Figure 1). However, ‘Revelation’ presented the highest number
of galls at all M. enterolobii inoculum doses (4500, 9000, and 13500 eggs) during the three evaluation times.
On the other hand, ‘Revelation’ showed a reduction in the growth of inoculated plants from 42 DAI onwards,
while no growth reduction was observed in the genotypes during the three evaluation times.

The lowest number of galls on roots for the three inoculum doses was recorded in genotypes UTCG66,
UTC67, and UTC90, obtaining level 3 at a dose of 4500 eggs and level 4 at doses of 9000 and 13500 eggs
at 63 DAL, respectively (Tables 1 and 2).

Reproduction factor (RF) values in the first experiment ranged from 0.73 to 16.2 at 42 DAI, and from
0.97 to 40.6 at 63 DAI, whereas, in the second experiment, RF values were significantly (P < 0.05) lower
and ranged from 0.6 to 15.8 at 42 DAI and from 0.92 to 37.1 at 63 DAI. The RF value was significantly
higher in ‘Revelation’ compared to the landraces, and in both experiments, the highest values were recorded
with the dose of 13500 M. enterolobii eggs. Genotype UTC90 had the lowest nematode reproduction factor
at all inoculum doses (in both experiments) and was significantly different from the rest of the genotypes;
therefore, it was classified as resistant to an inoculum dose of 4500 eggs according to the Oostenbrink scale
in the evaluations at 42 and 63 DAI. On the other hand, when the inoculum concentration increased to 9000
M. enterolobii eggs, the RF was < 1 in the evaluation corresponding to 42 DAI, whereas, at a density of
13500 eggs, the RF value was > 1 at 42 and 63 DAI, being classified as susceptible according to the
Oostenbrink scale. The rest of the genotypes presented a reproduction factor > 1 in all evaluations and in
both experiments (Tables 1 and 2).
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Figu r 1. Roots of chili pepper (Capsicum annuum) landraces and ‘Revelation’ showing galls, at
63 d after inoculation (DAI) with 4500 Meloidogyne enterolobii eggs. (A) ‘Revelation’. (B)
UTC25. (C) UTC24. (D) UTC67. (E) UTC66. (F) UTC90.

The results of the reproduction index (RI) indicated significant differences in the level of damage
between the landraces with respect to ‘Revelation’. Genotype UTC24 and UTC25, as well as
‘Revelation’ obtained an RI greater than 50% at all nematode inoculum doses (4500, 9000, and 13500
eggs plant?) in both experiments; therefore, they were classified as susceptible according to Taylor’s
scale (Taylor, 1967). Genotype UTC90 presented the lowest R1 in both experiments for all nematode
inoculum densities, being considered at a dose of 4500 M. enterolobii eggs as highly resistant, as was
genotype UTC67. However, in both experiments, landrace UTC67 was not resistant according to its
reproduction factor at any of the three inoculum doses. At the 9000 eggs plant™ dose, genotype
UTC90 was highly resistant at 42 DAI and was classified as having intermediate resistance at 63
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DAI, whereas genotype UTCG67 presented intermediate resistance in both evaluations at a density of
9000 M. enterolobii eggs. At the 13500 eggs dose, genotype UTC90 was classified with intermediate
resistance at both 42 and 63 DAI, whereas genotypes UTC67 and UTC66 were considered to have

low resistance because their RIs were > 25% damage (Tables 1 and 2).

Table 1. Results of Experiment 1 according to the gall index (Gl), reproduction factor (RF),
and reproduction index (RI) of Meloidogyne enterolobii in Capsicum annuum landraces
from Mexico. Mean values followed by different letters in the column indicate significant
differences among treatments according to Fisher’s LSD test (P < 0.05). T: Temperature
range; DAI: days after inoculation; GI: gall index, the data were analyzed using the gall
index scale from 1 to 5 (Taylor and Sasser, 1978), where: 0 = 0 galls, 1 = 1-2 galls, 2 = 3-
10 galls, 3 = 11-30 galls, 4 = 31-100 galls and 5 = more than 100 galls; PD: population
density (eggs g root); RF: reproduction factor; R: reaction (Oostenbrink, 1966) where:
RF< 1.0 resistant, RF > 1.0 susceptible, and RF = 0 immune; RI: reproduction index; RN:
resistance level, the data were analyzed using the scale of RI (Taylor, 1967), where: RI >
50% susceptible (S), RI: 26%-50% low resistance (LR). RI: 11%-25% intermediate

resistance (IR), RI = 1%-10% highly resistant (HR) and Rl = 0 immune (1).

Experiment 1 (March-May 2021)

42 DAI 63 DAI
Eggs  Genotype/ T=22-30°C T=25-36°C

plant!  cultivar  GI PD RF R RI RN dl PD RF R RI RN
4500 UTC24 3 2968 60 S 534 S5 4 4 838P 19.5% S 556 S
UTC25 3 3181 69 S 572 S 4 7 299- 19.7¢ S 839 S

UTCG6 2 6204 174 S 111 IR 3 0924 4.14 S 113 IR

UTCG7 2 438 122 S 78 HR 3 699° 2.7 S 8.0 HR

UTC90 2 172¢ 07 R 30 HR 3 301f 0.9% R 34 HR
Revelation 3 5554+ 96 S * S 4 86922 255 8 * S

2000 UTC24 3 6867° 73 S 696 S 5 9 358 17.8¢ 5 797 S
UTC25 3 goel» 85 S 703 S 5 11128+  20.1% 5 948 S

UTCG6 3 2683 28 S 272 IR 4 32024 8.24 5 273 LR

UTC67 3 1841= 18 S 186 IR 4 2217 4.2 5 189 IR

UTC90 3 079¢  09f R 99 HR 4 1313F 2.2f S 111 IR
Revelation 4 0855 11.8= S * 5 5 117312 29.1= S * S

13500 UTC24 4 13097 1122 S 762 S 5§ 17689  20.6° S 824 8
UTC25 4 13410 125> S 781 S 5 21280 24.0° S 992 S

UTCG6 4 560444 564 S 328 LR 4 7 5324 10.14 S8 351 LR

UTC67 3 4434+ 41+ S 258 IR 4 6017 8.8¢ S 280 LR

UTC%0 3 2452 23t S 142 IR 4 4 134% 4.8f 5 192 IR
Revelation 4 17168 1622 S * S 5 21443 4060 S * S
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Table 2. Results of Experiment 2 according to the gall index (Gl), reproduction factor (RF), and
reproduction index (RI) of Meloidogyne enterolobii in Capsicum annuum landraces from Mexico.
Mean values followed by different letters in the column indicate significant differences among
treatments according to Fisher’s LSD test (P < 0.05). T: Temperature range; DAI: days after
inoculation; Gl: gall index, the data were analyzed using the gall index scale from 1 to 5, (Taylor
and Sasser, 1978), where: 0 = 0 galls, 1 = 1-2 galls, 2 = 3-10 galls, 3 = 11-30 galls, 4 = 31-100
galls and 5 = more than 100 galls; PD: population density (eggs g™* root); RF: reproduction factor;
R: reaction (Oostenbrink, 1966) where: RF< 1.0 resistant, RF > 1.0 susceptible, and RF = 0
immune; RI: reproduction index; RN: resistance level, the data were analyzed using the scale of
RI (Taylor, 1967), where: Rl > 50% susceptible (S), RI: 26%-50% low resistance (LR). RI: 11%-
25% intermediate resistance (IR), Rl = 1%-10% highly resistant (HR) and RI = 0 immune (1).

Experiment 2 (December 2021-February 2022)

42 DAT 63 DAT
Genotype/ T=17-24°C T=25-29 °C
Egosplant! cultivar GI PD RF K RI RN GI PD RF R RI EN
4500 UTC24 2 20520 38 8§ 513 5 3 4011 142 8§ 362 8§
UTC25 2 2186 39 8§ 57 5 3 4502 157 8§ @30 8§
UTCa6 2 485¢ 1 § 121 IR 3 G33¢ 2% 5 141 IR
UTCs7 2 314 11= & 78 HR 3 408 144 § 85 HR
UTC20 2 2044 06l R 51 HR 3 2904 09 R 53 HR
Revelation 2 39922 g5 8 * 5 4 7137= 221 8§ * 5
9000 UTC24 2 573R0 61 § 628 S 4 933 1g 5 675 8
UTC25 2 5946 62° 8§ 651 5 4 9532 152" § @91 8§
UTCs6 2 1507 200 8 208 IR 3 2944 760 5 273 LR
UTCs7 2 1394« 134 § 152 IR 3 2510 470 § 18% IR
UTC20 2 9514 09 R 104 HRE 3 1548 268 5 112 IR
Revelatton 2  9130¢0 109 § y 5 4 11408 283 § y 5
13500 UTC24 4 113100 108 8 718 S§ 4 144510 183 8§ 737 8
UTC25 4 11909 114> 8§ 756 S 4 14529 189" § 741 §
UTC66 3 4843 48 5 307 LE 4 705 82 8§ 339 LR
UTCs7 3 3784 37 8 240 IR 4 5116 65 § 281 LR
UTC20 3 19314 18 § 122 IR 4 2919 4 5 148 IR
Revelatton 4 157400 158 § * 5 5 19595 3712 § * 5

Finally, an effect of temperature was observed on the gall index (Gl), reproduction factor (RF),
and reproduction index (RI), mainly in the genotype UTC25, which showed a greater number of
nematode eggs in its roots and the reproduction index of the nematode increased more than 20% when
temperatures were above 30 °C. For the rest of the genotypes, in the first experiment where temperatures
ranged from 22 to 36 °C, a higher number of M. enterolobii eggs was recorded for all inoculum doses
compared to the second experiment when the average temperatures ranged from 17 to 29 °C.

DISCUSSION

Resistance is defined as the ability of a plant to inhibit the reproduction of a nematode species compared
to the reproduction of the nematode in a plant lacking such trait, i.e., compared to a susceptible plant. In
addition, the response of the same plant to parasitism by the nematode differs from the ability of the plant
to support nematode reproduction because the nematode can invade the plant, but it will have difficulty
completing its development and reproduction (Cook and Evans, 1987).
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In this research, the resistance levels determined based on the reproduction factor (RF), reproduction
index (RI), and gall index (GI) provided more precise information to characterize the resistance of C.
annuum landraces from Mexico to the nematode M. enterolobii. Only genotype UTC90 was considered
highly resistant according to its RF and RI at a dose of 4500 eggs plant™; however, according to the gall
scale, it was located at the same level (3) as genotypes UTC24, UTC25, UTC66, and UTC67. Therefore,
this last variable did not show sufficient information to discriminate between genotypes in relation to
their resistance level.

In other research, it has been concluded that the root-gall index is not a reliable and adequate
criterion for the selection of resistant cultivars (Lopez-Gdémez et al., 2015; Hallmann and Kiewnick,
2018) since the formation of galls on the roots indicates the presence of the nematode but does not
ensure its development or reproduction. On the contrary, the formation of egg masses on the roots is
considered a reliable and adequate indicator since it correlates with nematode reproduction and is
determined by the RF and RI (Bellafiore et al., 2015; Mantelin et al., 2017; Cabasan et al., 2018;
Hallmann and Kiewnick, 2018).

Plant resistance to nematodes can be influenced by several parameters, from the species or population
of the nematode to environmental effects. In the trials carried out in this study, it was observed that
genotype UTC25 was more susceptible to M. enterolobii at all inoculum doses when the temperature was
above 30 °C. In this sense, it is known that temperature affects nematode reproduction and plant
resistance, and the instability of resistance genes at high soil temperatures has been reported, as in the
case of the Mi-1 gene in tomato and the N gene in pepper, limiting their usefulness for managing M.
enterolobii in vegetables in hot climates, due to the loss of their ability at temperatures above 28 °C
(Haroon et al., 1993; Brito et al., 2007).

In this study, the results of our second resistance trial showed a lower RF at temperatures < 25 °C. In
contrast, in the first experiment with temperatures > 25 °C, there was an increase in nematode
reproduction, and this was higher when the temperature was equal to or higher than 30 °C. It has been
reported that the adaptability of M. enterolobii to different temperatures gives it greater aggressiveness,
and this nematode is capable of completing its life cycle at temperatures above 30 °C in vegetables,
whereas, when at temperatures below 25 °C, a delay in the infection process is observed due to the reduced
penetration and development of infective juveniles (J2) (Velloso et al., 2022; Salazar-Mesta et al., 2023).
Similarly, Brito et al. (2007) concluded that populations of M. enterolobii were able to reproduce
successfully at temperatures of 22 and 33 °C, but with a lower RF when the temperature was 22 °C in
tomato cultivars containing the Mi-1 genes, as well as in chili pepper cultivars with N and Tabasco genes.

Another important parameter to consider in resistance trials is the nematode inoculum density, i.e., the
initial population of a Meloidogyne species used in a trial directly influences the severity of plant damage
(Débia et al., 2021; Padilla-Hurtado et al., 2022). In our research, increasing the nematode inoculum
density modified the resistance response in the landraces evaluated based on the criteria of RF and RI,
since genotype UTC90 was resistant to an inoculum density of 4500 eggs for both criteria, but at doses
of 9000 and 13500 eggs, it was considered as susceptible according to the RF and with intermediate
resistance based on the RI. Similarly, Carrillo-Fasio et al. (2020) determined that genotype UTC90 was
resistant to a dose of 2000 M. enterolobii eggs. In contrast, Marques et al. (2019) concluded that increasing
the inoculum levels of M. enterolobii did not modify the resistance or susceptibility behavior of Capsicum
spp. genotypes based on the RF with doses of 2000, 4000, and 8000 eggs. On the other hand, Goncalves
et al. (2014) determined the resistance level of Capsicum spp. accessions towards M. enterolobii
according to the nematode RF and index criteria, and found that all C. annuum accessions were
susceptible, and only one C. chinense accession was considered resistant based on a single inoculum dose
(500 eggs) of the nematode.

So far, there are no reports of C. annuum genotypes with resistance to initial inoculum densities greater
than 8000 M. enterolobii eggs such as those used in our study. Likewise, in most of the studies, the
resistance of Capsicum spp. landraces to M. enterolobii was evaluated with a single inoculum dose of the
nematode, and the results are compared with a single criterion or resistance scale, so it is necessary to
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carry out more studies that allow knowing the behavior of Capsicum spp. landraces with different
resistance evaluation parameters such as those obtained in this research.

CONCLUSIONS

The results of this study provide relevant information regarding chili pepper landraces resistant to
Meloidogyne enterolobii. Genotypes UTC66, UTC67, and UTC90 showed a higher level of resistance with
a damage percentage lower than 50% compared to ‘Revelation’ (susceptible). Genotype UTC90 showed the
lowest reproduction factor and index, so it was considered a highly resistant genotype to an inoculum dose
of 4500 M. enterolobii eggs.
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