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Abstract
Fusariummycotoxins are increasingly studied agronomicatlygmically and pathologically

in the context of food safety, as a means of pravgmew major health crises. Reliable
mycotoxin techniques and sampling procedures apeined for assessment of the effects of
different sources of variation on grain mycotoxiontent in agronomic experiments. We
carried out analyses with the aim of formulatingdglines for grain sampling to increase the
reliability of grain mycotoxin measurement in agosamc experiments. We focused on two
toxins in wheat samples: deoxynivalenol and nivalewith a nested linear mixed model, we
estimated that the uncertainty of nivalenol deteation was low£ 15 pg/kg), whereas that
for deoxynivalenol determination was high£r38 pg/kg). We also found that grinding of the
grain decreased the variability of the results. dbwer, despite the heterogeneity in grain
mycotoxin content across a given field, we showed heads can be harvested manually for
agronomic experiments provided that sampling isesgntative (evenly distributed over the
entire plot area). Finally, we found that delayihg assay after harvest affected the results

obtained and should therefore be avoided.

Key words: deoxynivalenol; nivalenol; sampling; sample prepian; sample conservation
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Introduction
Since the 1990s, several major health crises Haalees the food industry and interest in food

safety has increased. One of the key elementsepthential health risk associated with
dietary cereals is the accumulation of mycotoximsgrains {-3). Vomiting, reproductive
disturbances, leukoencephalomalacia, pulmonary adémpairment of the humoral and
cellular immune responses, nervous disorders, nigi@ahypertrophy and several cancers
may result from the ingestion of mycotoxind).( Mycotoxins are fungal secondary
metabolism products2( 5 and result from the adaptation of fungal growth stressful
situations §). The pathogenic fungal complex of the geRusariumis the principal producer
of mycotoxins, notably of deoxynivalenol and nival¢ in grains of growing crops/).
Fusarium and Microdochium also cause a cereal diseas@sarium head blight §-10).
Fusarium mycotoxins are increasingly being studied in amerapt to prevent new major
health crises. Agronomic experiments are carridd@massess the effects of different sources
of variation on grain mycotoxin conteritQ-15. Reliable mycotoxin measurement techniques
and appropriate sampling procedures are esseatialth studies. Mycotoxin contamination
is highly heterogeneous in cereal field$)(and grain sampled7-21). Almost 90% of the
error associated with aflatoxin testing can beilatted to the method used to obtain the
original sample Z1). Moreover, aflatoxin may only be present at higimcentrations in less
than 0.5% of the peanut crop and concentrations Ibeags high as 1,000,000 pug/kg in of
contaminated peanutd?). We assessed the uncertainty of mycotoxin detetian and the
effect of mycotoxin sampling procedures on mycatoxiontamination levels for the
Fusariummycotoxins, deoxynivalenol and nivalenol. The cl@instructures of these toxins
are presented iRigure 1. We aimed to characterize the errors occurringndueach step of
the procedure, from the field to the laboratdfig(ire 2): sampling in the field (mechanical

versusmanual methods); sample preparation (flour omjraind sample conservation.
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Materials and methods

Experimental design and mycotoxin analysis

The samples used in this study came from a long-tperiment, the aim of which was to
compare different cropping systems and assessflibetseof several cropping systems on
mycotoxin levels in winter wheatl?). Nine agronomic treatments were duplicated i thi
design and two growing seasons were used (20016226802/03). Thirty-six plots were
available for this methodological study, of whicle wsed only 16. These plots were chosen
according to the variability of head blight attacRsots A, B, H and P were cropped under a
conventional system, M was cropped under an intedraystem, I, N and Q were cropped
under an integrated direct drilling system wher€a®, O, F, J, K, L and R were cropped
under an organic system. We extended the ranggstéras and mycotoxin contents studied
by also including two farmers' fields cropped una@er organic direct drilling system in

2002/03 (plots E and G): we therefore sampleda t§t18 plots.

Mycotoxin analyses were performed by the Qualteatbotatory (Vandoeuvre-les-Nancy,
France). Levels of the trichothecenes nivalenol dedxynivalenol were determined. Each
sample (flour or grain) received by the laborategs homogenised at least three times, in a
mixer/divider. A small quantity of each sample waken (20-25g), and in the case of grain
samples was ground. Trichothecenes were determimgdgas chromatography-mass
spectrometry (GC-MS). This method was validatedtiiy French norm NF EN ISO/CEI
17025. The assay laboratory estimates the measnteener for trichothecenes at 20%
(differences in extraction rate and errors in sampleparation in the laboratory assay are
included).

In addition, according to laboratory assay data, dletection limit (J was 30 pg/kg for

trichothecenes, and the quantification limif) fgas twice the detection limit (60 pg/kg). For



102 the purpose of this study, mycotoxin contents betbwr g were assigned values equal to
103 half of these limits: 15 and 30 pg/kg, respectively

104

105 Effect of sample preparation and mycotoxin measurement uncertainty

106 Twenty-four samples from the 18 plots were handesbechanically (roughly 2 kg in total).
107 They were dried at 80 °C for 48 h. Half of the 24ilble samples (nos. 1 to 12) were
108 completely ground and three flour subsamples ofinbu300g each were used for mycotoxin
109 analysis; this procedure for sample preparationreedinalysis was called “flour-flour” (flour
110 subsamples taken from a sample already groundioig. For each of the twelve remaining
111 samples, three grain subsamples of roughly 3009 eame taken. The subsamples from
112 samples 13 to 15 were completely ground and seninfecotoxin analysis; we called this
113 procedure “grain-flour” as the original sample vimshe form of grain and only converted to
114 flour after subsampling. The subsamples from sasnfie to 24 were not ground and sent
115 directly for analysis (referred to as the “graimigi’ procedure, as both sample and subsample
116 are in grain form). The mycotoxin content data otad for these 24 samples were also used
117 to evaluate the uncertainty of mycotoxin determaorat

118 Mycotoxin analyses are destructive, making it ingilole to carry out several measurements
119 on the same sample. It is therefore difficult toaretterise the repeatability and
120 reproducibility of the assays rigorously becausséhtwo parameters must be determined for
121 asingle sample2@). However, we estimated the uncertainty of thagsdy dividing each of
122 the 24 samples into three subsamples . Measuramegttainty characterises the dispersion
123 of the values that could reasonably be attributedhe measurand22-24 and may be
124 estimated using a linear mixed mod&b)( We used the following model to describe our data

125 Yik = p+ ai + (A + €ijk
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where Yjk is the measured toxin conteptthe general mean toxin content;a variable for
the " sample, which has fixed effect;jfa variable for the'j preparation, which has random
effect because the toxin content of tHepyeparation depended on the toxin content of the
sample A andsik the standard error, relating ¢gothe mycotoxin content of the subsample.
The classigroc glmwith therandom optionprogram of SAS software was used to calculate
the intrapreparation method variance as the difiseebetween the variance of;)ffAand the
standard error. Measurement uncertainty was thieuleted as half the confidence interval

(CI) estimated using the following equation:

Measuremetuncertaing =Cl /2 :[t (—a/2)n-1) X \/(variance(A) j—varnancesi) / n] /2

where n is the number of subsamples.

We used all the mycotoxin content data, regardiésbhe method of sample preparation, to
estimate the mean square (population variance) ftioen variability of a given set of
mycotoxin measures . We have therefore estimatedotoyin measurement uncertainty
according to the mixed model described above bth te (A); term eliminated.Thus, Yij
was described by the following relationshify; = u+ ai + &j. The preparation methods were
not distinguished spstands for thg" subsamples of th& sample. In this modet;, which
characterises the modelling error, was associattdd the maximum value of variability for

the assay. The maximum measurement uncertaintiheagfore be expressed as:

Measuremetruncertaing =CI /2 :[t (arm-1) X J(variancea,—) / nJ /2

This model is based on three assumptions. Theidiesguality of the variances for each level
of variables. The other assumptions are normality emdependence of the variables with
random effect: kurtosis and skewness coefficientsthe distribution of residues with respect

to predicted values were also assessed.
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The effects of preparation procedures on measurevaebility were investigated for plots
A, B, C and P, Q, R for which two types of sampiepgaration were carried out. The<¥=

p+ ai + (A); + ik model was used to estimate (i) interpreparatioramae, i.e. the variance
of (Ai); and (ii) intrapreparation variance, i.e. the ratietween the difference between
interpreparation variances (those of)(Aand the standard error (thoseegd) and the number

of subsample mycotoxin content valueg. (We investigated whether there was an
interpreparation effect or an intrapreparation etffley means of a Chiest comparing these
variances and the population variance. These sffgete also estimated by calculating the
variation coefficient for mycotoxin content (as ttaio of mean square and mean), and the

standard deviation for each preparation.

Effect of the harvest procedure

Three in-field sampling procedures were investigaene mechanical and two manual
harvest methods) and compared on three plots (BadQR). Grain mycotoxin content was
measured just after harvest. For mechanical hanggesgirain sampling was based on the
98/53/CE directived6), which was subsequently modified by the 2002/E/drective 27),

a document that lays down the sampling procedureffiwial controls of aflatoxin level. This
directive was used because there is no equivakxit dealing with Fusarium toxins.
According to this directive, for plots with yieldselow 1 tonne, 10 samples of 100 g each
must be collected and pooled to give a total samplekg. The samples (in our case roughly
2 kg) were then dried at 80 °C for 48 h. For thstfinethod of manual harvest (the “hundred
method”), we collected ten randomly selected sammé 100 heads each from each
experimental plot (at least 1 kg). For the secomdhod (the “quadrat method”) we collected
the heads from nine quadrats made up of 1m x Zawdjaows from each experimental plot

(900g-1 kg). The harvested heads were dried aC8@r 48h and the glumes and rachis were
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separated from the grains. Grains from all the Haardested heads were pooled to give a
total sample per plot for each method. The threepses from each plot were completely
ground and subsamples of flour (each weighing apprately 300g) were sent for mycotoxin

analysis.

Effect of the grain storage procedure

The effect of the grain storage procedure was tyaed on several plots. In each case,
subsamples of approximately 300g were collectednfigcotoxin analysis. Five kinds of
storage process were tested: storage at room tatapefor eight months (plots A, B and C);
at 4 °C for two months (plots H, | and J); at —206€two months (plots H, | and J); at room
temperature for two months (plots H, | and J and\vand O); and no storage at all (assay

performed immediately after harvest) for all ninetg.

We evaluated the effect of the different harvest storage methods used by comparing the
variances associated with these methods with thienasd population variance for each
toxin, by means of a Chtest. If a significant effect was observed, Bordai correction was

applied.

Results

Mycotoxin measurement uncertainty

For each sample, the various mycotoxin measurenodtdsned are presentedTiable 1L We
checked thagj for deoxynivalenol and nivalenol analyses weredcanly distributed (results
not shown) and followed a Gaussian distributioe: ¢befficients of kurtosis and skewness for

deoxynivalenol were 0.65 and 0.25 respectively, dnode for nivalenol were 2.328 and —
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0.23, respectively. This variable with a randoneetffiwas therefore normally distributed and
independent. No significant differences were obseérin the variance of; (according to

Bartlett's test witha < 35%) for nivalenol. For deoxynivalenol contentgldi samples

(numbers 1, 9, 14, 16, 17, 18, 20, 23) presesntedariances significantly higher than those
for the other 16 samples. To take into accounthihee assumptions on which the model was
based, the uncertainty of nivalenol determinatioves calculated using all the samples
whereas that for deoxynivalenol was estimated ufiegl6 samples for which no significant

inequality was observed in the variancesijofaccording to Bartlett’s test with= 10%).

For nivalenol, measurement uncertainty was 15 pgfkgan square: 956.4), whereas for
deoxynivalenol, measurement uncertainty was att 188sug/kg (mean square: 153.6). It
should be noted that (i) if the samples excluded tiu heterogeneity in variance were
included, then measurement uncertainty was evemehifpr deoxynivalenol (81 pug/kg) and
(ii) six of the eight samples excluded from theco#dtion of deoxynivalenol measurement
uncertainty corresponded to grain-grain preparaticather than grain-flour or flour-flour

preparations.

For plots A, B and C, the standard deviations aixgaivalenol and nivalenol measurements
were lower after the flour-flour procedure thareathe grain-grain procedure, with values of
62 and 5 versus 98 and 9, respectively. With theeptton of the deoxynivalenol
measurements for plot A, the variability of measoents (estimated by the coefficient of
variation on each plot) was lower for analyses lourf samples than for those on grain
samplesFigure 3d). For grain samples taken for plots P, Q and Raldity was also lower
if subsamples were ground (grain-flour procedutgnt if they were not (“grain-grain”

procedure), except for the deoxynivalenol measungsrfer plot P Figure 3b). The standard
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deviation was 54 for deoxynivalenol and 3 for naradl for samples sent for analysis in the
form of flour, versus 76 and 16, respectively, $amples sent for analysis in the form of
grain. The results from plots A, B, C, P, Q andhBréfore suggest that the variability of the
mycotoxin measurements may be reduced by earlydiggnof the samples. The results
obtained with the&Yix = g+ ai + (Ai); + €ik model provided no evidence of an intrapreparation
effect: according to the population variance anslyshe variability of intrapreparation
mycotoxin levels (grain or flour) was similar. Howe, this model revealed an
interpreparation effect on deoxynivalenol contarnora(a = 0.05) for plots A, B, C and P,
Q, R. There was also an interpreparation effechigalenol contaminationo( = 0.01) for
plots P, Q and R: mycotoxin contamination levelsen@gher for grain samples than for flour
samples, except for nivalenol contamination inplPt Q and R, for which the opposite result

was obtained.

Effect of harvest and sample storage methods

All the results obtained were very simildraple 2), but deoxynivalenol and nivalenol levels
tended to be higher in cases of manual harvesthbyquadrat method than in cases of
“hundred harvest” or mechanical harvest. This treras confirmed by the Chiest (f =
0.10). Bonferroni’s test graded € 0.05) the deoxynivalenol levels obtained by goadrat
method were higher than those obtained by the atiehods, and nivalenol levels obtained

by the quadrat method were higher than those adddiy the mechanical method.

Deoxynivalenol levels seemed to be lower when nreastwo and eight months after harvest
than when they were measured at harvesble 3). This result was confirmed by the results
of a Chf test witha = 0.10 and a Bonferroni’s test £ 0.05) performed on whole plots. A

similar trend was observed for nivalenol contamorabut was found to be non-significant

10
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(Chi? test witha = 0.10) for plots with the four types of storagsted. On plots on which only
two types of storage were tested, the type of geomas found to have a significant effect
(Chi? test witho. = 0.05) on nivalenol contamination. The resultshef Bonferroni's testo( =
0.05) showed that nivalenol contamination afteheigonths of storage was lower than that
with no storage, but no difference was observedvéeh two months of storage and no

storage.

Discussion

The results of any assay are biased by measurameattainty resulting from the variability
of the sample (dependent on the method used tots&mples, sample size, sample quality)
and variability of the measurements (dependenhemteasurement method, operator, kind of
analytical method and number of analytical measeres) @5, 2§. Sampling constitutes the

greatest source of error, followed by subsamplimd) @nalysis Z9).

The laboratory that performed the analysis in stigly estimated the variability of its assays
at 20%. We found that the measurement uncertamtyafsample, estimated by means of
mycotoxin analysis on subsamples, was lowvalenol determinations were accurate to
within 20 pg/kg up to a minimum nivalenol concentration of 60 [gg{khe quantification
limit) and the measurement uncertainty was less #62o of the concentration of nivalenol
measured. Thughe subsampling procedure adopted did not increasthe variability of
mycotoxin concentrations measured However, it should be pointed out that these
encouraging results were obtained with only a smathber of plots. It would also be useful

to analyse more highly contaminated samples.
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The accuracy of deoxynivalenol measurement was lowewith a measurement
uncertainty of up to 40 ug/kg However, this result corresponds to 22% of thasneement
mean, similar to the variability of other analys@sir results also show thgtinding grain

as soon as possible may minimise errarSimilar results have been obtained for aflataxin
shelled peanuts28) and for deoxynivalenol in wheag, 30Q. Indeed, the trend towards
lower variability when samples or subsamples weoeiigd probably reflected the grinding of
a larger number of grains than would be the casa fgrain sample ground in the laboratory
just before testing. This may increase the unifoynaf the sample, resulting in lower
variability. These findings require confirmationdashould be taken into account in future

agronomic studies.

The mixed model used made it possible to estimiage mhean and the mean square of
deoxynivalenol and nivalenol contamination levdls 6field population”. We considered the

population to be variable, with a random effectisTimade it possible to take into account
correlations between several measurements caruédm several subsamples originating
from a given sample, although we assumed that asgage independent. In fact, subsample
content determinations are independent, but measnt results are not themselves
independent because analyses were carried out lsarsples taken from the same given

initial sample.

Part of the reason for the choice of this modes$ lie the fact that a model lacking an
interaction term between the mycotoxin levels ohgke and subsample,j/=p+ ai + 3 +
&k, may be biased by this interaction, should suclnteraction exist. Moreover, a classic
model including an interaction between subsamptesample, Y ijk =u+ ai + Bj + yij + €

ijk, may be biased by the independence of subsaagdays: in our case, the subsamples are

12
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taken from the same sample plot and are therefordérme repetitions, which must be taken

from different plots cropped in a similar fashion.

Despite the heterogeneity of mycotoxin content witha field (@6), mycotoxin
contamination may be analysed following harvestingby manual means if the
heterogeneity of contamination is taken into accourby representative sampling, evenly
distributed over the entire area of the plot Taking ten samples of one hundred heads
seemed to give better results than analyses didhds in nine quadrats made up of 2 rows x

1 m, probably simply because the size of the saemisidered was greater.

Fusariummycotoxins are known to be stable to heat and awartreatments3l, 32, so the
lower levels of mycotoxin contamination recordedewhtoxin levels were not assessed
immediately after harvest probably does not cowedpto a real decrease, resulting instead
from high measurement uncertainty or from changeshe sample during storage. Our
calculations suggest that high measurement unogrtes not responsible for the observed
decrease. The second possibility, that changesr aicdhe sample during storage, therefore
appears more likely. Without more data on the qoesit is possible for example that mould
could have either modified the grain samples ang tthe toxin extraction rate, or have
degraded the toxin with an enzyme such as acatglesase Aytlp (33), This enzyme was
found to be responsible for a decrease in the atmotimeoxynivalenol six weeks after
inoculation in a previous study (34). A third expdéion is a modification of the ratio of
acetonitrile / water during grain storage: thisaatrongly influences the extraction rate of
deoxynivalenol and nivalenol, and may also explaim results.lt would therefore seem
advisable to sort and grind samples immediately adr harvest and, if this is not possible,

to minimise the time interval between harvest and ralysis.
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These results, which are of potential value fooagmic research, are also likely to be useful
for the harmonisation of mycotoxin-sampling pla@28)( They may also contribute to the
standardisation of maximum limits, which currentlyffer between countries3p), and

thereby facilitate international trad2g; 36.
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433 Table 1 Mycotoxin levels were determined for three subslas per sample, with each
434 sample corresponding to a plot. No result indicdbed no analysis was carried out; <d
435 mycotoxin not detected (< 30 pug:Kg <g mycotoxin level lower than the quantification ltmi
436 (<60 pg.kdg).

437
\I;’Vrheepnaratlon sample Deoxynivalenol, ng/kg Nivalenol, pg/kg
sampling sent for Sample Plot sub sub sub sub sub sub
analyse sample 1 sample 2 sample 3 sample 1sample 2 sample 3

1 A 150 160 320 <d <d <d
2 B 240 290 240 <d <d <d
3 C 330 310 390 4q < <d
4 D 60 100 120 <q < <d
5 E 370 380 <q <qg
6 F 110 90 <d <d <d <d

Flour Flour Z G 500 190 <q <q
8 H 240 250 250 <q < <qg
9 I 800 650 600 120 150 150
10 J 110 100 130 60 60 80
11 K 110 100 60 <d
12 L 100 <dg 70 <d
13 P 190 160 100 <q <qg <

Grain Flour 14 Q 550 400 430 80 80 70
15 R 110 90 120 4q < <qg
16 A 210 330 170 <d <d <qg
17 B 360 120 210 <d <q <a
18 C 350 500 360 q <d <d
19 M <q <d <d <d <d <d

Grain Grain 20 N 500 700 600 <€q <Q <Q
21 O 350 340 340 <d 60 <q
22 P 200 240 200 <q <qg <
23 Q 550 340 550 60 <d 60
24 R <d 60 110 <d <d <q

438
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439 Table 2 Mycotoxin contamination determination accordinghairvest method. <gqycotoxin
440 level lower than quantification limit (< 60 pg:Ky

441
Plot P Plot Q Plot R Bonferroni
Deoxynivalenol Quadrat harvest 350 600 240 a
ua/kg ' Hundreql harvest 180 550 160 b
Mechanical harvest 190 550 110 b
Nivalenol Quadrat harvest 70 60 90 a
ug/kg ’ Hundred harvest <q 70 60 ab
Mechanical harvest €q 80 <q b
442
443

20



444 Table 3 Mycotoxin contamination according to type of sige. No result indicates that no
445 analysis was carried out; <chycotoxin not detected (< 30 pgXg <g mycotoxin level
446 lower than the quantification limit (< 60 pg:Kg

447
0 months 2 months 8 months
Plots no ambient o o ambient
. -20 °C
conservation temperature temperature
H 230 240 230 230
I 800 }a 500 b 630 b 600 b
J 140 140 120 110
. A 150 220
Deoxynivalenol, B 310 } 240 } b
nalkg C 600 370
M <d| <qg
N 1100} 600 b
@) 600 340 )
H <g <g <g <g
I 110 ra 70 /b 90 /b 90 ~b
J 70 50 <q 50
A <q
Nivalenol, ug/kg B 440 <q }b
C <q
M <d| <d
N 200} <q }a
@) 60
448
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449 FIGURES LEGENDS

450

451 Figure 1. Chemical structures of type B trichotecenes.
452

453  Figure 2: Steps of the grains sampling procedures
454

455 Figure 3. Effect of sample preparation on the variabilitf mycotoxin contamination
456 measurement for plots A, B and C (a) and for pigt® and R (b).

457

458
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459  Figure 1:

460
Type B trichothecenes: Deoxynivalenol (R1H,®2 = H, R3 = OH, R4 = OH)
Nivatd (R1 = OH, R2 = OH, R3 = OH, R4 = OH)
461
462
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463 Figure 2:
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