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Comparison of Methods for Assessing Resistance to Meloidogyne
arenaria in Peanut

WEIBO DONC,,1 C. CORLEY HOLBROOK,2 PATRICIA TIMPER,2 TimoTHY B. BRENNEMAN,1 BenjaMIN G. MuULLINIX®

Abstract: Use of resistant cultivars is a desirable approach to manage the peanut root-knot nematode (Meloidogyne arenaria). To
incorporate resistance into commercially acceptable cultivars requires reliable, efficient screening methods. To optimize the resis-
tance screening protocol, a series of greenhouse tests were done using seven genotypes with three levels of resistance to M. arenaria.
The three resistance levels could be separated based on gall indices as early as two weeks after inoculation (WAI) using 8,000 eggs
of M. arenaria per plant, while four or more weeks were needed when 1,000-6,000 eggs/plant were used. High inoculum densities
(over 8,000 eggs/plant) were needed to separate the three resistance levels based on eggs per gram of root within eight WAI. A gall
index based on percentage of galled roots could separate the three resistance levels at lower inoculum levels and earlier harvest
dates than other assessment methods. The use of eggs vs. second-stage juveniles (J2) as inoculum provided similar results; however,
it took three to five more days to collect J2 than to collect eggs from roots. Plant age affected gall index and nematode reproduction
on peanut, especially on the susceptible genotypes AT201 and D098. The genotypes were separated into their correct resistance
classes when inoculated 10 to 30 days after planting, but were not separated correctly when inoculated on day 40.

Key words: Arachis hypogaea, assessment date, host-plant resistance, inoculation date, inoculum level, inoculum type, Meloidogyne
arenaria, method, peanut, resistance evaluation, root-knot nematode.

The root-knot nematode Meloidogyne arenaria race 1
causes significant economic losses throughout the pea-
nut (Arachis hypogaea) production regions of the world.
In the southern U.S. peanut-producing areas (AL, FL,
GA, SC and TX), this nematode decreases peanut yield
by 3 to 15% annually (Koenning et al., 1999). Manage-
ment of root-knot nematode can include crop rotation,
application of nematicides and use of resistant cultivars.
Few profitable rotation crops are available because of
the wide host range of M. arenaria. Use of nematicides
is problematic because of the short-term efficacy (Dick-
son and Hewlett, 1989; Culbreath et al., 1992) and the
cost to growers. There is a need for improved root-knot
nematode management strategies, and the use of
nematode-resistant peanut cultivars would be an effec-
tive and inexpensive approach to prevent yield and
quality losses to M. arenaria.

Over the past two decades, progress has been made
in identification and breeding for nematode resistance
in peanut. Several sources of moderate and high resis-
tance have been identified from germplasm of A. hy-
pogaea and wild species of peanut (Holbrook and
Stalker, 2003). High levels of resistance in wild species
have been introgressed into A. hypogaea, which led to
registration of interspecific germplasm TxAG-6 and
TxAG-7 (Simpson et al., 1993), GP-NC WS 5 and GP-NC
WS 6 (Stalker et al., 2002) and NR 0812 and NR 0817
(Anderson et al., 2006). A backcrossing program was
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used to introgress the root-knot nematode resistance
from TXAG-7 into peanut breeding populations (Starr
et al., 1995) and resulted in the release of COAN and
NemaTAM, which are highly resistant to M. arenaria
and M. javanica (Simpson and Starr, 2001; Simpson et
al., 2003). However, neither COAN nor NemaTAM has
been widely grown by farmers due to their susceptibility
to tomato spotted wilt virus (TSWV) and low oleic con-
tent (Simpson and Starr, 2001; Simpson et al., 2003).

The development of new peanut cultivars with resis-
tance to root-knot nematodes will require reliable and
efficient resistance screening techniques for identifying
resistant progeny within segregating breeding popula-
tions. Greenhouse screening techniques to identify pea-
nut germplasm with resistance to M. arenaria are avail-
able (Hussey and Boerma, 1981; Holbrook et al., 1983);
however, the current evaluation methods can take up to
100 days before results are available (Holbrook et al.,
2000a, 2000b) and are subject to high experimental
error (Choi et al., 1999; Zhang et al., 2006). Thus, the
objectives of this study were to: (i) determine the effects
of inoculum type, inoculum level, inoculation date and
assessment date on evaluating M. arenaria resistance in
peanut, and (ii) optimize the resistance screening pro-
tocol used to identify root-knot nematode resistant pea-
nut genotypes in the greenhouse.

MATERIALS AND METHODS

Peanut genotypes: Seven peanut genotypes with differ-
ent levels of resistance to M. arenaria were used in all
experiments. The genotypes included two highly resis-
tant cultivars, COAN and NemaTAM; three moderately
resistant breeding lines, C209-6-37, C209-6-60 and
D099; one susceptible cultivar, AT201; and one suscep-
tible breeding line, D098.

Nematode inocula: Meloidogyne arenaria race 1, originat-
ing from a peanut field in Tifton, GA, was cultured
alternately on tomato (Lycopersicon esculentum cv. Rut-
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gers) or eggplant (Solanum melongena cv. Blackbeauty)
and peanut (Arachis hypogaea cv. Georgia Green). Eggs
for inoculum were extracted from tomato or eggplant
roots by agitating in 0.05% NaOCI for 2 to 3 min (Hus-
sey and Barker, 1973). The eggs were then collected
and rinsed with tap water on nested 150- and 25-pm-
pore sieves. To collect the second-stage juveniles (J2)
for use as inoculum, infected tomato or eggplant roots
were placed in hatching dishes and incubated in a mist
chamber. The ]2 were then collected using 150- and
25-pm-pore sieves once a day for 3 to 5 d. During the
collection period, J2 were stored in a l-cm aqueous
suspension at 5°C prior to inoculation of peanut plants.

Resistance assessment: For all assessment methods, pea-
nut plants were uprooted and washed clean of soil 2 to
10 wk after inoculation (WAI). Criteria used to evaluate
resistance levels in peanut were: gall number, gall index
1, gall index 2, egg mass number, egg mass index and
egg number per gram root. Gall index 1 was on a scale
of 0 to b (Taylor and Sasser, 1978), where 0 = no galls;
1=1t02;2=31t010;3 =11 to 30; 4 =31 to 100; and
5 = more than 100 galls. Gall index 2 was also on a scale
of 0 to 5, but it was based on the percentage of the root
system with galls (Hussey and Janssen, 2002), where 0 =
no galling; 1 = trace infection with a few small galls; 2 =
=25% roots galled; 3 = 26 to 50%; 4 = 51 to 75%; and
5 = >75% roots galled. For the assessments based on
root galling, the numbers of galls were counted, and
the root systems were rated using the two indices. The
roots were then placed in beakers containing approxi-
mately 300 ml of 0.05% phloxine B solution for 3 to 5
min to stain egg masses a bright red color so the num-
ber of egg masses per root system could be determined
visually (Holbrook et al., 1983). Egg mass index was on
a scale of 0 to 5 as described for gall index 1. Fresh root
systems were weighed and then agitated in 1% NaOCI
solution for 5 min to extract eggs. Eggs were collected
on nested 150- and 25-pm-pore sieves and counted. Egg
number per gram root was then calculated.

Inoculum level and harvest date: The experiment was a
4 x 7 x 4 factorial arrangement of treatments. There
were four peanut genotypes in these experiments, in-
cluding NemaTAM, C209-6-37, C209-6-60 and AT201.
The seven inoculum levels were 0, 1,000, 2,000, 4,000,
6,000, 8,000 and 16,000 eggs/pot. The four assessment
dates were 2, 4, 6 and 8 WAL A split-plot treatment
design was used with assessment dates as main plots.
Subplots of inoculum level x genotype were random-
ized within six replicate main plots. Two seeds were
planted in each 10 x 10-cm® plastic pot filled with 800
cm” steam-pasteurized (132°C for 6 hr) loamy sand
(texture: 85% sand, 11% silt, 4% clay). After emer-
gence, plants were thinned to 1 seedling/pot. Two
holes about 5-cm deep and 1-cm wide were made in the
soil around each 2-wk-old peanut seedling. A 2.5 ml
aliquot of inoculum suspension was applied to each
hole with a pipette. Unless otherwise noted, the plants

were maintained in a greenhouse at 20 to 35°C and
watered as needed. At harvest dates 1 (2 WAI) and 2 (4
WAI), resistance was assessed by gall number, gall index
1 and gall index 2. At harvest date 3 (6 WAI), gall
number, gall index 1, gall index 2 and egg number per
gram root were evaluated. At harvest date 4 (8 WAI),
two additional variables, egg mass number and egg
mass index, were also assessed. The entire experiment
was repeated.

Inoculum type: The experiment was a 4 x 2 x 2 factorial
arrangement of treatments. Four peanut genotypes,
COAN, C209-6-37, C209-6-60 and AT201, were evalu-
ated at two inoculum levels and two harvest dates. The
peanut genotypes were grown and inoculated 2 wk after
planting with either 2,000 J2 or 8,000 eggs of M. are-
naria as previously described. A randomized complete
block design with six replications was used. Gall index 2
was used to evaluate the resistance level in the selected
peanut genotypes 2 WAI, whereas gall index 2 and egg
number per gram root were used to evaluate resistance
10 WAL The entire experiment was repeated one time
under similar conditions.

Plant age effect: Six peanut genotypes were evaluated:
COAN, C209-6-37, C209-6-60, D099, AT201 and D098.
The genotypes were planted in 10 x 10-cm® plastic pots
filled with 800 cm® loamy sand/pot (texture: 85% sand,
11% silt, 4% clay) on five dates with 10-d intervals be-
tween dates. All plants were inoculated at the same date
with 8,000 eggs/pot. The ages of the peanut plants at
the time of inoculation were 0 to 40 d after planting
(DAP). The experimental design was a split plot, with
genotypes randomized within six replicate main plots
(planting date). Plants were harvested at 8 WAL Gall
index 2 and egg number per gram root were used to
assess resistance. The experiment was repeated one
time.

Statistical analysis: Data from the two trials of each
experiment were combined for analysis. Data were ana-
lyzed using Proc MIXED with ddfm = satterth option (a
general Satterthwaite approximation for the denomina-
tor degrees of freedom) on the model statement (SAS
v.9.1) (SAS Institute, Cary, NC), unless otherwise
stated. Any interaction effects that were not significant
were removed, and the reduced model evaluated again.
Main effects were considered significant when P = 0.05
and adjusted with any significant interactions. Fisher’s
least significant difference (LSD) values at P=0.05 were
computed using standard error and ¢ values of adjusted
degrees of freedom from the LSMEAN statement in
Proc MIXED.

RESULTS

Inoculum level and harvest date: Galls on peanut roots
were observed at 2 WAI at inoculation levels 1,000 to
16,000 eggs/plant. Eggs were extracted from infected
roots at 6 WAI, although egg masses were not obvious
until 8 WAL
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Initial inoculum level of M. arenaria affected gall in-
dex 2 in peanut (Table 1). For all four selected geno-
types, gall index 2 increased as the inoculum level in-
creased. However, the magnitude of the increase was
not the same for all the genotypes (inoculum x geno-
type interaction, P < 0.0001). From 1,000 to 16,000
eggs/plant, the rate of increase in gall index 2 was
greater for the susceptible genotype AT201 than for the
moderately and highly resistant genotypes. On AT201,
4,000 eggs/plant caused greater (P=0.05) gall index 2
than 2,000 eggs/plant did, while 8,000 eggs/plant were
needed to cause gall index 2 to be greater than that for
2,000 eggs/plant on NemaTAM (P = 0.05). Across the
harvest dates, the four genotypes could be separated
into the appropriate resistance categories using 2,000,
6,000, 8,000 and 16,000 eggs/plant based on gall index
2. Low inoculum level (1,000 eggs/plant) could sepa-
rate the susceptible genotype AT201 from others, but it
could not separate the highly resistant genotype
NemaTAM from the moderately resistant genotypes.

Harvest date affected galling and egg production in
peanut roots (P < 0.0001); however, there was a signifi-
cant interaction of harvest date x genotype (P = 0.01)
(Fig. 1A, B). From 2 to 8 WAI, the increase of gall index
2 was greater for AT201 than for the other three geno-
types. The gall indices did not differ between 4 and 6
WAI for AT201, C209-6-37 and C209-6-60, whereas
they did for the highly resistant genotype NemaTAM.
Eggs were obtained from all four genotypes by 6 WAI,
but egg numbers increased dramatically by 8 WAL The
increase of egg number for NemaTAM was much lower
than for the moderately resistant and susceptible geno-
types.

Among all the combinations of seven inoculum levels
x four harvest dates, use of gall index 2 could separate
the three resistance levels correctly in 14 combinations
(Table 2). Based on gall index 2, different resistance
levels could be separated successfully as early as 2 WAI

TasLE 1. Effect of inoculum level of Meloidogyne arenaria from 0
to 16,000 eggs/plant on gall index 2 on four peanut genotypes when
tested in two greenhouse trials.

Peanut genotypes

Inoculum AT201 C209-6-37 C209-6-60 NemaTAM
0 0.03" a® k4 0.07ak 0.00ak 0.00ak
1,000 1.66 b k 0.40 ab 1 0.62b1 0.18 abl
2,000 1.92bk 0.86b1 0.90b1 0.34 abc m
4,000 2.79 ck 1.35 ¢l 1.41cl 0.63 bcd m
6,000 3.00 c k 148 c1 142 ¢l 0.69 cd m
8,000 3.51dk 1.70 c 1 1.79 c1 1.08 de m
16,000 3.99 e k 2.30d1 2.28d1 1.47 e m

* Gall index 2: 0 = no galls, 1 = trace infection with a few small galls, 2 = =25%
roots galled, 3 = 26-50%, 4 = 51-75%, and 5 = >75% of root galled.

® Data presented are means of 12 replications (six replications/trial) com-
bined across harvest dates (2, 4, 6 and 8 wk after inoculation).

¢ Numbers within columns followed by different letters (a—e) are significantly
different (P = 0.05).

9 Numbers within rows followed by different letters (k-m) are significantly
different (P = 0.05).
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Fic. 1. Effect of harvest dates on root galling (A) and egg pro-
duction (B) in different peanut genotypes. Gall index 2: 0 = no gall-
ing, 1 = trace infection with a few small galls, 2= =25% roots galled,
3 =25-50%, 4 = 51-75% and 5= =75% of root galled. Bars within a
genotype with the same letter are not significantly different (P >
0.05).

at high inoculation levels (8,000 to 16,000 eggs/plant)
and could be separated at low inoculation level (1,000
eggs/plant) at the final harvest date (8 WAI). Based on
eggs per gram root, the four peanut genotypes with
three levels of resistance to M. arenaria were separated
at the inoculation rate of 16,000 eggs/plant by 6 WAI
and at 8,000 and 16,000 eggs/plant by 8 WAI (Table 2).
At low inoculation levels (1,000 to 6,000 eggs/plant)
and an early harvest date (6 WAI), the four genotypes
were not separated into their appropriate resistance
classification due to the high variability of eggs per
gram root.

In addition to gall index 2 and eggs per gram root,
gall number, gall index 1, egg mass number and egg
mass index were also used to assess the resistance levels
in the peanut genotypes. The ability of these assessment
methods to accurately separate the different levels of
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TABLE 2.
arenaria at four harvest dates when tested in two greenhouse trials.

Gall index 2 and numbers of eggs per gram root on four genotypes of peanut using seven inoculum levels of eggs of Meloidogyne

Inoculum level (eggs/plant)

Harvest
Criterion date Genotype 0 1,000 2,000 4,000 6,000 8,000 16,000
Gall index 2* 2WAI AT201 0" ac 0.83 a 1.17 a 1.83 a 1.92a 2.50 a 3.08a
C209-6-37 0a 0.17b 0.50 be 0.58 b 1.00 b 1.25b 1.75 b
C209-6-60 0a 0.25b 0.67 ab 1.00 b 0.83 bc 1.25b 1.50 b
NemaTAM 0a 0b 0c 0.42 b 0.30 ¢ 0.42 ¢ 0.50 ¢
4WAI AT201 0a 1.64 a 191a 3.00 a 3.09 a 3.82a 391 a
C209-6-37 0a 0.25 be 0.55 be 1.55 b 1.45b 1.91b 2.45b
C209-6-60 0a 0.64 b 091 b 1.45b 1.64 b 2.18 b 2.64 b
NemaTAM 0a 0.18 ¢ 0.17 c 0.5¢ 0.42 ¢ 1.17 c 0.83 ¢
6WAI AT201 0a 2.00 a 2.25 a 3.33 a 3.56 a 3.75 a 4.08 a
C209-6-37 0a 0.92 b 1.00 b 1.82 b 2.08 b 2.75b 3.18b
C209-6-60 0a 0.67 bc 1.42b 1.50 b 2.25b 2.58 b 3.58 b
NemaTAM 0a 0.25 ¢ 0.83b 0.83 ¢ 1.08 ¢ 191 c¢ 1.92 ¢
SWAI AT201 0a 3.17 a 3.58 a 391 a 4.08 a 4.25a 4.75a
C209-6-37 0a 1.55b 2.00 b 1.73b 2.27b 2.82 b 3.18b
C209-6-60 0a 1.08 b 1.67b 1.33 b 2.08 b 2.67b 3.00 be
NemaTAM 0a 0.36 ¢ 0.67 c 1.25b 1.25 ¢ 1.64 ¢ 2.42 c
Egg/g root 6WAI AT201 Oa 303 a 482 a 711 a 1,200 a 2,395 a 3744 a
C209-6-37 0a 92 b 183 b 296 b 380 b 547 b 702 b
C209-6-60 0a 49b 70 b 146 be 185 be 329 b 599 b
NemaTAM 0a 7b 2b 7c 19¢ 29 b 34 c
SWAI AT201 49 a 3,183 a 3,778 a 6,499 a 9,847 a 9,660 a 10,402 a
C209-6-37 1.5a 673 b 1,118 b 1,732 b 2,521 b 3,255 b 3,723 b
C209-6-60 0a 947 b 1,873 ab 1,344 b 2,191 b 3,205 b 3,315 b
NemaTAM 0a 46 b 52 b 52 b 83 b 121 ¢ 123 ¢

# Gall index 2: 0 = no galls, 1 = trace infection with a few small galls, 2 = =25% roots galled, 3 = 26-50%, 4 = 51-75%, and 5 = >75% of root galled.

" Data presented are means of 12 replications (six replications/ trial).

¢ Numbers in columns within the same harvest date followed by different letters are significantly different (P = 0.05) based on Fisher’s LSD test.

resistance is summarized in Table 3. Gall number could
only separate the four genotypes correctly by 4 and 6
WALI at the highest inoculum level. Egg mass number
was not adequate to separate the four genotypes in this
study, whereas egg mass index was a good measure to
discriminate between resistance levels with inoculum
levels of 6,000 to 8,000 eggs/plant at 8 WAI. Generally,
the higher the inoculum level used, the less time was
needed to separate the genotypes correctly based on
gall index 1 or 2. Both gall index 1 and 2 were positively
correlated (P < 0.0001) with eggs per gram root (r =
0.6047 and 0.6773, respectively); however, gall index 2
was the most sensitive method of all measures used for
assessing resistance. It provided more choices on com-
binations of inoculum level x harvest date to separate
the four genotypes successfully than gall index 1.
Inoculum type: The hatch rate of the eggs used in this
test was 24.7% after 6 d (144 hr, data not shown), thus
inoculum levels of 8,000 eggs and 2,000 J2 were ap-
proximately equivalent. Eight thousand eggs and 2,000
J2 did not result in significant differences in gall index
2 and egg number at the two harvest dates (Table 4).
The resistance classification was also similar between
the two inoculum types. The three resistance levels in
the four genotypes were distinguished from each other
by 2,000 J2 and 8,000 eggs at 2 and 10 WAI, based on
gall index 2 or eggs per gram root, except C209-6-37
was not separated from AT201 by 2,000 J2 at 2 WAL

TaBLE 3. Summary of the evaluation results under seven inocu-
lum levels of Meloidogyne arenaria at four harvest dates by six assess-
ment criteria when tested in two greenhouse trials.

Inoculum level (eggs/plant)

Harvest

Criterion date 0 1,000 2,000 4,000 6,000 8,000 16,000

E

2 WAI
4 WAI
6 WAI
8 WAI
2 WAI
4 WAI
6 WAI
8 WAI
2 WAI
4 WAI
6 WAI
8 WAI
6 WAI
8 WAI
8 WAI
8 WAI

Z

Gall numer

Gall index 1°

Gall index 2¢

Eggs/g root

Mass number
Mass index?

DAL AL L L L LD DL L7 7,
ZALLL DL LD L DL 77
ZLLLR L L L L L L L L L L7
AR AR A A A
MZA AR g A 2277
Mg g g

2z g g <

*Y: The four peanut genotypes AT201 (susceptible to M. arenaria), C209-6-
37, C209-6-60 (moderately resistant to M. arenaria), and NemaTAM (highly
resistant to M. arenaria) were separated in their appropriate resistance catego-
ries in the combination of inoculum level x harvest date; N: The four genotypes
were not separated in their appropriate resistance categories in the combina-
tion of inoculum level x harvest date.

P Gall index 1: 0 = no galls; 1 = 1-2; 2= 3-10; 3 = 11-30; 4 = 31-100; and 5 =
more than 100 galls.

€ Gall index 2: 0 = no galls, 1 = trace infection with a few small galls, 2 = =25%
roots galled, 3 = 26-50%, 4 = 51-75%, and 5 = >75% of root galled.

4 Mass index: 0 = no egg masses; 1 = 1-2; 2 = 3-10; 3 = 11-30; 4 = 31-100; and
5 = more than 100 egg masses.
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TaBLE 4. Gall index 2* and eggs per gram root of four peanut
genotypes inoculated either with Meloidogyne arenaria eggs (E) or ju-
veniles (J2).

2 WAI 10 WAI 10 WAI
Gall index 2 Gall index 2 eggs/g root

Genotype 2,000J2 8,000 E 2,000]J2 8,000E 2,000]J2 8,000E
AT201 2.92° a¢ 3.45 a 4.89 a 440a 3,426a 4,419a
C209-6-37 2.40 ab 2.00 b 2.40 b 3.18 b 304b 1,132b
C209-6-60 2.08 b 1.64 b 2.36 b 2.60 b 338b 1,102b
COAN 0.09 ¢ 0.27 ¢ 0.67 c 0.75 c 10 ¢ 53 ¢
Across 1.87 1.84 2.58 2.73 1,018 1,427
CV% 48.1 57.4 41.3 37.1 49.2 76.4

* Gall index 2: 0 = no galls, 1 = trace infection with a few small galls, 2 = =25%
roots galled, 3 = 26-50%, 4 = 51-75%, and 5 = >75% of root galled.

" Data presented are means of 12 replications (six replications/trial).

¢ Values for AT201, C209-6-37, C209-6-60 and COAN in each column fol-
lowed by the same letter do not differ significantly (P > 0.05).

* Asterisks used if there are significant differences (P = 0.05) between 2,000
J2 (juveniles) and 8,000 E (eggs) within a harvest date.

The coefficients of variation (CV) of gall index 2 for
2,000 J2 and 8,000 eggs were similar at both 2 and 10
WAI The CV for eggs per gram root for 2,000 J2
(49.2%) was lower than that for 8,000 eggs (76.2%) at
10 WAI, which suggested that the inoculum of 8,000
eggs showed higher variability than 2,000 juveniles.

Plant age at inoculation: Among the six genotypes
tested, D098 and AT201 were susceptible, C209-6-37,
C209-6-60 and D099 were moderately resistant and
COAN was highly resistant. Plant age at time of inocu-
lation affected gall development on the six genotypes
(Fig. 2); however, the effects on C209-6-60, D099 and
COAN were not as great as on D098 and AT201. Inocu-
lation on d 10 resulted in the highest gall index on all
the genotypes except for C209-6-37, which had greatest
galling when inoculated on d 20. Inoculation on d 40
could not separate the six genotypes in their correct

45
- -4 = D098 —m— AT201 — & C209-6:37
47 —>¢ = C209-6-60 —#—D099 —— - COAN
3.5 1
3 4
(=)
I
254
E
=
S 27
154
] <
0.5 1
0

0 10 20 30 40
Days after planting

FiG. 2. Root galling on six peanut genotypes inoculated with
Meloidogyne arenaria infection at different days after planting (DAP).
Gall index 2: 0 = no galling, 1 = trace infection with a few small galls,
2= =25% roots galled, 3 = 25-50%, 4 = 51-75% and 5= =75% of root
galled. For each genotype, gall index 2 at each date interval that differ
(P=0.05) according to Fisher’s least significant difference (LSD)
test are indicated by different letters around the symbols.

resistance classifications due to the reduced gall indices
of the susceptible genotypes D098 and AT201.

In this experiment, the genotype, DAP and genotype
x DAP effects on nematode reproduction (Table 5)
were significant (P < 0.05). The eggs per gram root for
all the genotypes decreased on inoculation d 40. In
contrast, inoculation at 10, 20 and 30 DAP resulted in
lower (P = 0.05) reproduction on the highly resistant
genotype COAN than on the susceptible genotypes
AT201 and D098. However, such differences between
moderately resistant and highly resistant or between
moderately resistant and susceptible genotypes were
not always apparent (Table 5). The six peanut geno-
types could not be separated into their appropriate re-
sistance categories with inoculation at 0 and 40 DAP.
Nematode reproduction was not different on the sus-
ceptible genotype D098 and the highly resistant geno-
type COAN at these two inoculation dates.

DiscussioN

In plant nematology, resistance is used to describe
the ability of a plant to suppress development or repro-
duction of the nematode (Roberts, 2002). For root-
knot nematodes, the symptoms can be evaluated with as
sufficient ease, accuracy and precision as for some fun-
gal diseases, such as leaf spot and rust. Therefore, the
term resistance is also used to describe the capacity of a
host to suppress the disease (Sasser et al., 1984; Rob-
erts, 2002) as in general plant pathology. Peanut breed-
ers, geneticists and nematologists have evaluated pea-
nut genotypes for root-knot nematode resistance based
on indices of root galling and/or egg mass production
(Holbrook et al., 1983, 2000a, 2000b; Timper et al.,
2000) or egg counts (Abdel-Momen et al., 1998; Choi et
al., 1999). Others also have used gall counts to evaluate
resistance to root-knot nematodes in plants (Harris et
al., 2003). Gall number and the degree of galling may
be used to reflect the ability of a plant to lessen or
overcome the attack by the root-knot nematode. How-

TasLE 5.  Effects of plant age at inoculation on reproduction
(eggs/g root) of Meloidogyne arenaria” in six peanut genotypes with
different levels of resistance to M. arenaria when tested in two green-
house trials.

Genotype 0 DAP” 10 DAP 20 DAP 30 DAP 40 DAP
D098 2525%a%k 3,134 akl 4002alm 7115am 2,186abk
AT201 7383bk  3287ak 4469ak  5579ak 3,016ak
C2096-37 917ak 3,044al 2,199abkl 2,742b1  1480abk
C209660 1480ak 150labk 1945abk 2,626bk 1854abk
D099 629 a k 783 bk 695 b k 845bck  729bk
COAN 202ak 444bk 539 b k 201 ck 177bk

* Inoculation level was 8,000 eggs/plant.

" Days after planting.

© Results of eggs/g root are the means of 12 replications (six replications/
trial).

4 Values in each column followed by the same letter (a—f) and values in each
row followed by the same letter (k-m) do not differ significantly (P> 0.05) by
Fisher’s least significant difference (LCD) test.
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ever, they do not indicate nematode reproduction di-
rectly, while egg mass number, egg mass index and egg
number per gram root do.

In our experiments, numerous eggs were collected
from the root before egg masses became readily visible
to the naked eye. Use of eggs per gram root also sepa-
rated the three resistance levels correctly in more com-
binations of inoculum level x harvest date than the use
of egg masses. Therefore, we agree with Luzzi et al.
(1987) that, for advanced breeding lines, the quantita-
tive data on egg numbers will give a better indication of
root-knot nematode resistance than egg mass numbers.
In comparison with gall number or gall index 1 (based
on gall number), gall index 2 (based on percentage of
infested root) was more robust, in that it separated the
genotypes into their appropriate resistance categories.
Additionally, it was time-consuming and difficult to
count the galls at later harvest dates, since galls are
usually conjunct. Therefore, we consider gall index 2 to
be a better indicator of the resistance level than gall
index 1 and gall number.

Harvest date had significant effects on galling and
egg production in peanut roots. Galls on roots were
visible two weeks after inoculation, and gall index 2
could be successfully used to separate the different re-
sistance levels in the selected peanut genotypes at that
time. The different levels of resistance in this study were
not correctly separated by eggs per gram root until
eight weeks after inoculation with 8,000 eggs/plant, al-
though nematode eggs in peanut roots have been ob-
served as early as 22 days after inoculation (Timper et
al., 2000). This is likely due to the high variability in egg
numbers at the earlier harvest dates. Based on these
observations, we concluded that 8 WAI is necessary to
detect differences in the ability of peanut genotypes to
restrict nematode reproduction. Temperature has sig-
nificant influences on penetration, development and
reproduction of nematodes (Noe, 1991). Degree-days
would have been more accurate than days after inocu-
lation for determining resistance in plants, especially
for early assessment dates. During these experiments,
the temperature was at 20 to 35°C in the greenhouse,
which is the optimum temperature for nematode infec-
tion and development. The soil temperature was re-
corded by a temperature recorder. The degree-days,
which used 12.2°C as the threshold temperature (Trud-
gill and Perry, 1994), were 150 and 695 at 2 and 8 WAI,
respectively (data not shown).

The size of galls as well as the number of galls is
related to the number of nematodes infecting roots,
although the inoculum concentration may have less ef-
fect at later evaluation stages (Abdel-Momen et al.,
1998; Vovlas et al., 2005). Our results demonstrated
that the later the harvest date, the lower was the inocu-
lum level needed to separate the different levels of re-
sistance. Based on gall index 2, the initial inoculum
level could be as low as 1,000 eggs/plant to separate the

three resistance levels at 8 WAI, or 8,000 to 16,000
eggs/plant could be used to separate the genotypes as
early as 2 WAL Therefore, if a rapid evaluation is re-
quired, higher inoculum levels can be used to achieve
reliable results, and, if inoculum is a limiting factor, the
screening period can be extended. However, to con-
firm the resistance by egg production level, over 8,000
eggs/plant as initial inoculum and eight weeks from
inoculation to harvest are still needed.

J2, intact egg masses or egg suspensions can be used
as inoculum for resistance screening tests (Hussey and
Janssen, 2002). Intact egg masses are typically not used
for inoculum because they are difficult to collect, quan-
tify and disperse in the soil. Only ]2 and egg suspen-
sions were compared in our experiments, and both pro-
duced similar results. No significant differences in gall
index and nematode reproduction were found at 2 and
10 WAI assessments using either type of inoculum.
Compared with egg inoculum, no advantages were seen
with J2 inoculum. However, three to five additional
days were needed to collect the juveniles in the mist
chamber.

Infection by root-knot nematodes begins with pen-
etration of the roots by the J2 at the zone of elongation.
In small pot tests, root growth is limited at later plant
growth stages, which may reduce availability of suitable
penetration sites. Our results showed that later inocu-
lation (40 days after planting) resulted in fewer galls
and less egg production on peanut, especially on the
susceptible genotypes. This reduced the ability to sepa-
rate susceptible and moderately resistant genotypes.

In summary, we showed that a gall index based on
percentage of the root system with galls was a reliable
indicator of the level of resistance on early harvest dates
(as early as two weeks) after inoculation with 8,000 or
more eggs/plant during 10 to 30 days after planting. If
the nematode population is the limiting factor, as few
as 1,000 eggs/plant could be used to separate the dif-
ferent levels of resistance on late harvest dates (8 WAI)
either based on the gall index or eggs per gram root.
This is important because we have identified a rapid
method for assessing resistance in peanut genotypes.
The selected genotypes could then be assessed for eggs
per gram root at eight weeks after inoculation with
8,000 eggs/plant to verify the resistance level based on
egg production.
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