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The variability associated with testing lots of
shelled corn for aflatoxin was investigated. Eigh-
teen lots of shelled corn were tested for aflatoxin
contamination. The total variance associated with
testing shelled corn was estimated and partitioned
into sampling, sample preparation, and analytical
variances. All variances increased as aflatoxin
concentration increased. With the use of regres-
sion analysis, mathematical expressions were de-
veloped to model the relationship between afla-
toxin concentration and the total, sampling,

sample preparation, and analytical variances. The
expressions for these relationships were used to
estimate the variance for any sample size,
subsample size, and number of analyses for a spe-
cific aflatoxin concentration. Test results on a lot
with 20 parts per billion aflatoxin using a 1.13 kg
sample, a Romer mill, 50 g subsamples, and liquid
chromatographic analysis showed that the total,
sampling, sample preparation, and analytical vari-
ances were 274.9 (CV =82.9 %), 214.0

(CV =73.1%), 56.3 (CV = 37.5%), and 4.6

(CV = 10.7%), respectively. The percentage of the
total variance for sampling, sample preparation,
and analytical was 77.8, 20.5, and 1.7, respectively.

sands of turkey poults were traced to aflatoxin-contaminated
feed (1).

Aflatoxin is mainly produced by 2 funghspergillus flavus
andAspergillus parasiticu$2), which can easily invade agri-
cultural commodities under favorable environmental condi-
tions, such as high temperature and moisture. The occurence
of aflatoxin in corn and its products is a potential threat to ani-
mal and human health. The U.S. Food and Drug Administra-
tion (FDA) has currently set an aflatoxin guideline of 20 parts
per billion (ppb) in products for all commodities destined for
human consumption (3).

An aflatoxin testing procedure consists of 3 steps: sam-
pling, sample preparation, and analysis. Aflatoxin inspection
and sampling programs have been developed for commodity
industries to help meet FDA legal limits. Processing plants
voluntarily test domestic lots of shelled corn, and some states
offer voluntary aflatoxin testing programs. In addition, the
Grain Inspection, Packers and Stockyards Administration’s
(GIPSA) Federal Grain Inspection Service (FGIS) tests all lots
of shelled corn that are destined for export for the presence of
aflatoxin. The FGIS currently uses a 908 g (2 Ib) representa-
tive test sample for trucks, 1362 g (3 Ib) representative test
sample for railcars, and 4540 g (10 Ib) representative test sam-
ple for barges. The test samples are comminuted in a Romer
mill and a 50 g subsample is riffled out for analysis. The afla-
toxin in the 50 g subsample is extracted with solvents such as
methanol-water. Aflatoxin in the solvent is quantitated by

been proven toxic and carcinogenic (1). This toxin wasimmunoassay (4).

Q flatoxin is a naturally occurring mycotoxin that has various methods such as liquid chromatography (LC) and

first discovered in the 1960s when the deaths of thou- Combining an aflatoxin threshold or a sample acceptance

level with a testing procedure defines a sampling plan. Some
sampling plans use a sample acceptance level below the FDA
legal limit of 20 ppb to ensure that a finished product will meet

Guest edited as a special report on “Sampling Agricultural CommoditiesEp A requirements.

for Aflatoxins” by Thomas B. Whitaker.
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Estimating the true amount of aflatoxin in a lot of shelled

the USDA or the NC Agricultural Research Service of the products named corn is difficult because of the distribution of contaminated

nor criticism of similar ones not mentioned.
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kernels in a lot. Cucullu et al. (5) showed that a small percent- Figure 1 shows the relationships between the 3 major com-
age of peanuts in a lot were contaminated, and some contanpeonents of the total variation associated with testing shelled
nated peanuts had extremely high concentrations of aflatoxirtorn for aflatoxin: sampling, sample preparation, and analysis.
It is assumed that aflatoxin in shelled corn would behave ina A lot of corn with an aflatoxin concentratiddis estimated
similar manner. The variability associated with testing sam-by using a sample of individual corn kernels denote@ a4

ples of shelled corn for aflatoxin was studied to provide a basstatistical model for the variability among aflatoxin test results
for statistically measuring the effectiveness of sampling plansC taken from the same lot can be represented by:

Each component of the total variance (sampling, sample prep-

aration, and analysis) was investigated to show how much C=u+S+SS+ A 1)
each step of the testing procedure contributes to the total test- . o ]
ing variability (6, 7). wherep = the true aflatoxin concentration in the lot being

The objectives of this study were to determine the totaftested S= random deviations of sample concentrations about
variance associated with testing commercial shelled corn foih€ true lot concentration with expected value equal to zero
aflatoxin; partition total variance into sampling, sample prepa&nd varianceé(s) , SS=random deviations of subsample con-
ration, and analytical variability components; and determine&€ntrations about the comminuted sample concentration wit
functional relationships between the variance components arfikPected value equal to zero and variaogg,, andA = ran-

A0(]

p@peo|u

aflatoxin concentration. dom deviations of analytical assay results about subsamp
concentration with the expected value zero and varia@g)a 3
Experimental Ifindependence among the random deviations in Equation 1 ig
assumed, the model for variance can be obtained: g
2
Eighteen lots of shelled corn, suspected of being contami- 2 ’ 2 ’ >
. . e o.., =05, t 05, +0% 2 o
nated with aflatoxin, were collected from 8 counties in North ¢ (s) ¢(sy ¢(a) 8
1 [¢]
Carolina. wherea? , is the total variance associated with the measured:
Theoretical Considerations aflatoxin concentratioQ. §

_ o Total varianceng(t) is the sum of sampling, sample prepa- 3

We assumed that each lot consists of N individual corn ke ation. and analytical variance and depends on sample size
nel_s,_each corn kerne_l hf'iS the same mass and phy_S|caI charggy type, subsample size, number of aliquots, and analytica@
teristics, and that variation of aflatoxin concentration 0CCUrSyrgcedure. o
between kernels. With shelled corn, it is common practice t0  gecause analytical procedures are required to measure

estimate the aflatoxin concentration of a sample kérels,  |5ioxinin a sample or subsample, variance compon}§
represented b§, instead of analyzing aflatoxin on individual andog( cannot be measured directly because of the Sneste

kernelsC,. Cucullu (5) showed that most individual peanuts desig?\,ssl)-lowevefﬁét ﬁé( 3’ andoé can be measured di-
SSi a

have an aflatoxin concentration of zero, but occasionall 2 5 P ;
Y Rectly Whereoé(SS o 1S the combination of sample preparation

peanut may have an extremely high aflatoxin concentration. It 4 analytical variances as shown in Equation 3.
is assumed that aflatoxin in shelled corn behaves in the same

2 _ 2 2
manner. 0-(E(ssa\) - O-CA(ss) + Oé(a) (3)

/oI o

Then sampling and sample preparation variances can
calculated by subtraction.

2 —_ 2 2
oé(s) - Gé(t) - oé(ssa) (4)
2 —_ 2 2
Total Testing Error Og(sy = O¢(ssy ~O¢(a) )

0z 1snBNYy 91 U 198D AQ 2ZHIGIS/HIZ L/

The sampling variancajé(s), represents the variability
among replicate test samples taken from the same lot o
shelled corn. Sample preparation variacx@gS represents the
variability among replicate subsamples taken from the same

—hee

Sampling Sample Prep. Analytical

Error Error Error . . - . . .
sample comminuted in a suitable mill. The analytical vari-
ance,og(a), represents the variability among replicate aliquots
of extracts of a single subsample.

Experimental Design
l Lot }——*{ Sample HSubsamp!eH Analysis ! Two experiments were designed to estimate the variance

components in Equation 2. The first experimental design was

an unbalanced nested procedure designed to produce esti-
2 2 2 H 2

Figure 1. Total variance partitioned into sample, mates oby , , O¢ ., andag - The notatiorg; denotes an es-

i y i . i ér i i .
sample preparation, and analytical components timate ofo. A bulk sample weighing ca 45.4 kg (100 Ib) was



1266 JOHANSSONET AL.: JOURNAL OF AOAC INTERNATIONAL VoL. 83, No. 5, 2000

removed from each lot and divided into 32 test samples ofhe second experimental desigf,, and the lot aflatoxin con-

1.13 kg (2.5 Ib). Each sample was comminuted in a RomecentratiorC were determined for the 15 aliquots from each of

mill. Two 50 g subsamples were removed from 16 of thethe 10 subsamples using the NESTED Procedure in SAS (10).

32 samples and one 50 g subsample was removed from the re-

maining 16 samples. Aflatoxin was extracted from each 50 dresults and Discussion

sample with methanol-water (75 + 25, v/v) in a 2:1 ratio. All

subsamples were analyzed with a single aliquot per Aflatoxin test results for all 18 lots and 32 samples are

subsample. To purify the extract (0.5 mL), it was passechvailable upon request Table 1 reports aflatoxin concentra-

through a Mycosep No. 224 column (8). The aflatoxins weretion, total varlancesCt , sampling vanancesC (¢ and com-

derivatized by a bromine postcolumn derivatization proces$ined sample preparatlon and analytical van&@ge values

and quantitated by LC (9). The unbalanced design was used for each of the 18 lots of shelled corn. The 18 lots, ranked by

keep costs minimal while still providing enough degrees ofaflatoxin concentration in Table 1, range from about 6 to

freedom for adequate variance estimation. 677 ppb. In general, as the aflatoxin concentration increases,

A second experiment was designed to obtain estimates ¢fach variance estimate increases. This reflects the results of

C(a Ten subsamples were chosen from the selected samplggnilar variance relationship studies conducted on other com-

in the first experimental design to produce a wide range of afmodities (6, 11-15).

latoxin concentrations. Analytical varlano%(a) is the esti-

mate of the variance among 15 replicate aliquots of extract

taken from the blender after the extraction process from a sin- The sampling variance estimates from Table 1 show a lin-

gle subsample. All aliquot testing was conducted in the samear relationship with the mean aflatoxin concentration in a full

laboratory to produce an analytical variance that reflectdog plot (Figure 2). Therefore, sampling variance was mod-

within-laboratory variance. The results are recorded in totakled by the following mathematical expression

parts per billion (ppb) and contain the sum of aflatoxins B )

B,, Gy, and G. g =aC’ (6)

From the unbalanced nested desigfh),, &, ., @nd
the lot aflatoxin concentratiofi were determined for each of wherea andb are constants determined by regression analy-
the 18 lots using the NESTED Procedure in SAS (10). Fromsis, and_ is the estimate of aflatoxin concentration measured

Sampling Variance

Table 1. Average aflatoxin concentration, sample variance, and combined sample preparation and analytical
variance components for all 18 lots of shelled corn a

Sample prep. + analytical

Lot No. Aflatoxin concentration, ppb Total variance Sample variance variance
1 5.8 77.4 28.2 49.2
2 6.4 121.0 114.7 6.3
3 6.7 150.9 131.8 19.1
4 8.6 149.7 109.4 40.3
5 11.8 203.0 193.0 10.0
6 15.9 353.0 108.4 244.6
7 18.2 1941 103.9 90.2
8 25.6 413.8 371.9 42.0
9 27.3 590.4 508.2 82.2

10 32.9 557.0 469.5 87.5

11 56.7 370.7 258.9 111.8

12 57.1 887.9 474.8 413.1

13 94.7 1277.4 1106.8 170.5

14 95.6 515.9 4445 71.5

15 113.8 1452.8 1173.6 279.2

16 276.9 5393.1 2933.3 2459.8

17 298.9 7160.9 4012.7 3148.1

18 676.6 31308.1 9096.1 22212.0

@ Testing plan = 1.13 kg sample, Romer Mill, 50 g subsample, and one aliquot quantitated by LC.
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Figure 2. Sampling variance versus aflatoxin concentration for 1.13 kg test samples of shelled corn.

in ppb. Using regression analysis, the relationship betweeance and aflatoxin concentration with a coefficient of determi-
sampling variance and aflatoxin concentration is nation of 0.78 in the full log scale (Figure 3).

£ =1136L°% () g =138 ®)

with a coefficient of determination of 0.89 in the full log scale Analytical Variance

(Figure 2). Table 2 shows analytical variance estim among
the 15 replicated test results for each of the 10 subsamples ag-
alyzed. Generally, as the aflatoxin concentration increase
analytical variance also increased. Figure 4 shows the lineag
Table 1 reports the combined sample preparation and an#€lationship between the analytical variance and the aﬂatoxirg
lytical variance esnmate% . Figure 3 shows the combined concentration in a full log plot. With the use of regression & e
sample preparation and analytlcal variance estimates versagalysis, the following mathematical expression provided a2
aflatoxin concentration in a full log plot. Generally, combined Stitable relationship between the analytical variance and aﬂac,
samp|e preparatmn and ana|yt|ca| variance estimates |ﬁDX|n concentration with a coefficient of determination of 0.92 & <.n

@uoodnoogwepeoeﬁ:sduq wolj papeojumoq
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Figure 3. Combined sample preparation and analytical variance versus aflatoxin concentration for test subsamples
of shelled corn using 50 g subsamples comminuted in the Romer mill, one aliquot per subsample, and LC.
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Table 2. Average aflatoxin concentration, analytical Application of Results

variance, and coefficient of variation among replicate ) ) ) ) )

aflatoxin test results on 15 aliquots quantitated by LC @ Equations 7 through 11 estimate variances associated with
testing a lot of shelled corn for aflatoxin using a 1.13 kg sam-

Subsample Aflatoxin Analytical i i

No. P concantration vari;’:me v, % ple, Romer Mill, 50 g subsample, and LC. Reducing one or

more of the 3 variance components, sampling, sample prepa-
ration, or analytical, reduces the total variance associated with

1 28.3 9.1 10.6 i o - ;
a testing procedure. Statistical theory indicates that an in-
2 58.1 20.7 8 crease in quantity of material tested decreases variance associ-
3 58.7 24.5 8.4 ated with that step of the testing procedure. This helps to esti-
4 68.4 14.5 5.6 mate better the true aflatoxin concentration of the lot of corn.
5 103.7 227 4.6 For example, increasing sample size or number of sample
6 1173 158 34 units reduces sampling variance; increasing subsamplle size or
number of subsample units reduces sample preparation vari-
7 189.0 63.0 42 i ! . ;
ance; and increasing the size of the aliquot or number of
8 433.2 230.9 35 aliquots taken from the blender after the extraction process to
9 876.7 266.6 19 be quantitated by LC reduces analytical variance.
10 937.8 608.4 2.6 Equation 7 can be modified to predict the sampling vari-

) - ance for a given sample size.
@ Analytical procedure = 15 aliquots taken from blender after

extraction and quantitated by LC. R
£ :E;lgﬁllseﬂ o8 (12)
ns

Sample Preparation Variance ] o
wherensis the sample size in kg.

The sample preparation variance in Equation 11 can be
Lpodified to predict the effect of any size subsample
gomminuted in the Romer mill.

Once relationships are developeddtr_, ands? , , Equa-
tion 5 can be used to determine sample preparation varian
sc?(ss). An equation to estimate sample preparation varianc
can be calculated by subtraction of Equation 9 from

50 A
Equation 8. Loy = ékﬂ@lzm:m (13)
oy =138 - 01481 (10)  wherenssis the subsample size in g.

A similar expression can be derived for the analytical vari-

ance described in Equation 9. Modification of Equation 9

Equation 10 can be simplified by regressing the differenceshows the effect of any number of aliquots quantitated by LC.
sc?(ss), on aflatoxin concentratioB. A suitable expression is

shown in Equation 11. £ =BiHID143§“6 (14)
OnaQd
&, =1254C"7 (11) . :
(s9 wherenais the number of aliquots.
1000 &
- X
8 i
g
= 100 ¢
o -
> s
3 [
Z 0% i )
g 3 Séq = 0143C™
[ R*=0.92
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Figure 4. Analytical variance versus aflatoxin concentration for test subsamples of shelled corn using 15 aliquots
per subsample and LC.
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Total variance can be estimated for any sample sizenents. The expressions were used to estimate the variance for
subsample size comminuted in a Romer mill, and number ofiny sample size, subsample size, and number of analyses for a
aliquots quantitated by LC by summing Equations 12specific aflatoxin concentration. For example, testing a lot
through 14. with 20 ppb aflatoxin using a 1.13 kg sample, Romer mill,

50 g subsamples, and LC analysis, the total, sampling, sample

, _[M1295 kel 6270k, 0 143 0 preparation, and analytical variances were 274.9
o = %ns élﬁ i %TSS%E i %na @1165(15) (CV = 82.9%), 214.0 (CV = 73.1%), 56.3 (CV = 37.5%), and
4.6 (CV =10.7%), respectively. The percentage of the total

variance for sampling, sample preparation, and analytical was

With Equation 15, the total variance associated with testing7 g 20.5, and 1.7, respectively. As with testing of aflatoxins
a contaminated lot of shelled corn for aflatoxin at 20 ppb using, gther commodities, sampling contributes the most variabil-

a 1.13 kg sample, Romer Mill, 50 g subsamples, andy foliowed by sample preparation and then analysis.
quantitating 1 aliquot per subsample by LC is 274.9

(CV = 82.9%). Sampling, sample preparation, and analyticakeferences
variances are 214.0 (CV =73.1%), 56.3 (CV = 37.5%), and
4.6 (CV =10.7%), respectively and account for 77.8, 20.5,(1) Rodricks, J.V., & Roberts, H.R. (1977) Iycotoxins: In
and 1.7% of the total variation. Sampling variance accounts  Human and Animal Health).V. Rodricks, C.W. Hesseltine,
for the majority of the total variance, with sample preparation & M.A. Mehlman (Eds), Pathotox, Park Forest South, IL,
accounting for the next largest amount, and analysis with the  pp 753-757
least. This follows the same pattern observed with other com{2) Diener, U.L., Pettit, R.E., & Cole, R.J. (1982)Reanut Sci-
modities (6, 11-15). ence and Technologi.E. Pattee, & C.T. Young (Eds),
The effect of increasing sample size on reducing testing American Peanut Research and Education Society, Inc.,
variability can be demonstrated with Equation 15. Testing a __ Yoakum. TX, pp 486-487
contaminated lot of shelled corn for aflatoxin at 20 ppb using a(®)  Food and Agriculture Organization (19950 Food and
5 kg sample, Romer Mill, 100 g subsamples, and quantitating gg;%%ogz;peerlg ?yFAO' Viale della Terme di Caracalla
1%'3%0?\?;5225;?“)? by LI.C producels atotal vatl'rlance (\j/alu_e(‘4) Mar_shall, JW (1992)J_.S. Depart_ment of Agriculture Federal
0 = ( . -2%). Sampling, sample preparation, and an Grain Inspection Service Aflatoxin Handbo&ec. 4.2—4.8,
alytical variances are 48.8 (CV = 34.9%), 28.2 (CV = 26.5%), Federal Grain Inspection Service, Washington, DC
and 4.6 (CV =10.7%), respectively, and account for 59.8,(5) Cucullu, AF., Lee, L.S., Mayne, R.Y., & Goldblatt, L.A.
34.5, and 5.7% of the total variation. (1966)J. Am. Oil Chem. Soé3, 89-92
Assuming that aflatoxin test results from shelled corn fol- (6) Whitaker, T.B., Dowell, F.E., Hagler, W.M. Jr, Giesbrecht,
low the theory of normally distributed variables, a lot with an F.G., & Wu, J. (1994)). AOAC Int 77, 107-116
aflatoxin concentration of 20 ppb and a total variance of 81.6(7) Whitaker, T.B., Dickens, J.W., & Monroe, R.J. (1979Am.
implies that aflatoxin test results will fall in the range of Oil Chem. Soc56, 789-794
20 £ 18 ppb, or 2—38 ppb, 95% of the time. Research has dem(@) Trucksess, M.W., Stack, M.E., Nesheim, S., Albert, R.H., &
onstrated with peanuts and cottonseed that the distribution =~ Romer, T.R. (1994). AOAC Int77, 1512-1521
among aflatoxin test results is highly skewed. Studies need t¢9) Traag, W.A., Van Trijp, J.M.P., Tuinstra, L.G.M.T., & Kok,
be developed to determine which theoretical distribution ~ W.T.(1987)J. Chromatogr396 389-394

would best describe the distribution of aflatoxin test results fof10) ~Statistical Analysis System Institute, Inc. (1988)S Pro-
shelled corn. gram 6.12 SAS Institute, Inc., Cary, NC

(11) Whitaker, T.B., Horwitz, W., Albert, R., & Nesheim, S.
(1996)J. AOAC Int 79, 476-485
(12) Cambell, A.D., Whitaker, T.B., Pohland, A.E., Dickens,

) o ) ) ] J.W., & Park, D.L. (1986Pure Appl. Chenb8, 305-314
Estimates of the total variability associated with testing13) hitaker, T.B., Whitten, M.E., & Monroe, R.J. (197B)Am.

18 lots of shelled corn for aflatoxin increased as aflatoxin con- Oil Chem. Soc53, 502-505

centration increased. This also held true for each step of the4) whitaker, T.B., Dorner, J.W., Dowell, F.E., & Giesbrecht,
test procedure: sampling, sample preparation, and analytical  F.G. (1992)Peanut Sci19, 88-91

variability. With the use of regression analysis, mathematicglis) Whitaker, T.B., Dickens, J.W., & Monroe, R.J. (1924Am.
expressions were developed to model all 3 variance compo-  Oil Chem. Soc51, 214-218

Summary

220z 1snbny 9| uo1senb Aq £z9G9G/¥9Z L/S/E8/eIo1e/oR0R /W0 dnoolwspede//:sdly woll papeojumo(q



