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Evaluation of agricultural grains, such as corn, suffers from a lack of techniques that can analyze solid
materials. Two techniques, photoacoustic spectroscopy (PAS) and diffuse reflectance spectroscopy
(DRS), were coupled to a Fourier transform infrared (FTIR) spectrometer to provide information about
the mid-infrared absorption spectra of corn. Spectra generated from corn that was infected with Fusar-
ium moniliforme or Aspergillus flavus, two mycotoxin producers, were dramatically different from
those of uninfected corn. For F. moniliforme, enhanced spectral differences were associated with elevated
culture toxicity. Preliminary studies to appraise the sensitivity of the methodology were conducted
utilizing DRS. These indicated that spectra of corn contaminated at the 3% level (dry weight basis)
with F. moniliforme were distinguishable from spectral variations associated with compositional
divergence of different corn varieties. PAS was a more sensitive technique for detecting such fungal
contaminations. Unfortunately, from a practical standpoint, PAS can presently analyze only one intact

kernel at a time.

INTRODUCTION

Itis accepted that ingestion of microbially infected grains
by humans and animals can result in acute toxzicosis and
that, additionally, some of the mycotoxins associated with
fungally infected grains are carcinogenic (Marasas and
Nelson, 1987). Aspergillus flavus and Aspergillus par-
asiticus are molds commonly found on grains and seeds,
particularly corn and peanuts in the United States.
Invasion of such crops occurs in the field during certain
preharvest conditions. These fungi produce a group of
related secondary metabolites known as aflatoxins, of
which aflatoxin B; is the most commonly occurring.
Numerous outbreaks of acute aflatoxicosis have been
documented worldwide and several epidemiological studies
have shown a highly significant, positive correlation
between human hepatic carcinoma and dietary aflatoxin
contamination (Marasas and Nelson, 1987; Van Rensburg,
1977; Shank, 1978; Van Rensburg et al., 1985). Incountries
where environmental conditions are not conducive to afla-
toxin production, the problem is often imported by way
of foreign animal feeds or foodstuffs.

A. flavus contaminated corn contains corn particles that
exhibit bright, greenish-yellow fluorescence when irradi-
ated with ultraviolet light (Shotwell and Hesseltine, 1981).
This has led to the so-called “black-light test”, in which
the number of “glowers” is related to the presence of afla-
toxins and is utilized to identify corn lots that should be
analyzed by more specific methods, such as HPLC,
HPTLC, and ELISA. Unfortunately, the above techniques
are time-consuming, require considerable sample prepa-
ration, or have limited shelf life.

Fusarium contamination of grains and feeds is a common
occurrence worldwide. These molds produce well over

t This work was supported in part by a grant (1-5-019)
from the Biotechnology Research and Development Corp.

100 secondary metabolites, of which more than 50 have
been shown to be toxic (Vesonder and Golinski, 1989).
Recently, Fusarium moniliforme, a ubiquitous fungal
contaminant of corn, has received much scientific, as well
as public, attention. Ingestion of F. moniliforme con-
taminated corn has been linked to equine leukoenceph-
alomalacia (Wilson and Maronpot, 1971; Marasas et al.,
1976; Pienarr et al., 1981), human esophageal cancer
(Rheeder et al., 1992; Yang, 1980; Marasas et al., 1981),
swine pulmonary hydrothorax (Harrison et al., 1990), and
insidious liver disease (Jaskiewicz et al., 1987; Voss et al.,
1990). Numerous secondary metabolites produced by F.
moniliforme have been shown to be extremely toxic. Mo-
niliformin and fusariocin are acutely toxic, fusarin C
exhibits mutagenic activity, and fumonisin B; induces
symptoms of leukoencephalomalacia in horses (Gelder-
blom et al., 1988; Wiebe and Bjeldanes, 1981; Marasas et
al., 1988; Kellerman et al., 1990; Thiel et al., 1991).

The methods used to detect and measure Fusarium my-
cotoxins are as numerous and varied as the compounds
produced. Difficulties encountered in separating the my-
cotoxin of interest from the multitude of interfering
compounds found in corn make sample preparation
laborious. While fusarin C can be detected with thin-
layer chromatography, measurement requires analysis by
high-performance liquid chromatography (Wiebe and
Bjeldanes, 1981; Gelderblom et al., 1983; Jackson et al.,
1990). Likewise, presumptive fumonisin detection can be
accomplished with thin-layer chromatography but requires
gas chromatography/mass spectral analysis for confirma-
tion and measurement (Gelderblom et al., 1988; Jackson
and Bennett, 1990). Recent efforts to measure fumoni-
sins using high-performance liquid chromatography of
fluorescent derivatives of the fumonisins show promise
(Shepard et al., 1990; Ware et al., 1992). Gordon and Gor-
don (1990) have described a novel fluorescence assay for
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deoxynivalenol (vomitoxin) which is conducted after
extraction with acetonitrile-water and partial purification
on a minicolumn.

Several other fungi that infect corn, as well as other
grains, are known to elicit toxic syndromes in animals and/
or humans (Marasas and Nelson, 1987). Examplesinclude
Penicillium viridicatum and Aspergillus ochraceus (och-
ratoxicosis), Fusarium sporotrichioides and Fusarium
poae (hemorrhagic syndrome), and Fusarium gramin-
earum (estrogenic syndrome). Undoubtedly, other ex-
amples exist that have yet to be documented in scientific
literature. Furthermore, different fungi growing on the
same substrate can influence each other in various ways,
and combinations of their secondary metabolites can act
additively or synergistically in a toxic manner. Therefore,
grain that is infected by any fungi could be regarded as
potentially hazardous.

Unfortunately, there remains alack of reliable analytical
techniques that can detect the general presence of microbes
on whole grains. This, in large part, is due to the solid
nature of the kernel or bean itself. Indeed, few analytical
techniques are capable of evaluating any material in the
solid state. Two techniques, photoacoustic spectroscopy
(PAS) and diffuse reflectance spectroscopy (DRS), have
been coupled to Fourier transform infrared (FTIR)
spectroscopy to provide information about the mid-
infrared absorption spectra of solids. Since most biological
compounds have distinct absorption patterns in the mid-
infrared region, coupling FTIR with PAS or DRS could
provide powerful tools for analyzing grains, such as corn.
The techniques have the added advantages of requiring
little sample preparation and being generally nondestruc-
tive. In thisstudy, we examined the potential for utilizing
FTIR-PAS and -DRS todetect fungal infections on grains.
We chose as trial systems corn contaminated with F. mo-
niliforme and A. flavus.

MATERIALS AND METHODS

Instrumentation. Spectra were measured with a Laser
Precision Analytical (Utica, NY) Model RFX-75 FTIR at 4-cm™
resolution over the infrared spectral region 400-4000 cm™. In-
terferograms were processed by use of trapezoidal apoidization
with an APT-824 array processor. The interferometer, as well
as the chambers that housed the detectors described below, was
purged with dry nitrogen to remove spectral interference resulting
from water vapor and carbon-dioxide. Spectra were signal
averaged from multiple interferometer scans as indicated in the
text.

When PAS was employed, an MTEC (Ames, IA) Model 200
cell was utilized. Samples were placed in a 3 mm deep sample
cup. Thesample compartment was also purged with dry nitrogen
to remove water vapor and carbon dioxide. Spectra were
normalized against a carbon black background. DRS was
conducted with a Spectra-Tech Collector accessory.

Corn Samples. Inbred varieties Ohio 43, A636, and W64A
were grown aseptically in a sterile growth chamber, and whole
kernels from mature plants were a generous gift of Dr. Frederick
C. Felker (Seed Biosynthesis Research Unit, National Center for
Agricultural Utilization Research). Sound, healthy corn kernels
were from a yellow corn lot with no visible damage and contained
no detectable mycotoxins. Corn kernels contaminated with F.
moniliforme and to a lesser extent F. graminearum were from
field samples of yellow corn visibly damaged by fungi and
contained high levels of fusarin C, zearalenone, deoxynivalenol,
and moniliformin. Corn samples contaminated with A. flavus
were collected in Georgia and were contaminated with aflatoxins
at levels exceeding the permissible level of 20 ppb.

F. moniliforme Cultures. Submerged fungal cultures were
grown from a single spore isolate of F. moniliforme NRRL 13616
under essentially the same conditions as were previously described
(Jackson and Bennett, 1990; Jackson et al., 1989). Briefly, 500-

J. Agric. Food Chem., Vol. 40, No. 7, 1992 1148

mL baffled Erlenmeyer flasks containing 250 mL of a defined
basal salts medium supplemented with 30 g/L glucose and 1.4
g/L ammonium sulfate were inoculated with F. moniliforme
spores togive a final concentration of 5 X 10¢spores/mL. Cultures
were grown for 12 days at 28 °C and 220 rpm in a rotary shaker
incubator. A pH of 5 was maintained by daily adjustment with
2 N HCl or 2 N NaOH. Cultures supplemented with zinc were
at a final concentration of 3200 ppb. Mycelia were harvested by
centrifugation, washed with deionized water, and lyophilized.

F.moniliforme growth on whole corn kernels was accomplished
in 250-mL Erlenmeyer flasks containing 50 g of corn (Shissler
hybrid GR8179) and 20 mL of deionized water. After autoclav-
ing, flasks were inoculated with 5 mL of F. moniliforme NRRL
13616 spore suspensions (5 X 107 spores/mL) and incubated at
28 °C. Duplicate flasks were harvested on days 10, 14, 21, and
35.

Ergosterol and Fusarin C Determinations. Ergosterol was
measured according to the method of Martin et al. (1990), except
that ergosterol extraction was accomplished with ethyl ether to
avoid ethanol extraction of corn components which coeluted with
ergosterol on the HPLC system. Fusarin C was measured
according to the technique of Jackson et al. (1990).

Sample Preparation for FTIR Analyses. All cornsamples
were incubated at 60 °C in a vacuum desiccator for a minimum
of 30 min to remove residual water. PAS analysis was conducted
on whole kernels, unless otherwise indicated. For DRS analysis,
kernels were pulverized in a Brinkman (Des Plaines, IL) Model
MM2 ball mill. The chamber that contained the corn sample
and the ball bearings was submerged in liquid nitrogen for 2 min
to aid the pulverization process and to inhibit denaturation of
protein. Pulverized corn samples were diluted to a final
concentration of 5% with spectroscopic grade KBr (Spectra-
Tech). Mixing was accomplished with a Wig-L-Bug (Lyons, IL)
amalgamator at ambient temperature immediately prior to DRS
analysis. The Wig-L-Bug amalgamator was similarly utilized to
incorporate known quantities of F. moniliforme with pulverized
corn when indicated in the text.

RESULTS

Previous work (Greene et al., 1988) showed that solid—
substrate fungal growth could be crudely monitored by
Fourier transform infrared (FTIR)-photoacoustic spec-
troscopy (PAS), but improved instrumentation was re-
quired for practical application of the technology. Sig-
nificant efforts were devoted toward enhancing the signal-
to-noise ratio of FTIR-PAS, which were fully described
in another paper (Gordon et al., 1992). For the purpose
of this study, the signal-to-noise ratio of PAS was
considered to be equivalent to that of diffuse reflectance
spectroscopy (DRS). Therefore, our choice of analytical
technique was dictated by sample morphology. PAS was
selected for initial studies because it was the technique
capable of evaluating whole kernels of corn and, other
than drying, no sample preparation was necessary.

The top trace in Figure 1 is an FTIR-PAS spectrum of
an intact corn kernel that was infected with F. monili-
forme. This spectrum is dramatically different from one
generated with uninfected corn (middle trace). The
various absorption bands evident in the difference spec-
trum (bottom trace) should be indicative of specific
biochemical changes that occur when F. moniliforme
attacks corn. Strong amide I (1650 cm™1) and amide II
absorbances (1550 cm™) are evident in the difference
spectrum, suggesting an increase in protein or acetylated
amino sugar content. This is supported by the fact that
the broad peak centered around 3400 cm™! in the unin-
fected corn spectrum shifts downfield subsequent to fungal
infection. Such ashiftisindicative of increased NH stretch
absorptions relative to OH stretch absorptions. The two
sharp peaks at 2855 and 2925 cm™! appear to result from
an increase in lipid content. This doublet is typical of
methylene CH stretches, which, in biological systems,
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Figure 1. FTIR-PAS spectra of corn. (Top trace) Uninfected
corn; (middle trace) corn infected with F. moniliforme; (bottom
trace) difference spectrum generated by subtracting spectrum of
uninfected corn from spectrum of infected corn. The resulting
spectrum was normalized by a factor of 2.0.
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Figure2. FTIR-PASspectraof (top trace) F. moniliforme grown
in the absence of zinc, (second trace) F. moniliforme grown in
the presence of 3200 ppb of zinc, (third trace) zinc absent culture
minus zinc present culture; and (bottom trace) soybean phos-
pholipid preparation (azolectin).

generally arise from fatty acid tail hydrocarbons. A
number of differences in the fingerprint region from 400
to 1500 cm™! are evident. Such absorbances can arise from
numerous chemical moieties, but a change in carbohydrate
composition appears to be one likely possibility.

Jackson et al. (1989) have shown that, in in vitro cultures
of F. moniliforme, increased toxin production (fusarin C)
is associated with elevated lipid content. This can be
regulated by the zinc concentration. Figure 2 presents
FTIR-PAS spectra of F. moniliforme grown in liquid in
the absence (top trace) and presence (second trace) of
zinc. The culture grown without zinc produced over 10-
fold more fusarin C than did the one supplemented with
zinc (data not shown). The difference between these two
spectra (depicted by the third trace) exhibits a sharp
doublet at 2855 and 2925 cm™!, which, similar to the data
presented in Figure 1, is indicative of increased lipid
content. The distinct absorption band at 1740 cm™! is
typical of an ester carbonyl, likely due to triglycerides or
phospholipids. This notion is supported by the FTIR-
PAS spectrum of soybean phospholipid (bottom trace),
which closely resembles the difference spectrum in Figure
2.

Mid-infrared spectral changes resulting from A. flavus
infection of corn were investigated by utilizing diffuse
reflectance spectroscopy (DRS). The top trace in Figure
3 is an FTIR-DRS spectrum of infected corn that was
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Figure 3. FTIR-DRS analysis of corn infected with A. flavus.
(Top trace) Uninfected corn; (middle trace) corn infected with
A. flavus; (bottom trace) difference spectra generated by sub-
tracting uninfected corn from infected corn and normalizing by
a factor of 5.0.

Figure 4. Model depicting fungal infection of corn.

pulverized in a ball mill. The middle trace is a spectrum
generated from a similarly prepared sample of uninfected
corn. The differences in these two spectra, represented
by the bottom trace, resemble the differences observed in
corn infected with F. moniliforme (Figure 1). Again,there
are increased amide I and amide II absorbances in
conjunction with a downfield shift of the broad peak
located between 3000 and 3600 ¢cm™. Furthermore, a
doublet at 2855 and 2925 cm™! is readily apparent, as are
several changes in the fingerprint region.

The spectral differences were not as pronounced for the
data set of Figure 3 in comparison to those observed in
Figure 1 (note normalization factors for Figures 1 and 3
differencespectra). However, when intact kernels infected
with A. flavus were analyzed by PAS, the spectral
differences relative to uninfected corn were as marked as
those observed in Figure 1 (F. moniliforme infected corn).
Itis well accepted that PAS is a surface-sensitive technique.
Apparently, as depicted in Figure 4, the bulk of the fungal
mass is located at the surface of the kernel. Therefore,
pulverizing the sample, which is necessary to obtain a
suitable DRS signal from corn, in effect dilutes absor-
bances derived from fungal contaminations by exposing
uncontaminated areas of the kernel. If mycelia have
penetrated the interior of the kernel, they may remain
accessible to PAS illumination due to a “tunnel-like” effect
(Figure 4). “Tunneling” would also expose the interior of
the kernel, which is known to be chemically dissimilar to
the pericarp. This may also account for some of the
enhanced sensitivity observed with PAS since pulveriza-
tion would tend to average such compositional differences.
The above notions appear valid. PAS analyses confirmed
there were significant spectral dissimilarities between peri-
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Figure 5. Sensitivity of FTTR-DRS for detecting corn contam-
inated with F. moniliforme. (A) Methylene CH doublet spectral
region; (B) ester carbonyl spectral region; (C) amide II spectral
region. The five traces in each region are spectra of the same five
samples and represent, from bottom to top, the spectral difference
between Ohio 43 corn and A636 corn and spectral differences
between Ohio 43 and Ohio 43 corn supplemented with F. mo-
niliforme at 5.1%,16.1%, 29.7%, and 39.6% (dry weight basis).

carp and interior tissues (not shown). Also with PAS,
much diminished infected vs uninfected difference spectra
were acquired after kernel pulverization relative to whole
kernel analyses. This latter result was obtained with both
F. moniliforme and A. flavus infected corn (not shown).

While PAS appears to be a more sensitive technique for
detecting fungal contaminations, the sample chamber
currently used can only accommodate one kernel at a time.
Spectrally analyzing an aliquot from a mixture of pul-
verized kernels offers the practical advantage of evaluating
a representative sample. Preliminary experiments were
conducted to determine the sensitivity of this methodology.
FTIR-DRS difference spectra were generated from un-
infected Ohio 43 corn and Ohio 43 corn supplemented
with increasing percentages (dry weight basis) of F. mo-
niliforme. Consistent with previously presented data,
several mid-infrared spectral regions looked particularly
promising for quantitating fungal contaminations. Dif-
ference spectra of the region that contains the methylene
CH stretch doublet (2855 and 2925 cm™!) are presented in
Figure 5A. Analogous data for the ester carbonyl stretch
(1740 cm™!) and amide IT (1550 cm™!) regions are presented
in parts B and C of Figure 5. Thedata in Figure 5C (amide
Il region) exhibit more noise than those in Figure 5A (me-
thylene CH stretch doublet) and Figure 5B (carbonyl
stretch), due to a lower signal intensity as well as residual
water vapor absorbances.

The spectral divergence between different varieties of
corn is an important parameter to consider since their
compositional makeup can vary. The bottom traces in
each part of Figure 5 represent the FTIR-DRS difference
between two inbred corn lines (Ohio 43 and A636). The
differences are minor relative to the spectral changes
observed after fungal attack, particularly for the meth-
ylene doublet and the amide II region. Another uncon-
taminated inbred, as well as a hybrid strain, was examined
in a similar manner. It was somewhat unexpected to find
that relatively little variance in the mid-infrared absorption
patterns of the four corns occurred, particularly consid-
ering that inbreds are genetically diverse strains from
which hybrids arise. In fact, the average error at 2925
cm™! was only 0.034 absorbance unit, making the observed
differences at >3% supplemented fungus easily distin-
guishable. Preliminary results indicated that A. flavus
was also distinguishable by this methodology at the 2-5%
level.
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Figure 6. FTIR-DRS calibration curves generated from the
complete set of data (16 samples) of which the spectra of Figure
5 are examples. Linear regression lines are drawn through three
sets of data points: (A) methylene (2927 cm™); (@) carbonyl
(1742 cm™); () amide IT (1550 cm™!). Thedashed line represents
the estimated lowest level of detection by this calibration relative
to the spectral differences observed for four different corn
varieties.

Figure 6 presents crude calibration curves generated
with the raw data from 16 samples of which the data in
Figure 5A are examples selected to illustrate the trend.
The dashed line represents the uncertainty that arises
from spectral variances associated with the different corn
varieties thus far examined. Despite the considerable
experimental error revealed by scatter in the data for
Figure 6, linear regressions of F. moniliforme levels on
either methylene or carbonyl absorptions exhibited vir-
tually the same slope, while the regression on amide II
absorption showed a significantly different slope. Cor-
relation coefficients of the methylene, carbonyl, and amide
IT regressions were 0.980, 0.953, and 0.957, respectively.
Since Beer’s law holds for DRS spectra in Kubelka-Munk
units, identical slopes of the methylene and carbonyl plots
in Figure 6 might be expected, as they both appear to
result from the lipid component of F. moniliforme. The
different slope of the amide II plot would also be expected
since it results from another component of F. monili-
forme, namely, protein and/or acetylated amino sugars.
Thus, the regressions verify the presence of at least two
principal components in the system. Using recent ad-
vances in chemometrics, these data may be grouped
together with data from other regions of the spectra and
analyzed as a multivariate system. This would likely
increase the accuracy of prediction over that indicated by
the correlations.

A survey of corn samples known to contain high levels
of various mycotoxins demonstrated that at least one and
often several infrared spectral regions exceeded the
uncertainty limits shown in Figure 6. The amide I region
proved to be a very reliable indicator of fungal contam-
ination. Figure 7shows the increase in FTIR-DRS amide
IT absorption observed when corn becomes progressively
invaded by F. moniliforme. Fungal content was calculated
from relative ergosterol levels determined by HPLC
analysis. The correlation coefficient for the infected corn
amide IT regression was 0.993, indicating a high reliability.
Also, the slope of this line was noticeably larger than that
of corn supplemented with F. moniliforme, suggesting that
the methodology might be more sensitive for detection of
fungal contaminants than would be predicted by supple-
mentation experiments.

DISCUSSION

The results presented in this study indicate that FTIR
in conjunction with PAS or DRS is potentially a powerful
technique for detecting corn infected with two hazardous
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Figure 7. Amide II absorbance (1550 cm™) of corn invaded by
or supplemented with increasing levels of F. moniliforme. Corn
was infected with a spore solution and compared to uninocu-
lated corn after 10, 14, 21, and 35 days of incubation. Supple-
mented corn was as in Figure 6. Fungal content was determined
by comparison of ergosterol levels.

fungi, F. moniliforme and A. flavus. This instrumentation
would also detect benign contaminations. Infact, FTIR-
PAS was previously utilized to evaluate solid-state growth
of Phanerochaete chrysosporium on cellulose (Greene et
al., 1988). Methodology that detects the general presence
of microbes on grains might be extremely beneficial given
the complexities of toxin production in natural environ-
ments. Numerous toxins produced by many different
fungi have been described. Undoubtedly, more will be
discovered in the future. Furthermore, the environmental,
genetic, and biochemical events that control microbial
toxin production are poorly understood. Current quality
control assays are toxin specific, and screening for nu-
merous individual toxins can become quite costly. Pre-
liminary FTIR evaluation could deem grain microbe “free”
(within certain regulatory limits since microbes will always
be present to some extent), in which case it would be
unnecessary to assay for toxins. FTIR-questionable
samples could then be further evaluated by specific assays
which are currently available or are being developed. The
magnitude of the problem is such that several comple-
mentary techniques appear to be necessary.
Commercial FTIRs are rather expensive instruments,
generally costing in the tens of thousands of dollars. They
offer several advantages, one of which is that an FTIR can
almost instantaneously (1 s or less) scan an entire mid-
infrared spectrum. However, provided a reliable spectral
region that is indicative of microbial contamination can
be identified, much less costly instrumentation can be
developed. For F. moniliforme and A. flavus several
regions appear promising. These include the amide I and
amide IT absorption bands (1650 and 1550 cm™), the broad
absorption region that contains OH and NH stretches
(from 3000 to 3600 cm™), the ester carbonyl (1740 cm™),
and the methylene doublet (2855 and 2925 cm™).
Asdiscussed previously and shown in Figure 7, the amide
II region appears to be a reliable indicator of infected
corn. However, the methylene doublet and the carbonyl
absorption offer two possible advantages. First, they are
areas in which no interference from water absorptions
occur, making sample drying unnecessary. Second, in
these studies using submerged cultures of F. moniliforme,
stronger absorptions are associated with more toxic
cultures. This resulted from an increased lipid content in
more toxic cultures (Jackson et al., 1989). Perhaps, the
metabolic pathway for toxin production proceeds through
lipid anabolism. Indeed, Aflatoxin production by A. par-
asiticus and fusarin C and fumonisin B, production by F.
moniliforme are notable examples of lipid-like compounds
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whose in vitro production was stimulated by nutritional
conditions that enhanced lipid synthesis (Shih and Marth,
1974; Jackson et al., 1989; Jackson and Freer, 1991).

Numerous spectral changes were also observed from
400 to 1500 cm™! which, along with the amide and car-
bonyl regions, comprise what are generally considered to
be fingerprint absorbances. Recently, Naumann et al.
(1991) reported to have developed a prototype FTIR that
can identify intact bacteria at the subspecies level by
evaluating mid-infrared spectral fingerprints. It may also
be possible to identify fungal contaminates of grains by
such FTIR evaluation.

Application of PAS to infrared spectroscopy has lagged
well behind that of other detectors. This results from the
fact that PAS involves an acoustic element which makes
the fundamental principles that govern the generation of
the signal extremely different from those of other spec-
troscopic techniques. Therefore, it is not surprising that
FTIRsare poorly designed for PAS applications. Previous
efforts were devoted to increasing the signal-to-noise ratio
of FTIR-PAS (Gordonetal., 1992) such that it approaches
that of DRS. But, admittedly, the signal-to-noise ratio is
potentially much higher for techniques that are solely de-
pendent on photons due to physical constraints. However,
PAS offers several advantages over DRS. PAS requires
no sample preparation. It is a spectroscopic technique
that can analyze an intact kernel. The majority of the
signal arises from the surface of the kernel, and this leads
to a greater sensitivity for detecting F. moniliforme and
A. flavus infections, presumably due to the pattern of
fungal growth as depicted in Figure 4. This pattern was
confirmed by sectioning experiments. The major defi-
ciency of PAS is that the PAS cell can accommodate only
one kernel. Efforts are underway at this time to evaluate
other surface-sensitive techniques that caninstantaneously
analyze large quantities of grain.
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