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Abstract: Damaged and developing kernels of peanut (Arachis hypogaea) are susceptible to colonization by fungi in the Aspergillus
flavus group which, under certain conditions, produces aflatoxins prior to harvest. Our objective was to determine whether infection
of peanut roots and pods by Meloidogyne arenaria increases aflatoxin contamination of the kernels when peanut is subjected to
drought stress. The experiment was a completely randomized 2-x-2 factorial with 6 replicates/treatment. The treatment factors were
nematodes (plus and minus M. arenaria) and fungus (plus and minus A. flavus inoculum). The experiment was conducted in 2001
and 2002 in microplots under an automatic rain-out shelter. In treatments where A. flavus inoculum was added, aflatoxin concen-
trations were high (> 1,000 ppb) and not affected by nematode infection; in treatments without added fungal inoculum, aflatoxin
concentrations were greater (P � 0.05) in kernels from nematode-infected plants (1,190 ppb) than in kernels from uninfected
plants (79 ppb). There was also an increase in aflatoxin contamination of kernels with increasing pod galling (r2 = 0.83 in 2001, r2

= 0.43 in 2002; P � 0.04). Colonization of kernels by A. flavus increased with increasing pod galling (r2 = 0.18; P = 0.04) in 2001
but not in 2002. Root-knot nematodes may have a greater role in enhancing aflatoxin contamination of peanut when conditions are
not optimal for growth and aflatoxin production by fungi in the A. flavus group.
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Damaged and developing seed kernels of peanut
(Arachis hypogaea) are susceptible to colonization by As-
pergillus flavus and A. parasiticus prior to harvest (Cole
et al., 1995; Sanders et al., 1985). These two closely
related species are often referred to as the A. flavus
group. After colonization of the kernel, these fungi can
produce toxic metabolites known as aflatoxins under
certain conditions. Aflatoxins are a major concern for
the peanut industry because they are potent carcino-
gens. In the United States, visible signs of fungal growth
on peanut kernels result in segregation of farmer lots
from the edible category and a loss of $2.6 million per
year to peanut producers (Lamb and Sternitzke, 2001).

The conditions that favor aflatoxin contamination of
peanuts include a combination of drought stress and
high soil temperatures 3 to 6 weeks prior to optimum
peanut maturity (Blankenship et al., 1984; Hill et al.,
1983; Sanders et al., 1985; Wilson and Stansell, 1983).
Damaged and immature pods are more susceptible to
infection by the A. flavus group than are sound, mature
kernels (Hill et al., 1983; Sanders et al., 1985). Peanut
pods damaged by the lesser cornstalk borer (Elasmopal-
pus lignosellus), even when the damage was superficial,
had increased invasion by the A. flavus group and sub-
sequent aflatoxin production in drought-stressed plants
(Bowen and Mack, 1993; Lynch and Wilson, 1991;
Lynch et al., 1990). Likewise, nematode damage to
pods may increase aflatoxin contamination of peanut
kernels under drought conditions.

Meloidogyne arenaria, race 1, infests 25% of the peanut
acreage in the southeastern United States (Bridges et
al., 1994). In peanut, the nematode infects the roots,
pegs, and developing pods. Galls produced on the pod
are generally superficial; however, this damage may cre-
ate conditions favorable for invasion of A. flavus and A.
parasiticus. Although Minton and Jackson (1967) found
no interaction between M. arenaria and either A. flavus
colonization or aflatoxin contamination of peanut ker-
nels, their experiments were performed before it was
understood that aflatoxin production is favored by
drought stress and high temperatures. Therefore, our
objective was to determine whether infection of peanut
by M. arenaria increases aflatoxin contamination of the
kernels when peanut is subjected to drought stress.

Materials and Methods

The experiment was a completely randomized 2-x-2
factorial with 6 replicates/treatment. The treatment
factors were nematodes (plus and minus M. arenaria
inoculum) and fungus (plus and minus A. flavus group
inoculum). The experiment was conducted in 2001 and
2002 in microplots under an automatic rain-out shelter
located in Tifton, Georgia. Each of the 24 microplots
was 1.7 × 1.4 m and was surrounded by pre-cast con-
crete barriers 8 cm wide and 91 cm deep. The rain-out
shelters were equipped with a fiberglass cover that
closed automatically whenever rain fell. The soil within
the plots was a sand (92% sand, 5% silt, 3% clay, and
0.38% carbon) that had been fumigated in the spring
of each year with methyl bromide at 483 kg/ha to re-
duce densities of plant-parasitic nematodes.

Peanut seeds (cultivar Georgia Green) were planted
into 72-cell (38-cm3) polystyrene trays (Speedling Inc.,
Sun City, FL) containing a 50:50 mix of loamy sand and
potting mix (70 to 80% fine peat moss, perlite, dolo-
mitic limestone, and gypsum). Two to 3 weeks after
planting, a squirt bottle was used to inoculate each tray
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with 576,000 (2001) and 360,000 (2002) eggs of M.
arenaria that had been extracted from ‘Rutgers’ tomato
with NaOCl (Hussey and Barker, 1973). The eggs, in a
150-ml suspension, were applied evenly over the tray
resulting in approximately 8,000 and 5,000 eggs/plant
in 2001 and 2002, respectively. The peanut seedlings,
with and without inoculum of M. arenaria, were trans-
planted into microplots 1 week after inoculation. Trans-
planting was done on 31 May 2001 and on 17 May 2002.
The peanut seedlings were planted 10/row in two rows
91 cm apart and 1.4 m long. During plant growth and
pod set, the plots were left uncovered during rainfall
and irrigated when plants showed the first symptoms of
wilt. Fungicide and insecticides were applied according
to recommendations for peanut in Georgia (Guille-
beau, 2002). Nematode-treated plots received addi-
tional nematode inoculum 67 to 68 days after trans-
planting to increase the likelihood of pod infection.
This was done by using a 500-ml squirt bottle to apply
250,000 eggs evenly over the plant canopy of each row
(ca. 25,000 eggs/plant). All plots were irrigated imme-
diately afterward with 2.5 cm of water to wash the eggs
off foliage.

Inoculum of the A. flavus group was prepared using
the method of Holbrook et al. (1994). Briefly, roasted
cracked corn was inoculated with spore suspensions of
A. flavus NRRL 3357 and A. parasiticus NRRL 2999 and
incubated at 25 °C for 3 days. The inoculum was then
stored at −20 °C for no more than 2 months until
needed. After the plants had started to bloom, half the
plots were inoculated with the A. flavus group by sprin-
kling 56 g of the infested corn over the plant canopy of
each row. This was done 42 and 61 days after transplant-
ing in 2001 and 2002, respectively. Drought was in-
duced 12 weeks after transplanting by ceasing supple-
mental irrigation and setting the shelters to automati-
cally cover the plots during rainfall.

The peanuts were dug and inverted 17 and 19 weeks
after transplanting in 2001 and 2002, respectively. Pod-
and root-gall indices were determined for all 20 plants
and an average calculated for each plot. The 1-to-5 in-
dex was based on an estimate of the percentage of the
root system or pods from each plant with galls (1 = 0
galls, 2 = 1% to 25%, 3 = 26% to 50%, 4 = 51% to 75%,
and 5 = 76% to 100%). Pods from each plot were
bulked and air-dried to 7% moisture. The percentage
colonization of both shells and kernels by the A. flavus
group was determined by first surface sterilizing pods
(n = 46 to 100/plot) in 0.5% NaOCl for 5 minutes and
aseptically removing the kernel. The sterilized shells
and kernels were then plated on 2% malt extract agar
amended with 10% NaCl. The remaining pods were
shelled, and the kernels pooled and ground. Typically,
a 100-g sample of ground kernels was used to deter-
mine aflatoxin concentration by the immunoaffinity
column fluorometer method (Trucksess et al., 1991).
However, in a few plots, peanut yields were small and a

sample of <100 g but >30 g was used. The fluorometer
was calibrated from 0 to 400 ppb aflatoxin. Samples
exceeding 400 ppb were diluted 10-fold and then re-
analyzed. A second 10-fold dilution was done if the
samples exceeded 4,000 ppb. The maximum detection
level for aflatoxins in this study was 40,000 ppb.

Analysis of variance was used to determine the effect
of three factors (nematodes, fungal inoculum, and
year) on aflatoxin concentration, percentage invasion
of the shell, and colonization of the kernel by the A.
flavus group. Prior to analysis, aflatoxin concentration
was transformed by Ln (ppb + 1) and percentages were
transformed by arcsine (√p + 1). Because the presence
of a few kernels with extremely high concentrations of
aflatoxin can lead to large aflatoxin values for the en-
tire sample (Cucullu et al., 1966), the highest aflatoxin
concentration was discarded for each treatment per
year, thus leaving five replications per treatment. The
relationship between pod galling and either aflatoxin
concentration (Ln-transformed), invasion of the shell,
or colonization of the kernel was determined by regres-
sion analysis. These regressions were also determined
for root galling.

Results

At the end of the growing season, most of the peanut
plants were severely wilted and some were dead. In
plants inoculated with M. arenaria, root galling was simi-
lar in 2001 and 2002, with an average index of 4.4 ± 0.09
(±SE). Pod galling, on the other hand, was greater (P <
0.0001) in 2001 than in 2002, with average indices of
3.4 ± 0.16 and 2.0 ± 0.08, respectively. In plants not
inoculated with M. arenaria, there was a small amount
of root (1.08) and pod galling (1.08) in 2001 but not in
2002.

Aflatoxin concentrations in kernels were greater in
2002 than in 2001 (1,994 vs. 256 ppb; P � 0.0001).
Because there was no interaction between year and any
of the other factors, the data for the two years were
combined. Neither the presence of M. arenaria nor in-
oculation with the A. flavus group affected aflatoxin
production; however, there was an interaction between
these factors (P = 0.0008). In treatments where A. flavus
inoculum was added, aflatoxin concentrations were
high but not affected by nematode infection; whereas
in treatments without added fungal inoculum, aflatoxin
concentrations were greater in kernels from nematode-
infected plants than in kernels from uninfected plants
(Fig. 1). In plots without fungal inoculum, there was an
increase (P � 0.04) in aflatoxin contamination of ker-
nels with increasing root and pod galling (Fig. 2, data
for root galling not shown). Pod galling accounted for
83% of the variation in aflatoxin concentration in 2001;
however, the strength of the relationship with aflatoxin
was much less for pod galling in 2002 and for root
galling in both years (r2 between 0.43 and 0.57).
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The percentage of kernels and shells colonized by
the A. flavus group was not affected by nematodes, fun-
gal inoculum, or the interaction of these two factors.
However, there was an effect of year on colonization,
with a greater (P < 0.0001) percentage of kernels and
shells colonized by the fungi in 2002 than in 2001 (36
vs. 5% of kernels and 69 vs. 29% of shells). Colonization
of kernels by A. flavus increased with increasing pod
galling (P = 0.04, r2 = 0.18) in 2001 but not in 2002.

Discussion

The results of this study indicate that infection of
peanut by M. arenaria can lead to an increase in afla-
toxin contamination of peanut kernels when the plants
are subjected to drought stress during pod maturation.
The study was conducted under drought stress to create
conditions conducive to aflatoxin contamination (Blan-
kenship et al., 1984; Hill et al., 1983; Sanders et al.,

1985; Wilson and Stansell, 1983). It is not known
whether M. arenaria infection increases aflatoxin con-
tamination of peanut when adequate soil moisture is
available.

Nematode infection increased aflatoxin contamina-
tion of kernels only in plots without A. flavus/A. para-
siticus inoculum. The A. flavus group is ubiquitous in
nature (Bowen and Mack, 1993); therefore, it is not
surprising that these fungi were present in plots without
fungal inoculum. In plots receiving fungal inoculum,
high populations of the A. flavus group and subsequent
aflatoxin production may have masked the enhancing
effects of the nematode. The high aflatoxin concentra-
tions in 2002 also may have partially masked the effects
of the nematode. In 2001, there was a strong relation-
ship between pod galling and aflatoxin concentration,
whereas in 2002, this relationship was much weaker.
Mean daily air temperatures were 3 °C warmer in 2002
than in 2001 during the later half of the growing sea-
son. These warmer conditions probably contributed to
the greater aflatoxin concentration. Root-knot nema-
todes may have a greater role in enhancing aflatoxin
contamination of peanut when conditions are not opti-
mal for growth and aflatoxin production by Aspergillus spp.

Both root and pod galling from M. arenaria were cor-
related with aflatoxin concentration; however, the two
indices were also positively correlated with each other.
Aflatoxin concentration and colonization of the ker-
nels by the A. flavus group appeared to be more closely
associated with pod than with root galling. In 2001,
there was abundant pod galling and a strong relation-
ship between pod galling and aflatoxin concentrations;
whereas, root galling, which was abundant in both years
of the study, had a weaker relationship with aflatoxin
concentrations. We did not consistently find a relation-
ship between A. flavus colonization of kernels and ei-
ther root or pod galling; only in 2001 was pod galling
positively correlated with the percentage of kernels
colonized by the fungi. In a similar study conducted in
greenhouse pots, the presence of M. arenaria did not
increase the percentage of peanut kernels colonized by
the A. flavus group (Minton and Jackson, 1967). How-
ever, in a microplot study, Minton et al. (1969) found a
greater incidence and density of A. flavus in peanut
kernels from plots infested with Meloidogyne hapla than
from plots infested with only the fungus, though afla-
toxin was not detected in kernels from any of the treat-
ments. The inconsistent effect of nematode infection
on colonization of kernels by the A. flavus group may
be due to other factors that affect the susceptibility of
the kernels to fungal infection such as kernel maturity
and insect damage. In the current study, a greater per-
centage of kernels were colonized by the A. flavus
group in 2002 than in 2001. Perhaps, the enhancing
effect of the nematodes on colonization of kernels by
toxigenic Aspergillus spp. is only apparent when other
risk factors for colonization are low.

Fig. 2. Relationship between pod galling from Meloidogyne are-
naria and aflatoxin concentrations in peanut kernels. Data are from
plots without inoculum of the Aspergillus flavus group. The equation
for 2001 is Y = 1.9X − 1.8 (P = 0.0003) and for 2002 is Y = 2.6X + 1.6
(P = 0.04). The gall index was based on the percentage of pods with
galls: 1 = 0, 2 = 1% to 25%, 3 = 26% to 50%, 4 = 51% to 75%, and 5
= 76% to 100%. Pod index was determined from 20 plants/plot,
whereas aflatoxin concentration was determined from a 100-g sample
of ground kernels per plot.

Fig. 1. Aflatoxin concentration in peanut kernels from plots with
and without inoculum of the Aspergillus flavus group (Af), and with
and without inoculum of Meloidogyne arenaria. Bars within a grouping
with the same letter are not different (P > 0.05).

Meloidogyne arenaria and Aflatoxin in Peanut: Timper et al. 169



The mechanism by which nematodes increase afla-
toxin contamination of peanut is unknown. It is pos-
sible that nematode infection leads to greater coloniza-
tion of the kernel by fungi in the A. flavus group, and
when the plants are subjected to heat and water stress,
aflatoxin production is enhanced. Galls on the peanut
pods may increase kernel colonization by Aspergillus
spp. by serving as entry points for the fungi or, in cases
of severe galling, by delaying or preventing kernel de-
velopment (Minton, 1984). Small and immature ker-
nels have a higher incidence of A. flavus and are
thought to be more susceptible to colonization than
mature kernels (Sanders et al., 1985). Root galling may
also contribute to aflatoxin production. Nematode
damage impairs root function, which can predispose
plants to drought stress. However, Sanders et al. (1993)
showed that drought stress around the pods contrib-
uted to preharvest aflatoxin production whereas
drought stress in the root zone did not. Nematode in-
fection of roots also may cause physiological changes in
the plant that increase the susceptibility of kernels to
infection by toxigenic Aspergillus spp. Indeed, nema-
todes are known to increase plant suscepbility to fungal
disease (Abawi and Chen, 1998). In some cases, the
effect of the nematode is systemic, resulting in in-
creased fungal infection or disease severity when the
fungus and nematode are physically separated
(Faulkner et al., 1970; Sidhu and Webster, 1977).

It is important to understand how M. arenaria in-
creases preharvest aflatoxin levels in peanut. If nema-
todes are increasing aflatoxin in heavily galled, imma-
ture pods, then the resulting small kernels could be
mechanically segregated from the sound, mature ker-
nels. However, if nematodes are increasing aflatoxin
levels in mature peanuts with no or superficial pod gall-
ing, then an effective management strategy for these
nematodes is critical for reducing aflatoxin contamina-
tion in non-irrigated peanut fields. The most effective
strategy for managing M. arenaria may be nematode-
resistant peanut cultivars because they suppress nema-
tode reproduction throughout the growing season. Ne-
maticides and crop rotation result in lower at-planting
densities of M. arenaria, but populations may increase
during the growing season resulting in yield loss and a
greater risk of preharvest aflatoxin contamination in
non-irrigated peanut.
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