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ABSTRACT
Peanut kernels are susceptible to colonization

by some species of Aspergillus which, under
conditions of drought and high temperatures,
can produce aflatoxins prior to harvest. The
objective of this research was to determine the
mechanism by which the peanut root-knot nem-
atode (Meloidogyne arenaria) increases aflatoxin
contamination in peanut. Research determined 1)
the role of nematode infection of roots vs. pods in
increased aflatoxin contamination and 2) whether
increased aflatoxin production in nematode-
infected peanut is due to a greater percentage of
small or immature kernels. An additional objec-
tive was to determine whether a peanut cultivar
with resistance to M. arenaria would reduce the
risk of preharvest aflatoxin contamination. In the
greenhouse, researchers physically separated root
growth from pod set and inoculated each location
with M. arenaria or a water control in a 2 3 2
factorial design with 12–15 replications. Of the six
trials conducted, data indicated that pod and root
infection by M. arenaria was associated with
elevated aflatoxin concentrations in one and three
trials, respectively. This suggests that root infec-
tion by the nematode can increase aflatoxin
concentrations in the peanut kernel. Another 2
3 2 factorial experiment was conducted with two
peanut genotypes (Tifguard and TifGP-2) and two
nematode treatments (with and without M.
arenaria) with six replications. The cultivar
Tifguard is resistant to M. arenaria and TifGP-2
is susceptible. The experiment was carried out in
24 field microplots equipped with a rainout
shelter. The experiment was conducted five times
from 2006 to 2010. Infection of TifGP-2 by M.
arenaria did not lead to greater percentages of
small kernels. In only one year (2007), nematodes
appeared to increase the percentage of damaged
kernels, though aflatoxin concentrations were not
affected by nematodes in that year. In the rainout
shelter experiment, 2006 was the only year where
nematode infection of peanut increased aflatoxin
concentrations. In that year, there were lower
aflatoxin concentrations in the nematode-resistant

cultivar Tifguard than the susceptible germplasm
TifGP-2 (12 vs. 136 ng/g).

Key Words: Aflatoxin, Arachis hypogaea,
Aspergillus spp., grade, Meloidogyne are-
naria, and root-knot nematodes.

Aflatoxins are potent carcinogens produced by
the fungi Aspergillus flavus (Link) and A. para-
siticus (Speare). In the United States, aflatoxin
contamination of peanut (Arachis hypogaea L.) is
strictly regulated by the USDA and the peanut
industry (Adams and Whitaker, 2004). Peanuts are
inspected at the buying point for visible signs of
Aspergillus spp. on the kernel. If more than one
kernel in the grade sample has signs of the fungi,
the farmer’s lot is classified as segregation 3 and
cannot be used for the edible market. The peanut
kernels are also tested for aflatoxins at the shelling
plant, where an average of more than 15 ng/g of
aflatoxin leads to rejection of the lot. Rejected
peanut lots can be reprocessed in an attempt to
reduce aflatoxin concentrations or be used for oil.

Aspergillus flavus and A. parasiticus are com-
mon in soil and can colonize peanut kernels prior
to harvest. After colonization, a combination of
high soil temperatures and drought is the primary
trigger for aflatoxin production leading to contam-
ination of the kernel. Damaged and small or
immature kernels are at a greater risk for aflatoxin
contamination than are sound, mature kernels
(Cole et al., 1988; Dowell et al., 1990; Wilson
et al., 1977). Additionally, insect damage to peanut
pods, even when the damage is superficial, increas-
es invasion by Aspergillus spp. and subsequent
aflatoxin contamination in plants exposed to
drought stress (Bowen and Mack, 1993; Lynch
et al., 1990; Lynch and Wilson, 1991).

The peanut root-knot nematode, Meloidogyne
arenaria (Neal) Chitwood, is the primary nematode
pest affecting peanut in the southeastern United
States (Dickson and De Waele, 2005). In peanut,
root-knot nematodes not only infect the root, but
also the peg and developing pod. Galls produced
on the shell are generally superficial; however,
heavy pod galling can limit seed develop (Minton,
1984). Moreover, root-knot nematode galls on
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pods may also create a favorable environment for
fungal invasion. In an earlier study to determine
whether infection of peanut by M. arenaria
increased aflatoxin concentrations in peanut, the
authors reported that in treatments where A. flavus
inoculum was added, aflatoxin concentrations were
high (. 1000 ng/g) and not affected by nematode
infection (Timper et al., 2004). However, in
treatments without fungal inoculum, aflatoxin
concentrations were greater in kernels from plants
infected by M. arenaria (1190 ng/g) than in kernels
from uninfected plants (79 ng/g). Apparently,
adding A. flavus inoculum masked the effects of
the nematode. In the first trial (2001) but not the
second trial (2002) of this experiment, a high
percentage of the pods were galled by M. arenaria,
and the authors were able to detect a positive
relationship between pod galling and the presence
of A. flavus in the kernels. Although it appeared
that pod galling increased infection of the kernel by
toxigenic species of Aspergillus, it was not clear
whether the increased infection of kernels was due
to damage to the pod or greater numbers of small
or immature pods. The contribution of root galling
to aflatoxin production was also unknown. Be-
cause nematodes impair the root system, they
reduce water-use efficiency subjecting the plant
to increased water stress (Wilcox-Lee and Loria,
1987) and possibly greater susceptibility to afla-
toxin contamination.

Peanut cultivars resistant to M. arenaria may
reduce the risk of aflatoxin contamination in fields
infested with the nematode. The first peanut
cultivar with resistance to this nematode was
COAN (Simpson and Starr, 2001), which was
replaced a few years later by the higher yielding
cultivar NemaTAM (Simpson et al., 2003). Both
COAN and NemaTAM were derived from back-
crossing a complex interspecific hybrid (TxAG-6)
(Simpson et al., 1993) with the cultivar Florunner
(Norden et al., 1969). Although these cultivars have
a high level of resistance to M. arenaria, they were
unsuitable for planting in the southeastern U.S.
due to their extreme susceptibility to Tomato
spotted wilt virus (TSWV; genus Tospovirus). The
third cultivar with a high level of resistance to M.
arenaria was Tifguard, developed from a cross
between the cultivars C-99R and COAN. Both
Tifguard and its nematode-susceptible sister line
TifGP-2 have a high level of resistance to TSWV
(Holbrook et al., 2008; Holbrook et al., 2012).

The primary objective of this research was to
determine the mechanism by which M. arenaria
increases preharvest aflatoxin contamination in
peanut. Specifically determine 1) the role of
nematode infection of roots vs. pods in increased

aflatoxin contamination and 2) whether increased
aflatoxin production in nematode-infected peanut
is due to a greater percentage of small or immature
kernels. An additional objective was to determine
whether a peanut cultivar with resistance to M.
arenaria would reduce the risk of preharvest
aflatoxin contamination in soil infested with the
nematode.

Materials and Methods
Pods vs. Roots Experiment. Pots were constructed

to physically separate peanut pod set from root
growth (Fig. 1). This was achieved by inserting a
PVC tube (5 cm dia. 3 10 cm) through the center of
a plastic pan (40.6 cm dia. 3 10.2 cm deep) where a
hole had been previously cut to fit the tube.
Silicone caulk was used to seal the seam between
the tube and the pan. The pan with the attached
tube was placed over a clay pot (21 cm dia. 3
21.5 cm deep) containing soil. The tube extended
1 cm below the pan and into the soil. The soil was
loamy sand (83% sand, 9% silt, 7% clay, 1% organic
matter) that had been steam heated to 100 C for
6 hr to kill plant pathogens. The soil was also used
to fill the tubes and the pans within 2 cm of the rim.
To irrigate the root zone, drip emitters were
attached to 6.4 mm dia. plastic tubing and inserted
under the pans and near the location of the tube. A
pre-germinated seed of the cultivar Georgia Green
(Branch, 1996) was planted in the tube. To
promote nodulation on the peanut roots, 0.6 cm3

of granular Bradyrhizobium inoculum was added to
the planting hole. Gypsum (20 g/pan) was sprinkled
on the soil surface to improve pod development. As
the plants developed, the pod set was restricted to
the soil-filled pans while the roots grew underneath
the pan into the pot. A similar method of
separating pod set from root growth was used by
Anderson et al. (1996) to induce drought stress in
the pod zone while maintaining adequate moisture
for plant growth.

The experiment was a 2 3 2 factorial design:
root zone with and without M. arenaria, and pod
zone with and without M. arenaria. The nematode
was originally isolated from peanut in Tifton, GA
and was cultured in a greenhouse on eggplant
(Solanum melongena L.).Eggs of M. arenaria used
for inoculum were extracted from the roots with
0.6% NaOCl (Hussey and Barker, 1973). Thirty
days after planting (DAP), 3000 eggs of M.
arenaria were added to the tubes (root zone). In
the first two trials of the experiment, M. arenaria
eggs were added to the pod zone at 60 and 80 DAP
by evenly distributing a suspension of 20,000 eggs
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in 50 mL of water onto the soil surface and under
the peanut foliage. Eggs were applied only to the
areas of the pan where the peanut plant was
pegging. All pans were lightly watered with an
overhead sprinkler after the eggs were applied. In
Trials 3–6, nematodes were applied using the same
methods outlined above, except that 8000 eggs were
added weekly to the pans starting 60 DAP and
ending 102 DAP (six pod-zone applications). In
each trial, there were 10–15 replicates per treatment
combination. Inoculum of A. flavus NRRL 3357
and A. parasiticus NRRL 2999 was grown on
cracked corn according to the methods of Will et al.
(1994) and 2.5 mL of the inoculum (1 3 105 of each
fungus/ml) was sprinkled under the peanut foliage
of each pan at mid bloom (ca. 70 DAP). The plants
were maintained in a greenhouse where tempera-
tures ranged between 21 and 35 C. The root zones
were watered by drip irrigation at the first sign of
wilting and the pans were watered from above
when the soil surface was dry. At 102 DAP,
drought stress was initiated by ceasing irrigation
of the pod zone and irrigating the root zone only
when plants showed signs of severe wilt. In all
trials, the peanut seed was planted in April or May
and harvested in August or September. The
experiment was conducted yearly from 2004 to
2009.

The peanut pods were harvested from the pans
between 135 and 140 DAP. Pods that developed
inside the tube were discarded. The pods from each
pan were examined for galls caused by M. arenaria
and rated on a 0–10 scale based on percentage of
the pod surface with galls (0 5 no galls, 1 5 1–10%,
2 5 11–20%, etc). The root systems of each plant

were also rated on a 0–10 scale based on the
percentage of the root system with galls. After air
drying to # 8% moisture, the pods were shelled and
the kernels from each plant were ground and
weighed. Aflatoxin concentrations were determined
by the immunoaffinity column-fluorometer method
using Vicam P columns (Trucksess et al., 1991).
The fluorometer was calibrated from 0 to 400 ng/g
aflatoxin range. Samples exceeding 400 ng/g were
diluted 10-fold and then re-analyzed. Additional
dilutions were performed up to a maximum
detection level for aflatoxins of 40,000 ng/g.

Rainout Shelter Experiment. To determine the
effect of M. arenaria infection on peanut size and
also whether resistant cultivars reduce the risk of
alfatoxin contamination, a 2 32 factorial experi-
ment was conducted with two peanut genotypes
(Tifguard and TifGP-2) and two nematode treat-
ments (with and without M. arenaria). The
experiment was arranged in a randomized block
design with six replicates and was conducted in 24
field microplots equipped with a rainout shelter
that closed automatically whenever rain fell. The
experiment was conducted five times from 2006 to
2010 and fumigated with metam sodium (598 L/ha
a.i.) between each experiment to kill M. arenaria
and Aspergillus spp. The microplots were pre-cast
concrete containers 1.7 3 1.4 m and 91-cm deep
with 8-cm thick walls and filled with a sandy soil
(92% sand, 5% silt, 3% clay, and , 1% OM).

The two peanut genotypes were planted in
separate microplots with 12 plots per genotype.
Both peanut genotypes have the same level of
resistance to TSWV; however, Tifguard is highly
resistant to M. arenaria and TifGP-2 is susceptible.

Fig. 1. Planting system to physically separate pod set from root growth. Pods were formed in the soil-filled pans and roots growth extended into the soil-
filled clay pots under the pan. Inset shows PVC tube which was filled with soil and extended from above the soil surface in the pan into the clay pot
containing soil. The peanut plants received water by drip irrigation of the root zone under the pans.
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The peanuts were planted in late May or early June
in two rows 91 cm apart with a final plant density
of 20 plants/m row. A 5-cm3 quantity of grain
infested with A. flavus and A. parasiticus was
broadcast over each plot at mid bloom (Holbrook
et al., 1994). Eggs of M. arenaria, harvested from a
greenhouse culture, were applied to six replicates of
each cultivar approximately 23 d after planting
(DAP), and again approximately 72 DAP and 86
DAP to maximize pod galling. The other six
replicates of each cultivar served as no-nematode
controls. At 23 DAP, 30,000 M. arenaria eggs were
applied to a 2.5 cm deep trench on both sides of each
row of peanuts (60,000 eggs/row). At 72 and 86
DAP, 100,000 eggs were applied under the canopy
on each side of the row (200,000 eggs/row). After
each application of nematode eggs, the plots were
irrigated with 7.6 mm of water. Applications of
fertilizer, insecticides and herbicides followed Uni-
versity of Georgia Extension Service recommenda-
tions and were the same for all plots. The plants were
irrigated as needed until 100 DAP and then the
shelters were turned on to induce drought stress.

The peanuts were harvested between 135 and
140 DAP, and the roots of 10 plants per plot were
rated for galling on a 0–10 scale. The pods were
hand-picked, dried to # 8% moisture, rated for pod
galling on a 0–10 scale, and weighed. Harvested pods
from each plot were shelled and graded according to
the following standard methods for shelled peanuts
in the U.S. Seed that passed through a 16/64 3 L
inch screen (16S) were classified as immature kernels
(IMK) and those retained on the screen were
classified as sound mature kernels (SMK). Any split
seed that were undamaged were classified as sound
splits (SS) and added to the SMK for the total SMK
(TSMK) prior to aflatoxin analysis. Kernels that
showed signs of insect damage, sprouting, or
discoloration were classified as damaged kernels
(DK). Aflatoxin concentrations were determined for
each grade (IMK, TSMK, and DK) from 100-g or
less subsamples of ground kernels by the immunoaf-
fintiy column fluorometer method. All other meth-
ods were the same as those described for the first
experiment. The total aflatoxin concentration (ng/g)
from kernels harvested (DK + IMK + TSMK) was
calculated by adding the amount (ng) per grade and
dividing by the total weight of kernels from each plot.

Statistical analysis. Aflatoxin concentrations were
natural log-transformed

Ln ng=gz1ð Þ½ � ð1Þ

prior to statistical analysis. In the pod vs. root

experiment, analysis of variance (ANOVA; PROC

GLM, V. 9.2, SAS Institute, Cary, NC) was used to

determine the effect of trial, root inoculation, pod

inoculation, and all two- and three-way interactions on

aflatoxin concentrations. Regression analysis (PROC

REG) was used to determine if there was a relationship

between aflatoxin concentration and the level of galling

on either peanut roots or pods. For the rainout shelter

experiment, ANOVA was used to determine the effect of

peanut grade, year, and their interaction on aflatoxin

concentrations, and the effect of nematodes, peanut

genotype, year, and all two- and three-way interactions

on aflatoxin concentrations. Additionally, the effect of

M. arenaria inoculation on the proportion (arcsine

transformed) of peanuts in each grade class was

determined by ANOVA using only data from TifGP-2.

When there was more than two levels of a factor (e.g.,

peanut grade), Fisher’s Protected LSD was used to

separate means (P # 0.05).

Results and Discussion
Pods vs. Roots Experiment. Root galling by M.

arenaria was relatively high (4.5 to 8.2) for all trials
except Trial 6 (Table 1). Pod galling was more
variable, ranging from 0.2 to 5.7. The aflatoxin
concentrations were also quite variable among
trials. Trial 4 had the highest aflatoxin concentra-
tions with an average across all treatments of
4358 ng/g of kernel. In the full ANOVA model,
which included all trials, there was no effect of root
or pod inoculation with M. arenaria on afltoxin
concentration. However, there was an interaction
between trial and root inoculation (P 5 0.007).
There were no interactions between root and pod
inoculation and no additional two or three-way
interactions with trial. When the trials were
analyzed separately, aflatoxin concentrations in
the kernels were greater in Trial 1 (P 5 0.02) and
Trial 2 (P 5 0.0002) when roots were inoculated
with M. arenaria than in non-inoculated roots, and
were greater in Trial 3 (P 5 0.02) when pods were
inoculated with the nematode (Table 1). In an
earlier study, research determined very high con-
centrations of alfatoxins masked the effect of
nematodes (Timper et al., 2004). When Trial 4
was eliminated with uniformly high aflatoxin
concentrations from the full ANOVA model, root
inoculation with M. arenaria increased (P 5 0.003)
aflatoxin concentrations; however, there were inter-
actions between trial and both root (P 5 0.04) and
pod (P 5 0.03) inoculations indicating that the effect
of nematode inoculation was inconsistent among
trials. Within a trial, there was no relationship
between the level of pod galling and aflatoxin
concentration using regression analysis; however,
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there was a positive relationship between the level of
root galling and aflatoxin concentration in Trial 1 (P
5 0.008, r 5 0.40), Trial 2 (P 5 0.005; r 5 0.40), and
Trial 5 (P 5 0.02; r 5 0.31).

Rainout Shelter Experiment. Aflatoxin concentra-
tions differed among peanut grades (P , 0.0001),
but there was an interaction between grade and
year (P 5 0.004). In all years, aflatoxin concentra-
tions were greater in DK than in TSMK (Fig. 2).
Aflatoxin concentrations in the IMK varied among

years; depending on the year, concentrations were
similar to the DK, the TSMK or intermediate
between the DK and TSMK. Across all treatments,
the percentages of IMK were 4.9, 7.4, 4.0, 16.7, and
4.1 in 2006, 2007, 2008, 2009, and 2010, respec-
tively. The percentages of DK were 2.9, 11.8, 2.2,
2.0, and 0.8 in 2006, 2007, 2008, 2009, and 2010,
respectively. To determine the effect of M. arenaria
infection on grade, only data from TifGP-2 were
used because Tifguard is resistant to the nematode.

Table 1. Aflatoxin concentrations and galling from root-knot nematodes (RKN, Meloidogyne arenaria) in treatments with and without

nematodes added to the root or pod zone of peanut plants.

Trial Root gallinga Pod gallinga

Aflatoxin concentrations (ng/g)

Root zone Pod zone

Control RKN Control RKN

1 8.2 3.7 330.1 bb 1891.5 a 1757.3 186.5

2 4.9 0.2 8.7 b 24.3 a 14.7 19.5

3 4.5 5.7 502.7 87.8 18.5 b 572.0 a

4 7.4 3.1 6793.8 2002.9 7236.6 1574.9

5 5.9 1.1 59.6 52.8 43.0 69.9

6 1.3 0.2 13.8 86.5 12.0 88.3

aThe roots and pods from each pan were examined for galls caused by M. arenaria and rated on a 0–10 scale based on

percentage of the pod surface or root system with galls (0 5 no galls, 1 5 1–10%, 2 5 11–20%, etc).
bLetters indicate a difference in aflatoxin concentration between treatments within a row (P # 0.05). There was no root 3 pod

zone interaction for any year; therefore, the data is combined across pod treatments in the root zone columns and across root

treatments in the pod zone columns (n 5 20–30).

Fig. 2. Aflatoxin concentrations in the total sound mature kernels (TSMK), immature kernels (IMK) and damaged kernels (DK) in different years of the
rainout shelter experiment. Aflatoxin concentrations are presented as ln (ng/g + 1). Letters above bars indicate differences (P # 0.05) among grades
in a given year.
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In years when there was moderate to high root
galling (2006, 2007, and 2009), root-knot nema-
todes did not influence the percentage of IMK or
TSMK. Nematodes also did not influence the
percentage of DK, except in 2007, when plots
inoculated with M. arenaria had a greater percent-
age of DK than control plots (11.9 vs. 8.5%).

The total aflatoxin concentration of the kernels
harvested from each plot was not affected by
peanut genotype (Tifguard and TifGP-2) or nem-
atode inoculation; however, there was a year 3
genotype (P 5 0.019) and a year 3 nematode (P 5
0.013) interaction. When the data were analyzed by
year, inoculation with M. arenaria increased (P 5
0.033) aflatoxin concentrations compared to the
control only in 2006 (Table 2). Also in 2006,
TifGP-2 had greater (P 5 0.042) levels of aflatoxin
compared to Tifguard, though there was no
interaction between peanut genotype and nematode
inoculation (P 5 0.060) indicating that the effect of
the nematodes on aflatoxin levels was similar
between genotypes. In 2008, there was an interac-
tion between peanut genotype and nematode
inoculation (P 5 0.010) due to greater aflatoxin
concentrations in the control compared to the M.
arenaria treatment in TifGP-2 only (Table 2). In all
other years except 2006, alfatoxin concentrations
were relatively low.

Soil temperatures at 10 cm recorded at a nearby
(1.8 km) weather station during the last 6 wk before

optimal peanut maturity were above the critical
threshold of 26.3 C for aflatoxin production (Cole
et al., 1985) until the end of September (260–270
JD) in most years (Fig. 3). The exceptions were in
2006, when temperatures dropped below the
threshold in early September (250 JD), and in
2009, when soil temperatures were low during the
entire 6-wk period. Soil temperatures never reached
29 C during the last 6 wk in any year; however,
temperatures were at or above 28 C for 6 d in 2006
and 2007, and for 5 d in 2010 (Fig. 3).

These data confirmed that M. arenaria infection
of peanut sometimes increases preharvest aflatoxin
contamination. Aflatoxin concentrations were
greater in kernels from nematode-infected plants
than from control plants in three trials of the pods
vs. roots experiment and in one trial of the rainout
shelter experiment. However, M. arenaria infection
did not consistently lead to increased aflatoxin
levels. In three to four trials of each experiment, we
failed to observe an increase in aflatoxin concen-
trations in nematode-infected plants. Moreover, in
2008, there were greater aflatoxin concentrations in
the control than in the nematode-treated plots for
TifGP-2. Other environmental factors likely medi-
ate the interactions among the nematode, plant,
and fungus leading to increased aflatoxin produc-
tion. The primary conditions that favor aflatoxin
production are a combination of water stress and
high soil temperatures (. 26.3 C) 4 to 6 wk before

Table 2. Aflatoxin concentrations and root galling from root-knot nematodes (RKN, Meloidogyne arenaria) in nematode-resistant

(Tifguard) and susceptible (TifGP-2) peanut genotypes with and without nematodes applied to the soil.

Year Genotype Root galling

Aflatoxin concentration (ng/g)

Control RKN Average

2006 Tifguard 0a 11.1b 13.2 12.1 bc

TifGP-2 8.0 19.9 234.1 136.1 a

Average 15.1 B 123.7 A 71.7

2007 Tifguard 0.7 10.1 9.5 9.8

TifGP-2 3.5 7.3 8.8 8.1

Average 8.7 9.1 8.9

2008 Tifguard 0.1 12.7 13.0 12.9

TifGP-2 1.2 26.2 A 12.1 B 18.0

Average 18.8 12.5 15.4

2009 Tifguard 0.1 12.5 10.7 11.6

TifGP-2 5.4 14.4 14.3 14.4

Average 13.5 12.5 13.0

2010 Tifguard 0.3 7.8 11.7 9.7

TifGP-2 1.7 5.8 7.7 6.8

Average 6.6 9.7 8.3

aThe roots from 10 plants per plot (n 5 6) were examined for galls caused by M. arenaria and rated on a 0–10 scale based on

percentage of the pod surface or root system with galls (0 5 no galls, 1 5 1–10%, 2 5 11–20%, etc).
bAflatoxin concentrations for each peanut genotype by nematode treatment are the mean of six replications.
cLetters indicate a difference (P # 0.05) in aflatoxin concentration between treatments within a row (upper case) and within a

column (lower case). If there were no peanut genotype 3 nematode interactions (P . 0.05), statistical differences are indicated on

the average.
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harvest; neither water stress nor high temperatures
alone lead to aflatoxin contamination in SMK (Cole
et al., 1985; Hill et al., 1983; Wilson and Stansell,
1983). With increasing temperatures, there is an
increase in aflatoxin concentrations until an upper
limit near 30 C is reached (Cole et al. 1985). We
induced water stress starting 100 DAP, but we could
not control soil temperature in either the pods vs.
roots experiment or the rainout shelter experiment.
Aflatoxin concentrations were typically greater in

the pods vs. roots experiment than in the rainout
shelter experiment, perhaps because the greenhouse
air temperature was 2–3 C warmer than outside. In
the rainout shelter experiment, soil temperatures
alone cannot explain the variation in aflatoxin
production among years; for example, 2007 and
2010 had the most sustained soil temperatures above
the critical threshold (26.3 C) among the years, yet
had relatively low aflatoxin concentrations com-
pared to 2006. The level of root galling was greater

Fig. 3. Soil temperatures at 10 cm recorded at a nearby (1.8 km) weather station during the last 6 weeks before optimal maturity of the peanuts from 2006
to 2010. The line indicates the lower temperature for aflatoxin production. The years are presented in separate graphs to reduce dense clusters of
data points.
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in 2006 than in other years. It is possible that
extensive root galling can increase aflatoxin pro-
duction when environmental conditions, such as soil
temperature, are marginal for toxin production. In
2009, there was substantial root galling; however,
soil temperatures never exceeded 27 C during the
last 6 wk before harvest.

Because galling of the pods may provide a
portal for Aspergillus spp. to gain access to the
peanut kernel, it is hypothesized that pod infec-
tion by M. arenaria would lead to greater
aflatoxin contamination than root infection. In
one trial of this study, aflatoxin concentrations
were increased by adding M. arenaria to the pod
zone. The authors reported in an earlier study a
positive relationship between the level of pod
galling and the presence of Aspergillus spp. in the
kernels (Timper et al., 2004). However, data
indicated that root infection by the nematode
was more consistently associated with elevated
aflatoxin concentrations than pod infection. In
Trials 1 and 2 of the pods vs. roots experiment,
inoculation of the root zone led to an increase in
aflatoxin concentrations in the peanut kernels.
Moreover, in Trial 5, there was a weak, but
positive correlation between the amount of root
galling and aflatoxin concentration, even though
ANOVA showed no effect of root inoculation on
toxin production. The mechanism by which
nematode infection of roots leads to an increase
in aflatoxin contamination of the peanut kernel is
unknown. A reasonable assumption is that the
nematode damage to the peanut root system
inhibits water uptake and puts the plant under
greater water stress. However, Sanders et al.
(1993) showed that drought stress around the
pods contributed to preharvest aflatoxin produc-
tion, whereas drought stress in the root zone did
not. Nematode infection of roots may also cause
physiological changes in the plant which may
increase its susceptibility to infection by toxigenic
Aspergillus spp. Indeed, root-knot nematodes are
known to increase several fungal diseases of plants
(Abawi and Chen, 1998). In some cases, the
wound caused by nematode feeding serves as an
entry point for the fungus; however, in other
cases, nematode infection increases fungal infec-
tion in a separate part of the root system. We did
not determine colonization of the kernel in this
study, but in an earlier study, application of M.
arenaria did not increase the percentage of kernels
colonized by Aspergillus spp. (Timper et al., 2004).
Infection of the roots by M. arenaria may also
cause physiological changes in the plant that
increase aflatoxin production by Aspergillus spp.
For example, nematode infection can create

oxidative stress in plants which could trigger
aflatoxin production by the fungus (Guida et al.,
1992; Reverberi et al., 2010).

Our results confirm those of other studies
showing greater aflatoxin concentrations in dam-
aged kernels and intermediate concentrations in
immature kernels compared to sound mature
kernels (Cole et al., 1988; Whitaker et al., 2005;
Whitaker et al., 1998; Wilson et al., 1977). Heavy
nematode galling on the peanut pod can reduce
kernel size. Baldwin et al. (2003) reported that the
percentage of sound mature kernels increased and
the percentage of small kernels decreased when
nematicides were used to suppress populations of
M. arenaria. In our study, however, infection of the
peanut plant by M. arenaria did not lead to greater
percentages of small kernels. In only one year
(2007), nematode infestation appeared to be
associated with an increase in the percentage of
damaged kernels, though the level of root galling
that year was lower compared to 2006 and 2009.
Aflatoxin concentrations were also not affected by
nematodes in 2007 indicating that the increase in
damaged kernels did not lead to greater aflatoxin
levels in the combined sample.

It was hypothesized that peanut cultivars with
resistance to M. arenaria would have a lower risk of
aflatoxin contamination compared to susceptible
cultivars in the presence of the nematode. In the
rainout shelter experiment, 2006 was the only year
where nematode infection of peanut increased
aflatoxin concentrations. In that year, there were
lower aflatoxin levels in the resistant cultivar
Tifguard than the susceptible germplasm TifGP-2,
thus supporting our hypothesis. However, with
only one year of supporting data, the protective
effect of resistant cultivars on enhanced aflatoxin
contamination caused by M. arenaria are only
suggestive and not conclusive.

Conclusions
By physically separating root growth from pod

set, we showed for the first time that root infection
of the peanut plant could lead to increased
aflatoxin levels in the kernel. The results of the
current study, as well as our earlier study (Timper
et al., 2004) indicate that pod galling may also lead
to an increase in aflatoxin concentrations in the
kernel. Furthermore, we conclude that M. arenaria
is not causing greater aflatoxin contamination in
peanut by increasing the percentage of damaged or
small kernels. The nematode-resistant cultivar
Tifguard appeared to reduce the risk of aflatoxin
contamination in soil infested with M. arenaria, but
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the cultivar is not likely to reduce the risk when
conditions are optimal for aflatoxin production.
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