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Ideally, grain placed in storage should be high qual-
ity, without disease or structural damage. Grain 
entering the storage facility usually has some dam-
age due to preharvest diseases. Damage and break-
age also occur during harvest, drying, and grain 
transfer. Keeping grain moisture content below the 
level required by fungi (mold) to grow (Chapter 6) 
will minimize spoilage. Poor quality grain is more 
likely to spoil, especially during the warmer months. 
Managers should monitor grain diligently. When 
mycotoxins become an issue, managers should have a 
plan for testing grain to assure mycotoxins are below 
levels acceptable for marketing or safely feeding 
livestock.

Grain Odor
All grain has odor. Distinguishing good quality 
grain from grain spoiled because of fungal growth 
is easy. Grain odor comes from volatile metabolites 
(chemicals) naturally produced by the grain. They 
are a mixture of numerous classes of small mol-
ecules including short chain hydrocarbons, terpenes, 
aldehydes, and alcohols (Buśko et al. 2010). Grain 
spoiled by fungal growth has an off-odor that can be 
described as musty, sour, earthy, or even putrid. Each 
of these odors is caused by one or more volatile fun-
gal metabolites. The molecules often responsible for 
grain with musty and earthy odor have been identi-
fied as geosmin (a terpene) and 2-methylisoborneol 
(structure similar to camphor) ( Jelenä et al., 2003). 
The human olfactory threshold for these metabolites 
is low, and the average person can detect concentra-
tions that are in the part-per-trillion range (Polak 

and Provasi, 1992). Facility managers should monitor 
the headspace of grain storage units for these easy to 
smell off-odors

Research on electronic nose technologies suggests 
that equipment that can provide early warning of 
grain spoilage and mycotoxin production will be 
available in the future (Campagnoli et al. 2009, 
2011). Some sensors include small semiconduc-
tors coated with materials that interact with volatile 
compounds. Computer programs are needed to 
recognize the signature of the targeted odor mole-
cules. Research shows that fungal metabolites can be 
detected, but it is not possible to establish the rela-
tionship between a measured amount of metabolite 
and the level of fungal growth or spoilage. Producing 
equipment to withstand the rough conditions of the 
grain facility is also a challenge.

Off-odor is pervasive. When off-odor grain is mixed 
with good quality grain, the good grain will not 
mask the off-odor. Eliminating odor can be difficult. 
Extensive aeration can reduce the off-odor if damage 
is not severe (see Chapter 11). Treating grain with 
ozone (O3) can remove off-odor. Ozone is a strong 
oxidizing gas that can be produced by electrical 
corona discharge in air (Hosselet, 1973). Ozone can 
destroy off-odor volatiles, but the treatment also will 
reduce or change the other molecules that give grain 
its particular smell. When the treatment is done 
correctly, the off-odor will be removed and the grain 
will smell like good quality grain. The treatment will 
not affect the quality of the grain for its end-product 
usage (Mendez et al. 2003).
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Other Methods of 
Monitoring Fungi
Chapter 23 describes the production of carbon diox-
ide (CO2) and heat by fungi and insects during the 
formation of hot spots of spoilage in a grain mass. 
Temperature monitoring by a sensor within the 
grain is unlikely to detect a hot spot early unless it is 
located within inches. CO2 detection appears to have 
great potential as a means of monitoring for spoilage 
(Ileleji et al., 2006). Sensors placed in the headspace 
of a grain storage unit or at fan exhausts can monitor 
normal CO2 levels and detect significant increases 
due to fungal or insect activity.

Routine monitoring of the average moisture and 
temperature during grain storage can alert manag-
ers to changes that may lead to spoilage. Chapter 6, 
Table 1 provides equilibrium moisture content for 
corn and wheat. Maintaining low relative humidity 
(65%) between grain kernels will assure that spoilage 
by fungi will not be an issue. See Chapter 11 for a 
discussion about using aeration to maintain proper 
temperature and moisture conditions.

Mycotoxin Contamination
Numerous mycotoxins have been identified in grain, 
including citrinin, cyclopyazonic acid, moniliformin, 
patulin, sterigmatocystin, trichothecenes, zearale-
none, fumonisins, ochratoxins, and aflatoxins. Only a 
few of these occur often enough to warrant routine 
screening. Chapter 6 describes the major mycotoxins 
— aflatoxin, fumonisin, zearalenone, and deoxni-
valenol — produced by fungi that cause preharvest 
diseases of corn and wheat. 

Monitoring grain in disease affected areas at harvest 
is necessary to prevent contaminated grain from 
entering the food and feed supply chains. Aflatoxin 
and ochratoxin are also found in hot-spot formations 
within stored grain. It is impossible to determine if 
grain is contaminated with mycotoxins by looking 
at it with the naked eye. Aflatoxin-producing fungi 
(Aspergillus flavus and Aspergillus parasiticus) can be 
detected on corn by examining kernels with a black 
light (long-wave ultraviolet) to indicate potential 
contamination. If kernals show a bright green-yellow 
fluorescence (BGYF) aflatoxin is indicated, and grain 
should be tested. The greater the percentage of ker-
nels that show BGYF, the higher the probability that 
aflatoxin is at significant levels. This test is prone to 

false positives and negatives, and it does not indicate 
aflatoxin concentration. The only way to determine 
if grain is contaminated is to have it analyzed for 
mycotoxins.

Sampling grain for mycotoxin 
analysis
Once the decision has been made to test grain for 
mycotoxins, the most important step is to obtain a 
sample that is representative of the entire grain mass. 
Mycotoxin-contaminated grain will not be uniformly 
distributed. Some areas will be highly contaminated, 
and other areas will have little or no contamination. 
Individual kernels will vary greatly in the amount of 
mycotoxin they contain. As a result, the probability 
for obtaining an accurate assessment from just a 
handful of grain is zero. 

Most of the error in the mycotoxin analysis will be 
attributable to sampling error. An online reference, 
Grain Inspection Handbook, that describes various 
sampling methods for grain structures, trucks, and 
railcars is available from the USDA Grain Inspec-
tion, Packers, and Stockyards Administration 
(GIPSA). The handbook includes several chapters 
on grain sampling. It recommends taking multiple 
samples — usually 10 but no less than three — from 
different locations and depths in the grain mass 
and periodically collecting samples from the mov-
ing stream of grain during loading or unloading. 
Samples should be combined and mixed well to 
form a composite sample that is ground and tested 
for mycotoxin. GIPSA recommends a sample size of 
10 pounds (4.5 kg) for corn. Taking fewer samples or 
collecting less grain will increase the probability for 
error in determining mycotoxin level.

Mycotoxin analysis
Locating a laboratory that provides mycotoxin test-
ing of grain samples can be difficult. Check with 
the local extension service or grain association for a 
list of laboratories that offer testing services. Most 
university veterinary schools have a toxicology labo-
ratory that provides mycotoxin analysis. Also many 
of the grain certification offices perform mycotoxin 
testing. Drawbacks to sending grain out for test-
ing are high cost and time required to receive the 
results, which can be several days. The alternative is 
to use one of the commercial rapid test kits. Some 
of the best known companies include Romer Labs, 
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Vicam, Charm, and Neogen. All the commercial test 
kits use some form of immunoassays. This technol-
ogy takes advantage of antibodies that are specific to 
one mycotoxin. Antibodies can bind to a particular 
mycotoxin in a mixture of grain extract, making 
detection and quantification possible.

Analysis of mycotoxins by 
chromatography
Traditional mycotoxins analysis methods are based 
on some form of chemical chromatography. These 
technologies, which include thin-layer chromatog-
raphy (TLC), high-performance liquid chroma-
tography (HPLC), and gas chromatography (GC), 
separate mycotoxins by their chemical interaction 
with silica-based, solid-phase materials. Silica, which 
is primarily silicon dioxide, is what makes up sand at 
the beach.

Thin-layer chromatography (TLC) – TLC 
is the least sophisticated of the chromatography 
methods for mycotoxin analysis (Betina 1985). 
Extracts from grain samples are spotted onto a plate 
of glass (also metal or plastic) that is coated on one 
side with a thin layer of silica gel. Depending on the 
size of the plate, multiple samples can be placed in 
a line near the bottom of a plate. Once the samples 
are spotted, the plate is placed on edge into a tank 
containing a shallow level of organic solvent(s). The 
solvent moves up the plate by capillary action, carry-
ing the mycotoxin. 

Separation is achieved by the relative solubility of 
the mycotoxin in the solvent mixture and its interac-
tion with the silica gel. The mycotoxin will migrate 
to a specific distance from its spotted origin. This is 
measured as the Rf, which is relative to the solvent 
front. Mycotoxins are visualized on the plate sev-
eral ways, including examination under UV, as with 
aflatoxin, and by spraying the plate with a reagent 
followed by heating in an oven, as with fumonisins. 
Running mycotoxin standards of known quantity on 
the TLC plate allows for either quantitative or semi-
quantitative measurements.

High-performance liquid chromatography 
(HPLC) – An HPLC is a fairly expensive machine, 
which in its basic form consists of one or two pumps, 
a separation column, and a detector. Higher end 
machines include add-on devices such as auto-
sample-injectors. The silica material used in HPLC 

is packed into a small steel column that can with-
stand high pressure. Reverse-phase columns often 
are used for mycotoxin analysis. A molecule such as 
a C18 alkyl chain is attached to the silica, creating 
a hydrophobic layer. Extracts from grain samples 
are injected into the solvent stream that is flowing 
through the column. Movement of the mycotoxin 
molecules is slowed by their interaction with the 
column material, and by the time they reach the end 
of the column, separation from other metabolites in 
the sample has been achieved. Once the mycotoxin 
leaves the column, the solvent carries it to some type 
of detector. The most common detectors measure 
UV absorbance or fluorescence. Identification of 
the mycotoxin is based on the retention time on the 
column, which is compared to a standard. A mass 
spectrometer also can be used as detector. Regard-
less of which detector is used, mycotoxin quanity 
is determined by comparison with a concentration 
curve obtained from known mycotoxin standards.

Gas chromatography (GC) – A GC machine is 
commonly used for the analysis of the trichothecene 
mycotoxins such as deoxynivalenol and T-2 toxin 
(Kientz and Verwej 1986). This machine, which is 
also quite expensive, consists of a high tempera-
ture oven, a separation column, and a detector. GC 
columns are long coils of tubing that are often lined 
with fused silica coated with various silicon deriva-
tives, which give columns specific separation proper-
ties. For GC analysis, the mycotoxin must be volatile 
because the carrier through the column is an inert 
gas such as helium. Mycotoxins are not volatile com-
pounds, so extracts from grain must be treated with 
trimethylsilane (or other reagents) that bind to the 
mycotoxin making the mixture volatile when heated 
to the operating temperature of the GC (above 
200°C). A grain sample is injected into the gas flow 
that is running through the GC column. Separation 
is achieved by the interaction of the mycotoxin with 
the column material, which slows movement of the 
mycotoxin. From the column, the mycotoxin flows 
into a detector, which can be a mass spectrometer, 
a flame ionization detector (FID) or an infrared 
spectrometer (FTIR). As with HPLC, identifica-
tion of the mycotoxin is based on the retention time 
on the column, and quantification is determined by 
comparison with a concentration curve made with 
mycotoxin standards.
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Analysis of mycotoxins by rapid-
test kits
There are two main formats used in commercial 
rapid-test kits sold for mycotoxin analysis: enzyme 
linked immune-sorbent assay (ELISA) and lateral 
flow strips (Figure 1). Both are based on competition 
for binding to specific antibodies, which are fused to 
the bottom of the ELISA assay cup and at a loca-
tion on the lateral flow strips. Mycotoxins in a grain 
sample compete with a known amount of standard 
mycotoxin that is mixed with the grain sample 
extract. Depending on the type of test, the standard 
mycotoxin is conjugated to a molecule which facili-
tates the optical reporting of the mycotoxin level 
(Zheng et al. 2006). Thus, more mycotoxin in the 
grain sample results in less binding of the standard 
mycotoxin conjugate to the antibodies in the assay. 

In the ELISA assay, samples with more mycotoxin 
will have less color (Figure 1A). For the lateral flow 
assays, more mycotoxin results in a toxin line that 
is absent or one with much less intensity (Figure 
1C). These tests kits are sold as a quick-screen, 
semi-quantitative or quantitative. The quick-screen 
kits test for a threshold level of mycotoxin. These 
tell the user whether a sample has more than the 

threshold level, such as 20 ppb aflatoxin. Kits are 
convenient for testing feed and are often used at 
grain elevators to test incoming grain. ELISA kits 
can be quantitative, and the lateral-flow assays can 
be semi-quantitative. Measurements will require the 
user to purchase a device from the kit provider that 
is specific to the kit manufacturer. Readers currently 
cost around two thousand dollars. Companies that 
sell these kits also provide or sell materials needed 
for sample extraction, clean up, and running the tests.

Immunoaffinity columns (IAC) are also commer-
cially available and widely used for sample clean-up 
and mycotoxin analysis (Scott and Trucksess, 1997; 
Zheng et al. 2006). The IAC contains antibodies that 
are immobilized onto a solid support such as agarose 
gel in phosphate buffer contained in a small plastic 
cartridge. The sample extract is applied to an IAC 
containing specific antibodies to a certain mycotoxin. 
Then the mycotoxin binds to the antibody and water 
is passed through the column to remove any impuri-
ties. Finally, by passing a solvent through the column, 
the captured mycotoxin is removed from the anti-
body and eluted from the column. The mycotoxin 
is then further developed by addition of a chemical 
substance to either enhance fluorescence or render 

Figure 1. A) ELISA results showing the difference between a grain sample containing mycotoxin (left) and one without 
mycotoxin (right). B) Lateral flow strip placed into a cup containing extract from a grain sample. C) Lateral flow strip results 
showing the difference between a grain sample containing mycotoxin (left) and one without mycotoxin (right).
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the mycotoxin fluorescent before measuring in a 
fluorometer.

Future assays
Research continues to apply new technologies to 
the task of measuring mycotoxins. One of these 
new technologies is called fluorescence polarization 
immunoassay (FPI) (Maragos and Plattner 2002; 
Zheng et al. 2006). As with technologies already 
discussed, mycotoxin-specific antibodies are used to 
bind mycotoxins in the grain sample extract. In the 
FPI system, this binding prevents the subsequent 
binding of a tracer molecule, which allows it to freely 
rotate, exhibiting non-polarized fluorescence. The 
more mycotoxin in the sample, the less polarized 
fluorescence is measured (Zheng et al. 2006).

Research is also being conducted on evanescent wave 
technologies such as surface plasmon resonance bio-
sensors (Zheng et al., 2006). The principle of surface 
plasmon resonance is based on the detection of a 
change of the refractive index of the medium when 
an analyte binds to an immobilized partner molecule 
(antibody). The number of analyte molecules bonded 
by antibodies to a thin metal layer correlates with 
the changing of the resonance angle. This application 
has several advantages such as small sample volumes, 
reusable metal chips, and the potential for measuring 
several different mycotoxins simultaneously.
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