Ryszard ; Siuda 
email: siuda@atr.bydgoszcz.pl
  
Graŝyna Balcerowska 
  
Czesław Sadowski 
  
  
  
Comparison of different spectral ranges within uv-vis-nir region for the determination of the content of scab damaged component in blended samples of ground wheat

Keywords: Analysis -NIR, Chemometrics, Quality assurance Additives/Contaminants: Mycotoxins -fusarium flour, wheat, scab, fusarium head blight, diffuse reflectance spectroscopy

Comparison of the usability of different spectral ranges within uv-vis-nir region for determination

Introduction

Fusarium spp. invading grain is known to cause a grain disease called fusarium head blight or scab. Scab damaged kernels differ from sound kernels in many respects, first of all in chemical composition [START_REF] Bechtel | The effects of Fusarium graminearum on wheat kernels[END_REF][START_REF] Teich | Soft white winter wheat cultivar field-resistance to scab and deoxynivalenol accumulation[END_REF][START_REF] Wasowicz | Changes of chemical grain components, especially lipids, during their deterioration by fungi[END_REF][START_REF] Boyacioglu | Changes in some Biochemical Components of Wheat Grain that was Infected with Fusarium graminearum[END_REF][START_REF] Matthäus | Progression of mycotoxin and nutrient concentrations in wheat after inoculation with Fusarium culmorum[END_REF]) that results in a lowering of grain quality. Changes in chemical composition are accompanied with changes in physical properties (Seitz andBechtel 1985, Tkaczuk et al. 1991), e.g. such as kernels discolouring and decreasing mass (weight). Change in kernels colour and other visible symptoms are the main features that grain inspectors use in visual evaluation of the grain damage caused by scab. Quantitative evaluation of the same features supplemented with evaluations extended into the near infrared region was found useful for detection of scab damaged single kernels [START_REF] Dowell | Predicting scab, vomitoxin, and ergosterol in single wheat kernels using near-infrared spectroscopy[END_REF], Delwiche and Kim 2000[START_REF] Delwiche | Classification of scab-and other mold-damaged wheat kernels by nearinfrared reflectance spectroscopy[END_REF][START_REF] Delwiche | Detection of Scab-Damaged Hard Red Spring Wheat Kernels by Near-Infrared Reflectance[END_REF], and can also be used for development of automatic systems for corn single kernel classification (Pasikatan andDowell 2001, Pearson et al. 2004). Many authors reported a correlation of scab damage and contamination of damaged grain with mycotoxins, first of all with deoxynivalenol (DON) (see, e.g., [START_REF] Teich | Soft white winter wheat cultivar field-resistance to scab and deoxynivalenol accumulation[END_REF][START_REF] Ruckenbauer | Food safety of cereals: A chain-wide approach to reduce Fusarium mycotoxins[END_REF], Dexter and Nowicki 2003, and references therein). As food and feed contaminated with mycotoxins is known to cause both human and livestock diseases, determination of mycotoxins content as well as scab intensity are often the common target of research. Again optical methods are recognised as a rapid and cost-effective tool for scab and/or mycotoxins detection in both whole [START_REF] Dowell | Predicting scab, vomitoxin, and ergosterol in single wheat kernels using near-infrared spectroscopy[END_REF][START_REF] Dowell | Reflectance and Transmitance Spectroscopy Applied to Detecting Fumonisin in Single Kernels Infected with Fusarium verticillioides[END_REF][START_REF] Pettersson | Rapid estimation of deoxynivalenol and Fusarium by near infrared spectroscopy[END_REF][START_REF] Delwiche | Classification of scab-and other mold-damaged wheat kernels by nearinfrared reflectance spectroscopy[END_REF] and ground grain [START_REF] Kos | Fourier transform mid-infrared spectroscopy with attenuated total reflection (FT-IR/ATR) as a tool for the detection of Fusarium fungi on maize[END_REF][START_REF] Delwiche | Classification of scab-and other mold-damaged wheat kernels by nearinfrared reflectance spectroscopy[END_REF]and 2004).

An obvious strategy for mycotoxins detection is to detect contamination at the earliest stage of the "farm to table" chain in food production. In practice, a natural option for grain based products is grain examination before storage or/and milling, as it gives a possibility to prevent the contamination all products derived from processing of the grain. The cited above papers meet this demand. However grain examination at this stage is not a common practice.

Moreover, fungi can develop when storage conditions are not optimal. In addition, it has been reported that flour and flour-based commodities are often contaminated with mycotoxins (see, e.g., Rasmussen et al. 2003). Therefore, a question of value seems to be whether optical methods can be useful in examination for scab contamination at later stages of grain-based food products, such as flour. Direct detection of mycotoxins needs the mid-infrared spectral region to be used [START_REF] Kos | Fourier transform mid-infrared spectroscopy with attenuated total reflection (FT-IR/ATR) as a tool for the detection of Fusarium fungi on maize[END_REF], while most popular spectrophotometers work at the visible to near infrared spectral range, i.e. at the range where scab damage can be detected, whereas direct contamination with mycotoxins can not be detected. However a rapid method for detection of scab damage in flour could be used as, at least, a screening procedure before further examination for contamination with mycotoxins. This paper aims to extend the search for spectral wavelengths most useful for scab detection into the near UV region and to determine what is the potential efficiency in detection of scab damage when diffuse reflectance measurements are made over this range when ground wheat samples are fractioned and the size of particles is close to the size in flour.

Materials and methods

Materials

Two lots of wheat (Kris variety) grain were obtained from two plots. One lot was harvested from a plot where the crop grew in natural conditions (control material), while the other one was harvested from a plot where infestation of the heads with a suspension of F. culmorum conidia was carried out during the flowering stage. After harvesting and threshing, both lots were dried in air at room temperature. Grain from both categories was ground (1.0 mm screen, ZM1, Retsch, Haan, Germany) and sieved. The fractions with size of the particles lower than 0.18 mm from both samples were taken and blended in different proportions. This particular size of particles was selected because it is close to the size of the largest particles of white bread flour and to the size of smaller particles of whole grain wheat flour. Moreover, the small size of particles enabled even small volume blended samples to be homogeneous in composition. As a result of blending, 18 samples with the content of infested material ranging from 0% to 83.97% were prepared (the percentage was determined from weights of infested and healthy constituents and defined as the ratio of the mass of infested material to the total mass of the sample).

Methods

UV-VIS-NIR spectrophotometer (Cary5000, Varian) was used for recording diffuse reflectance spectra in log(1/R) mode in the wavelengths range from 200 to 2500 nm, every 2 nm. For each sample 10 scans at two crossed positions of the cup were taken and averaged for the sake of further analysis. Averaged spectra of four samples, considerably differing in the content of damaged material (5.2, 12.4, 22.6 and 57.2 %), were subdivided from the full set of spectra and left out as a test set. The remaining 14 spectra were used for building multivariate calibration models with PLS method using commercial software PLS_Toolbox3.0 (Eigenvector Research, Inc, USA). Within a given range of wavelengths and a method of spectra pre-processing, the best model was selected based on the minimum of the RMSECV (root mean square error of cross-validation) with a leave-one-out scheme of cross-validation.

Differentiation of the spectra, when applied, was performed with an eleven-points Savitzky-Golay first derivative smoothing filter [START_REF] Savitzky | Smoothing and Differentiation of Data by Simplified Least Squares Procedures[END_REF][START_REF] Madden | Comments on Savitzky-Golay Convolution Method for Least-Squares Fit Smoothing and Differentiation of Digital Data[END_REF]. Once the best model was selected, it was applied for interpretation of the spectra from the test set, and the root mean square error of prediction (RMSEP) determined. Assignments of spectral bands were based on two-dimensional covariance maps provided by a technique called twodimensional correlation spectroscopy [START_REF] Noda | Two-dimensional correlation spectroscopy -applications in vibrational and optical spectroscopy[END_REF]Ozaki 2004, Ozaki et al. 2001). Calculations needed to obtain relevant two-dimensional plots were based on a description of the method given by [START_REF] Barton | Two-Dimensional Vibrational Spectroscopy: Correlation of Mid-and Near-Infrared Regions[END_REF]), and performed with our own procedure developed in Matlab.

Results and discussion

Raw spectra

The set of original spectra is shown in Figure 1. The most striking feature of the spectra is the considerable shift observed in the range of lower wavelengths, while in the typical NIR range this effect is almost absent. In light of the well known phenomenon of multiple scattering of the NIR radiation in granulated samples [START_REF] Osborne | Practical NIR spectroscopy with application in food and beverage analysis[END_REF], the latter finding is not typical, however it can be explained as a result of the high uniformity of the size of particles in the samples due to sieving of the materials before blending. Inspection of the plot of correlation [Insert Figure 1 about here] coefficient, calculated between the variance of the content of infested component and the variance in the set of spectra at a given wavelength, versus wavelength (c.f. Figure 1), suggested the two sub-ranges of different general properties of the spectra can be subdivided within the whole measured UV-VIS-NIR range. The border between the sub-ranges was located at ca. 1400 nm. This suggested analysing the spectra either in the whole range or in two sub ranges that can be split from the whole range at 1400 nm. Apart from modelling in the whole range, modelling in the shorter wavelengths range of 200 to 1400 nm, and in the longer wavelengths range of 1400 to 2500 nm were performed. Modelling in the above defined ranges was tried with three typical methods for spectra preprocessing, i.e. with multiple scatter correction -MSC, single differentiation -Diff, and double differentiation -2-Diff with and without centring (C) in all cases. For evaluation of the quality of PLS calibration models the following performance parameters were calculated: the coefficient of determination (R 2 ), the root mean square errors of: calibration (RMSEC), cross-validation (RMSECV) and prediction (RMSEP). The values of errors themselves, however, give no direct information on the precision of the model nor whether or not the model is over fitted. Therefore two other parameters, more directly referred to both latter characteristics of the model, were calculated. The first one is the so called ratio of the range of the modelled quantity (i.e. the percentage of scab damaged material) to the RMSEP, denoted as RER. The value of RER can serve as general classification of the calibration models (see e.g. [START_REF] Batten | Plant analysis using near infrared reflectance spectroscopy: the potential and the limitations[END_REF]). The second of the introduced parameters is the ratio of RMSEC to the RMSECV, RCV. The lower the RCV value is, the more likely it is that the model is over fitted. Therefore the models with RCV close to unity are preferred, provided the remaining performance parameters are satisfactory. In practice, the RCV values are considerably lower than unity and no firm theoretical indication for the minimal acceptable value for RCV exists.

Multivariate calibration

From our experience it follows that models with RCV not far from 0.5 work well.

The results obtained for all the above mentioned ranges of wavelengths and variants for spectra pre-processing are listed in Table I The choice for the best model for a given range has to be made between differentiated only or differentiated and centred spectra. The latter choice seems to be optimal because of better (higher) RCV and/or lower complexity (lower number of latent factors involved) of the model. For the set of spectra pre-processed in this way, two models were of very good performance, i.e. the models for the whole range and for the sub range of shorter wavelengths.

The former model allowed one to predict the content of damaged material with the accuracy of ca. 1.5%, while the latter model gave a possibility for the accuracy of prediction to be even twice better (0.76%). Therefore the final choice is modelling within the shorter wavelengths [Insert Figures 2 about here] range based on single differentiated and centred set of spectra, even though modelling within the whole range needs a lower number of latent variables. In order to illustrate the properties of the best models within particular spectral ranges, Figure 2 presents the plots of predicted versus actual (calculated from weights of blended materials) content of damaged component in the samples for the models.

Spectral bands assignments and analysis

The dependence of correlation on wavelength shown in Figure 1 suggests that two spectral ranges of different character and usability in interpretation of the changes caused by scab infestation could be distinguished. The longer wavelengths range covers a part of typical NIR region and it can be expected to be useful for determination of possible changes in chemical composition of the samples, while visible and ultraviolet ranges together can monitor the changes in colour and, perhaps, absorbance due to transitions involving the valence electrons of some molecules. To get a better insight into details, two tools can be used, i.e. the plot of the dependence of correlation (between the content of the infested constituent and variability at a particular wavelength) on the wavelength, and two-dimensional maps provided from the so-called two-dimensional correlation spectroscopy (2DCOS) [START_REF] Noda | Two-dimensional correlation spectroscopy -applications in vibrational and optical spectroscopy[END_REF]Ozaki 2004, Ozaki et al. 2001). While the former tool measures the strength of correlation between the changes in the content of the analyte (scab damaged component) and variability observed in the set of spectra at a given wavelength, the latter one gives an opportunity to diagnose the internal structure of the set of spectra in light of covariance between signals measured at any pair of wavelengths. In general, the observed intensity changes in spectral bands can not necessarily be attributed to the change in the content of scab damaged component. Therefore, inspection of the correlation with the content of scab damaged component should help in determining spectral regions and/or bands where variability present in the spectra is correlated to the content of this constituent (cf. plot of correlation in Figure 1), while 2DCOS can provide insight into covariance between signals for any two wavelengths independently of whether the covariance is, or not, correlated to the content of infested constituent. In other words, 2DCOS enables one to exhibit covariances in internal structure of the set of spectra, while correlation with the content of damaged constituent allows one to distinguish covariances related to this content. A 2D map of wavelength-wavelength covariances provides two types of peaks: auto peaks located on the diagonal of the map that give information about the variance at a particular wavelength, and cross-peaks located off the diagonal that provide the covariance between the signals measured at two different wavelengths. 2DCOS was first applied to the whole wavelength range, then to the longer wavelength range, in both cases after MSC pre-treatment of the spectra. The latter range has been chosen because it contains bands characteristic for compounds typical for the chemical composition of wheat. Figure 3 shows a 2D map calculated within the whole spectral region. It displays strong autopeaks in the UV range. The most prominent autopeaks are observed [Insert Figure 3 about here] within the range of 210-260nm, where a very high correlation with the infested constituent takes place (cf. Figure 1), while cross-peaks are located mainly near 1450 nm and 1940nm, and are negatively correlated with peaks from the UV region. Bands at 1450 nm and 1940nm are commonly attributed to the content of moisture [START_REF] Osborne | Practical NIR spectroscopy with application in food and beverage analysis[END_REF][START_REF] Shenk | Application of NIR Spectroscopy to Agricultural Products[END_REF].

Therefore, the 2D map shown in Figure 3 allows one to state that the content of moisture decreases with the increase of infested constituent. However, at the wavelengths around 1450 and 1950nm there are also spectral bands of several biochemical compounds of grain, such as starch, protein, cellulose, and carbohydrates [START_REF] Osborne | Practical NIR spectroscopy with application in food and beverage analysis[END_REF][START_REF] Shenk | Application of NIR Spectroscopy to Agricultural Products[END_REF]). As a consequence, the resultant bands are broad and of complex structure since they consist of several overlapping bands coming from particular compounds. The 2D map in Figure 3 also shows the presence of less distinct cross-peaks at wavelengths close to 2100 and 2460-2490nm, which are typically recognised as common for starch and cellulose [START_REF] Osborne | Practical NIR spectroscopy with application in food and beverage analysis[END_REF][START_REF] Shenk | Application of NIR Spectroscopy to Agricultural Products[END_REF]. In order to get a more detailed insight into changes in the content of the main biochemical compounds, a 2D map of covariances has been calculated within the range of 1400 to 2500 nm. This map is shown in Figure 4. The map reveals two autopeaks close to 1940 and 2220 nm. At the former wavelength, cross-peaks can also be seen at 1450 nm (positive covariance) and much weaker, but still recognisable, structures at 1720 and 1840 nm (both with negative covariance). The peak at 1720 nm can be attributed to the change in the content of lipids [START_REF] Roussel | NIRS analysis reveals temporal trends in the chemical composition of French bread wheat accessions cultivated between 1800 and 2000[END_REF], while the band near 1840 nm has no chemical assignment in most references, except for in the paper by Diffee [START_REF] Diffee | Tobacco Analysis by NIR Spectroscopy[END_REF], where the author attributes it to cellulose. Another series of cross-peaks appears because of covariance [Insert Figure 4 about here] with the variability at the wavelengths around 2220 nm. The changes in this region are caused by changes in proteins content since many bands in the range of 2150-2200 nm characterise protein absorption and are well recognised [START_REF] Roussel | NIRS analysis reveals temporal trends in the chemical composition of French bread wheat accessions cultivated between 1800 and 2000[END_REF]. As it can be seen, these bands reveal negative correlation with the moisture changes. Moreover, a much weaker but still recognisable negative correlation is observed with the band around 2100 nm, and is due to changes in starch and cellulose content. The above analysis allows one to conclude that the content of protein and lipids increased with the increase of the scab damaged constituent, whereas the content of moisture and starch decreased. It should be noted, however, that it is difficult to make an unambiguous conclusion regarding the content of cellulose. The above findings are in agreement with reports of other authors (Wasowicz 1991, Boyacioglu and[START_REF] Boyacioglu | Changes in some Biochemical Components of Wheat Grain that was Infected with Fusarium graminearum[END_REF].

Conclusions

Of three spectral regions used for PLS modelling of the content of scab damaged constituent, the most usable region was 200-1400nm, covering the near ultraviolet, visible and very near infrared ranges. However, the whole spectral range where the spectra were collected (200-2500 nm) also supplied a model of very good performance. Of six methods for pre-processing This study has also demonstrated the capability of correlation analysis combined with two dimensional correlation spectroscopy to effectively assignment spectral bands. The results show that the regions where differences in chemical composition appear can be successfully determined. The information obtained by 2DCOS enabled deduction about the relative trends between the biochemical compounds of grains such as protein, lipids, starch, and cellulose as well as moisture. Table I. Values of parameters needed to assess the performance of PLS calibration models obtained for three ranges of wavelengths and several methods of spectra pre-processing. Bold figures distinguish best models in particular spectral ranges. For more explanations see the text. 

  prior to modelling, single differentiation followed by centring led to best models in all spectral ranges.
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 1 Figure 1. The set of original spectra (solid lines) recorded from 18 samples differing in the content of damaged component and the absolute value of correlation coefficient (broken line), calculated between the variance of the content of infested component and the variance in a set of spectra at given wavelength, versus wavelength.
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 2 Figure 2. Plots of predicted versus actual content of scab damaged component for the best models in three ranges of wavelengths: a) whole (200 to , b) shorter, c)longer. Dots are for the samples used in calibration, triangles -in prediction. Inserts give the performance parameters
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 4 Figure 4. Two-dimensional map of wavelength-wavelength covariance calculated for spectra recorded within the NIR region and pre-processed with MSC.
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  . It can be seen from the Table that RER values typical for the distinguished wavelength regions noticeably differ. One can also see from the Table that superior models within a particular range were obtained for single differentiated spectra.
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