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ARTICLE INFO ABSTRACT

Keywords: Synchrotron X-ray imaging and spectroscopy techniques were used for studying changes during
Synchrotron post-harvest storage of food grains. Three varieties (AAC Spitfire, CDC Defy, and AAC Stronghold)
durum wheat of the Canada Western Amber Durum (CWAD) wheat class were stored for five weeks at 17 %

X-ray fluorescence spectroscopy
X-ray fluorescence imaging
Mid-infrared spectroscopy
Post-harvest storage

moisture content (wb). Control (dry) and stored moistened seeds were analyzed for biochemical
and nutritional changes using synchrotron bulk X-ray fluorescence spectroscopy (SR-XRF), X-ray
fluorescence imaging (SR-XFI), and mid-infrared (mid-IR) spectroscopy at the Canadian Light
Source (CLS), Saskatoon, SK. All varieties of durum wheat were spoiled at the end of five week,
and AAC Spitfire and CDC Defy varieties were most affected in nutritional composition and their
distribution than AAC Stronghold. Variable response to changes in biochemical and nutrition
were found in all three spoiled varieties of the same durum wheat class.

1. Introduction

Durum wheat is the 10™ most important cereal cultivated worldwide [1] with an annual production of average of 40 million tonnes
(Mt). Durum wheat is an important cereal crop of Canada because Canada leads the export of durum wheat in the world. The total
economic impact on Canadian economy from durum wheat sector was 7.5 billion CAD per year during 2018-20 [2]. Canada produced
around 6.11 Mt of durum wheat and exported around 2.71 Mt in 2022 [3]. There is a demand for good quality durum wheat, and
Canada shares 50 % of the world’s export of durum wheat [4]. Canadian durum wheat is bright yellow in color with high protein
content and semolina yield, making it an excellent choice for making high-quality food products. Durum wheat is a cereal crop and
cereal food grains face many challenges during bulk storage. Cereal grains are stored at many points along the food chain for a short or
long time before consumption, where sound grain storage management plays an important role in keeping post-harvest losses to a
minimum. The post-harvest losses in cereals range from 1 % in well managed systems to 50 % in poorly managed systems [5].
Sometimes, in a single unit of storage, total grain can be spoiled, making it unsuitable for human consumption, thus resulting in 100 %
loss [5]. The high moisture content leads to the growth of fungi on food grains under favourable temperatures. It is necessary to study
changes in the quality of wheat during storage; therefore many studies had been conducted to develop better post-harvest guidelines
[4,6-11]. Food grains have unique internal features, structures, and compositions that differentiate them from each other in classes
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and varieties. Therefore, the use of non-destructive methods such as X-ray imaging for the study of changes in storage has taken place
in the last two decades. The conventional X-ray imaging system for wheat [12-16] was used to determine various structural features
for seed characterisation. The wheat seed crease depth and morphology of two wheat lines were compared to reveal diseases such as
black spots that infect particularly at the crease [17]. These conventional systems have certain limitations such as low resolution, more
scanning time, and non-selective wavelength. Therefore, synchrotron X-ray imaging techniques have gained pace in the last two
decades and are used by researchers across the globe.

Soft wheat cultivars have better post-harvest storage tolerance than harder cultivars [18] and durum wheat is hard wheat, hence it
has poor storability than other non-durum wheat [4]. The wheat structure and nutritional composition might play an important role in
the resistance to deterioration. However, knowledge about changes in nutrients or study on effect of storage on nutrient presence using
advanced imaging is limited. Wheat has micro-nutrients: Mn, Fe, Cu, and Zn; and macro-nutrients: Na, Mg, K and Ca [19]. Micro- and
macro-nutrients may play a role in fungal pathogen defense for plants or wheat seeds. The roles of micronutrients in plant defense have
been documented for Mn, Fe, Cu, and Zn [20-22]. Synchrotron X-ray fluorescence imaging and spectroscopy are widely used in
agricultural and medical sciences and have potential for determining nutritional components in seeds. The changes in nutrient
presence and mapping using synchrotron X-ray based fluorescence imaging in wheat crops were reported during crop growth stages,
and effect of various fertilizer treatments but not visualized in post harvest storage studies. It has been used in pea seeds [23] for bulk
nutritional analysis, whole wheat sections [24], and in cereals [24-27].

Wheat has about 78 % carbohydrates, 14 % protein, 2 % lipids, and 2.5 % minerals [28] and durum wheat is generally charac-
terized by its high amounts of protein (14.3-15.1 %) [29,30]. Fungal infection of wheat seeds can cause significant changes in the
biochemical components [31]. The storage protein of wheat has immense importance in determining the quality and end-use prop-
erties of the grain, which means it has some role to play during safe storage [32]. Mid-IR spectroscopy was used along with synchrotron
imaging techniques for the identification of Fusarium resistant wheat variety [33], high nutritional value pea seeds [34], changes in
stored wheat due to fungal damage [35], and synchrotron infrared microscopy was also used for analyses of animal feed quality [36].
Therefore, this study was conducted to characterize the durum wheat varieties based on nutritional and biochemical changes in storage
due to spoilage. Our study hypothesizes that, spoilage in storage can have an impact on nutritional and biochemical composition of
durum wheat, and each variety under the durum wheat class can behave differently. The generated data for durum wheat can be
beneficial for making storage decisions and for the food processing industry. Information about the changes in nutrition using
advanced imaging, like synchrotron imaging, is limited in post harvest storage studies of cereals; therefore, this work was undertaken
to understand the behaviour of nutritional changes due to spoilage in durum wheat during bulk storage. The objectives of this study
were to 1) determine nutrient composition using synchrotron X-ray fluorescence spectroscopy (SR-XRF) and localization using syn-
chrotron X-ray fluorescence imaging (SR-XFI) and 2) determine the biochemical composition by mid-infrared (mid-IR) spectroscopy.
The developed methodology of this study can be used for assessing changes in other Canadian wheat classes during storage.

2. Materials and methods
2.1. Wheat

In this study, we procured and used commercially available certified seeds of Canada Western Amber Durum wheat (varieties: CDC
Defy, AAC Stronghold, and AAC Spitfire) from a company (SeCan, Niverville, MB).

Fig. 1. The layout of the IDEAS-XRF beamline during data acquisition of Canadian Light Source, Saskatoon.
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2.2. Storage experiment

Five-hundred-gram samples of each variety were conditioned to a moisture content (mc) of 17 % (wb) using distilled water in
triplicates and then stored in airtight glass jars (volume 1 L) and these procedures were repeated every week for up to five week. Then,
glass jars were stored at ambient conditions where storage temperatures were in the range of 22-25 °C. The mc was determined 24 h
after conditioning by oven drying of 10 g samples at 130 °C for 19 h and the samples were reconditioned, if necessary, to maintain mc
at 17 + 0.5 % [37].

2.3. Bulk X-ray fluorescence spectroscopy

2.3.1. Sample preparation

Technical replicates were employed during the preparation of samples for bulk X-ray fluorescence (XRF) analyses. The samples
were pulled from the three jars for grinding as a whole and three pellets were made as technical replicates. The purpose of using
technical replicates was to ensure the reliability and reproducibility of the experimental results by accounting for any variability that
might arise during the sample preparation process. The sample was first ground to fine powders using a cryo grinder (GENCO Spex
2010, Metuchen, NJ USA) using liquid nitrogen. Three circular pellets were prepared using a 13-mm diameter stainless steel die in a
hydraulic press (PIKE Technologies, Madison, W1, USA) at three pressures (53.93, 34.32, and 14.70 kPa) with a holding of time 3 s for
each pressure. The use of pressed pellets gives more accurate results compared to packed powder samples [38]. Ninety-seven milli-
grams of wheat flour were pressed into pellets of an approximate thickness of 0.2 mm and diameter of 13 mm (Fig. 1). The used die was
wiped using ethanol after each sample and pellets were stored in the dark in a vacuum desiccator until further use [23].

2.3.2. Data acquisition and analysis

Data acquisition was carried out at the Industry Development Education Applications Students (IDEAS), which is a bending magnet
beamline at the Canadian Light Source (CLS) (Fig. 1). Incident X-ray of energy of 13.6 keV was used in scanning of sample pellets and
scanning was performed as per the procedure established [23]. The sample stage was placed between the source and detector at an
angle of 45° and the detector distance from the sample was set to 11 mm. A beam size of 5 mm width and 2 mm height was used for
sample scanning. Total of twenty-four sample pellets were mounted on the sample stage using Kapton tape. Three spectra were
collected per pellet and each spectrum was completed in 85 s. Data acquisition was carried out using an in-house developed Aquaman
software and then further data processing was done using PyMca (5.6.7) software [39]. The configuration and a calibration fit were
developed using one representative sample spectrum and the rest of the sample analysis was completed using the batch fitting routine.
The statistical analysis (one way ANOVA) was done to check significant differences in fluorescence count of nutrients (Fe, K, Zn, Ca and
Mn) in the samples stored for 1 week, 3 week, 5 week, and control in MS-Excel 2008 and results are discussed in the discussion section.

2.4. X-ray fluorescence imaging

2.4.1. Sample preparation

Seeds were embedded in a Leica Cryogel using liquid nitrogen. The seeds were thin-sectioned to 80 pum thickness as per the
described procedure [40] using a Leica CM1950 cryostat microtome (Leica Biosystems Inc., Richmond Hill, ON). Thin sections of
samples reduce the distortion of the elemental maps caused by the penetrating nature of the X-rays [41]. Multiple sample sections on
Kapton tape were placed on the sample holder of the BioXAS-Imaging beamline at the CLS (Fig. 2). The microscopic images were

i «——— Sample
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Fig. 2. BioXAS-imaging beamline and sample setup of Canadian Light Source, Saskatoon.
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collected using digital microscope (Motic DM143, Motic, Kowloon, Hong Kong) before SR-XFI imaging of samples.

2.4.2. Data acquisition and analysis

The X-ray fluorescence imaging data were collected using the BioXAS-Imaging beamline at the CLS. The in-vacuum undulator of the
beamline provides a high spectral brightness source for X-rays. In this study, the incident beam energy was set to 15 keV. The focused
beam spot size was 5 pm x 5 pm. Data were collected in continuous bi-directional fly-scanning mode with a step size of 5 pm and 100
ms dwell time. Each seed section took about 8 h to scan. The Vortex-ME3 silicon drift X-ray detector (Hitachi High Technologies
Science American, Inc. Chatsworth, CA) was at 45° and the samples were in a 90-degree stage configuration to the incident beam. The
detector to the sample distance was set to 3.5 cm. Data acquisition was carried out using PyAcq data acquisition software. Calibration
of elemental peaks and data fitting was carried out using PyMca (5.6.7) [39]. The batch fitting of data was carried out to generate the
distribution of elements and further data were normalized using an RGB calculator of PyMca.

2.5. Mid infrared (mid-IR) spectroscopy

2.5.1. Sample preparation

Technical replicates were formed by selecting (pooling) wheat seeds from three jars and then grinding these to fine powders using a
cryo grinder (GENCO Spex 2010, Metuchen, NJ USA) using liquid nitrogen. Fine flours (4.85 mg) were mixed with 385 mg potassium
bromide (KBr) to make three powder pellets. Then, this mixture was ground again using the cryo grinder and then three equal portions
of material were pressed using a hydraulic press (PIKE Technologies, Madison, WI, USA) at three pressures (53.93, 34.32, and 14.70
kPa) with holding time 3 s each time to form three pellets (13 mm in diameter) for each sample.

2.5.2. Data acquisition and analysis

Biochemical components (protein, lipid, and carbohydrates) were determined using mid infrared spectroscopy [34]. The pelleted
sample was placed in a sample wheel for FTIR data collection. Data were collected using Cary 670 series microscope (Agilent Tech-
nologies Inc., Santa Clara, CA) equipped with a bulk analysis accessory and thermoelectrically cooled Deuterated Lanthanum
«a-Alanine doped TriGlycine Sulphate (DLaTGS) detector. The spectra were collected in the 4000-900 cm ! range at 4 cm ™ resolution
with 64 scans co-added at each raster point. Data processing and analysis were carried out using the Quasar software (version 1.5.0)
[42] and OriginPro was used for plotting the spectra. The acquired spectra underwent several preprocessing steps to ensure data
quality and reliability. These steps encompassed background correction, normalization based on sample concentration, baseline
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Fig. 3. XRF bulk spectra of durum wheat (A: AAC Spitfire, B: CDC Defy, and C: AAC Stronghold) in control (dry) and stored at different week at 17
% mc (wb).
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correction utilizing the rubber band method, and vector normalization in Quasar software (Version 1.5.0). The reshaped combined
dataset, comprising both healthy and damaged samples, underwent an application of principal component analysis (PCA) which is a
well-established method for data reduction, wherein the dataset is transformed into a smaller number of components that encapsulate
most of the original data’s information. The initial and secondary principal components (PCs) were of particular interest in this
analysis.

3. Result and discussion

The physical condition of three varieties stored for 5 week was assessed by visual observation of three replicates and found varying
levels of deterioration compared to control samples. The fungus was visible on some of the germ parts of the AAC Spitfire and CDC
Defy. Slight discoloration from yellow to faded yellow/blackish was also found on AAC Spitfire and CDC Defy. The AAC stronghold
variety showed less deterioration on the surface or near the germ compared with other two varieties. The level of deterioration
increased from the first week to fifth week in the selected varieties.

3.1. Micro and macro-nutrients presence

Bulk analysis of samples using spectroscopy of durum wheat varieties provided an overall picture of how much particular nutrient
was present before and after storage and more insight into whether spoilage has any impact on their presence (Fig. 3). The higher
photon counts were found for control samples than stored wheat samples for targeted nutrients. Nutrients Ca, K, Mn, Fe, Cu, Zn, and Br
were located with peaks in durum samples at photon energies 3660 eV, 3320 eV, 5900 eV, 8000 eV, 8650 eV, and 12000 eV,
respectively as shown in Fig. 3. The variation in nutrients Ca, K, Mn, Fe, Cu, Zn, and Br peaks was found among the three selected
varieties. In control samples, the nutrient Fe was the highest in AAC Spitfire (Fig. 3A) followed by CDC Defy and the lowest in the AAC
Stronghold. The stored samples of AAC Spitfire and CDC Defy showed differences in Fe peaks as compared to control. Maximum
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Fig. 4. The mapping of nutrients in control and 5 week stored durum wheat. Distribution of nutrients Fe (al, b1, c1, d1, el, f1), K (a2, b2, c2, d2, e2,
f2) and Zn (a3, b3, c3, d3, e3, f3) using SR-XFI. Microscopic images of durum wheat control thin sections (a: AAC Spitfire, b: CDC Defy, c:AAC
Stronghold) and 5 week stored (d: AAC Spitfire, e: CDC Defy, f: AAC Stronghold).
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reduction of around 40 % in Fe fluorescence count was observed in 5 week stored samples over control samples. In case of AAC
Stronghold, less variation about 20 % in Fe peaks was observed in 5 week stored samples over control. These results agreed with the
visual inspection, where more spoilage was observed in AAC Spitfire and CDC Defy. The large variation of nutrient Fe was found in our
results and it can be linked to fungal infection. One of the reasons for variation in nutrient Fe can be due to growth of fungus on durum
wheat, as per literature fungal infection might strive on plant cells iron for support of their metabolic activities [43]. In fungi,
intracellular siderophores can serve as iron storage [44]. One more reason for large variation of Fe element could be linked to
deterioration of two durum wheat varieties (AAC Spitfire and CDC defy) where the outermost layer from whole grain was lost in
sample preparation (may be damaged due to weak structure) where Fe is distributed. One of the study, stated that whole wheat
contains Fe about 3.9 mg/100 g, as compared to wheat flour 0.9 mg/100 g [45], hence due to deterioration the Fe present in outer
layers or attached husk, which may have fallen off at the end of 5 week of storage, could not make into wheat flour of pellets. In CDC
Defy variety (Fig. 3B), the steep decline in Fe peak was observed as storage period progressed from 1 week to 5 week. A similar trend
was observed in case of nutrient K and Zn in 5 week stored samples of durum wheat and reduction by 15 % in photon counts compared
to control. The roles of micro-nutrients in plant defense were documented for Zn [20-22]. Hence from the seed defence point of view
degradation of Zn and Mn micronutrients can be sign of deterioration in durum wheat.

In all durum varieties, minor degradation of nutrients (Ca, Mn, and Cu) was also observed due to deterioration. The around 8-10 %
reduction in fluorescence counts was observed for Ca, Mn, and Cu nutrients in spoiled samples of durum wheat. As the storage time
increased, it had an observable impact on K, Mn, and Fe, whereas Ca, Zn, and Cu had less variations. Durum wheat variety AAC
Stronghold (Fig. 3C) showed a higher presence of nutrient Br and had variations among the samples stored for different week and
remaining other nutrients were least affected or had less variation but showed comparatively higher variation in Zn. The nutrients Fe,
Zn and Mn are essential for growth of fungus in cereals [46]. As discussed earlier in case of Fe presence that fungal or mould growth due
to unfavorable condition during storage might be responsible for diminishing of nutrients. As per Bamrah et al. [23] the results ob-
tained using the XRF spectroscopy method are statistically not different from the analytical laboratory methods for seed nutrient
analysis, it means observed results in variation of nutrient due to deterioration can be used in further analysis or interpretation. In case
of AAC Spitfire and CDC Defy, the decrease in counts or variation in peaks was observed from one-week storage onwards, whereas AAC
Stronghold variety did not show reduction in counts until 3 week storage. These observations can be linked to deterioration of samples,
where AAC Stronghold performed better in storage and three varieties can be characterised based on changes in macronutrients and
micronutrients. All three varieties of durum wheat showed variable response in spectra of available nutrients; hence synchrotron X-ray
fluorescence spectroscopy can be used in characterization of wheat varieties for post harvest storage. One-way ANOVA revealed
statistically significant differences in means of fluorescence counts (p < 0.05) in some nutrients. In all selected varieties of durum
wheat, the significant changes in (p < 0.05) nutrient Fe, Zn, and Mn were found during length of storage. The changes in nutrient K was
found statistically insignificant (p > 0.05) in variety AAC Spitfire but was found significant in CDC Defy and AAC Stronghold (p < 0.05)
varieties. The changes in nutrients Ca and Cu were found statistically insignificant at (p > 0.05) in all durum wheat varieties. The
results illustrate that, deterioration of durum wheat had significant impact on its available nutrients at the end of 5 week storage.

3.2. Changes in nutrient distribution

The results of SR-XFI imaging of 80-pum thin sections of durum wheat (control and 5 week stored) are presented in Fig. 4. The
purpose was to map changes in the distribution of essential nutrients within seed components before and after storage. Gradients in
micronutrients and macronutrients were observed between spoiled and control durum wheat samples. The red in the scale represents
maximum value and blue represents the minimum value of detected nutrient across wheat sections. In Fig. 4, only those sections in
which maximum difference in nutrient distribution was observed are presented. Nutrient Fe was abundantly distributed in the seed
coat (with aleurone layer) of the durum wheat in control samples in the order CDC Defy > AAC Spitfire > AAC Stronghold as is visible
in Fig. 4 (al, b1, c1) before storage and after storage in spoiled samples as in order CDC Defy > AAC Stronghold > AAC Spitfire Fig. 4
(d1, el, f1). Next to Fe, the nutrient K was well distributed in all control samples of three varieties inside the seed coat and across the
endosperm of the seed as shown in Fig. 4 (a2, b2, and c2). In spoiled samples nutrient K was found in the order CDC Defy > AAC
Stronghold > AAC Spitfire as observed from Fig. 4 (d2, e2, f2). The distribution of K was also lowered in spoiled samples as observed
from Fig. 4 (d2, e2 and f2). The observed distribution of K was lowered in endosperm, but not in the seed coat in durum wheat, this
might be due to the deterioration of endosperm due to spoilage in the seed. Larger gradients were observed in Fe, Zn, and K in spoiled
samples than controls.

Elements Cu, Fe, and Zn are localized in aleurone layer in wheat and large gradients in concentration of elements (Cu, Fe, Zn, Mn)
exist between crease and endosperm region [24]. In this study only distribution of elements of interest were mapped not the con-
centration; however, in previous studies wheat seed components were characterized on the basis of element concentrations [24,47].
The distribution of Fe, Zn, and K was lowered in all spoiled samples as is visible in Fig. 4. Control samples of AAC Spitfire and CDC Defy
showed Zn concentrated in germ and adjoined aleurone layer, but later in spoiled samples the distribution was lowered in all durum
wheat samples Fig. 4 (a3-f3). In CDC Defy, Zn was found to be distributed in aleurone and crease region after 5 week Fig. 4 (b3);
however, lower than control samples Fig. 4 (e3). An earlier study also reported that Zn is Associated with aleurone and crease regions
[47]. Zinc plays a pivotal function in the plant’s response to pests and diseases [48]. The major changes in Fe and K nutrient distri-
bution were observed in scanned spoiled seed samples and these findings agreed with the findings of bulk XRF spectroscopy. As
compared to K, Fe, and Zn, a minor variation in the distribution of other nutrients was observed for Ca, Mn, and Cu in the case of all
durum varieties. The microscopic images of spoiled samples Fig. 4d, e, f showed deterioration in the endosperm over control samples
Fig. 4a, b, c. The presence of air gaps and cracks were found in microscopic images of control samples in AAC Spitfire (Fig. 4a) and CDC
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Defy (Fig. 4b). These imperfections may have been caused due to deterioration during storage or sample preparation, where major
changes were observed in nutrients in spoiled sections as discussed earlier. The extent of damage was less in both thin sections of the
AAC Stronghold as shown in Fig. 4c, f.

In our study, we were able to map variations in the distribution of micro-as well as macro-nutrients in durum wheat during post-
harvest storage, because, in earlier studies, only effect of field treatments on the presence of nutrients in different cultivars was studied
[19,24]. The nutrients Mn, Cu, Fe, and Zn play an important role in plant defense and immune responses [20-22]. Manganese is
responsible for the production of phenolic compounds, which assist in plant defense mechanisms [49]. Almost similar trend was
observed in decreasing distribution of nutrients in durum wheat cross sections for other nutrients Ca, Mn, and Cu, but gradients were
lower than for Fe, Zn, and K. The variety AAC Stronghold performed better than other two varieties, but all durum wheat were affected
at 17 % mc within 5 week of storage. The spoilage in storage not only affects physical structure, which was found in microscopic
images, but also diminishes the nutritive value of durum wheat. The outcomes of nutrient mapping were found to be interconnected
with the findings obtained from bulk spectroscopy analysis.

3.3. Biochemical changes

The changes in biochemical components during storage using mid-infrared spectroscopy analysis are presented in Figures (5-7).
The variations in proteins, lipids, and carbohydrates in durum wheat varieties due to spoilage during storage were assessed and the
spectra of control and 5 week stored wheat are presented in Fig. 5. The 1800-1100 em™? region of spectra was used in the analysis
because this region is dominated by absorption bands related to protein, lipid, and carbohydrates [35]. Control samples of wheat have
relatively higher lipids, proteins, and carbohydrates at 1740, 1650, and 1080 cm ™! [50]. The region 1200-900 cm ™! represent car-
bohydrates with peaks at 1023, 1080 and 1150 cm™?, in which spectral bands located at 1080 and 1023 cm™! have been attributed to
starch and, the band observed at 1150 cm! can be attributed to the stretching of CC and CO bonds within starch molecules, as
suggested by previous studies [34]. The control AAC Spitfire showed maximum absorbance for carbohydrates followed by CDC Defy
and AAC Stronghold. Later, at the end of 5 week of storage large gradient was observed in absorbance of carbohydrates for AAC Spitfire
compared to other two varieties CDC Defy and AAC Stronghold. The variety CDC Defy showed lower absorption for carbohydrates at
the end of 5 week of storage, this illustrates impact of deterioration on biochemical composition and AAC stronghold showed less
changes compared to other two varieties. Carbohydrates were degraded mostly may be due to starch degradation compared to lipids
and proteins, which can be inferred from normalized spectra of CDC Defy and AAC Spitfire.

Durum wheat is called hard wheat due to its high protein content [13], hence it is important to know the impact of deterioration on
wheat protein. Mid-IR may help in characterization of selected durum wheat on these changes due to deterioration in storage.
Therefore, second derivatives of spectra were plotted for regions 1700-1600 cm ™+ as shown in Fig. 6. The band regions at 1600-1500
em ™! and 1700-1600 cm ™! represent the protein spectra with amide I at 1650 ecm ™! (C—=0 and C-N stretching) and amide II at 1540
cm ™! (N-H bending and C-H stretching) [34]. The nature of proteins can be evaluated from Fig. 6. The peaks located at 1635 and 1654
cm ™! were p-sheets and o-helical secondary protein structures in durum wheat. All observed peaks followed similar pattern, but
considerable variation was observed in 5 week stored samples for AAC Spitfire and CDC Defy varieties compared to control. It can be
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Fig. 7. Top (a): data loading plots of three principal components (PC1, PC2, PC3) of the data (durum wheat varieties; AAC Spitfire, CDC Defy and
AAC Stronghold stored for 5 week and control) in spectral region 1800-900 cm~'. Bottom: Principal component analysis (b) (PC1 vs PC2) of durum
wheat. Principal component analysis (c) (PC1 vs PC3) of durum wheat varieties.
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observed protein (1700-1500 cm 1) regions play an important role in the characterization of durum wheat. AAC Spitfire control and 5
week stored wheat showed variation in lipid peaks at 1750 cm ™! as presented in the second derivative spectra of Fig. 6. Biochemical
changes in storage studies wheat and other cereals at unsafe moisture were summarized [51] and found that protein, carbohydrates
were decreased in range of 3-19 % after 6 week storage due to mould growth. Lipids were at 77 % of original value in wheat and
processed wheat products after end of storage due to fungal infection [51]. The analysis of principal components revealed that the first
three principal components (PCs) PC1, PC2 and PC3 collectively showed 73 %, 20 % and 5 % of the explained variance, respectively
(Fig. 7a). By employing the PC scores, a clear distinction was observed between the PC scores generated for control samples and 5 week
stored samples. These PC scores were further utilized to create a graphical representation Fig. 7b, c. The score of 5 week stored samples
are bent to right side than that of control samples which were clustered at left side. In the resulting plot a discernible separation
between the PC scores corresponding to control and 5 week stored wheat was evident. The deterioration in seed tends to be
non-uniform, hence not all tissues of seed would necessarily experience damage, therefore, some 5 week stored samples showed up in
left side with controls in the plot. In summery, more affected varieties due to spoilage were AAC Spitfire and CDC Defy and less affected
was the AAC Stronghold. The control sample of AAC Spitfire was in the negative region than the other two varieties, which might
reflect its initial condition that it has poor storability. Similar result was reported for fusarium susceptible and resistant wheat varieties
[331, where they were able to characterize fusarium resistant varieties of wheat based on FTIR spectra results. The plot revealed that
almost all durum wheat showed deterioration as per shifting of scores in negative region. AAC Stronghold was sound before storage but
later showed deterioration, but less compared to other two varieties. The kernel texture and biochemical composition, including starch
granule texture, and protein content vary among wheat varieties [52] and similar findings were the outcome of this study. In dete-
rioration process, fungi can absorb and metabolize a diverse range of soluble carbohydrates, insoluble ones like starches, cellulose, and
hemicelluloses and break down complex hydrocarbons such as lignin [53]. The durum wheat is said to be poor in storage under
unfavorable conditions [4] and in our study using high resolution imaging it was found more susceptible to spoilage in short term
storage.

4. Conclusion

The SR-XRF analysis revealed the effect of storage time and deterioration on variations in micro and macro nutrients. The SR-XFI
imaging revealed changes in nutritional distributions at the micron scale in thin sections in their maps within seed features. The
changes in biochemical components (proteins, lipids, and carbohydrates) due to deterioration during storage were determined using
mid-infrared (mid-IR) spectroscopy. The AAC Spitfire and CDC Defy varieties showed more deterioration than AAC Stronghold, and all
three varieties can be characterized based on variation in nutrient and their distribution with spoilage and storage time. The developed
methodology in this study will be useful in the analysis of more cereal and pulse seeds. There is good scope of linking observed changes
in wheat during storage to X-ray microcomputed tomography data (microstructural data) of wheat.
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