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Abstract 
One lot of peanuts known to contain aflatoxin 

was extensively sampled to study the sources of 
variability. A nested design was used where 
sections (50 bag units), subsamples and analytical 
variation were the variables studied. Sample 
size was the most critical factor in characterizing 
this lot. Variability from section to section was 
not significant indicating random distribution of 
the contaminant. Three 20 lb samples were taken 
on a number of lots from the 1968 crop, each 
of which was subdivided into two equivalent sub- 
samples. The aflatoxin was determined on each 
of these subsamples. The results indicated that 
all the significant variation came from the sub- 
samples, further enforcing the thesis that sample 
size is the critical factor in variability, and not 
lot inhomogeneity. Analysis of 550 lots from the 
1967 crop where triple samples and analysis were 
available indicates that the magnitude of the 
variability is a little greater than was found on 
the experimental lot. Using the pooled standard 
deviation of the 1967 crop data, operating char- 
acteristic curves were plotted to demonstrate the 
improvement that can be expected by increasing 
the sample size. 

Introduction 
The wide variation of aflatoxin results obtained 

on independent samples from a given lot of peanuts 
have caused concern regarding the adequacy of a 
10 lb sample to characterize the true aflatoxin con- 
tent of one lot of peanuts. Ten pounds has been 
used as the standard sample size for aflatoxin assay. 
This study was undertaken to determine the magni- 
tude of the sampling variation and to reconcile the 
experimental data with theoretical considerations. I t  
is important to know the sampling variation in order 
to properly characterize peanut lots for their suit- 
ability in making manufactured products. 

Whitaker (1) and the writer (2) have developed 
models based on three major premises. The first 
premise is that only a relatively few kernels in the 
lot are contaminated. The number of contaminated 
kernels as compared to the total number of kernels 
in the lot gives the expected ratio of contaminated 
kernels to sound kernels to be expected in the sample. 
I f  this number is very small, then there will be a 
great deal of variation in the number of contaminated 
kernels in the samples. Experimental evidence can 
give a clue to the relative level of contaminated 
kernels in the lot. 

The second premise is that the level of aflatoxin 
varies greatly from one kernel to another in the 
contaminated fraction. From experimental assays 
on individual kernels (3), the level of aflatoxin in 
individual kernels that have had mold growing on 
them ranged from 0 to 300,000 ppb. In the models, 
this distribution has been assumed to be a hyperbolic 
function such as the negative binomial or exponential 
function. 

The third premise is that the kernels are randomly 

distributed throughout the lot. Thus, every kernel 
has an equal probability of being in the sample. A 
way of handling nonhomogeneity is to take a good 
cross section sample such as a continuous sampler 
would give. An attempt to accomplish this is done 
by taking the sample from one quarter of the bags 
in the lot. 

Experimental Procedures 
We received an 800 bag, 100,000 lb lot of peanuts 

which had the following aflatoxin results on five 
independently drawn samples: 0, 200, 0, 13 and 63. 
This appeared to be a good lot upon which to conduct 
a sampling study. It  was divided into 16 sections 
consisting of 50 bags per section. Four  handfuls of 
peanuts were removed from each bag in the section 
and composited to give a sample of about 20 lb. 
This sample was passed over a riffle making two sub- 
samples, A and B for each section. The subsamples 
were ground in a Dickens mill (4). The 2 lb dis- 
charge was intimately mixed and 100 g portions were 
drawn for analysis. Each of the subsamples was 
analyzed by the Best Foods procedure (5) and the 
CB procedure (6). The variation between methods 
was used as a measure of variation due to methodology 
and sample preparation. 

The reader will recognize this as a nested design 
experiment where two major sampling problems were 
investigated. If  there is nonhomogeneity in the lot, 
i.e., certain bags having more aflatoxin than others, 
then there would be a significant difference between 
the sections. However, if the model which is proposed 
is correct, then the size of the samples or the varia- 
tions between any two samples, whether from the 
same section or not, should be the predominant source 
of variation. 

The results of this experiment are shown in Table I. 
The variation was very great ranging from 0 to 336 
ppb. In addition, Section 2 had an unusual spread 
between sample A and B, 27.5 to 311 ppb. The 
analysis of variance (ANOVA) is given in Table I I .  
There is a significant variation due to subsamples 
and the difference between sections is not significant. 

T A B L E  I 

Aflatoxin Resul ts  on Exper imenta l  Lot  

Sample  A Sample  B 
Method Method 

See. Avg. 
B,F.  a C.B. b Avg.  B.t0.a C.B.b Avg. (ppb)  
(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) 

1 22 36 29 9 26 18 23,3 
2 20 35 28 336 286 311 166.8 
3 65 62 64 30 31 31 47.0 
4 8 16 12 11 26 19 15.3 
5 10 11 11 20 89 55 32.5 
6 24 36 30 20 89 55 42.3 
7 27 36 32 42 61 52 41.5 
8 32 47 40 10 0 5 22,3 
9 49 78 64 18 15 17 40.0 

10 16 42 29 10 8 9 19.0 
11 19 11 15 31 26 29 21.8 
12 42 52 47 39 52 46 46.2 
13 57 66 62 I 0  19 15 38.0 
14 20 11 16 30 56 43 29.8 
15 10 21 16 45 103 74 44,8 
16 15 37 26 40 76 58 42.0 

42.1 

a Bes t  foods  method.  
b C.B.. procedure  of Eppley.  
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T A B L E  t I  

Analysis of Variance, Experimental Lot  

Source df ~ e a n  y square 

Total 63 
Sect ions 15 5043.26 ~ 1 n.s. a 
Samples  16 5997.95 17.4 b 
]~ethods 32 343.98 

a n.s.  not significant. 
b Significant at 9 9 %  level. 

T A B L E  I V  

Ana lys i s  on Subsect ions  ~ r o m  Sect ion 2 

Sound  Net 
Sub kernel  R~iID damage  Total 
sec. ~ ppb 

% ppb ~ % ppb % ppb 

1 98.97 4 .30 1137 .73 5 7,4 
2 99.17 5 .28 45000  .55 120 130.3 
3 99.23 0 ,25 687 ,52 0 1.7 
4 98.91 8 ,30 3080 ,79 18 17,4 
5 99,17 0 .25 70700 ,58 348 178.7 

67,1 

Therefore, the variation as explained by the models 
appears to be justifiable and there is no evidence of 
nonhomogeneity. 

One very important aspect of these data is the 
relative magnitude of the standard deviation due 
to sampling versus that due to the preparation of 
the sample and analysis. The standard deviation, 
due to sample preparation and analysis, is 18.5 or a 
C.V. of 0.44 (44%). This agrees with data obtained 
on recent collaborative studies where interlaboratory 
variation was measured (7). The standard deviation 
of sampling (sample size) is 53.2 or nearly three times 
that of the analytical deviation. The overall stan- 
dard deviation is 56.1. Reducing the sample prepara- 
tion and analysis variation by half to 9.3 would reduce 
the overall deviation to 54.0 or a difference of only 
2.1 units or 3.7%. Reducing the sampling deviation 
by half to 26.6 would reduce the overall deviation to 
32.4 or a difference of 23.7 units or 42.2%. There- 
fore, the most critical problem in characterizing a 
lot of peanuts for its aflatoxin content is in improving 
the sample. Basically, taking a sample four times 
as big as the 10 lb sample should reduce the sampling 
deviation by half. A 90 lb sample will reduce the 
sampling variation to a third. However, caution has 
to be used in extending this reasoning, since the 
sample preparation and analytical variation is nor- 
mal, whereas the sampling variation is skewed and 
can be best described by a log normal distribution. 
Therefore, it is impossible to quantitatively express 
these two types of variation in terms that can be 
directly compared. The above was done on the as- 
sumption that both deviations were normal. The 
sampling deviation under such techniques is usually 
inflated over what it should be. Nonetheless, the 
ANOVA of these data does highlight the importance 
of the sampling problem. 

The damage portion and the rancid, moldy and 
decayed (RMD) fractions were picked out and mea- 
sured in each of the samples. The values are given 
in Table III. Since this was a lot of runner peanuts 
with splits, we have assumed that there were about 

T A B L E  I I I  

Damage  a nd  !~MD Resul t s  on Exper imentM Lo t  

Scc. 
Damage  RI~D 

A% B% A% B% 
1 .907 .366 .209 .124 
2 .704 1.034 .194 .133 
3 .727 ,410 .146 .164 
4 .728 ,740 ,161 .161 
5 .702 ,5S9 ,114 ,069 
6 .989 1,002 .230 ,266 
7 ,914 .923 ,277 .201 
8 .772 ,710 .228 .315 
9 .989 ,793 .313 ,200 

10 1.024 .977 .345 .412 
11 .830 1.135 .351 .305 
12 .831 .917 .242 .258 
13 1.170 1.937 .334 .450 
14 1.171 1.059 .322 .443 
15 1.128 1.044 .438 .387 
16 1.096 1,179 .379 .477 
Average  . 9 0 9 %  .270% 
Standard deviation .186 .111 
Standard devlafion 

theory ,095 .052 

1,000 kernels per pound or a total of about 10,000 
kernels in the sample. At an average damaged con- 
tent of 0.91%, the standard deviation of the sampling 
which can be calculated theoretically is 0.095%. For 
the RMD average of 0.27%, the theoretical standard 
deviation is 0.052%. The standard deviation deter- 
mined from the analytical results was 0.186% for the 
total damage and 0.111% for the RMD portion. The 
difference between these values and the theoretical 
values can be attributed to the variation caused by 
the human error of determining the damage and not 
to the sampling. When these results were compared 
to the aflatoxin results, no positive correlation of 
significance was found indicating that the level of 
aflatoxin in the contaminated kernels is quite diverse. 

Section 2 was further divided into five subsections, 
each subsection consisting of :10 bags. A composited 
10 ]b sample was taken from each subsection in which 
each bag was represented. The damaged kernels 
were picked out of each and the RMD fraction was, 
in turn, picked out of the damaged portion. How- 
ever, the fractions were analyzed individually and 
the aflatoxin content for the whole sample was cal- 
culated from the weighted amount in each fraction. 
The aflatoxin is given in Table IV as it was deter- 
mined on each of the three fractions. I t  can be seen 
that the aflatoxin does reside primarily in the RMD 
fraction with some being present in the rest of the 
damage and practically none in the sound kernel 
portion. These values demonstrate the variation of 
aflatoxin in the damage and RMD fractions. The 
two sections with the greatest damage and RMD 
(1 and 4) are much lower in aflatoxin than Sections 
2 and 5. 

Results and Discussion 
Before examining the data, it will be helpful to 

look at the models that have been proposed. They 
indicate that the distribution of the aflatoxin results 
due to sampling is skewed, thus providing an ex- 
planation for the inclination of the results seen in 
the data. 

The expected distribution of contaminated kernels 
in the sample can be calculated from the Poisson 
distribution. Furthermore, the level of the aflatoxin 
in the contaminated kernels can be described by the 
exponential distribution function. When the aflatoxin 
content of a number of kernels is averaged out accord- 
ing to the exponential theory, the result will be 
within a given range of the true value as described 
by the Poisson distribution (8). Thus, an expected 
frequency curve can be plotted for the distribution 
of aflatoxin results due to sampling variation. Figure 
1 shows two such distribution curves for contamina- 
tion levels of 0.10% and 0.05% and an average aria- 
toxin content of 60 ppb. I t  can be seen that the 
curve becomes broader and more skewed with smaller 
contamination levels. The median and the 95% con- 
fidence intervals are given in the figure for a 10 Ib 
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M O D E L  M E b l A N  % < 6 0  9 5 %  CONF. IN,'~o 

A TIEMSTRA F(0 )99 .90  55 58.1 12 - 115 

B " " 99 .95  4.9 6 1 . 9  0 - 1:50 

C WHITAKER " 9 9 . 9 0  36 6 5 3  0 - 253 

201  D L O G .  ,35  40  66.6  9 - 183 

o 2 0  4 o  60  8o  IOO 12o 14o 16o 18o 200 
AFLATOXI N (ppb) 

FIG. 1. Distribution curves of models. 

sample along with the percentage of tests tha t  would 
be obtained which would analyze under  the average. 
The median drops f rom 55 ppb  to 49 ppb as the 
contaminat ion level decreases f rom 0.10 to 0.05%. 
A distr ibution curve for the Whi taker  model is also 
given in F igure  1 with a contaminat ion level of 0.10% 
which shows a very  high probabi l i ty  of obtaining a 
result  under  5 ppb,  i.e., 20% of the test values on a 
lot of 30 ppb  would be 5 or under  and of 9% of a 
lot of 120 ppb,  65% of the results would be below 
the average. The 95% confidence interval  is given 
for  a 10 lb sample for  a lot with an average of 
60 ppb. Therefore, the models provide insight into 
how the distr ibution pa t t e rn  for  aflatoxin results 
should be. A log normal  distribution curve (D) is 
included for  comparison purposes. I ts  significance 
will be evident in the ensuing discussion. 

The impor tan t  aspect  of these distr ibution pat-  
terns is tha t  the probabi l i ty  of gett ing a result  on a 
10 lb sample below the t rue  average is about twice 
as great  as tha t  of get t ing a result  above the average. 
On the other hand, there is a good probabi l i ty  of 
obtaining a high result  fu r the r  f rom the average than  
there is of get t ing a low one. 

F igure  2 shows the distribution pa t t e rn  of the 
results f rom the experimental  lot. The skewed dis- 
t r ibut ion is evident, which agrees with the models. 
A log normal  distr ibution curve is superimposed on 
the data which are obtained f rom the values by trans- 
forming them to logari thms and then determining 
their  normal  distribution. The log normal  distri- 
bution is also skewed and it can be seen tha t  the 
curve fits the data very  well. I t  should be noted 
tha t  i t  is impossible to handle a value of 0 when 
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]~IG. 2. Dis tr ibut ion  curve of  experimental  lot. 
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TABLE VI 

Analysis of Var iance,  1968 Crop D a t a  

~ I  Source df mean  F square 

POOLED VALUE Total 167 
Lots  27 1699.757274 <I n.s.  

.467 Samples  
( sec t ions )  56 2199.142857 1.059 n.s. ! 

! Subsamples 84 2075.946429 

hopefully there are none with a high average aflatoxin 
level having a lower level of contaminated kernels, 
which would give a greater variation than this 

i ~ particular lot. 
Data were collected on a number of lots from the 

~- 1968 crop, which gives an indication of the source 
o ~'~'-'I ~I- - of variation as well as its magnitude. Table V gives 
,. I - - the analysis on 28 lots from which three independent 
o [ ~ l  I samples were taken, each containing portions from 
"' one four th  of the bags. Approximately 25 lb of m 
m sample were drawn from the original sample, of = 
z t I I which 5 lb were used for the grade sample and the 

remainder split into two equivalent portions. Each 
portion was prepared and analyzed separately, usually 
in different laboratories. The A and B samples con- 

o ., .2 .3 .4 .a .s .: .B .9 t.o rained only 20 lb of sample, which were split and 
STANDARD DEVIATION OF LOG AFL/kTOXIN CONTENT each half analyzed separately in different laboratories. 

Fla. 3. CM-square distribution for experimental lot and The samples are designated original, A and B and 
1967 crop data. the subsamples, 1 and 2. The analysis of variance 

is given in Table VI. The variation of the sub- 
log transformations are taken since the log of 0 is samples (sample size) is significant, whereas the 
minus infinity. Therefore, the value 1 was assigned variation between samples (nonhomogeneity) is not. 
to all the 0 values. I t  is interesting that  there appeared to be no sig- 

The average found by the log transformation pro- nificant differences between lots. However, using the 
cess happens to be the median, which in this case, standard deviation which ~hese data gave, a difference 
was 27.9 ppb. In  the log normal model, 66.5% of of 45 ppb between two lots would be significant at 
the results would be expected to be above the the 95% confidence level. Several se tsof  consecutively 
arithmetic average. Actually, 72% of the data was numbered lots from one sheller are shown in brackets 
below the arithmetic average of 42.1 ppb. The 95% in Table V. The averages of these lots show greater 
confidence interval is 5 to 170 ppb, according to the uniformity within the set than do the individual 
log analysis. Comparing this curve with the one analyses on the subsamples, especially if the lots 
of the model which most closely resembles it will were all processed from one barn of farmers stock 
give an indication of the ratio of contaminated to and the contamination had ample opportuni ty to be 
sound kernels in the lot. I t  may be argued that  mixed throughout  the load. This strengthens the 
this lot represents only one example and does not theory that  sample size is critical in reducing varia- 
reflect the true condition in all lots. Certainly it is tion when nonhomogeneity is not present. 
to be expected that there will be some variation in These data were also analyzed by logarithmic trans- 
the level of contaminated nuts from lot to lot. But  formation. The pooled standard deviation of the 

data was 0.69, which is almost twice the value of the 
TABLE V experimental lot. P a r t  of this problem may be in 

Aflatoxin in 1968 Crop the number of zeros that  are in these data. Wherever 
Original  A B a zero would appear in a lot, the calculated standard 

- -  Avg. 
Lot I 2 1 2 1 2 ( , , b )  deviation would be much larger than where there 

(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) were no zeros. 
1 53 o 55 o so 90 46.~ Over 550 lots of the 1967 crop were sampled and 
2 90 13 24 0 0 0 21.2 
3 90 26 o 90 o 90 4 8 . 8  analyzed in triplicate. Since only one 10 Ib sample 
4 60 65 0 60 62 90 56.2 5 45 116 29 30 0 30 4~.7L was taken and analyzed, no estimate of the variation, 
6 ~2o lO5 o ~o o 30 ,~7,51 which was due to sample size rather than non- 
7 135 0 29 23 0 12o 51.2 j 
8 60 ,~8 31 8 141 8 4 8 . 5  homogeneity could be made. However, the general 
9 45  ~8 o 15 126 s ~ 4 . 8  lo 60 ~3 13 ~5 2o 5~ ~4.0~ magnitude of the s tandard deviation 0.44 on the 

11 90 90 o 45 o ~o ~.o log transformed data, could be determined. This is 
12 90 0 79 230 143 30 95.3 
1~ 38 26 40 s 58 8 29.7 close to the 0.35 value obtained on the experimental 
14 38 54 44 30 O 0 27,7 15 75 63 2~ o 1~ 8 80.~ lot. One interesting observation noted in these data 
16 ~6 19 19~ 2~ 5~ 15 ~9.7 was that  68.5% of the lots had two results under 
17 45 40 0 60 0 16 26.8 
18 60 126 68 75 42 45 69.3 the average. This is close to the expected number 
19 5~ 6~  6~ 2 ~  ~6  i ~  75,~ ~ 20 60 o 90 68 ~5 1~ ~.2 j of 66.6%, according to the log normal distribution. 
21 60 4~ 90 7~ ~5 ~ 58.5 ( To fur ther  substantiate the true variation in the 
22 68 26 30 16 26 0 27.7 J 
2~ 75 o 2~ 51 o ~o 29.8( lots, as compared to the experimental test and the 
24 1~0 20 75 22 60 60 62,8 25 60 o 8o ~8 6~ 75 5 2 . 7  theoretical models, the chi-squared test was applied. 
26 2no 10 0 8 0 o ~ z . 8  Chi-squared is defined as: 27 ~5  o 67 98 z~2 ~6 6~.0 
26  ~7  a5  16  l ~ o  75  0 5o .a  X 2 : n ( ~ / ~ ' ) ~  
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where n is the number of tests used to calculate a,~ 
is the s tandard deviation calculated from tlte three 
tests on each lot, ~' is the true s tandard deviation 
of the entire lot. The distribution of this function 
can be obtained from tables in most statistical texts, 
including Ju r an  (9). To understand this statistic, 
it might be easier to take an example of a single 
lot, such as the experimental lot tested above. I f  
the samples were taken randomly in groups of three, 
an apparent  s tandard deviation could be calculated 
from each group. Sometimes this s tandard deviation 
would be low and sometimes it would be high, but  
the pooled values would approach the t rue s tandard 
deviation. This was done and the distribution is 
shown as the solid bars in Figure  3. 

The same approach was used for the individual 
lots of the 1967 crop. I f  all the lots had had the 
same level of contamination and the same variation 
in the sampling, then the Chi-square distribution 
should have approached the theoretical curve. Only 
lots that averaged over 100 ppb were graphed since 
there were fewer zeros to handle. As noted previously, 
zeros appear  to inflate the values of the s tandard 
deviation. Therefore, it was fel t  that  the lots with 
higher aflatoxin content would give a more uniform 
and reasonable estimate of the deviation. One hundred 
and ten lots tha t  averaged over 100 ppb were present 
in this series. The f requency distribution of these 
s tandard deviations is shown in Figure  3, along with 
the theoretical distribution of the Chi-square dis- 
tribution. The pooled value for the s tandard devia- 
tion of these data was .367, which is nearly the same 
as what we found on the experimental lot. Since the 
Chi-square distribution is approached and the pooled 
value of the s tandard deviation is approximately the 
same as tha t  of the experimental  lot (0.367 vs. 0.352), 
it is reasonable to assume that  on the average, the 
level of contaminated kernels in most of the con- 
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taminated lots from the 1967 crop were approximately 
the same as what  we had in the experimental lot. 

The impor tant  aspect of this s tudy is the ability 
to obtain some measure of the improvement in char- 
acterizing a lot by  increasing the sample size. Know- 
ing that  the sampling deviation for a 10 lb sample 
is approximately 0.35 (log basis), the probabili ty of 
obtaining an analysis of less than 20 can be calculated 
for any lot of a given aflatoxin level. Thus, a lot 
that  has a t rue level of 20 ppb would be accepted 
66.7% of the time, since the frequency distribution 
indicates that  that  is the expected number of assays 
at 20 or less. Likewise, a lot that  had a t rue level 
of 50 ppb would have a f requency distribution that  
indicates that  31% of the assays would be under  20 
ppb. Plot t ing these figures would give an operating 
characteristic (0C) curve as is shown in Figure  4. 
Increasing the sample size to 40 lb will reduce the 
sampling error  by half (as ---- alo/~/nlo, where 
as is the sampling deviation, al0 is the deviation 
of a 10 lb sample and nlo is the number of 10 lb 
units in the sample). Since the sampling deviation 
contributes the major  share of the deviation, it will 
also improve the total deviation by near ly  a like 
amount, as was indicated earlier. On this premise, 
the 0C curves for  30, 50, 70 and 100 lb samples were 
constructed and are shown in Figure  4. 

One way of determining the accuracy of a sample 
to characterize a lot is to compare the original analysis 
with the analysis of the various fractions af ter  it 
has been processed and cleaned up. The analysis 
of the pickout fract ion will be more accurate since 
there is a much higher level of contaminated kernels, 
in fact, vir tual ly all will be contaminated. Thus, the 
variation due to low levels of contaminated kernels 
is practically nil. Likewise, a 10 lb sample from the 
pickouts will resemble a much greater proport ion of 
the ]of, equalizing much of the bad kernel to bad 
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Lot 

TABLE V I I  

Results before Results after processing 

processing Sound Pickouts 
kernels Overall 

Aria- 
No. Aria4 Aria- Aria~ toxin 
of toxin No. toxin toxin Avg. 

tests Avg. of % Avg. Avg. (ppb) 
(ppb) tests (ppb) (ppb) 

A 6 75 5 0 10.8 712 77 
E 6 69 5 3 6.5 690 54 
C 6 58 5 10 2.3 2100 59 
D 6 59 6 8 4.5 1080 57 
E 6 63 5 0 2.9 1080 82 
F 6 95 8 0 4.1 1960 84 
G 4 143 8 2 3.0 750 23 

kernel variation. The results of several lots on which 
such data  could be conveniently obtained are given 
in Table VI I .  These lots were blanched followed by 
electronic and hand sorting. A number  of 10 lb 
samples were taken f rom each sound kernel  f ract ion 
(indicated in the table) and 1 or 2-10 lb samples 
f rom the pickouts. The weighed aflatoxin for  the 
entire lot, as determined f rom these two fractions, is 
given in the last column. With  the exception of lots 
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E and G, the aflatoxin accounted for in the finished 
materials  was close to the average of the determina- 
tions on the original material .  One of the reasons 
lot G did not check well may  have been the fact  
that  only four  samples and  analyses were made on 
the original mater ial  instead of six, and of these 
four, two were very high. 
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