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Summary Current market conditions and food regulations make it necessary for international and

domestic participants in the agrifood industry to structure supply chains that control the

content of genetically modi®ed (GM) material in their products. Tests to detect and/or

quantify GM components represent an important tool in maintaining such supply systems.

This study assesses the ®eld performance of kits that employ lateral ¯ow immuno-

technology to detect soybeans GM to be resistant to the herbicide glyphosate. Operators at

23 grain-handling facilities were paid to conduct analyses on a series of blinded samples

containing de®ned proportions of conventional and transgenic soybeans. The observed

rate of false positives was 6.7% in an experiment in which the highest level of GM material

was 1% and 22.3% in a second experiment in which the highest level of GM material was

10%. This di�erence may be attributed to increased risk of cross-contamination with the

higher level of transgenic material used in the second study. Samples containing 0.01%

GM material were reported as genetically modi®ed 6.70% of the time, while samples

containing 0.1, 0.5 and 1% GM material were classi®ed as genetically modi®ed 29.5, 67.7

and 68.2% of the time, respectively. Thus, the frequencies of false negatives were 93.3, 70.5,

33.3 and 31.8% for samples containing 0.01, 0.1, 0.5 and 1.0% GM material. Samples

containing 10% GM material were correctly reported as genetically modi®ed in all cases.

These results lead to the conclusion that the kit under study is useful in screening for lots

of soybeans that contain high levels of GM material, but that, as a ®eld tool, it is not

e�ective in monitoring for GM material at the level of 1.0% or lower. Statistical and

immunochemical analyses were carried out in order to assess the relative contributions of

various factors to the error observed in these studies. These analyses indicated that

limitations in operator performance, not defects in test kit materials, were the primary

contributors, while sample size may play a secondary role. As both operator performance

and sample size are independent of the speci®c characteristics of the test kit used in this

study, it appears justi®able to generalize conclusions obtained here to other similar test

systems.

Keywords Genetically modi®ed organism, immunological analysis, lateral ¯ow test, polymerase chain reaction,

transgenic foods.

Introduction

Current market conditions and food regulations in

many nations worldwide (for instance, Regulation

(EC) No 258/97 of the European Parliament;

Council Regulation (EC) No 1139/98, the Swiss

Food Ordinance, SR817.0Z) make it necessary for

international and domestic participants in the

agrifood industry to provide information to clients

regarding the presence of genetically modi®ed

organisms (GMOs) and their derivatives in food

products. In most cases these requirements make it
*Correspondent: E-mail: jfagan@genetic-id.com

International Journal of Food Science and Technology 2001, 36, 357±367 357

Ó 2001 Blackwell Science Ltd



necessary to structure supply chains that control

this characteristic and to conduct testing to

quantify GMO content in the product (Hemmer

& Pauli, 1998).

Two approaches are commonly employed in

detection of GM materials in foods (Ehlers et al.,

1997; Greiner et al., 1997; Hemmer, 1997; Hubner

et al., 1999; Lipp et al., 1999; Meyer, 1999; Stave,

1999):

1 The polymerase chain reaction (PCR) can be

used to detect and quantify transgenic genes or

DNA sequences (McGarvey & Kaper, 1991;

Meyer, 1995; Greiner et al., 1997; Hoef et al.,

1998; Shirai et al., 1998; Wassenegger, 1998;

Hubner et al., 1999; Lipp et al., 1999; Onis-

hchenko et al., 1999; Vaitilingom et al., 1999;

Vollenhofer et al., 1999).

2 Immunological methods can be used to detect

transgenic proteins (Jankiewicz et al., 1999;

Stave, 1999; Lipp et al., 2000).

Although direct measurement of transgene

content o�ers advantages in terms of sensitivity,

speci®city, versatility and capability of providing

meaningful quanti®cation (Lindenmeyer et al.,

2000), immunochemical methods, especially lat-

eral ¯ow or strip tests, would appear to o�er

advantages at certain early points in the produc-

tion/supply chain, as they are fast, inexpensive and

can be successfully completed in the ®eld or in the

grain-storage facility with minimal equipment.

Immunological tests in the lateral ¯ow con®gur-

ation are o�ered by an increasing number of

manufacturers and are currently available for

detection of glyphosate-resistant soybeans and

for those transgenic maize events that express

Bacillus thurengiensis endotoxins Cry1A(b/c) and

Cry9c. Manufacturers of these products provide

data documenting the performance of these tests

under speci®c conditions. These data imply that

these tests should be highly e�ective in the ®eld,

capable of reproducibly detecting the presence

of genetically modi®ed (GM) material in a lot of

soybeans or corn at levels as low as 0.3%. The

research presented in this paper was designed to

assess performance under actual ®eld conditions,

using one of the commercially available tests, the

Strategic Diagnostics Inc. (Newark, DE, USA)

lateral ¯ow test for Roundup ReadyÓ soybeans.

The conclusion that can be drawn from this

study is that this test may serve a useful purpose

early in the production chain as an initial rough

screen for transgenics. However, because the

sensitivity and reliability of this method are not

su�cient to provide consistent discrimination at

the 1% threshold, which is relevant to the EU and

other regions of the world, this test must be used

as part of a strong identity preservation system

that incorporates more sensitive testing methods

and additional quality assurance measures.

Materials and methods

Field test sites

Grain-handling facilities and grain analytical

laboratories located in Iowa, Illinois, Indiana,

Minnesota and Ohio were called randomly until

twenty-four facilities were located that were will-

ing to analyse a set of ten soybean samples.

Inclusion in this study was based strictly on verbal

assurance that the facility was routinely using the

lateral ¯ow tests that were the subject of this

research project, and that the facility was prepared

to conduct tests on soybean samples delivered to

them. Twenty-two grain handling facilities and

two state grain analytical laboratories were ®nally

included in the study. Facilities were paid on a per-

test basis at a rate that adequately compensated

for time and materials.

Test materials

Several lots of soybeans were tested by PCR

analysis to identify a lot that contained a very high

percentage of transgenic soybeans. Two thousand

seeds from this lot were planted and seedlings

exposed to glyphosate (0.5%) at a stage at which

the ®rst foliage leaves had just opened. Of these,

none were found to be sensitive to glyphosate.

Using a binomial distribution model, we conclude

that more than 99.5% of this soybean population

is glyphosate resistant (P ³ 0.999).

Several lots of dark hilum conventional

soybeans were subjected to PCR analysis to detect

the presence of glyphosate-resistant transgenic

beans. Samples of 10 000 beans were tested under

conditions where a single transgenic soybean

would have been detected. This level of sensitivity

was veri®ed using standards of known composi-

tion. One lot, shown in this initial screen to
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contain no detectable GM material has been

subjected to an additional nine tests, all of which

were negative. Statistical analysis of these data

indicate that the level of GM beans in this lot is,

with P ³ 0.999, <0.01%.

Sample preparation

Appropriate amounts of the transgenic and con-

ventional soybeans characterized above, were

weighed out to yield 10 000 bean samples con-

taining GM soybeans at the following levels: 0.0,

0.01, 0.1, 0.5 and 1.0%. In study no. 1, each grain

handling facility was provided with a set of ten

blind samples, two samples of each composition

listed above. In study no. 2, each grain handling

facility was provided with a set of four blind

samples, one containing 0.0% GM soy and three

containing 10% GM soy.

Sample submission and data collection

Sample sets were provided to each grain handling

facility with instructions `to carry out analysis

according to the same procedure that is routinely

used in your facility.' In study no. 1, the samples

were provided in two ®ve-sample lots to a few

labs, but in a single ten-sample lot to most. In

study no. 2, samples were provided to all nine

grain handling facilities as a single lot. Results

were reported in writing in the format routinely

used at that facility. Samples containing GM soy

were reported as `+', `positive', `GM' or `detec-

ted'. Samples in which GM material was not

detected were reported as `)', `negative', `GM

free', or `not detected.' Original reports are avail-

able for examination via the communicating

author.

Of the twenty-four grain-handling facilities

originally recruited for the study, twenty-one

submitted full sets of data for study no. 1. One

of the original facilities withdrew, one submitted

data on ®ve samples, and one submitted data on

eight samples. The nine facilities recruited for

study no. 2 all submitted full data sets.

Data analysis

All reports were converted to common termino-

logy: `+', indicating GM material detected and

`)', indicating GMmaterial not detected. The data

for study no. 1 is shown in Table 1 and summar-

ized in Table 2, while the data for study no. 2 are

presented in the text. Statistical analysis of these

data was used to address the questions discussed

in the following paragraphs:

Table 1 Results of study no. 1

Facility
Actual GMO content of samples (%)

Beans per

no. 0 0.01 0.10 0.50 1 sample

1 ± ± ± + ± 120

1 ± ± + + +

2 ± ± ± + + 70

3 ± ± ± + + 60

3 ± ± ± ± ±

4 ± ± + + ± 250

4 + + + + ±

5 ± ± ± + + 100

5 ± ± ± + ±

6 ± ± + + + 130

6 ± ± ± ± ±

7 ± ± ± + ± 90

7 ± ± ± + +

8 ± ± ± ± + 150

8 ± ± + + +

9 ± ± ± + + 100

9 ± ± ± ± ±

10 ± ± ± + +

10 ± ± ± ± ±

11 ± ± ± ± + 60

11 ± ± +

12 ± ± ± ± + 180

12 ± ± ± ± ±

13 + + + + + 125

13 + + + + +

14 ± ± + + + 2400

14 ± ± + + +

15 ± ± ± ± ± 50

15 ± ± ± ± ±

16 ± ± ± + + 500

16 ± ± ± + +

17 ± ± ± ± + 250

17 ± ± + ± +

18 ± ± + + ± 225

18 ± ± ± + +

19 ± ± ± + + 100

19 ± ± ± + ±

20 ± ± + + + 100

20 ± ± ± + +

21 ± ± ± ± + 250

21 ± ± ± + +

22 ± ± + + + 250

22 ± ± ± + +

23 ± ± ± ± +

23 ± ± ± ± +
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First, a v2 test for the di�erence in binomial

proportions (Collett, 1991) was conducted to

determine if the proportion of false negatives

reported in Table 2 di�ered signi®cantly for

samples with di�erent levels of GM material

(0.01, 0.10, 0.50 and 1%). The null hypothesis of

the test is that the proportion of false negatives is

equal for all samples. A signi®cant result on this

global test indicates that not all the proportions

are equal but does not indicate which samples

di�er signi®cantly. The latter question may be

addressed by an `analysis of means' (ANOMANOM) for

proportions (Ott et al., 2000).

The analysis of means (ANOMANOM) for proportions

is analogous to a post-hoc multiple comparison in

analysis of variance (ANOVAANOVA). The ANOMANOM indicates

which samples di�er signi®cantly from the overall

pooled proportion of false negatives across the

four samples. The null hypothesis for ANOMANOM is that

the proportion of false negatives for each sample

is equal to the pooled proportion for all samples.

Like multiple comparison procedures in ANOVAANOVA,

the ANOMANOM procedure controls the overall risk of

type I error for the entire set of individual tests

involved in the procedure.

In the two-tailed ANOMANOM test procedure, if the

observed proportion of false negatives is greater

than the upper critical value for the test, we

conclude that the sample in question is signi®-

cantly larger than the pooled proportion of false

negatives. If a sample proportion is less than the

lower critical value it indicates that the observed

proportion is signi®cantly less than the pooled

proportion of false negatives. The results of the

ANOMANOM are graphically displayed in Fig. 1. The

upper critical value for the test is plotted as

the upper decision line (UDL) in Fig. 1, the lower

decision line (LDL) indicates the lower critical

value, and the pooled average proportion for all

samples is shown by the center line (CL) in Fig. 1.

In the ANOMANOM, the overall risk of type I error

(a level) for the four individual tests taken

together was set at 0.05.

In the ANOMANOM for proportions, the upper and

lower critical values (UDL and LDL) for the test

were computed as follows (Ott et al., 2000):

UDL � �p � Ha

�����������������
�p�1ÿ �p�

n

r

LDL � �p � Ha

�����������������
�p�1ÿ �p�

n

r

Actual GMO content of samples (%)

0 0.01 0.10 0.50 1

Number of samples reported positive 3 3 13 30 30

Total number of samples 45 45 44 45 44

Percentage of GM samples reported correctly 6.70 29.50 66.70 68.20

Percentage of false negatives 93.30 70.50 33.30 31.82

Percentage non-GM samples reported correctly 93.30

Percentage false positives 6.70

Table 2 Summary of data reported

in study 1

P
ro

po
rt

io
n 

of
 fa

ls
e 

ne
ga

tiv
es

Sample (%)

Figure 1 Analysis of means for proportion of false negatives.

This ®gure presents results from the ANOMANOM for the proportion

of false negative tests for samples containing four di�erent

levels of GM material. The analysis indicates that the

proportion of reported false negatives for the samples with

0.01 and 0.10% GM material were signi®cantly greater than

the overall pooled average proportion in all samples (shown

by the centre line in the ®gure). These two samples

correspond to the two points above the upper critical value

(upper decision line or UDL). The two points below the

lower critical value (LDL) indicate that the proportion of

false negatives was signi®cantly less than the pooled average

for the other two sample categories. The overall a level for all

four statistical tests taken together was 0.05.
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where �p is the pooled average proportion of false

negatives across all samples, Ha is a tabled factor

for a two-tailed ANOMANOM with overall risk of type I

error a and n is the sample size.

A second question addressed by the statistical

analysis was the consistency or reliability of the

results of the immunological tests administered

by the grain-handling facilities. The results of this

reliability analysis for study no. 1 are given in

Table 3. The reliability of the test procedure was

investigated separately for each di�erent level of

GM material (0.0, 0.01, 0.10, 0.50 or 1%).

The statistical analysis employed data from

all facilities that reported tests for each of the

two blind samples with a given level of GM

material.

Each of the two tests involved a binary outcome

(+ or )), indicating the presence or absence of

GM material. For each of the ®ve levels of GM

material, a v2 test of independence was used to

determine whether there was a signi®cant rela-

tionship between the binary outcomes of the two

tests across all of the grain handling facilities

(Bowerman & O'Connell, 1997). The null hypo-

thesis of independence implies that the probability

of a `+' (and `)') outcome should be the same for

both tests.

Also the correlation between the outcomes of

the two tests was calculated using the correlation

coe�cient /, which measures the degree of

association between two variables that are true

dichotomies (Howell, 1997). The / coe�cient is

the Pearson product±moment correlation for two

dichotomous variables and it ranges in value from

+1.0 to )1.0. Thus higher values of / (in absolute

value) indicate a stronger relationship between the

outcomes of the two tests to detect the presence or

absence of GM material.

For study no. 2, formal statistical tests were not

necessary to analyse the reliability of the three

tests administered by each grain-handling facility

because all tests successfully detected the presence

of GM material in the samples containing 10%

GM material.

The third question addressed by the statistical

analysis concerned the observed di�erence in the

proportion of false positive test results for GM

material reported in study no. 1 and study no. 2

(see Table 2 and text). Fisher's exact test for the

di�erence between binomial proportions from

two independent samples (Everitt, 1977) was used

to determine whether the observed di�erence in

the proportion of false positives was statistically

signi®cant. Fisher's test was used because diag-

nostic checks indicated that the size of the two

samples was not large enough to support use of

the normal approximation that underlies the

usual test for the di�erence between two binomial

proportions (Bowerman & O'Connell, 1997, p.

491±492).

Results

Study no. 1

Table 2 summarizes the results presented in

Table 1, showing that samples containing 0.01%

GMmaterial were reported as genetically modi®ed

6.7% of the time. Samples containing 0.1, 0.5

and 1% GM material were classi®ed as genetically

modi®ed 29.5, 66.7 and 68.2% of the time,

respectively. Thus, the frequencies of false negat-

ives were 93.3, 70.5, 33.3 and 31.8% for samples

containing 0.01, 0.1, 0.5 and 1% GM material.

Samples containing 0% GM material were classi-

®ed as containing GM material 6.7% of the time.

Thus the frequency of false positives was 6.7%.

The data summarized in Table 2 were analysed

statistically using a v2 test for the di�erence in

binomial proportions. The latter test indicated

that the overall di�erence in the proportion of

false negatives across samples of di�ering GM

content was statistically signi®cant at the 0.05 level

(v2� 63.534, 3 degrees of freedom, P� 0.0000,

n� 178). This result indicates that the frequency

with which grain-handling facilities failed to detect

the presence of GM material di�ered signi®cantly

for the samples containing di�erent levels of GM

Table 3 Chi-square test for independence between results of

tests 1 and 2 for samples with di�erent levels of GMO

content

Sample

(% GMO) v2 (1 d.f.) P-value

Correlation

coef®cient (?)

Sample

size

0.0 10.476 0.001 0.69 22

0.01 10.476 0.001 0.69 22

0.1 1.05 0.306 0.224 21

0.5 1.916 0.166 0.295 22

1.0 0.022 0.882 )0.032 21
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material. To determine which individual samples

were responsible for this signi®cant overall results

a two-tailed ANOMANOM for proportions was conducted,

with the overall risk of type I error controlled at

0.05.

The ANOMANOM for proportions (Fig. 1) indicated

that the proportion of false negatives for the

samples containing 0.01 and 0.10% GM material

were both signi®cantly greater than the average

pooled proportion of false negatives, although

the proportion for the 0.10% sample was just

barely signi®cant. The proportion of false negat-

ives was signi®cantly less than the pooled average

for the samples containing 0.50 and 1% GM

material. As shown in Fig. 1, the UDL for the

test was 0.6888, the LDL was 0.3668, and the

pooled average proportion of false negatives was

0.5278. The test calculations were performed

using MiniTab 13 for Windows. We conclude

from this analysis that the frequency of false

negatives was clearly related to the concentration

of analyte in the sample at all analyte concen-

trations examined, from 0.01 to 1.0% GM

material.

In the ANOM procedure, the average sample

size was speci®ed conservatively at 45. Thus the

sample proportions used in the test (and repor-

ted in Fig. 2) were somewhat lower than those

reported in Table 2 for the 0.10% sample

(0.6889 vs. 0.7050) and 1% sample (0.2222 vs.

0.2270) which are based on the actual sample

size in each case. Diagnostic checks indicated

that use of the normal approximation to the

binomial distribution required in the calculations

of the critical values of the test statistic was

justi®ed for these data (Ott et al., 2000, p. 327).

The use of the normal approximation is appro-

priate in this case because both n�p and n(1)�p)
are >5.0.

Assessment of test functionality

The high frequency of false negatives observed

in Table 2 for samples containing 0.01 and 0.1%

GM material would suggest that these levels are

below the limit of detection of the test kit used,

under ®eld conditions. The frequency of false

negatives observed with samples containing 0.5

and 1.0% GM material was still quite substantial.

However, we suspected that these false negatives

were more probably because of one or both of the

following:

1 lack of consistent performance of test kit

materials, or

2 speci®cs of the analytical procedure as per-

formed by personnel at grain-handling facilit-

ies.

To assess the ®rst possibility we conducted two

laboratory assessments of lateral ¯ow strips. In

the ®rst, a single sample of uniform analyte

composition was prepared by extracting 20 g of

powdered soybeans containing 10% GM material

by weight, according to the kit manufacturer's

instructions. This sample was distributed into

1.8 mL microfuge tubes in 0.5 mL aliquots.

Into each tube a lateral ¯ow strip was inserted

and developed according to the manufacturer's

instructions. A total of seventy-two strips were

tested from three di�erent lots. All tests yielded

positive results, indicating 100% of the strips

were functional with samples of this composition.

Thirteen strips were also tested against an extract

made from conventional soybean powder. All of

Figure 2 Lack of correlation between sample size and

accuracy of analysis. The results in study no. 1 for analyses

of samples containing 0.5% and 1.0% GM material were

tabulated and the ratio of correct analyses to total analyses

was calculated individually for each grain-handling facility.

These values, which are a measure of accuracy of analysis,

were plotted against the sample size used at that grain-

handling facility. Two grain-handling facilities that used

atypically large sample sizes ± 500 and 2400 beans ± were

not included in the graph. Their accuracy scores were 1.0.

Most grain-handling facilities analysed single sub-samples

taken from each of the ten samples received for analysis (®ve

samples for facility no. 2). However, a few facilities analysed

two sub-samples from each of the samples received. For

uniformity, these were tabulated for this graph as a single

sample equal in size to the sum of the two sub-samples

analysed. Only seventeen of the twenty three facilities

provided adequate information on sample size to be

included in this graph.
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these analyses were negative. In the second

assessment, forty strips were tested against a

uniform sample containing 1% GM material. All

tests yielded positive results.

These results indicate that the high frequency of

false negatives observed in study no. 1 is not likely

to be because of manufacturing defects in the

lateral ¯ow strip system. On the contrary, these

results would suggest that the high level of false

negatives is probably the result of speci®cs of the

analytical procedure as performed in grain-hand-

ling facilities. These might include the following:

(1) the sample size subjected to analysis might

have been too small to provide statistically repre-

sentative results; (2) the operator may not have

conducted the tests correctly and/or consistently

and (3) the operator may not have interpreted

results of the tests correctly.

Study no. 2

To shed light on the relative importance of

possible contributors to the observed performance

of the lateral ¯ow tests observed in Study no. 1,

another set of samples was submitted for analysis

to nine of the original grain-handling facilities.

Each set consisted of one sample of conventional

soybeans and three samples containing 10%

transgenic soybeans. Each sample contained

10 000 beans. Operators were given the same

instructions as for the previous study.

It was found that all grain-handling facilities

detected the presence of GM material in all

samples containing 10% GM soybeans, while

the samples containing 0% GM material were

reported positive with a frequency of two out of

nine, or 22.2%. The frequency of false positives

observed in this study was higher than that

observed in Study no. 1 (22.2 vs. 6.7%). However,

application of Fisher's exact test (P� 0.190)

indicated that this di�erence, although practically

or substantively signi®cant, did not reach statis-

tical signi®cance, probably because of inadequate

sample size. Power calculations revealed that,

given the existing sample sizes, the power of the

test was very low, with only a 21.4% chance of

detecting a signi®cant di�erence of 15.5%

between the two proportions at the 0.05% signi-

®cance level. This indicates that it would have

been necessary to include a larger number of

grain-handling facilities in the study for the

di�erence in frequency of false positives between

studies no. 1 and 2 to be statistically signi®cant.

It would not be surprising, however, to observe a

higher frequency of false positives under condi-

tions in which some samples in a series contain

high levels of GM material (i.e. 10% or more).

Under such conditions, cross-contamination dur-

ing sample preparation would be more likely to

introduce into a sample su�cient GM material to

signi®cantly increase its GMO content, thereby

leading to a false positive result.

The results of this series of analyses indicate

that grain-handling facilities can use this test kit

e�ectively in identifying samples containing higher

levels of GM material. Comparing the results of

this study to those of study no. 1, where overall

GMO content was lower, it was not possible to

ascertain whether the higher level of false negat-

ives observed in study no. 1 was a consequence of

the sampling procedures used in the various grain-

handling facilities or a consequence of other

aspects of the analytical procedure.

To gain insight into this, we obtained informa-

tion from participating grain-handling facilities

regarding their sampling plan. The sample sizes

used, which were consistent with the manufac-

turer's recommendations, are presented in

Table 1. Figure 2 presents a scatter plot that

examines the relationship between sample size

and accuracy of analysis of samples containing 0.5

and 1.0% GM material. This ®gure clearly shows

no correlation between these two variables. The

lack of signi®cant correlation would suggest a lack

of strong linkage between the sampling plan used

by these grain-handling facilities and the fre-

quency of false negatives reported for samples

containing 0.5 and 1% GM material. This sug-

gests that, although sample size can certainly

in¯uence the frequency of false negatives, it is

likely that other aspects of performance of the

analytical procedure or data interpretation are

important contributors, as well.

To assess this hypothesis more thoroughly, we

statistically analysed the results of studies no. 1

and 2. In this analysis, we chose to examine the

reliability of results obtained in repeated analysis

to di�erentiate between sampling and procedural

e�ects. The logic being that, if accuracy were

limited by sample size, we would observe increased

Rapid immunological test for transgenic soybeans J. Fagan et al. 363

Ó 2001 Blackwell Science Ltd International Journal of Food Science and Technology 2001, 36, 357±367



reliability (as measured in terms of agreement

between duplicate analyses) in analysis of samples

containing increasingly higher levels of GM

material, while if other factors were predominant,

reliability would not necessarily be correlated with

sample size.

Table 3 reports the results of the reliability

analysis for study no. 1. The reliability of the test

procedure (agreement between duplicate analyses)

was investigated separately for each di�erent level

of GM content (0.0, 0.01, 0.10, 0.50 or 1%). The

statistical analysis employed data from all facilities

that reported results for two blind samples at a

given level of GM content. The v2 test of

independence employed in this reliability test

requires that the expected frequencies for each

cell of the 2 ´ 2 contingency table must be at least

5.0 (Bowerman & O'Connell, 1997, p. 1171), an

assumption satis®ed by these data.

As shown in Table 3, the v2 test indicated that

the null hypothesis (i.e. independence of the

outcome of duplicate immunological tests) could

be rejected at the 0.05 level for samples containing

0.0 and 0.01% GM material. In contrast, the null

hypothesis of independence could not be rejected

for samples containing 0.1, 0.5 or 1.0% GM

material. This means that operators at the parti-

cipating grain-handling facilities failed to obtain

consistent results when analysing duplicate sam-

ples containing GM material in the range from

0.1 to 1.0%. That is, there was no statistically

signi®cant correlation between the result ob-

tained with one duplicate compared to the result

obtained with the second duplicate when the

actual levels of GM material in both samples

was 0.1, 0.5 or 1.0%.

As sampling procedures were identical for

replicates, the inconsistencies in results obtained

for replicate analyses is not likely to be related to

sampling limitations, but is more likely to be

because of operator-related variability ± variabil-

ity in performance of the test or in interpretation

of results.

Note that the results of the v2 tests for the 0.0

and 0.01% samples were identical. In each case,

the correlation coe�cient / between the outcomes

of duplicate analyses was 0.690. While the results

of the statistical test were the same for both

samples, the interpretation of the result di�ers for

these two cases. In the case of samples containing

0.0% GM material, the correlation coe�cient

indicates that the grain-handling facilities were

fairly consistent in correctly detecting the absence

of GM material in those samples. In the case of

samples containing 0.01% GM material, the

correlation coe�cient indicates that the grain-

handling facilities were equally consistent in failing

to detect the presence of GM material at the level

of 0.01%. This result indicates that 0.01% GM

material is clearly below the limit of detection of

this test kit. In addition, the low correlations

between the two test outcomes for the samples

with 0.10, 0.50 and 1% GM content ± with /
values of 0.224, 0.295, and )0.032, respectively ±

suggest that, as performed in grain-handling

facilities, the test lacks adequate reliability for

samples containing levels of GM material in this

range.

Discussion

Testing for GM materials in foods can be used to

meet three needs that arise along the production/

shipping/storage chain. First, testing can be used

at the primary receiving point in the chain, where

production is pooled, to detect and eliminate

truckloads that mistakenly contain substantial

levels of GM material. Secondly, testing can be

used at points in the chain where the product

changes ownership to ascertain whether a given

shipment contains a level of GM material that

exceeds or falls below a certain threshold. This

threshold is in some cases speci®ed by law, as is the

case for products destined for sale in Europe. In

other cases, the threshold may be speci®ed as one

of the conditions of the contract between buyer

and seller. The third need that testing can ful®ll

is to provide information as to whether a given

product contains varieties of GM crops that have

not been legally approved for use as food or feed.

Immunological tests, in both ELISA and lateral

¯ow formats, have been developed and applied

particularly to meet the ®rst need mentioned

above. Although studies have been published

assessing the laboratory performance of ELISA

tests (Jankiewicz et al., 1999; Lipp et al., 2000),

the present study is the ®rst to empirically assess

the ®eld performance of lateral ¯ow tests.

The research presented here demonstrates

clearly that the lateral ¯ow test kit, studied here
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under typical ®eld conditions, is e�ective in

detecting samples containing levels of GM mater-

ial in the range of 10%, but is not e�ective in

detecting lower levels (1% and below). Because

operator performance, not the inherent character-

istics of the kit materials, were found to be the

primary factor in¯uencing the ®eld performance of

this test, it is reasonable to expect that the results

of this study can be generalized to other lateral

¯ow kits designed to be used under similar ®eld

conditions to detect other targets relevant to

commodities.

At the primary receiving point in the chain, the

greatest risk to success in assembling a lot of

product that contains little or no GM material

is the inadvertent introduction of one or more

truckloads of material with very high GMO

content. For example, one truck containing

8 tonnes of 100% transgenic soybeans would

bring the total content of GM material in an

800-tonnes silo to 1%. This would disqualify the

lot for purchase by many buyers.

During harvest, truck drivers, farmers and

operators of grain handling facilities may work

continuously for several days with little rest and

under substantial time pressure. Under such con-

ditions the risk of mistakes, leading to accidental

commingling, increases signi®cantly. An on-site

method for quickly checking the genetic status of

each truck before it is unloaded serves as a highly

useful cross check under such circumstances. In

demonstrating that this kit can consistently detect

GM material at the 10% level under ®eld condi-

tions, this study shows that lateral ¯ow test kits

can ful®l this purpose.

On the other hand, the results reported here

indicate that use of lateral ¯ow test kits carries

substantial risk of false negative and false positive

results if the grain-handling facility is operating

to a 1% threshold for GM material. Under ®eld

conditions, 31.8% of samples containing 1% of

GM material were mis-classi®ed as not containing

GM material. Thus, the classical `buyer's risk' ±

false negatives ± is substantial using this method.

Similarly, these same conditions generated sub-

stantial `seller's risk', as samples well under the

1% threshold, containing 0.5% GM material,

were classi®ed as GM 66.7% of the time. When

operating to a 1% threshold, this constitutes a

66.7% frequency of false positives. Practically

speaking, this means that under these conditions,

product lots containing levels of GM material well

under the 1% threshold will be rejected with

frequency of 66.7%.

Both `buyer's risk' and `seller's risk' constitute

serious hazards for the organization marketing

grain or soy. If testing fails to detect the presence

of 1% GM material in a shipment of product, the

seller risks costly rejection of product when it is

re-tested by the buyer. On the other hand, if

testing classi®es a sample as GM, when it contains

only 0.5% GM material, a shipment of valuable

product is unnecessarily rejected from the identity

preservation system, leading to loss of value for

the seller. We conclude that lateral ¯ow tests

alone, cannot be used with con®dence to ful®l

the second need posed above. If one wishes to

consistently deliver products that comply with a

threshold for GMO content of 1% or lower,

lateral ¯ow tests must be used in the context of a

robust identity preservation system that incorpor-

ates the use of more sensitive and consistent

analytical methods at critical points.

Compliance with thresholds for GMO content

is required by a growing number of countries and

must, therefore, be viewed as an important busi-

ness objective at this time. For instance, EU

labelling laws require that products containing

more than 1% GM material be labelled as GM,

while products with levels of GM material lower

than this need not be labelled (Hemmer & Pauli,

1998). Non-compliance with this regulation con-

stitutes grounds for removal of the product from

the marketplace. Thus, for import into the EU, it

is necessary to use an analytic method that can

consistently distinguish samples that fall below

this threshold from those that exceed it. Similar

thresholds and import requirements are in force or

are under development in many other countries,

including Japan, Korea, Australia, Norway, Swit-

zerland and colleagues.

Reliable answers to the third question posed

above (whether a given product contains varieties

of GM crops that have not been legally approved

for use as food or feed) also require the use of

more sensitive methods. This is because even the

presence of 0.1% of an unapproved variety can

be grounds for rejection of the product by the

potential buyer, and because the presence of such

levels of an unapproved GM variety in a food
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product can constitute grounds for authorities to

remove a product from grocery shelves in several

countries. The results presented here indicate that

lateral ¯ow tests detect the presence of 0.1% GM

material only 29.5% of the time. Thus, there is

70.5% likelihood that this method will fail to

detect the presence of an unapproved crop variety,

if it is present at the level of 0.1%. Clearly this

method does not provide su�ciently stringent

detection of unapproved varieties.

The results presented here suggest that two

factors, sample size and operator performance,

may limit the ®eld performance of lateral ¯ow tests

for detecting the presence of GM material in food

products. Two lines of evidence suggest that,

although both of these may be important, oper-

ator performance appears to be the predominant

determinant. First, as shown in Fig. 2, we did not

®nd even a weak correlation between the stated

sample size used by a grain-handling facility and

the ability of that facility to provide accurate

results. At each sample size, from ®fty to 250

beans, accuracy scores varied widely, ranging from

very low to the maximum possible score (1.0).

If sample size were the determining variable, we

would have expected the range of accuracy scores

to narrow as sample size increased. However, no

such trend was apparent. Wide variability is not

surprising in analyses that use very small sample

sizes (50±60 beans), as the probabilities that a ®fty

bean sample will contain at least one GM bean are

only 0.22 and 0.39, respectively, for samples taken

from lots of beans containing 0.5 and 1.0% GM

material. However, if sampling were a predomin-

ant determinant of accuracy under the conditions

used by the grain-handling facilities, much stron-

ger accuracy should have been observed with

samples containing 250 beans than with samples

containing ®fty beans. This is because the prob-

abilities that 250 bean samples taken from lots of

beans containing 0.5 and 1.0% GM material will

contain at least one GM bean, are much higher

than the corresponding probabilities for samples

of only ®fty beans (0.71 and 0.92, respectively,

compared with 0.22 and 0.39). Yet, we observed

the same scatter of accuracy scores in analyses

carried out with 250 bean samples as was observed

in analyses made with 50 bean samples. This

suggests that factors other than sample size are of

primary importance in determining accuracy.

A second observation that also points to the

importance of operator performance is presented

in Table 3, which shows that no statistically

signi®cant correlation exists between results

obtained with duplicate analyses for samples

containing 0.1, 0.5 and 1.0% GM material. If

sample size were a signi®cant factor, we would

have expected to see better agreement between

duplicates for samples containing 1% GM mater-

ial than samples containing 0.1% GM material.

Data in Table 1 did not reveal such a correlation.

On the other hand, it should be pointed out that

the results presented here do not eliminate sample

size as a factor contributing to variability in results

at grain-handling facilities. Although changes in

sample size within the range used in most analyses

reported in this study did not signi®cantly a�ect

accuracy, selecting very much larger sample sizes

might improve accuracy. For instance, one facility

included in the study used much larger sample

sizes than other facilities (2400 beans). This facility

achieved a perfect accuracy score. However, it

would be necessary to analyse performance with

many more samples of this size before we could

con®dently conclude that sample size was the

determining factor, especially when it is noted that

other facilities also achieved perfect accuracy

scores with sample sizes of seventy ®ve, 100 and

125 beans.

We conclude that, although some improve-

ment in performance of the lateral ¯ow method

may be achieved by using larger sample sizes,

operator performance appears to be a more

important factor limiting the accuracy of this

method under ®eld conditions. This suggests

practical strategies for achieving more reliable

results for controlling the GMO content of

foods. One approach would be to implement a

more e�ective training programme for personnel

who use lateral ¯ow tests and to implement an

e�ective quality control program designed to

assure that tests are being performed to the

desired standard. However, the nature of the

®eld conditions and the variability in competency

among those who conduct tests at grain hand-

ling facilities represent substantial challenges to

implementing this strategy. An alternative

approach would be to continue using the lateral

¯ow test method as a screening method early

in the food chain, with full recognition of its
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limitations, and, in addition, to employ strong

identity preservation procedures, including the

use of more sensitive and consistent analytical

methods, at critical points in the chain.
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