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Abstract: Stability of resistance to Meloidogyne incognita (Kofoid & White) Chitwood was determined in
pepper (Capsicum chinense Jacq. and C. annuum L.) at 24, 28, and 32 °C. Reactions of the C. annuum
cultivars Charleston Belle and Keystone Resistant Giant and the C. chinense cultigens PA-426 and PA-350
to M. incognita were compared. Charleston Belle is homozygous for the N gene that confers resistance
to M. incognita in C. annuum, and Keystone Resistant Giant is the susceptible recurrent parent of
Charleston Belle. PA-426 is homozygous for a single dominant resistance gene that is allelic to the N
gene, and PA-350 is susceptible. Root galling, egg-mass production, numbers of eggs per g fresh root,
and reproductive factor of M. incognita increased for all pepper genotypes as temperature increased.
Severity of root galling and nematode reproduction were less for PA-426 and Charleston Belle compared
to PA-350 and Keystone Resistant Giant at all temperatures. However, both PA-426 and Charleston Belle
exhibited a partial loss of resistance at the higher temperatures. For example, at 32 °C, the numbers of
M. incognita eggs per g fresh root and the reproductive index for PA-426 and Charleston Belle were in
the susceptible range. Nevertheless, the gall index for both cultivars was still within the resistant range.
Both PA-350 and Keystone Resistant Giant exhibited highly susceptible reactions at 28 and 32 °C.
Although the resistances of PA-426 and Charleston Belle were somewhat compromised at high tem-
peratures, cultivars possessing these resistances will still be useful for managing M. incognita under high
soil temperatures.

Key words: Capsicum annuum L., C. chinense Jacq., habanero, heat stability, Meloidogyne incognita, resis-
tance, root-knot nematode, Scotch Bonnet pepper, soilborne pathogen, soil temperature, vegetable
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The southern root-knot nematode
Meloidogyne incognita (Kofoid & White) Chit-
wood is a major constraint to pepper (Cap-
sicum spp.) production throughout the
world (Di Vito et al., 1992; Lindsey and Clay-
shulte, 1982; Thies et al., 1997; Thies et al.,
1998; Thomas, 1994). Currently, pre-plant
fumigation of soil with methyl bromide or
other fumigant nematicides is the primary
method used to control root-knot nema-
todes in peppers in the United States and
worldwide. However, there is growing public
uncertainty about the routine use of pesti-
cides, including nematicides, in global agri-
culture. Concern about pesticide use has

stimulated interest in the development of
alternative pest management strategies with
increased emphasis on the development of
resistant cultivars. Several sources of resis-
tance to M. incognita have been reported in
pepper including C. annuum L., C. chinense
Jacq., C. chacoense Hunz., and C. frutescens L.
(Di Vito and Saccardo, 1986; Di Vito et al.,
1989; Di Vito et al., 1993; Fery et al., 1986;
Fery et al., 1998; Fery and Thies, 1997; Hare,
1957; Hendy et al., 1985).

A major portion of the world’s pepper
production occurs in hot climates where
root-knot nematodes are a severe pest; how-
ever, little is known about the heat stability
of root-knot resistance in pepper. The
breakdown in expression of resistance to
root-knot nematodes at high temperatures is
widely recognized in tomato (Dropkin,
1969; Holtzmann, 1965) and also has been
reported in cotton, alfalfa, sweetpotato, and
bean (Carter, 1982; Griffin, 1969; Jatala and
Russell, 1972; Mullin et al., 1991; Omwega et
al., 1990). Recently, Thies and Fery (1998)
reported that expression of the N gene,
which controls resistance to M. incognita in
pepper (C. annuum), is modified at high
temperatures (28 and 32 °C). In contrast, Di
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Vito et al. (1995) observed stability of resis-
tance in C. annuum, C. chacoense, C. chinense,
and C. frutescens to M. incognita race 1 from
26 to 38 °C. Likewise, Djian-Caporalino et al.
(1999) reported stability of resistance in C.
annuum at high temperatures (32 and
42 °C).

Primary areas of global pepper produc-
tion occur in temperate, sub-tropical, and
tropical areas where root-knot nematodes
complete several life cycles annually and soil
temperatures during the growing season of-
ten reach or exceed those at which expres-
sion of resistance to M. incognita may be
compromised. Thus, knowledge about the
heat stability of root-knot-nematode resis-
tance controlled by various genetic systems
in pepper is essential to the development of
useful root-knot-resistant cultivars and also
to the development of vegetable-cropping
schemes for hot climates. Our objectives
were to (i) determine the heat stability of a
new source of resistance to M. incognita in C.
chinense and (ii) confirm the modified ex-
pression of the N gene in C. annuum at high
temperatures.

Materials and Methods

Nematode inoculum: Meloidogyne incognita
race 3, obtained from S. A. Lewis, Clemson
University, Clemson, South Carolina, was
cultured on tomato (Lycopersicon esculentum
Mill. ‘Rutgers’) in an isolated greenhouse
bench. Egg inocula for all experiments were
extracted from M. incognita-infected tomato
roots using 0.5% NaOCl (Hussey and
Barker, 1973).

Pepper genotypes: Two C. chinense cultigens,
PA-426 and PA-350, and two C. annuum cul-
tivars, Charleston Belle and Keystone Resis-
tant Giant, were used in this experiment.
PA-426 is a Scotch Bonnet-type cultigen re-
leased by USDA, ARS that is resistant to M.
incognita (Fery and Thies, 1998a). Resistance
of PA-426 is conditioned by a single domi-
nant gene that is allelic to the N root-knot
resistance gene in C. annuum (Fery and
Thies, 1998b). PA-350 is a susceptible ha-
banero-type cultigen (Fery and Thies, 1997).
Charleston Belle is a root-knot-nematode re-

sistant, open-pollinated bell pepper released
by USDA, ARS (Fery et al., 1998). Charles-
ton Belle is homozygous for the N root-knot
nematode resistance gene. Keystone Resis-
tant Giant is the susceptible recurrent pa-
rental cultivar used in the backcross breed-
ing procedure (six backcrosses) used to de-
velop Charleston Belle.

Controlled temperature experiments: Reactions
of the two resistant and two susceptible pep-
per genotypes to M. incognita race 3 were
compared in controlled temperature envi-
ronments. The experiment was a split-plot
design with three replicates conducted at
different times. Whole plots were three tem-
peratures (24, 28, and 32 °C) that were ran-
domly assigned to three growth chambers
before each replicate was initiated. Sub-plots
were the four pepper genotypes (PA-426,
PA-350, Charleston Belle, and Keystone Re-
sistant Giant) arranged in randomized com-
plete blocks within each growth chamber.
Each replicate consisted of 18 subsamples
(plants) per temperature × pepper genotype
treatment combination.

Seedlings of each genotype were started
in the greenhouse in plastic growing trays
containing 50 individual 5.5 × 5.5 × 7.0-cm
cells filled with Metro-Mix 360 (The Scotts
Company, Marysville, OH). Twenty-one days
later, single seedlings were transplanted into
individual 10 × 10 × 10-cm pots filled with a
pasteurized planting medium of 2 sandy
loam soil: 1 washed river sand (by volume).
The soil surrounding the roots of each plant
was infested with approximately 5,000 M. in-
cognita eggs in 5 ml tap H2O at transplant-
ing. Eighteen pots of each genotype were
placed in each of three growth chambers
that had been programmed to maintain a
temperature of 24, 28, or 32 °C, with a 16-
hour/8 hour (light/dark) cycle. Visible ra-
diation was 258 µmol ? s−1 ? m−1 during the
light cycle. Nine weeks later, the plants were
removed from the pots, and roots were care-
fully washed. Roots were rated for severity of
galling and for egg-mass production using a
1-to-5 scale, where 1 = 0 to 3% root system
galled or covered with egg masses; 2 = 4 to
25%, 3 = 26 to 50%, 4 = 51 to 80%, and 5 =
greater than 80% root system galled or cov-
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ered with egg masses. Root-gall and egg-
mass indices $3 were considered suscep-
tible reactions. All fibrous roots were
clipped from the tap root, cut into 1 to 2-cm
pieces, and root fresh weight recorded. Eggs
were extracted from the roots of each plant
using 1% NaOCl (Hussey and Barker,
1973). Eggs were counted using a stereomi-
croscope. Nematode reproduction was as-
sessed by calculating a reproductive index R
= Pf/Pi, where Pi = initial inoculum level and
Pf = final egg recovery (Sasser et al., 1984).

Data analysis: Egg-count data were trans-
formed with log10 (x + 1) before analysis to
normalize data. Temperature was consid-
ered a discrete variable. Data were analyzed
using the GLM procedure of SAS for Win-
dows System Version 6.12 (SAS Institute,
Inc., Cary, NC). Because there was a tem-
perature × pepper genotype interaction
(P < 0.001), the data were analyzed by tem-
perature (using GLM) and means were sepa-
rated within temperatures using Duncan’s
multiple-range test.

Results

Both the C. chinense cultigen PA-426 and
the C. annuum cultivar Charleston Belle
were more resistant to M. incognita than the
C. chinense cultigen PA-350 and the C. an-
nuum cultivar Keystone Resistant Giant at
the three temperatures tested (24, 28, and
32 °C). Severity of root galling, egg-mass
production, numbers of M. incognita eggs
per g fresh root, and reproductive index of
M. incognita were less (P # 0.05) for PA-426
and Charleston Belle than for PA-350 and
Keystone Resistant Giant at all three tem-
peratures (Fig. 1A–D), except at 28 °C
Charleston Belle and Keystone Resistant Gi-
ant did not differ in eggs per g fresh root.

At 24 °C, both PA-426 and Charleston
Belle exhibited high resistance, i.e., root
galling and reproduction of M. incognita
were minimal (Fig. 1A–D). In contrast, PA-
350 and Keystone Resistant Giant were sus-
ceptible; both genotypes exhibited moder-
ate root galling and permitted substantial
reproduction of M. incognita. Severity of
root galling for PA-350 was 2.5 × greater

(P # 0.05) than for PA-426, and 2.6 ×
greater (P # 0.05) for Keystone Resistant
Giant than for Charleston Belle. Egg-mass
indices were similar to gall indices for all
four genotypes. PA-426 and Charleston
Belle supported 95 and 97% fewer (P #
0.05) eggs per g fresh root than PA-350. The
reproductive indices of M. incognita for PA-
426 and Charleston Belle were 96 and 98%
lower (P # 0.05) than for PA-350 and Key-
stone Resistant Giant, respectively.

At 28 °C, both PA-426 and Charleston
Belle exhibited a partial loss of resistance to
M. incognita. Root-gall symptoms were within
the moderately resistant range for both PA-
426 and Charleston Belle (gall indices = 1.7
and 1.7, respectively). However, the degree
of reproduction of M. incognita on both re-
sistant cultivars at 28 °C would be consid-
ered susceptible because the numbers of
eggs per g fresh root (10,163 and 20,809 for
PA-426 and Charleston Belle, respectively)
and reproductive indices (18.6 and 17.2 for
PA-426 and Charleston Belle, respectively)
were comparable to those for the suscep-
tible genotypes PA-350 and Keystone Resis-
tant Giant when grown at 24 °C. Both PA-
350 and Keystone Resistant Giant exhibited
highly susceptible reactions for root galling
(gall indices = 3.7 and 4.5, respectively) and
nematode reproduction (59,813 and 32,969
eggs per g fresh root, respectively). The re-
productive indices of M. incognita for PA-426
and Charleston Belle were 39 and 62%
lower (P # 0.05) than for PA-350 and Key-
stone Resistant Giant, respectively.

At 32 °C, resistance of PA-426 and
Charleston Belle to M. incognita was compro-
mised. Although root-gall severity was still
within the moderately resistant range for
both PA-426 and Charleston Belle (gall in-
dices = 1.9 and 2.2, respectively), reproduc-
tion of M. incognita on both resistant culti-
vars was in the susceptible range (21,733
and 26,580 eggs per g fresh root for PA-426
and Charleston Belle, respectively). Like-
wise, the reproductive indices of 18.1 and
35.7 for PA-426 and Charleston Belle, re-
spectively, were in the susceptible range. It
should be noted that Charleston Belle sup-
ported greater (P # 0.05) numbers of M.
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incognita eggs per g fresh root than PA-426
and that the reproductive index for Charles-
ton Belle was nearly 2 × greater (P # 0.05)
than for PA-426. Both PA-350 and Keystone
Resistant Giant exhibited highly susceptible
reactions for root galling (gall indices = 4.0
and 4.7, respectively) and reproduction of
M. incognita (numbers of eggs per g fresh
root = 102,641 and 71,627, respectively; re-
productive indices = 85.6 and 112.0, respec-
tively).

Discussion

Our results differ from those of Di Vito et
al. (1995) and Djian-Caporalino et al.
(1999), who observed that resistance to M.
incognita in pepper was stable at high tem-
peratures. The contrast in results may be at-
tributed to several factors, including differ-
ences in: (i) isolates and races of M. incognita

used in the respective studies, (ii) the ge-
netic systems controlling resistances in the
pepper genotypes studied, (iii) temperature
regime treatments, and (iv) life stages and
levels of M. incognita inocula used. Di Vito
and co-workers observed heat stability of re-
sistance to an Italian isolate of M. incognita
race 1 in germplasm lines of C. annuum, C.
chacoense, and C. frutescens up to 38 °C; the
genetic system controlling resistance was not
identified for any of the Capsicum spp. stud-
ied. Di Vito inoculated individual pepper
plants with 2,000 M. incognita J2 and then
held the plants for 28 days at 34 °C or 24
days at 38 °C. Djian-Caporalino and col-
leagues (1999) observed stability of resis-
tance to the M. incognita Calissane Fr. popu-
lation in C. annuum at 32 and 42 °C; resis-
tance was conditioned by a single dominant
gene and possibly additional minor genes.
Djian-Caporalino treated pepper plants at

Fig. 1. Comparison of two Capsicum chinense cultigens (PA-426 and PA-350) and two C. annuum cultivars
(Charleston Belle and Keystone Resistant Giant) differing in resistance to Meloidogyne incognita grown at 24, 28, or
32 °C for root-gall severity (A), egg-mass production (B), numbers of M. incognita eggs/g fresh root (C), and
reproductive index of M. incognita (D) 9 weeks after inoculation with 5,000 eggs of M. incognita. Root galling and
egg-mass production were rated on a 1-to-5 index, where 1 = 0 to 3% root system galled or covered with egg masses,
2 = 4 to 25%, 3 = 26 to 50%, 4 = 51 to 79%, and 5 = 80% or more root system galled or covered with egg masses.
Reproductive index of M. incognita = Pf/Pi, where Pi = initial inoculum level and Pf = final egg recovery. Values are
untransformed means of three tests (n = 54 plants). Egg-count data were transformed with log10 (x + 1) before
analysis. Means were compared within temperatures; bars with the same letters are not significantly different
according to Duncan’s multiple-range test (P # 0.05).
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32 °C for various periods before and (or)
after infestation with 500 M. incognita J2 and
then held the plants at 22 °C to allow
completion of one nematode generation.
For example, Djian-Caporalino held pepper
plants a maximum of 28 days at 32 °C (7
days before nematode infestation plus 21
days after infestation) followed by 28 addi-
tional days at 22 °C. Results of the present
studies are based on interaction of an isolate
of M. incognita race 3 collected in South
Carolina, with isogenic lines of C. annuum
that differ for presence or absence of the N
gene (Charleston Belle and Keystone Resis-
tant Giant, respectively) (Fery et al., 1998)
and with C. chinense cultigens that differ in
resistance or susceptibility to M. incognita
conditioned by a single dominant gene that
is allelic to the N gene (Fery and Thies,
1998b). Pepper plants in the present experi-
ments were held for 10 weeks at constant
temperatures of 24, 28, or 32 °C immedi-
ately after inoculation with 5,000 M. incog-
nita eggs.

The results of the present studies also con-
firm the partial loss of resistance condi-
tioned by the N gene in C. annuum that we
reported in earlier studies (Thies and Fery,
1998). The similarity in the expression of
the N gene in C. annuum and a gene allelic
to the N gene in C. chinense at high tempera-
tures is not unexpected. However, because
reproduction of M. incognita was lower
(P # 0.05) for PA-426 than Charleston Belle
at 32 °C, gene expression may differ in PA-
426 and Charleston Belle or additional
genes may control resistance in PA-426 at
high temperatures.

Resistance to M. incognita in PA-426 was
compromised at 28 and 32 °C; however, at
32 °C, the gall index for PA-426 was still
within the resistant range and the reproduc-
tive index of M. incognita for PA-426 was only
21% that of the susceptible PA-350. Thus,
cultivars possessing this resistance should be
useful in temperate, sub-tropical, and tropi-
cal areas where high soil temperatures oc-
cur. However, soil populations of M. incog-
nita may build up on PA-426 under high soil
temperatures, limiting the usefulness of
such resistant cultivars as rotational crops

for reducing root-knot nematode popula-
tions in the soil. To determine the actual
usefulness of resistant C. chinense cultivars, it
will be necessary to evaluate their perfor-
mance in root-knot nematode-infested fields
in hot climates.
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