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Mycotoxins produced by molds are common contaminants of many
important crops, including wheat, corn, rice, and peanuts. Some mycotoxins
are found in fruits and vegetables. These contaminants have a broad range of
toxic effects, including carcinogenicity, neurotoxicity, and reproductive and
developmental toxicity. The occurrence of mycotoxins in foods is an unavoidable
worldwide problem. About 80 countries have imposed regulatory limits to
minimize human and animal exposure to mycotoxins. Regulatory limits,
including international standards, have tremendous economic impact and must
be developed using science-based risk assessments. The purpose of Mycotoxin
Protocols is to provide the scientific and technological basis for analytical
methods for use in obtaining the exposure data needed for risk assessments.

Mycotoxin Protocols is divided into four sections, which are intercon-
nected. The first section: Chapters 1–5 describe the general techniques for
mycotoxin analysis with emphasis on the importance of method validation
based on statistical parameters; sampling procedures for collecting a sample
as representative as possible of a bulk lot; the isolation of mycotoxins for use
as analytical standards or for toxicological studies; the evaluation of purity
and preparation of standards; and the detection and identification of impuri-
ties in isolated mycotoxins. Sections 2–4: Chapters 6–19 describe the most
current chromatographic and immunochemical methods for studies on the major
mycotoxins. The equipment, reagents, and procedures are given in great detail
for the analysis of aflatoxins, aflatoxin M

1
, cyclopiazonic acid, ochratoxin A,

deoxynivalenol and other trichothecenes, moniliformin, fumonisins,
zearalenone, Stachybotrys toxins, citrinin, patulin, ergot alkaloids, and Alter-
naria toxins.

Almost half of the methods are the molecular-based immunochemical or
immunochemical/chromatographic techniques. The modern era of immunoas-
say techniques began with the development of a radioimmunoassay technique
for insulin by Yalow and Berson in 1959. Although aflatoxin was discovered
in 1960, immunochemical methods for mycotoxin analysis did not become
widely used until commercial kits were developed in the 1980s. Immunochemi-
cal methods have now become an integral part of advanced techniques, such
as mass spectrometric analysis, and complement such other useful analytical
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procedures as thin layer chromatography, liquid chromatography, and capillary
electrophoresis. With the development of biosensors, immunochemical meth-
ods will probably become the methods of choice for mycotoxins in the future.

We trust that readers will find each chapter of Mycotoxin Protocols helpful
and informative for their own analytical needs. We wish to thank the authors
for their enthusiastic and diligent work in preparation of this book.

Mary W. Trucksess, PhD
Albert E. Pohland, PhD
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Sampling Techniques

Thomas B. Whitaker

1. Introduction
It is important to be able to detect and quantify the mycotoxin concentration

in food and feedstuffs destined for human and animal consumption. In research,
regulatory, and quality assurance activities, correct decisions concerning the
fate of commercial lots can only be made if mycotoxin test procedures are
accurate and precise. However, it is difficult to estimate accurately and pre-
cisely the mycotoxin concentration in a large bulk lot because of the large
variability associated with the mycotoxin test procedure (1–8). A mycotoxin
test procedure is a complicated process and generally consists of 3 steps: (a) a
sample is taken from the lot, (b) the sample is ground in a mill to reduce par-
ticle size, and a subsample is removed from the comminuted sample for extrac-
tion, and (c) the mycotoxin is extracted from the comminuted subsample and
quantified. There have been several reviews published describing accepted pro-
cedures for sampling, sample preparation, and analysis for agricultural com-
modities (9–15). Even when using accepted procedures, there are errors (the
term error will be used to denote variability) associated with each of the above
steps of the mycotoxin test procedure. Because of these errors, the true myc-
otoxin concentration in the lot cannot be determined with 100 percent certainty
by measuring the mycotoxin concentration in the sample taken from the lot.

In this chapter we will discuss the different sources of variability that are
associated with testing agricultural commodities for mycotoxins. Specifically,
we will concentrate on the testing of agricultural commodities for aflatoxin
since most published literature is concerned with this mycotoxin. We will show
how to reduce the variability of mycotoxin test results and how to design test-
ing programs to determine the mycotoxin level of a contaminated lot as accu-
rately and precisely as resources will permit.
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2. Variability of Mycotoxin Test Procedures
Assuming accepted test procedures are used to estimate the mycotoxin con-

centration of a bulk lot, random variation still exists among replicate myc-
otoxin tests on the same bulk lot. For example, 10 replicated aflatoxin test
results from each of 6 contaminated shelled peanut lots are shown in Table 1
(16). Each test was made by (a) comminuting a 5.45 kg sample of peanut ker-
nels in a subsampling mill developed by Dickens and Satterwhite (17,18), (b)
extracting aflatoxins from a 280 g subsample with the AOAC Method II (BF
method), and (c) quantifying the aflatoxins densitometrically using thin layer
chromatography (TLC). The 10 aflatoxin test results from each lot are ranked
from low to high to demonstrate several important characteristics about repli-
cated aflatoxin test results taken from the same contaminated lot.

First, the wide range among replicated test results from the same lot reflects
the large variability associated with estimating the true mycotoxin content of a
bulk lot. In Table 1, the variability is described by both the standard deviation
and the coefficients of variation (CV). The maximum test result can be four to
five times the lot concentration (the average of the 10 test results is the best
estimate of the lot concentration). Secondly, the amount of variation among
the 10 test results appears to be a function of the lot concentration. As the lot
concentration increases, the standard deviation among test results increases,
but the standard deviation relative to the lot mean, as measured by the CV,
decreases. Thirdly, the distribution of the 10 test results for each lot in
Table 1 are not always symmetrical about the lot concentration. The distri-
butions are positively skewed, meaning that more than half of the sample test

Table 1
Distribution of Aflatoxin Test Results for Ten 5.4 kg Samples
from Each of Six Lots of Shelled Peanutsa,b

Lot Sample Test Result Mean SDc CVd

Number (ppb) (ppb) (ppb) (%)

1 0 0 0 0 2 4 8 14 28 43 10 15 150
2 0 0 0 0 3 13 19 41 43 69 19 24 126
3 0 6 6 8 10 50 60 62 66 130 40 42 105
4 5 12 56 66 70 92 98 132 141 164 84 53 63
5 18 50 53 72 82 108 112 127 182 191 100 56 56
6 29 37 41 71 95 117 168 174 183 197 111 66 59

aFrom Whitaker et al. (1972).
bAflatoxin test results are order by aflatoxin ppb.
cSD = Standard Deviation.
dCV = Coefficient of Variation = (SD/mean × 100).
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results are below the lot concentration. However, the distribution of sample
test results becomes more symmetrical as the lot concentration increases. This
skewness can be observed by counting the number of test results above and
below the lot concentration in Table 1. If a single sample is tested from a
contaminated lot, there is more than a 50% chance that the sample test result
will be lower than the true lot concentration. The skewness is greater for small
sample sizes and the distribution becomes more symmetrical as sample size
increases (19).

The variability shown in Table 1 is the sum of the variability associated
with each step of the mycotoxin test procedure. As shown in Fig. 1, the total
variability (using variance as the statistical measure of variability) associated
with a mycotoxin test procedure is equal to the sum of the sampling, sample
preparation, and analytical variances associated with each step of the myc-
otoxin test procedure.

VT = VS + VSS + VA (1)

Examples of the magnitude of the variability associated with each step of a
mycotoxin test procedure (Eq. 1) are given in the sections below.

3. Sampling Variability

There are two important aspects that can affect sampling variability. First is
the sample selection procedure, and second is the distribution among contami-
nated particles within a lot. Generally, using proper sampling equipment and
procedures can minimize any effect of sample selection, but only increasing
sample size can reduce the effects of the distribution among contaminated par-
ticles within a lot on sampling variability. These two aspects affecting sam-
pling variability are discussed below.

Fig. 1. Types of error associated with mycotoxin testing.
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3.1. Sample Selection Methods

Procedures used to take a sample from a bulk lot are extremely important.
Every individual item in the lot should have an equal chance of being chosen
(called random sampling). Biases will be introduced by the sample selection
methods if equipment and procedures used to select the sample prohibit or
reduce the chances of any item in the lot from being chosen (20). If the lot has
been blended thoroughly from the various material handling operations, then
the contaminated particles are probably distributed uniformly throughout the
lot. In this situation, it is probably not too important from what location in
the lot the sample is drawn. However, if the product is contaminated
because of moisture leaks or for other reasons, then the mycotoxin con-
taminated particles may be located in isolated pockets in the lot (21). If the
sample is drawn from a single location, the contaminated particles may be
missed or too many contaminated particles may be collected. Because con-
taminated particles may not be distributed uniformly throughout the lot, the
sample should be an accumulation of small portions taken from many different
locations throughout the lot (22,23). The accumulation of many small incre-
mental portions is called a bulk sample. If the bulk sample is larger than
desired, the bulk sample should be blended and subdivided until the desired
sample size is achieved. The smallest size sampling unit used before the sample
preparation step to estimate the lot mycotoxin concentration is often called the
test sample. It is generally more difficult to obtain a representative (lack of
bias) sample from a lot at rest (static lot) than from a moving stream of the
product (dynamic lot).

3.1.1. Static Lots

Examples of static lots are commodities contained in storage bins, railcars,
or many small containers such as sacks. When drawing a sample from a bulk
container, a probing pattern should be developed so that product can be col-
lected from different locations in the lot. An example of several probing pat-
terns used by the Agricultural Marketing Service to collect samples from bulk
peanut lots is shown in Fig. 2. The sampling probe should be long enough to
reach the bottom of the container when possible. As a general rule, several
hundred grams of sample should be drawn per 1000 kg of commodity.

When sampling a static lot in separate containers such as sacks, the sample
should be taken from many containers dispersed throughout the lot. When stor-
ing sacks in a storage facility, access lanes should be left in order to gain access
to interior sacks. The recommended number of sacks sampled can vary from
one-fourth of the sacks in small lots to the square root of the number of sacks
for large lots (24).
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If the lot is in a container where access is limited, the sample should be
drawn when the product is either being removed from or being placed into the
container. If the accumulated bulk sample is larger than required, the bulk
sample should be thoroughly blended and reduced to the required test sample
size with a suitable device such as a riffle divider.

3.1.2. Dynamic Lots

True random sampling can be more nearly achieved when selecting a bulk
sample from a moving stream as the product is transferred (i.e., conveyor belt)
from one location to another. When sampling from a moving stream, small
increments of product should be taken along the entire length of the moving
stream; composite all the increments of product to obtain a bulk sample; if the
bulk sample is larger than required, then blend and subdivide the bulk sample
to obtain the desired size test sample.

Automatic sampling equipment such as cross-cut samplers (Fig. 3) are com-
mercially available with timers that automatically pass a diverter cup through

Fig. 2. Example of several five- and eight-probe patterns used by the USDA to
sample farmers stock peanuts for grade and support price.
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the moving stream at predetermined and uniform intervals. When automatic
equipment is not available, a person can be assigned to manually pass a cup
though the stream at periodic intervals to collect the bulk sample. Whether
using automatic or manual methods, small increments of product should be
collected and composited at frequent and uniform intervals throughout the
entire time product flows past the sampling point.

Cross-cut samplers should be installed in the following manner: (1) the plane
of the opening of the sampling cup should be perpendicular to the direction of
flow; (2) the sampling cup should pass through the entire cross sectional area
of the stream; and (3) the opening of the sampling cup should be wide enough
to accept all items of interest in the lot. As a general rule, the width of the
sampling cup opening should be two to three times the largest dimensions of
the items in the lot.

Fig. 3. Automatic cross-cut sampler.
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The size of the bulk sample, S in kg, taken from a lot by a cross-cut sampler is:

S = (D) (L) / (T) (V) (2)

where D is the width of the sampling cup opening in cm, L is the lot size in kg,
T is interval or time between cup movement through the stream in seconds, and
V is cup velocity in cm/s.

Eq. 2 can also be used to compute other terms of interest such as the time
between cuts, T. For example, the required time, T, between cuts of the sam-
pling cup to obtain a 10 kg sample from a 30,000 kg lot where the sampling cup
width is 5.08 cm (2 inches), and the cup velocity through the stream 30 cm/s.
Solving for T in Eq. 2, T = (5.08 cm × 30,000 kg)/(10 kg × 30 cm/s) = 508 s.

If the lot is moving at 1000 kg/min, the entire lot will pass through the sam-
pler in 30 min and only three or four cuts will be made by the cup through the
lot. This may be considered too infrequent, in that too much product passes
through the sampler between the time the cup cuts through the stream. The
interaction among the variables in Eq. 2 need to be fully understood in terms of
the amount of sample accumulated and the frequency of taking the product.

3.2. Contamination Distribution

Studies by researchers on a wide variety of agricultural products (peanuts,
cottonseed, shelled corn, and pistachio nuts) indicate that, especially for small
sample sizes, the sampling step is usually the largest source of variability asso-
ciated with the mycotoxin test procedure (1–8). Accepted sample selection
equipment and procedures were used to minimize any effects due to sample
selection methods. Sampling error is large because of the extreme distribution
among contaminated particles within a lot. Aflatoxin studies on peanuts sug-
gest about 0.1% of the kernels in the lot are contaminated and the concentra-
tion on a single kernel may be extremely high. Cucullu et al. (25,26) reported
aflatoxin concentrations in excess of 1,000,000 ng/g (parts per billion, ppb) for
individual peanut kernels and 5,000,000 ng/g for cottonseed. Shotwell et al.
(27) reported finding over 400,000 ng/g of aflatoxin in a corn kernel.

Because of this extreme range in aflatoxin concentrations among a few con-
taminated kernels in a lot, variation among replicated sample test results tends
to be large. As an example, the sampling variance associated with testing
shelled corn, VSs, was estimated empirically (3) and is shown in Eq. 3.

VSs = 3.95M/WSs (3)

where M is the aflatoxin concentration in the lot in nanograms of total afla-
toxin per g of corn (ng/g) or parts per billion (ppb), WSs is the mass of shelled
corn in the sample in kg (kernel count per gram was 3.0). From Eq. 3 one can
see that the sampling variance is a function of the lot concentration M and
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sample size WSs. The sampling variance associated with taking a 0.91 kg
(2 lb) sample from a lot of shelled corn at 20 ppb is 86.9. The coefficient of
variation is 47%.

Researchers have developed equations to describe the sampling variance for
several commodities and several mycotoxins (1–8). The equations are specific
for the type of mycotoxin and the type of product studied.

4. Sample Preparation Variability
Once the test sample has been taken from the lot, the sample must be

prepared for aflatoxin extraction. Since it is not practical to extract the
mycotoxin from a large test sample, the mycotoxin is usually extracted from a
much smaller portion of product (subsample) taken from the test sample. If the
commodity is a granular product such as shelled corn, it is essential that the
entire test sample be comminuted in a suitable mill before a subsample is
removed from the test sample (9). Removing a subsample of whole seed
from the test sample before the comminution process would eliminate the
benefits associated with the larger size sample of granular product. After
the sample has been comminuted, a subsample is removed for mycotoxin
extraction. It is assumed that the distribution of contaminated particles in
the comminuted sample is similar to the distribution among contaminated
kernels found in the lot. As a result, there is also variability among repli-
cated subsamples taken from the same test sample. However, the sample
preparation variance is not as large as the sampling variance due to the large
number of comminuted particles in the subsample. An example of sample
preparation variance for aflatoxin and shelled corn, VSSs, is shown below in
Eq. 4 (3).

VSSs = 0.0125M/WSSs (4)

where M is the aflatoxin concentration in the comminuted test sample in ppb,
and WSSs is the mass in kg of comminuted shelled corn in the subsample. The
variance in Eq. 4 also reflects a particle size that will pass through a number 20
screen. From Eq. 4, it can be seen that the sample preparation variance is also
a function of the aflatoxin concentration in the sample and the subsample size.
The sample preparation variance associated with a 0.05 kg subsample taken
from a sample at 20 ppb is 5.0 and the CV is 11%.

Researchers have developed equations to describe the sample preparation
variance for several commodities, type mills, and mycotoxins (1–8,28). The
equations are specific for the type mycotoxin, type mill, and the type product
used in the study. The type mill effects the particle size distribution. If the
average particle size decreases (number of particles per unit mass increases),
then the subsampling variance for a given size subsample decreases.
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5. Analytical Variability
Once the subsample is removed from the comminuted test sample, the myc-

otoxin is extracted. Analytical methods usually involve several steps such as
solvent extraction, centrifugation, drying, dilution, and quantification (10). As
a result, there can be considerable variation among replicated analyses on the
same subsample extract. The analytical variance, VAbf, associated with AOAC
method II extraction and clean-up procedures along with TLC and densitomet-
ric quantification techniques to measure aflatoxin in peanuts (BF method) is
given by Eq. 5 (1).

VAbf = 0.064M1.93/Nbf (5)

where M is the aflatoxin concentration (ppb) in the subsample, and Nbf is the
number of aliquots quantified by TLC methods. For example, at 20 ng/g, the
variance and CV associated with the BF method is 20.9 and 22.8%, respec-
tively. Studies on the BF method (30) indicate that the thin layer chromatogra-
phy quantification step is the major source of variability in the analytical
process associated with analyzing peanuts for aflatoxin.

If extraction and cleanup contribute only a small portion of the total analyti-
cal variance, then the immunoassay and high performance liquid chromato-
graphy (HPLC) type analytical methods should have lower variances than
methods that use TLC quantification techniques. Hagler and Whitaker (31),
and Dorner and Cole (32) independently measured the analytical variance
associated with HPLC type methods to measure aflatoxin in peanuts. Even
though Hagler and Dorner used slightly different extraction and cleanup pro-
cedures (31–33), both obtained almost identical results. The relationship
between variance and aflatoxin concentration of Hagler’s study for HPLC are
given below.

VAh = 0.0048M1.75/Nh (6)

where M is the aflatoxin concentration in the subsample and Nh is the number
of aliquots quantified by the HPLC procedure. At 20 ng/g, the variance and CV
associated with the HPLC method is 0.9 and 4.8%, respectively. A CV of 4.8%
associated with HPLC is much lower than the 22.8% associated with the BF
method using TLC quantification techniques.

Immunoassay techniques are a more recent analytical development to mea-
sure mycotoxins in agricultural commodities such as peanuts, corn, and cot-
tonseed. Food and feed industries, researchers, and regulatory agencies have
studied the variability associated with immunoassay-type analytical methods
(34,35; Whitaker, unpublished data, 1991). The variability one might expect
using an immunoassay-type analytical method to quantify aflatoxin in peanut
products is given below.
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VAi = 0.013M1.57/Ni (7)

where M is the aflatoxin concentration in the subsample and Ni is the number
of aliquots quantified by the immunoassay procedure. Eq. 7 reflects the pool-
ing of variance data from corn, cottonseed, and peanuts. From Eq. 7, the vari-
ance associated with quantifying the aflatoxin in a subsample at 20 ppb using
an immunoassay method is 1.9, and the CV is 7%. The variability associated
with immunoassay type methods appears to be less than TLC methods and
more than HPLC methods.

All of the analytical variance information described above reflects results
from single laboratories and do not reflect among laboratory variances. As a
result, some laboratories may have higher or lower variances than those
reported in Eq. 5, 6, and 7. Among laboratory variance is about double the
within laboratory variance (36).

6. Reducing Variability of Test Procedure

The only way to achieve a more precise estimate of the true lot concentra-
tion is to reduce the total variability or the variability associated with each step
of the mycotoxin test procedure. The sampling variability can be reduced by
increasing the size of the sample. The sample preparation variability can be
reduced either by increasing the size of the subsample and/or by increasing
the degree of comminution (increasing the number of particles per unit mass
in the subsample). The analytical variance can be reduced by either increasing
the number of aliquots quantified by the analytical method and/or using more
precise quantification methods (using HPLC instead of TLC). If the variability
associated with one or more of these steps can be reduced, then the total vari-
ability associated with a mycotoxin test result can be reduced.

For example, the expected total variance associated with testing a shelled
corn lot at 20 ppb when using a 0.91 kg sample, taking a 50 g subsample from
a comminuted sample, and using an immunoassay analytical method for quan-
tification can be estimated by summing the variances (equation 1) calculated
using Eqs. 3, 4, and 7.

VT = 86.9 + 5 + 1.9 = 93.8 (8)

The variance, standard deviation, and CV associated with the total aflatoxin
test procedure described above is 93.8, 9.7, and 48.4%, respectively. The sam-
pling, subsampling, and analytical variances account for 92.6, 5.3, and 2.1% of
the total testing variance, respectively. The major variance component is sam-
pling which accounts for 92.6% of the total testing variation. It appears that the
best use of resources to reduce the total variance of the test procedure would be
to increase sample size. Increasing the sample size by a factor of five from 0.91
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to 4.54 kg will cut the sampling variance in Eq. 8 by a factor of five to 17.4.
The total variance with the 4.45 kg sample now becomes (Eq. 9):

VT = 17.4 + 5.0 + 1.9 = 24.3 (9)

The variance, standard deviation, and CV associated with the total testing pro-
cedure has been reduced to 24.3, 4.9, and 24.6%, respectively.

The range of mycotoxin test results associated with any size sample and
subsample, and number of analyses can be estimated from the standard devia-
tion SD (square root of the total variance). Approximately ninety-five percent
of all test results will fall between a low of (M – 1.96*SD) and a high of (M +
1.96*SD). The two expressions are only valid for a normal distribution where
test results are symmetrical about the mean. The distribution among aflatoxin
test results is usually skewed, but will approach a symmetrical distribution as
the sample size becomes large. The effect of increasing sample size on the
range of test results when testing a contaminated lot of shelled corn that has 20 ppb
aflatoxin is shown in Table 2. We can see that the range doesn’t decrease at a
constant rate as sample size increases. For example, doubling sample size
has a greater effect on decreasing the range at small sample sizes than at large
sample sizes. This characteristic suggests that increasing sample size beyond a
certain point may not be the best use of resources and that increasing subsample

Table 2
Range of Aflatoxin Estimates for 95% Confidence Limits
When Testing a Contaminated Lot of Shelled Corn
with 20 ppb Using Different Sample Sizes.

Sample Standard
Size Deviationa Lowb Highc

(kg) (ppb) (ppb) (ppb)

1 9.2 2.0 38.0
2 6.8 6.7 33.3
4 5.2 9.8 30.2
8 4.1 12.0 28.0
16 3.4 13.3 26.7
32 3.1 13.9 26.1

aStandard deviation reflects sample size shown in table plus a 50 g
subsample that will pass a #20 screen and immunoassay analytical
method. Sample preparation plus analytical standard deviation = 2.6 and
is constant for all sample sizes.

bLow = 20 - 1.96(standard deviation)
cHigh = 20 + 1.96(standard deviation)
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size or number of analyses may be a better use of resources in reducing the
range of test results once sample size has become significantly large.

As indicated above, there are methods other than increasing sample size to
reduce the total variance associated with testing a commodity for a mycotoxin.
Different costs are associated with each step of the mycotoxin test procedure,
and careful study is required to determine the test procedure that will provide
the lowest variance for a given cost. The optimum balance in sample size,
degree of comminution, subsample size, number and type of analysis will vary
with the costs involved with each step of the testing procedure. In general, the
costs of properly designed mycotoxin test procedures will increase as the total
variance is reduced.

7. Conclusions
Because of the variability associated with a mycotoxin test procedure, it is

difficult to determine with 100% certainty the true concentration of a bulk lot.
Even when the sample is correctly selected, there will be variability associated
with the mycotoxin test procedure. The variance associated with a mycotoxin
test procedure is the sum of sampling, sample preparation, and analytical vari-
ances. For small sample sizes, sampling is usually the largest source of vari-
ability. The variability associated with a mycotoxin test procedure can be
reduced by increasing sample size, the degree of sample comminution,
subsample size, and the number of aliquots quantified.
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