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The multi-year effects of repeatedly growing cotton with moderate
resistance to Meloidogyne incognita

RicHARD F. DAVIs,1 ROBERT C. KEMERAIT?

Abstract: Meloidogyne incognita causes more damage to cotton in the US than any other pathogen. The objective of this study was to
document the cumulative effect of moderate resistance on M. incognita population density, root galling, and yield suppression in the
southern United States on a moderately resistant cotton genotype grown continuously for three years. Cotton genotypes were
Phytogen PH98-3196 (77% suppression of M. incognita), Acala NemX (85% suppression of M. incognita), and Delta and Pine Land
DP458 B/R (susceptible standard, 0% suppression). Cotton was grown in fumigated and non-fumigated plots to measure yield loss.
Each genotype and nematicide combination was planted in the same place for three years at two sites to document cumulative effects.
In 2006, following three years of the different genotypes, all plots at one site were planted with susceptible cotton to document
residual effects of planting resistant genotypes. Root galling and nematode population densities in the soil were significantly lower,
and percentage yield suppression was numerically lower, when moderately resistant cotton was grown compared to the susceptible
standard in both fields in all three years. Differences between susceptible and moderately resistant genotypes are established quickly
(after only one season) and then either maintained at similar levels or slightly increased in subsequent years depending on initial
nematode levels. However, when susceptible cotton was grown following three years of the moderately resistant genotypes, the
nematode suppression provided by moderate resistance was undetectable by the end of the first season. Moderately resistant cotton
genotypes are more beneficial than previously reported and should be pursued for nematode management. Rotation of moderately
resistant and susceptible cotton could be used along with nematicides to manage root-knot nematodes in a continuous cotton
cropping system and reduce selection pressure on the nematodes.
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nematode.

Host-plant resistance, the ability of a plant to sup-
press nematode reproduction, is a consistent and ef-
fective means of reducing damage from plant-parasitic
nematodes (Meyer et al., 2006). Resistance can be an
integral method of nematode suppression in crops for
which highly-resistant cultivars are available. For ex-
ample, resistance is a primary management tool for the
soybean cyst (Heterodera glycines), reniform (Rotylenchu-
lus reniformis), and root-knot (Meloidogyne spp.) nema-
todes in soybean (Glycine max), and for some root-knot
nematodes in tobacco (Nicotiana tobacum) (Koenning
et al. 1999; Young, 1998).

In practice, host plant resistance to a nematode
species is identified by comparing genotypes to a sus-
ceptible standard. Genotypes supporting less than 10%
of the nematode reproduction on the susceptible
standard are typically considered to be highly resistant,
and genotypes supporting more than 10% but less
than the susceptible standard are moderately resistant
(Hussey and Janssen, 2002). Although cotton (Gos-
sypium hirsutum) germplasm with a high level of re-
sistance to Meloidogyne incognita has been available to
breeders for years, no cultivars adapted to the southern
United States with a high level of resistance have been
released (Robinson etal., 2001; Shen et al., 2006). Acala
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NemX has resistance to M. incognita, but it is an Acala-
type cotton developed for California and it is poorly
adapted to the southern United States (Koenning etal.,
2001; Zhou and Starr, 2003). A few cultivars with mod-
erate levels of M. incognita resistance have been avail-
able in the southern United States in the past. However,
since nematicide use can often increase yield of cotton
with moderate resistance to M. incognita (Colyer et al.,
1997; Davis and May, 2003; Koenning etal., 2001), there
was concern that moderate resistance was inadequate.

Highly resistant genotypes provide the greatest ben-
efit, but a moderate level of resistance also can reduce
yield loss in the current crop (Adee et al., 2008; Davis
and May, 2003; Koenning et al., 2001; Zhou and Starr,
2003). One study with resistant Acala NemX cotton in
California documented increased yield in a subsequent
susceptible Acala-type cotton crop (Ogallo etal., 1999),
but NemX was reported to be highly resistant and it is
not known how applicable those findings are to the
southeastern United States where Acala-type cotton is
not grown. The objective of this study was to document
the cumulative effect of a moderately resistant cotton
genotype grown continuously for three years on M. in-
cognita population density and cotton yield suppression
in the southern United States.

MATERIALS AND METHODS

Evaluation of resistance: The level of resistance for the
genotypes in this study was documented in two green-
house trials. Each trial had 6 replications in a random-
ized complete block design. The cultivar ‘Delta and
Pine Land DP458 B/R’ was used as a susceptible stan-
dard, and M-120 RNR germplasm was used as a resistant
standard. Cotton seeds (the two standards plus ‘Acala



NemX’ and ‘Phytogen PH98-3196’) were planted into
15-cm-diam. pots, and seedlings were thinned to one
plant per pot prior to inoculation. The soil used was
a Tifton Sandy Loam (82% sand, 7% silt, 11% clay, >1%
organic matter).

Inoculum was collected from tomato roots (Solanum
lycopersicum ‘Rutgers’) by agitating roots in 0.6% so-
dium hypochlorite solution for two minutes (Hussey
and Barker, 1973) approximately 1 hour before in-
oculation. Inoculum of 8,000 M. incognita eggs/pot
(approximately 600 eggs/150cm” soil) was distributed
into two holes (approximately 2.5 cm deep) and cov-
ered with soil. Pots were watered immediately following
inoculation.

Nematode eggs were extracted from the entire root
system 28 days after inoculation. Roots were washed
free of soil, weighed, cut into 5-cm pieces, and agitated
in a 1.2% sodium hypochlorite solution in a 1-liter flask
for four minutes. Eggs were collected and rinsed with
tap water on nested 150- over 25-um-pore sieves. Egg
counts were subjected to a square-root transformation
to equalize the error variances prior to statistical analysis.
Reproductive factors were calculated as RF = Pf/Pi =
final egg count/inoculum level. Data from the two trials
were pooled for a combined analysis of variance and
means separation by Fisher’s protected least significant
difference (LSDy ¢5)-

Field tests: Two field sites (Field A and Field B) were
established at the University of Georgia Gibbs Farm in
Tifton, GA. At both sites, treatments were replicated six
times in a split-plot design. Treatments consisted of
three genotypes (whole plots) with differing levels of
nematode resistance: Acala NemX, Phytogen PH98-
3196, and DP458 B/R. Each genotype was grown in
both fumigated (1,3-dichloropropene at 56 1/ha) and
non-fumigated plots (subplots) so that yield suppres-
sion due to nematodes could be measured. Plots were
fumigated two to three weeks prior to planting. For
thrip control, all plots received aldicarb at 2.2 kg/ha
(Jost et al., 2003). Each genotype and nematicide
combination was planted in the same place for three
consecutive seasons so that the cumulative effects could
be documented. The first year at Field A was 2003, and
the first year at Field B was 2004. During a fourth year
(2006) at Field A, all plots were planted with the sus-
ceptible cultivar DP458 B/R.

Cotton was planted on 15 May 2003, 6 May 2004, 12
May 2005, and 4 May 2006 at Field A and 6 May 2004, 13
May 2005, and 4 May 2006 at Field B. All plots were
managed identically except for cotton genotype, which
varied by treatment as described above. Soil samples for
nematode analysis were collected in early, mid, and late
season (28 May, 8 July, and 5 November 2003; 13 May 24
June, 5 August, and 15 October 2004; 24 may, 8 July, 31
August, and 31 October 2005; and 18 May, 7 July, 16
August, and 18 October 2006). Plots were harvested on
24 October 2003, 6 October 2004, 20 October 2005,
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and 12 October 2006 at Field A, and 7 October 2004,
20 October 2005, and 13 October 2006 at Field B. Fol-
lowing harvest, 10 plants per plot were carefully exca-
vated, and a root gall rating was assigned to each plant
based on a linear 0 to 10 scale (0 =no galling, 1 =10% of
the root system galled, 2 = 20%, etc., and 10 = 100%
galled). Gall ratings were performed on 6 November
2003, 13 October 2004, 1 November 2005, and 18
October 2006.

Percentage yield suppression was calculated for each
plotas (yield in fumigated plots —yield in non-fumigated
plots) / (yield in fumigated plots). Plots treated with
1,3-dichloropropene were used to provide an estimate
of yield when nematode damage was minimized, so
those plots were excluded from the analysis of variance.
A split-plot analysis of variance was calculated for each
field site in each year for nematode population densi-
ties, and appropriate LSD values were calculated to
compare genotypes within a fumigation treatment.

REsuLTS

Evaluation of resistance: The two greenhouse trials
showed no interaction between trials for the square
root of egg counts or for root galling. The mean
number of eggs on the susceptible standard (DP458
B/R) was 61,550 eggs/plant and the resistant standard
(M-120 RNR) was 4,000 eggs/plant. The mean number
of eggs/plant on PH98-3196 was 14,150, and the
number on NemX was 9,491. Reproductive factors
(RF = Pf/Pi = final egg count/inoculum level) were 7.7
for DP458 B/R, 1.8 for PH98-3196, and 1.2 for NemX.
All genotypes had significantly fewer eggs/plant than
DP458 B/R, but M-120 RNR, NemX, and PH98-3196
were statistically similar to each other.

Gall ratings generally were reflective of egg counts.
The mean gall ratings were 6.9 for DP458 B/R, 2.3 for
PHO98-3196, 2.1 for NemX, and 1.4 for M-120 RNR. All
genotypes had significantly less root galling than DP458
B/R, but M-120 RNR, NemX, and PH98-3196 were
statistically similar to each other.

Field tests: End-of-season nematode population den-
sities in both fields were lower following PH98-3196 or
NemX than following DP458 B/R after the first year at
each field site, and levels following PH98-3196 and
NemX did not differ from each other (Table 1). In
Field A, nematode levels in non-fumigated plots were
reduced below the University of Georgia Extension
Service recommended action threshold of 150 juve-
niles/150 cm® soil (Jost et al. 2003) by one year of
PH98-3196 or NemX, but not by DP458 B/R. After the
first year in Field B, nematode population densities
were significantly higher following DP458 B/R than
following PH98-3196 or NemX. The effect of genotype
on end-of-season population densities was not affected
by fumigation (there was no genotypeXfumigation in-
teraction) in either field, though fumigation significantly
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TaeLe 1. Number of Meloidogyne incognita in soil at harvest after growing three cotton genotypes in two fields.
End-of-season Meloidogyne incognita counts (juveniles/150 cm?® soil)
Field A Field B
Genotype 2003 2004 2005 2006 2004 2005 2006

Fumigated®

DP 458 B/R 383 a” 230 a 505 a 708 a 407 a 487 a 205 a

PH98-3196 62 b 43 b 33 b 885 a 90 b 253 ab 13 b

Acala NemX 38 b 10b 13b 490 a 43 b 150 b 48 b
Non-fumigated

DP 458 B/R 302 A 323 A 575 A 414 A 658 A 635 A 223 A

PH98-3196 73 B 80 B 93 B 935 A 300 B 207 B 50 B

Acala NemX 30 B 23 B 105 B 463 A 148 B 163 B 97 B

“Fumigated plots received 56 1/ha 1,3-dichloropropene prior to planting.

LSD (0.05) comparisons among genotypes are within a year and within a fumigation treatment. Means followed by the same letter are not significantly different.

“All plots in Field A in 2006 were planted with DP458 B/R, so the genotype designation for Field A in 2006 in the table refers to the genotype planted for the

previous three seasons.

reduced end-of-season population densities in Field B.
Root galling (Table 2) in the first year in both fields was
reflective of end-ofsseason soil population densities:
resistant genotypes and fumigation reduced nematode
population densities and galling, but the effect of ge-
notype was not influenced by fumigation (no in-
teraction).

At the end of both the second and third year at each
location, the results for nematode population densities
and root galling were similar to results following the
first year (Tables 1 and 2). In both fields, the two re-
sistant genotypes reduced end-of-season root-knot nem-
atode population densities compared to DP458 B/R,
and both genotype and fumigation reduced galling
compared to the susceptible standard. In both fields,
root galling of PH98-3196 and NemX was statistically
similar. End-of-season nematode population densities
were similar for PH98-3196 and NemX in Field B in
both the second and third years, but population den-
sities were lower for NemX in Field A in the second
year. In Field A, end-of-season nematode population
densities following PH98-3196 and NemX were below
action threshold levels in both the second and third

years, but levels were below the threshold in Field B
only after the third year. As in the first year, fumigation
did not influence the effect of genotype on either
nematode population densities or root galling in the
second year, but root galling was reduced by fumigation
more on DP458 B/R than on either resistant genotype
in both fields in the third year (a statistical genoty-
peXfumigation interaction). The percentage yield
suppression did not differ (P = 0.10) among genotypes
in either field in any year (Table 3).

In the fourth year in Field A (all plots planted with
the susceptible DP458 B/R), the end-of-season nema-
tode population densities were similar among plots
regardless of which genotype had been planted in that
plot during the previous three seasons (Table 1). Root
galling was not affected by the previous genotype in
non-fumigated plots, but root galling was affected by
the previous genotype in fumigated plots (Table 2) with
the highest rating following DP458 B/Rand the lowest
following NemX. In the fourth year, the greatest yield
was measured in plots which had been planted to
NemX for the previous three years (Table 4). Yield
following PH98-3196 was greater than yield following

TaBLE 2. Root gall ratings for three cotton genotypes following harvest in two fields.
Root gall ratings (0 to 10 scale)
Field A Field B
Genotype 2003 2004 2005 2006 2004 2005 2006

Fumigated”

DP 458 B/R 2.7 a® 1.7a 1.2 53a 2.7 a 0.8 a 15a

PH98-3196 0.4b 02b 0.1 b 39b 09b 0.1b 02b

Acala NemX 0.3b 0.0b 0.1b 22c¢ 0.3 b 0.1b 0.6b
Non-fumigated

DP 458 B/R 5.7A 3.2A 3.4 A 4.7 A 45 A 3.1A 45 A

PH98-3196 09 B 0.6 B 03B 5.0 A 0.9 B 0.3 B 1.0 B

Acala NemX 0.6 B 0.1 B 0.1B 4.6 A 0.6 B 0.4 B 09B

“Fumigated plots received 56 1/ha 1,3-dichloropropene prior to planting.

bLSD(Q_Qr,) comparisons among genotypes are within a year and within a fumigation treatment. Means followed by the same letter are not significantly different.
“All plots in Field A in 2006 were planted with DP458 B/R, so the genotype designation for Field A in 2006 in the table refers to the genotype planted for the

previous three seasons.
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TapLE 3. Percentage yield suppression caused by M. incognita for three cotton genotypes in two fields.
Percentage yield suppression®
Field A Field B
Genotype 2003 2004 2005 2006° 2004 2005 2006
DP 458 B/R 9.0 a° 34a 18.0 a 22.6 a 6.3 a 18.6 a 11.5a
PH98-3196 6.4 a —5.0a 6.4 a 274 a 2.2a 10.4 a 7.9 a
Acala NemX 17.9 a 6.1 a 7.4 a 20.2 a 13.3 a 19.5 a 19.4 a

“Calculated for each plot as (yield in fumigated plots — yield in non-fumigated plots) / (yield in fumigated plots) X 100. Fumigated plots received 56 1/ha 1,3-

dichloropropene prior to planting.

"LSD (0.05) comparisons among genotypes are within a year. Means followed by the same letter are not significantly different.
“All plots in Field A in 2006 were planted with DP458 B/R, so the genotype designation for Field A in 2006 in the table refers to the genotype planted for the

previous three seasons.

DP458 B/R only in fumigated plots. Percentage yield
suppression in the fourth year was not affected by
previous genotype (Table 3).

DiscussioN

A commonly-used system for classifying the level of
resistance in a genotype requires a 90% decrease in
nematode reproduction compared to a susceptible
standard for a genotype to be considered highly re-
sistant, and genotypes with significantly less reproduc-
tion than the standard but less than a 90% reduction
are considered to be only moderately resistant (Hussey
and Janssen, 2002). Though cotton germplasm with
a high level of resistance to M. incognita has been
available for decades, a high level of resistance has not
yet been successfully incorporated into a commercially
available cultivar because the genetics of nematode re-
sistance in cotton is complex (Robinson et al., 2001;
Shen et al., 2006). However, a few cultivars with mod-
erate resistance were available in recent years in the
southern United States, including Stoneville LA887,
Paymaster H1560, Stoneville 5599 B/R (Davis and May,
2005; McPherson et al., 2004; Nui et al., 2007; Robinson
etal., 2001).

NemX has been reported to be either moderately
resistant (Koenning etal., 2001; McPherson et al., 2004;
Nui et al., 2007) or highly resistant (Ogallo et al., 1997;
Ogallo et al., 1999). Greenhouse evaluation of M. in-

TasLe 4. Yield of Meloidogyne incognita-susceptible DP458 B/R
cotton following three years of cotton genotypes with differing levels
of resistance to M. incognita.

Yield (kg lint/ha)

Acala Nem-X* PH98-3196 DP458 B/R
fumigated” 1679° a 1636 a 1506 b
non-fumigated 1339 A 1193 B 1214 B

“Genotypes listed as column headings were planted for three years prior to
planting DP 458 B/R in all plots. Nem-X and PH98-3196 are moderately-
resistant to M. incognita.

"Fumigated plots received 56 1/ha 1,3-dichloropropene prior to planting.

“LSD (9.05) comparisons among genotypes are within a fumigation treatment.
Means followed by the same letter are not significantly different.

cognita reproduction documented differences in levels
of resistance among the genotypes used in this study.
PH98-3196 was moderately resistant with a reduction of
77% in the number of eggs produced compared to
DP458 B/R. We had intended for NemX to be a highly-
resistant standard in our study with PH98-3196 as the
moderately-resistant genotype, but NemX also was only
moderately resistant with nematode reduction of 85%.
Both PH98-3196 and NemX allowed M. incognita levels
to increase with reproductive factors (Pf/Pi) in green-
house testing of 1.8 and 1.2, respectively.

A poor host can be as effective as a non-host or fallow
in reducing nematode populations (Caswell et al,,
1991), and moderate resistance makes a plant a poor
host. A moderately-resistant soybean cultivar reduced
population levels of Heterodera glycines and also reduced
damage to the next susceptible crop (Adee etal., 2008).
Research on the utility of moderate resistance in cotton
has been limited and has focused primarily on nema-
tode suppression and yield losses in a single season
(Colyer et al., 1997; Davis and May, 2003; Koenning
et al., 2001). One study in California showed that sup-
pressed levels of M. incognita following Acala NemX
resulted in increased yield in a subsequent susceptible
cotton crop, and one year of NemX was as effective as
two successive years of NemX (Ogallo et al., 1999). The
end-of-season nematode population densities in our
study also showed that a single year of a moderately
resistant genotype (PH98-3196) significantly reduced
nematode levels in a field after a single year. There was,
however, some evidence of a cumulative benefit in Field
B which had higher initial nematode population den-
sities. In that field, nematode levels were suppressed
below the action threshold (150 juveniles/150 cm? soil)
when the moderately resistant genotype was grown for
two additional years.

In nematicide-treated plots, we documented in-
creased yield in susceptible cotton following three years
of either NemX or PH98-3196: this is the least level of
resistance in cotton that has been shown to result in
reduced nematode damage on a following susceptible
crop. However, in plots which did not receive a nema-
ticide, yields were increased only following NemX. Our
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results are consistent with previous work that reported
yield increases with nematicide use even following two
years of an effective rotation crop (Rodriguez-Kabana
and Touchton, 1984). Although moderately resistant
genotypes reduced nematode population densities to
near or below the action threshold level recommended
in Georgia, yield in non-fumigated plots was signifi-
cantly reduced compared to fumigated plots. Addi-
tionally, genotypes with moderate resistance apparently
support enough reproduction to maintain nematode
populations for at least three years at levels that can
rebound quickly: the end-of-season nematode pop-
ulation densities in the fourth year at Field A were
similar to continuous susceptible cotton in both fumi-
gated and non-fumigated plots despite the significant
and persistent suppression of M. incognita levels.

Because nematode population densities increased to
the level of the continuous susceptible plots during
a single season, the use of cotton with moderate re-
sistance to M. incognita as a rotation crop with suscep-
tible cotton appears to provide no more than a single
year of benefit in the southern United States. Although
we only planted susceptible cotton after the resistant
genotypes in Field A, nematode population densities
in Field B were generally greater than in Field A, so we
speculate that results in Field B would have been simi-
lar. It is possible that beneficial effects may last longer in
places with different soil environments, winter attrition
rates, and other factors that can influence nematode
population levels and the damage they cause.

Moderate resistance in cotton suppresses nematode
reproduction, but the yield of moderately resistant ge-
notypes typically is still reduced when plants are para-
sitized by M. incognita, and the percentage yield sup-
pression has been shown by regression analysis to be
inversely related to the level of resistance (Davis and
May 2003). In this study, analysis of variance showed
that the percentage yield suppression did not differ
statistically among genotypes in either field in any year,
but yield suppression for the susceptible DP458 B/R
was numerically greater than for the moderately re-
sistant PH98-3196 in all years in both fields. Such con-
sistency suggests that the means may have been differ-
ent but a large degree of variation in the data may have
prevented the difference from being statistically sig-
nificant. Percentage yield suppression for NemX was
numerically greatest in all years because it is not adap-
ted to Southeastern growing conditions (Koenning
et al., 2001; Zhou and Starr, 2003).

Although crop rotation can be an effective means of
nematode management, the primary crops rotated with
cotton in Georgia have limitations: peanut (Arachis hy-
pogaea) effectively suppresses M. incognita, but peanut
acreage is limited, and corn (Zea mays) is an excellent
host for M. incognita (Davis and Timper, 2000). Cotton
is grown in some fields without rotation for years.
Moderate levels of resistance, such as that in PH98-

3196, is sufficient to provide significant suppression
of M. incognita after one season thereby providing the
short-term benefit of reducing damage in the current
season’s crop and the longer-term benefit of reducing
nematode population levels for the next year’s crop.
Differences in nematode population levels between
susceptible and moderately-resistant genotypes are es-
tablished quickly (after only one season) and then
maintained at similar levels or increased slightly in
subsequent years. Unfortunately, growing resistant cot-
ton continuously can cause the nematode population to
become more virulent on the resistant cotton (Ogallo
et al., 1997). Our results suggest that rotation of mod-
erately resistant cotton and susceptible cotton could be
used along with nematicides to manage root-knot
nematodes in a continuous cotton cropping system and
to reduce selection pressure on the nematodes.
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