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Abstract. Colonization and sporulation of aflatoxigenic Aspergillusflavus Link on intact
and injured seed was evaluated for a selection of almond [Prunus dulcis (Mill.) D.A. Webb]
cultivars. Barriersto fungal development wer eidentified at the intact seedcoat and at the
seed cotyledon tissue. The seedcoat barrier was expressed as a delay in fungal colonization
for up to 3 days following the inoculation of intact seed. Seedcoat resistance was uniformly
high for all cultivarstested. Cotyledon resistance, which was expressed as a lower rate of
disease development was identified only in the cultivars Ne Plus Ultra, Ruby, and Carrion.

Nearly al North American amonds are
produced in’ California. Almond is an eco-
nomically important crop due to the high value
of the raw and processed product and because
»60% of the $500 million crop is exported,
mainly to western Europe (Kesteret al., 1991).

Aflatoxins are an acutely toxic, carcino-
genic, and immunosuppressive class of myco-
toxin. Aflatoxin B, is the most potent and
carcinogenic naturally occurring substance
known, causing liver damage to most domes-
tic and experimental animals and humans
(Diener et al., 1987). Aflatoxins B,and B,
have been detected in California amond
samples at very low frequencies (Fuller et al.,
1977), but single contaminated kernels may
contain high levels of toxin (Schade et al.,
1975). The dosage of aflatoxin dangerous to
humans is not known. A limit of 20 ppb has
been established as the maximum permissible
guideline level for aflatoxins in food com-
modities sold in the United States, whereas
several western European countries have
adopted permissible levels of 5 ppb to zero
tolerance (Stoloff, 1976).

Aflatoxin contamination in almond is due
to the filamentous fungus Aspergillus flavus
and, to alesser extent, A. parasiticus Speare.
Genetic resistance to these aflatoxigenic spe-
cies has been identified in crops where the
incidence of aflatoxin contamination is wide-
spread, including maize(Zea mays L.) (Wallin,
1986; Zuber, 1977), cotton (Gossypium
hirsutum L.) (Amarg and Meshram, 1981),
and groundnut or peanut (Arachis hypogaea
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L.) (Mehan, 1989). Peanut breeding programs
have identified barriers to fungal infection in
the shell, seedcoat, and seed cotyledon
(Vasudeva Rao et d., 1989). Shell character-
istics have received considerable attention in
almond breeding programs due to their role in
insect resistance and meat: nut crack-out ratio.
The seed’s role in fungal infection and coloni-
zation has not been characterized. The pur-
pose of this research was to assess seedcoat
and seed embryo resistance to A. flavus in
commercialy planted California almond cul-
tivars.

An aflatoxin B,and B, producing A. flavus
isolate (#76- 12) obtained from N.F. Sommer,
Dept. of Pomology, Univ. of California, Davis,
was used in all inoculations. Aspergillus flavus
was cultured on a potato-dextrose-agar me-
dium for 7 to 10 days by which time sporula-

tion had occurred. Sterile distilled water (25
ml) with Tween-80 (Sigma, St. Louis) (twelve
drops per liter) was then added to the flasks
containing the fungal lawns. The mixture was
agitated for 20 min. The upper suspension was
pipetted to a centrifuge tube and centrifuged at
5000x g for 5 min. The supernatant was re-
moved, and sterile distilled water without
Tween-80 was added to suspend spores. The
spore suspension was then adjusted to a con-
centration of 2 x 10°spores/ml.

Fruit samples of each cultivar evaluated
were collected from a San Joaquin Valley
evaluation plot at the time of harvest. Addi-
tional samples were tested fro-m a Sacramento
Valley evaluation plot for the cultivars Aldrich,
Butte, Cannel, Fritz, Mission, Mono, Ne Plus
Ultra, Nonpareil, Ruby, and Sonora. All
samples were stored at 23C at »10% relative
humidity for a minimum of 4 weeks to bring
the sample moisture contents to uniform lev-
els. To minimize damage to the seed and
seedcoat, kernels were removed by hand from
the fruit hull and shell.

Two inoculation treatments were used. In
the first, uninjured kernels were inoculated. In
the second, kernels were injured before inocu-
lation. Artificial injury was achieved by dlic-
ing away a section of the seedcoat and »1 mm
of underlying cotyledon tissue before inocula-
tion (Fig. 1). Three replications of 20 kernels
per treatment and per location were provided.
Data from the two locations were pooled, as no
location effect on cultivar susceptibility was
detected.

Kernel samples were dated on trays in
plastic containers. Moist paper towels were
placed beneath the trays to maintain a high
relative humidity. All samples were spray-
inoculated using an atomizer until al exposed
kernel surfaces were uniformly moist. Trays
were loosely covered with plastic tops and
incubated in darkness at 26C.

Fig. 1. ‘Nonpareil’ aimond kernels 3 days after inoculation with Aspergillus flavus, showing extensive
colonization on cotyledon tissue of artificialy injured seed (left) and absence f visible colonization on

intact seed (right).
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The percentage of kernels showing fungal
colonization was recorded for each treatment
after 3,7, and 14 days. The degree of funga
sporulation on injured, infected kernels was
rated on a0 to 5 scale (0 = no sporulation; 5 =
very dense sporulation) at 3 and 7 days. Sporu-
lation on the very susceptible ‘LeGrand’ was
used as the standard for the very dense sporu-
lation rating. Percentages data were analyzed
by the SAS Duncan’s multiple range test fol-
lowing arcsin transformation.

Colonization was absent on the third day
following inoculation of uninjured kernels.
The intact, mature seedcoat appears to be a
barrier to fungal infection. This barrier may
act by inhibiting the fungus directly as has
been proposed for peanut (Dieckert and
Dieckert, 1977), or it may act by restricting
water uptake to the previously dried seed.
Almond seed moisture contents necessary for
fungal growth are 5% to 9% or higher (King et
a., 1970; Phillips et d., 1976), a moisture
content equivalent to that of a product in
equilibrium with 70% relative humidity at
24C. Specific, factors associated with seedcoat
resistance in peanut include low testa perme-
ability, increased surface wax accumulation,
uniform wax coating, thin testa with compact
and tight cell structure, compact palisade-like
layer, small hilum, presence of tannins and
inhibitory compounds, and differences in
amino acid composition (Vasudeva Rao et d.,
1989).

Seven days after inoculation, considerable
seed colonization and differences among cul-
tivars were observed (Table 1). Significant
differences among cultivars were also present
14 days after inoculation, differences that were
very similar in ranking and relative magnitude
to day 7 observations.” Ruby’ and ‘Ne Plus

Table 1. Comparison of colonization frequency
means for samples of uninjured kernels of Cali-
fornia almond cultivars at 7 and 14 days follow-
ing inoculation with Aspergillus flavus.»¥

Seed colonization (%)

Day

Cultivar 7 14
Jeffries _56.7ab 90.0 a
LeGrand 50.0 ab 90.0a
Mission . 58.3a 86.7 a
Rosetta 37.5ab 77.5 ab
Woods Colony 47.5ab 75.0 ab
Butte 40.8 ab 73.3 ab
Sauret #2 41.7 ab 68.3 ab
Carmel 36.7 ab 65.8 ab
Dottie Won 433 ab 63.3 ab
Nonpareil 26.9 ab 62.5 ab
Aldrich 45.0 ab 60.0 ab
Norman 23.3ab 56.7 ab
Mono 32.5ab 56.7 ab
Sonora 22.5ab 53.3ab
Padre 31.7 ab 48.3 ab
Price Cluster 19.0 ab 46.7 ab
Carrion 20.0 ab 46.7 ab
Fritz 26.7 ab 45.0 ab
Monterey 21.7 ab 40.0 ab
Ruby 75b 34.2b
Ne Plus Ultra 83b 28.3b

“No seeds were colonized on day 3.
YMean separation in columns by Duncan’s multiple
range test (P < 0.05).
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Table 2. Comparison of colonization frequency and sporulation rating means for samples of injured kernels
of California almond cultivars at 3 and 7 days following inoculation with Aspergillus flavus.*

Seed colonization (%)

Sporulation rating?

Day Day

Cultivar 3 7 3 7
LeGrand : 100 a 100 a 5.0a 50a
Dottie Won 98.3a 100 a . 4.5 ab 47a
Sauret #2 91.7 ab 100 a 4.5ab 50a
Jeffries 88.3 ab 100 a 4.0 ab 4.0 ab
Carmel 87.5 ab 100 a 4.0 ab 48a
Aldrich 87.5 ab 100 a 4.0 ab 4.3 ab
Padre 82.5 ab 100 a 4.3 ab 4.7 a
Woods Colony 82.5 ab 100 a 4.0 ab 50a
Butte 81.7 ab 100 a 4.0 ab 5.0a
Normans 81.7 ab 100 a 33ab 4.3 ab
Mission 81.7 ab 100 a 34 ab 48a
Fritz 79.2 ab 100 a 3.8ab 45a
Nonpareil 66.3 ab 100 a 2.5ab 35ab
Monterey 65.0 ab 100 a 3.0ab 4.3 ab
Rosetta 65.0 ab 100 a 3.5ab 45a
Price Cluster 60.0 ab 100 a 3.3ab 4.3 ab
Mono 52.5ab 100 a 2.8 ab 35ab
Sonora 51.7 ab 100 a 2.0 ab 3.5ab
Carrion 333b 7330 1.7 ab 27b
Ruby 31.7b 86.7 ab 1.6b 27b
Ne Plus Ultra 28.3b 100 a 1.7 ab 3.7 ab

“Mean separation in columns by Duncan’s multiple range test (P < 0.05).

YSporulation rating: 0 (none) to 5 (very high).

Ultra’ demonstrated the lowest levels of colo-
nization; ‘ Jeffries’, ‘LeGrand’, and ‘Mission’
showed some of the highest levels. However,
differences were statistically significant only
between the highest and lowest percentages.
While a seedcoat barrier to water uptake might
explain cultivar responses at 3 and 7 days
following inoculation, the differences observed
at 14 days are less likely the result of a hydra-
tion barrier since there was adequate time and
moisture for rehydration. Differences in em-
bryo tissue susceptibility to fungal coloniza-
tion are therefore indicated.

Significant differences in susceptibility
were observed among the various cultivars
when cotyledon tissue was directly inoculated
after artificial injury (Table 2). As with the
uninjured inoculations, two susceptibility cat-
egories could be distinguished. The first cat-
egory appears highly susceptible, as repre-
sented by the performance of ‘LeGrand’. Cul-
tivars showing »60% less colonization, in-
cluding ‘Ne Plus Ultra’ and ‘Ruby’, makeup
a second category with distinctly reduced sus-
ceptibility. ‘Carrion’ aso performed well in
inoculations of injured cotyledons, though less
so in inoculations of those uninjured. Seed of
the remaining cultivars were intermediate in
their susceptibility. By day 7, samples of all
cultivars, except ‘Carrion’ and ‘Ruby’, were
fully colonized. All samples were fully colo-
nized by day 14.

Rankings of sporulation density are nearly
identical to those based on colonization fre-
quency. ‘LeGrand’ had the highest sporula
tion rating. ‘Ne Plus Ultra’, ‘Ruby’, and ‘Car-
rion’ received the lowest scores, although only
certain differences were dtatistically signifi-
cant. Cultivar differences were most distinct at
3 days following inoculation of injured seed,
becoming less distinct after 7 days.

Our results suggest the existence of barri-
ersto A. flavus development in the seedcoat

and seed cotyledon composition. The seed-
coat appeared to be an effective barrier to
infection when intact. No differencesin culti-
var performance were observed for this re-
sponse.

Improved levels of A. flavus resistance in
the cotyledon tissue of ‘Ruby’, ‘Ne Plus Ul-
tra, and ‘Carrion’ are indicated by the rela-
tively low colonization frequencies for injured
and uninjured kernels and the low sporulation
ratings. These barriers may prove to be useful
sources of field resistance due to the low levels
of natural infection (Schade et a., 1975) and
the limited time period in which the kernel is
susceptible under field conditions. The matur-
ing kernel is vulnerable from the time of hull
split, when the kernel isfirst exposed to fungal
spores, to the stage where the water content in
the desiccating seed has decreased below the
level necessary for fungal growth. The kernels
usually are sufficiently dehydrated by the time
of harvest (Phillips et a., 1976). In peanut,
where Aspergillus spp. epidemiology and in
vitro colonization frequencies are similar to
those in a@mond, in vitro colonization frequen-
cies of <15% are considered resistant (Mehan,
1989).

The uniform response observed in the re-
maining population was partially expected, as
most of the cultivars presently planted have
been shown by isozyme analysis (Hauagge et
al., 1987) and analysis of the alelic distribu-
tion of the self-incompatibility(S) gene (Kester
et al., 1994) to be closely related. Most are
probably progeny of ‘Nonpareil’ and ‘Mis-
sion’. Early work by King et al. (1970) failed
to find evidence of an antibiotic effect in seed
tissue from this population. ‘Ne Plus Ultral
and ‘Ruby’ represent exceptions to this gene
pool. ‘Ne Plus Ultra’ isan old cultivar, which,
along with ‘Nonpareil’, ‘IXL’, and ‘ Peerless,
was introduced to Cdiforniain the late 1800s.
Isozyme and self-incompatibility (S) geno-
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type analysis support a parentage of ‘Ruby’ as
being ‘Ne Plus Ultra’ and ‘IXL’. ‘Ruby’ and
‘Ne Plus Ultra would thus represent a distinct
germplasm from the ‘Nonpareil’ and ‘Mis
sion’-derived population. The origin of ‘Car-
rion’ isless clear, though isozyme data support
‘Nonpareil’ as one of the parents. ‘LeGrand’ is
also digtinct from ‘Nonpareil’ and ‘Mission’,
as it possesses self-compatibility genes that
were probably introgressed from peach Prunus
persica (Batsch) L.] (Kester et a., 1991).

While genetic variability for seed resis-
tance to A. flavus appears low within the ‘Non-
pareil’ and ‘Mission’ -derived cultivars, the
detection of increased levels of resistance out-
side this gene pool supports the possibility of
additional resistance in other germplasm
SOUrces.

The epidemiology of A. flavus infection
and aflatoxin formation is complex, and re-
sults from in vitro studies need to be carefully
evaluated for field value. Kisyombe et a.
(1985) obtained a good correlation between in
vitro seed colonization experiments and field
resistance in only one of the 14 peanut geno-
types tested. Environmental factors showing a
strong influence on infection and aflatoxin
formation include temperature, time, and mois-
ture (Diener et a., 1987). Insect damage, par-
ticularly by the Navel orangeworm [Amyelois
transitella (Walk.)] has been strongly linked
to A. flavus contamination in the field (Phillips
et al., 1980). Insect damage to the seedcoat
would obviate this protective barrier and may
also vector fungal spores, while larval feeding
might make the kernel microenvironment,
particularly moisture content, more conducive
to funga growth (Phillips et al., 1976). Both
the hull and the kernel have been shown by
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Phillips et a. (1979) to harbor fungal species
antagonistic toA. flavusgrowth. Consequently,
genetic barriers to disease development must
be used within the framework of afully inte-
grated pest and crop management program.
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