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ABSTRACT 8 
 9 
Aims: Variability of wheat kernel size and color as well as the content of selected 
phytochemicals in wheat grain under the impact of selected biological and fungicide crop 
protection agents was investigated. 
Study design:  A randomized block method in quadruplicate. Plants sprayed with 
Sphingomonas sp. bacteria in a tillering phase and during the period of winter wheat heading 
stage. 
Place and Duration of Study:  Field experiments: Department of Plant Pathology and 
Entomology, Tomaszkowo, Poland during vegetation seasons of 2009-10 and 2010-11. 
Analytical part: Chair of Food Plant Chemistry and Processing, Olsztyn, Poland 
Methodology:  Wheat plants were protected using Sphingomonas bacteria or 
Aureobasidium pullulans yeast preparations, or using chemical fungicides and the impact of 
plant growth promoters was also measured. Image features of kernels were measured using 
digital image analysis, total contents of grain phenolic compounds, phlobaphenes, 
flavonoids, proanthocyanidins and carotenoids using spectrophotometric assays, and 
phenolic acids using high-performance liquid chromatography. 
Results:  Length was the most constant dimension of grain, independent of the type of crop 
protection, with the coefficient of variation (CV) 0.98%. In contrast, the width varied with CV 
= 3.13% and thicknesses with CV = 3.53%. The average kernel surface hue (26.44° +/- 
0.75) and saturation (27.37% +/- 0.92) values were higher and the intensity of color (61.80% 
+/- 0.81) was lower than these of cross-section (23.85° +/- 2.12 and 19.06% +/- 1.27, 
70.48% +/- 1.64, respectively). Total Folin-Ciocalteu reactive compounds occured in the 
largest quantities (1045 to 1507 µg g-1). The least variable was content of phenolic acids (CV 
= 1.13%) and among this group – content of ferulic acid (CV = 0.73%). 
Conclusion:  It was found that the type of crop protection only slightly affected the variability 
of kernel dimensions and color. Kernels from control (unprotected) wheat plots were smaller 
and lighter, had less saturated color and were characterized by lower hue values as well as 
higher total phenolic compounds, and proanthocyanidins content. There were only minor 
differences between the biological and fungicide crop protection agents used. 
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1. INTRODUCTION 13 
 14 
Size, shape, texture and color are the main kernel features used in botanical and 15 
technological classification, as well as in varietal/cultivar identification of cereal grain [1] The 16 
measurements of these features are increasingly performed using computer-aided vision 17 
systems, which are faster, more accurate and objective than the human eye [2]. In the digital 18 
image analysis (DIA) of grain samples their color, shape and dimensions are predominant 19 
subject of examination. These features are controlled by the structural and regulatory genes 20 



 

in plant [3]. Therefore wheats with blue, red or white grains [4,5], differing in size, shape and 21 
texture of the kernels are known [3,6]. 22 
Intra-cultivar variability of grain image features is mainly the result of environment impact, 23 
especially climate and agriculture regimes during plant vegetation [7,8]. In response to 24 
environmental stresses, caused for example by the attack of insects and microbes, extreme 25 
conditions of temperature, water, sun lighting, soil composition and mechanical damage, 26 
plants produce grain with changed chemical composition. This grain usually deposits a 27 
higher content of compounds known as phytoanticipins or phytoalexins [9]. Many of them 28 
can be converted into phenolic compounds in a phenylpropanoid pathway [10]. For example, 29 
there is evidence for a higher impact of the growing conditions than the genotype on the 30 
accumulation of phenolic compounds in wheat grain [11,12]. According to Shewry and Ward 31 
[12] the most variable and susceptible to the effect of the environment are phenolic acids. 32 
The cited study also indicates that environmental factors influence mostly the free and 33 
conjugated acid contents (in about 60%), while the cultivar impact is much lower (up to 34 
10%). Mpofu et al. [11] observed a similar relationship for the content of ferulic acid in wheat 35 
grain, which was 57% dependent on the environment and only 37% on the genotype. 36 
Environmental factors also determine the content of other groups of plant secondary 37 
metabolites, such as carotenoids [13], alkylresorcinols [14], and sterols [15]. 38 
In modern agriculture there is a growing trend for integration of standard pesticide 39 
treatments with pro-ecological methods [16,17]. These new methods of crop protection 40 
include biological methods, in which various species of microorganisms are utilized alone or 41 
in combination with other plant protection agents [18]. However, such treatments may affect 42 
the metabolic pathways in the plant tissues [19]. For example, Ronchi et al. [20] stated that 43 
fungicide tetraconazole affects phenylpropanoid-flavonoid biosynthesis, increasing the 44 
anthocyanin content in maize. The influence of microorganisms on biosynthesis or 45 
conversion of individual phytochemicals is still not well understood. Previous studies were 46 
mostly focused on the effects of effective microorganisms (EM) on crop yield, e.g. Wheat 47 
[21], maize [22] and rice [23]. 48 
The aim of this study was to determine the intra-cultivar variability of kernels image features 49 
as well as the content of total phenolic compounds, phenolic acids, phlobaphenes, 50 
flavonoids, proanthocyanidins and carotenoids in wheat grain from plants cultivated with the 51 
use of different biological protection agents in comparison with typically-used chemical 52 
fungicides and a control sample. 53 
 54 
2. Material and Methods 55 
 56 
2.1 Field Experiments  57 
Field experiments were conducted from 2009-2011, in the north-eastern region of Poland. 58 
The plots with an area of 20-25 m2 were sown with winter wheat (Triticumaestivum L. cultivar 59 
Bogatka). The experiment was established by a randomized block method with four 60 
replications. Plants were fertilized with nitrogen (N), potassium (K2O) and phosphorus (P2O5) 61 
at doses of 100, 100 and 60 kg ha -1, respectively. Growing plants were protected in the 62 
tillering phase BBCH 31 (the first node of at least 1 cm above node tillering) and during the 63 
period of winter wheat heading stage BBCH 55 (middle of heading, while half of 64 
inflorescence emerged) as shown in Table 1. In biological variants, the mixture of the 65 
Sphingomonas bacteria isolates (variant A2) and a mixture of the Aureobasidium pullulans 66 
fungus isolates (variant A3) were used. These microorganisms derived from grain or 67 
rhizosphere of winter wheat cultivar Tonacja, grown in the field conditions. In the chemical 68 
variants, fungicides set (variant A4) or plant growth stimulator (variant A5) were used. The 69 
unprotected plants were control (variant A1).  70 
 71 

Table 1. Plant protection in field experiment  72 
 73 



 

No. Protection variant  BBCH 31* BBCH 55 
A1 Control - - 
A2 Biological protection I Sphingomonassp. Sphingomonas sp. 
A3 Biological protection II Aureobasidium pullulans Aureobasidium pullulans 
A4 Fungicide protection propiconazole fluoxastrobin 

propiconazole 
A5 Plant growth stimulator para-nitrophenolate 

ortho-nitrophenolate 
5-sodium nitroguaiacolate 

para-nitrophenolate 
ortho-nitrophenolate 
5-sodium nitroguaiacolate 

* BBCH-scale – (ger. Biologische Bundesanstalt, Bundessortenamt und CHemische 74 
Industrie) an European scale used to identify the phenological development stages of a plant 75 
 76 
Wheat grain was harvested at maturity, dried to approx. 14%, and cleaned from broken 77 
kernels, dust and tailings in a ø200 mm, type LPzE-2e Multiserw laboratory vibrator. It was 78 
used to analyze kernel image features (dimensions and color) as well as phenolic 79 
compounds and carotenoids. Before chemical analyses, the grain was milled in a type A10 80 
IKA Labortechnic mill to fine particles below 300 nm and hydrolyzed with 2 N NaOH for 4 h 81 
at room temperature. Hydrolizates were then neutralized (6 N HCl) and evaporated to 82 
dryness (type R-210 Buchi rotary evaporator). 83 
 84 
2.2 Image Features of Kernels  85 
 86 
The kernel dimensions: length, width and thickness (Fig. 1) and color of surface and cross-87 
section were determined for 60 kernels using the digital image analysis according to 88 
Konopka et al. [24]. The images were acquired by a high resolution, low-noise CCD Nikon 89 
DXM-1200 color camera and analyzed by LUCIA G ver. 4.8 software. The results were 90 
presented in HSI (H-hue, S-saturation, I-intensity) color space, where H is expressed in 91 
degrees (in range 0-360°), and S and I in percentage (0-100% range). 92 
 93 

 94 
Fig. 1. Images of wheat kernel surface and cross-se ction with a indication of the 95 
dimensions measured by the digital image analysis 96 
 97 
2.3 Chemical Analyses  98 
 99 
2.2.1 Determination of Total Content of Folin-Cioca lteu Reactive Compounds (TPC)  100 
 101 
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Extraction of Folin-Ciocalteu reactive compounds was done according to the method 102 
described by Ribereau-Gayon [25]. TPC were 2-fold extracted by the use of 80% methanol, 103 
extracts were mixed and then evaporated. TPC were determined spectrophotometrically and 104 
the color reaction was carried out by adding Folin-Ciocalteau reagent, 14% sodium 105 
carbonate and distilled water. After 60 min in darkness the absorbance of solutions was 106 
measured against the reagent sample (without the extract) at the wavelength of 720 nm, with 107 
a UNICAM UV/Vis UV2 spectrophotometer. TPC content was expressed as µg of D-catechin 108 
in 1 g of a sample dry matter. 109 
 110 
2.2.2 Determination of Phenolic Acids (PA) Content  111 
 112 
PA content was determined based on the method described by Konopka et al. [26]. Phenolic 113 
acids were 3-fold extracted with the use of diethyl ether. Collected extracts were evaporated 114 
to dryness in a Buchi rotary evaporator type R-210. In the next step, dry extracts were re-115 
dissolved in methanol (HPLC grade) and PA were determined by the RP-HPLC technique 116 
(Agilent Technologies 1200 series system). The mobile phase consisted of two solvents: A – 117 
0.15% formic acid in acetonitrile (v/v) and B – 0.15% formic acid in water (v/v). The applied 118 
gradient was as follows: 0-7 min 10% of eluent A, followed by linear increase up to 100% of 119 
eluent A over 43 min. The flow rate was 0.2 ml/min and detection was performed at the 280 120 
and 320 nm wavelengths. PA were identified based on comparison of absorption spectra to 121 
the reference phenolic acids. PA content was expressed as µg of ferulic acid equivalent in 1 122 
g of a dry matter sample. 123 
 124 
2.2.3 Determination of Proanthocyanidins (PRO) Cont ent  125 
 126 
PRO were analyzed according to the method described for condensed tannins by Naczk et 127 
al. [27]. Proanthocyanidins were 2-fold extracted (30 min, 20°C) with 80% acetone. The 128 
combined extracts were then evaporated to dryness and dissolved in methanol. In the next 129 
step, after 1-butanol-HCl reagent addition, the solutions were heated for 2 h in sealed vials in 130 
a boiling water bath, and cooled to room temperature. Absorbance was measured at 550 131 
nm, and PRO content was expressed as µg of D-catechin equivalent in 1 g of a dry matter 132 
sample. 133 
 134 
2.2.4 Determination of Phlobaphenes (PHLOB) Content  135 
 136 
PHLOB were determined according to Wilailak et al. [28]. Concentrated HCl and dimethyl 137 
sulfoxide (DMSO) were added to the ground samples and phlobaphenes were extracted for 138 
20 min at 20°C. The samples were then centrifuged ( 25 000 × g, 10 min, 25°C) and 139 
supernatants were diluted with 20% methanol. The centrifugation was repeated and the 140 
absorbance of supernatants was measured at a wavelength of 510 nm. The PHLOB content 141 
was presented as µg of D-catechin equivalent in 1 g of a sample dry matter. 142 
 143 
2.2.5 Determination of Flavonoids (FLAV) Content  144 
 145 
FLAV were determined using the aluminum chloride colorimetric method by Lacko-146 
Bartosova et al. [29]. Samples of ground wheat grain were mixed with 80% methanol and 147 
were placed in an ultrasonic bath for 15 min. They were then centrifuged (25 000 × g, 15 148 
min, 25°C). The supernatants were mixed with 80% me thanol, followed by 10% aluminum 149 
chloride, 1 N potassium acetate and distilled water. The mixtures were incubated for 30 min 150 
at room temperature, centrifuged (25 000 × g, 10 min) and their absorbance was measured 151 
at 415 nm with a Unicam UV/Vis UV2 spectrofotometer. FLAV content was calculated using 152 
a standard calibration of D-catechin methanol solution and expressed as µg of D-catechin 153 
equivalent in 1 g of a dry matter sample. 154 



 

 155 
2.2.6. Determination of Total Carotenoids (CAR) Con tent  156 
 157 
CAR were determined spectrophotometrically by the method described by Craft and Soares 158 
[30]. To this end, 2.5% extract solutions in hexane were prepared and their absorbance was 159 
measured at the wavelength of 454 nm (maximum of lutein absorption). The measurements 160 
were carried out with a UNICAM UV/Vis UV2 spectrophotometer. CAR content was 161 
calculated based on molar absorptivity coefficient (for lutein dissolved in hexane, it is equal 162 
to 147 300 L mol-1 cm-1) and the molar mass of lutein (equal to 568.87 g mol-1). The results 163 
were presented as µg of lutein equivalent in 1 g of a dry matter sample. 164 
 165 
2.4 Statistical Analysis  166 
 167 
All analyses were made in triplicate. The results were analyzed statistically using variance 168 
analysis. For calculations, p ≤ 0.05 was established as the level of significance. To isolate 169 
statistically homogeneous groups, a "post-hoc" Duncan test was used. Calculations were 170 
performed using STATISTICA version 10.0 PL (StatSoft, Inc.). 171 
 172 
3. Results and Discussion 173 
 174 
3.1 Variability of Kernel Image Features  175 
 176 
Dimensions of wheat kernels varied in the ranges of 7.09-7.26, 3.05-3.29 and 2.42-2.66 mm 177 
for the length, width and thickness, respectively (Table 2). The tested Bogatka cultivar was 178 
typical in this regard to other winter wheat cultivars [1,31]. Generally, the smallest were 179 
kernels of the control sample. The use of biological and chemical treatments significantly 180 
increased width and thickness. It was found that the most constant dimension of grain, 181 
independent of the type of crop protection, was length with the coefficient of variation 0.98%. 182 
In contrast, the width varied with CV = 3.13% and thicknesses with CV = 3.53%. Similarly, 183 
Breseghello and Sorrells [32] found that the cultivar is major source of variation for linear 184 
dimensions of kernels, while the area and perimeter of cross-section are 185 
location × population dependent. On the other hand, the phenotypic variation between 186 
kernels of the same cultivar is very low and it is determined mostly by environmental factors, 187 
particularly for self-fertile species [33]. 188 
 189 

Table 2. Dimensions and color of wheat kernels 190 
 191 

No. Dimensions (mm)  Surface color  Cross -section color  
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A1 7.09a* 3.05a 2.42a 25.15a 26.01a 63.13a 20.52a 18.87ab 71.76ab 
A2 7.26a 3.20b 2.5ab 26.45b 27.70bc 61.43b 23.24b 19.84a 69.33a 
A3 7.19a 3.18b 2.59bc 26.72b 27.34b 61.78b 24.24c 16.96b 72.63b 
A4 7.12a 3.29b 2.59bc 26.87b 28.56c 60.98b 25.50d 20.19a 68.77a 
A5 7.13a 3.28b 2.66c 27.03b 27.23b 61.68b 25.74d 19.42a 69.93ab 
X 7.16 3.20 2.55 26.44 27.37 61.80 23.85 19.06 70.48 
SD 0.07 0.10 0.09 0.75 0.92 0.81 2.12 1.27 1.64 
CV [%] 0.98 3.13 3.53 2.84 3.36 1.29 8.89 6.66 2.33 



 

* Mean values in the same column followed by different letters are significantly different (P ≤ 192 
0.05). 193 
Abbreviations: X – mean value, SD – standard deviation, CV – coefficient of variation, Hs, 194 
Ss, Is – hue, saturation and intensity of the kernel surface, Hc, Sc, Ic – hue, saturation and 195 
intensity of the kernel cross-section 196 
 197 
The average kernel color values were as follows: Hs = 26.44°, Ss = 27.37%, Is = 61.80% for 198 
the surface and Hc = 23.85°, Sc = 19.06%, Ic = 70.4 8% for its cross-section (Table 2). 199 
Control kernels were generally less saturated and lighter and their hue values were lower by 200 
about 1-2° (for surface) and 3-5°(for cross-section ) than of other samples. The most different 201 
from the control sample was grain from a plot treated with plant regulators (Hs and Hc 202 
values) and protected by fungicide (Ss, Sc, Is and Ic values). Konopka et al. [26] observed 203 
that H and S values increased by 1-3 units and, simultaneously, the I value decreased by 204 
about 2 units by applying organic fertilizers. In the present study, the tendency was the 205 
same, when both biological and chemical crop protection were used. The highest color 206 
variability between tested grain variants was noted for hue of cross-section (8.89%) and its 207 
saturation (6.66%). It has been found that the variability of surface color was about 2-3-fold 208 
lower than of cross-section. Konopka et al. [34] found a similar relationship for other 6 winter 209 
wheat cultivars. Wiwart et al. [33] stated that even though color and shape of kernels are 210 
weakly modified by environment conditions, these features can be regarded as varietal traits. 211 
 212 
3.2 Variability of Grain Phytochemicals  213 
 214 
On average, wheat grain contained 1324 µg g-1 of Folin-Ciocalteau reactive compounds 215 
(TPC), with CV = 13.11% (Table 3). Phenolic acids constituted up to 61% of TPC, with an 216 
average content and share equal to 629 µg g-1 and 47%, respectively, and with a very low 217 
variation (1.13%) between tested samples. Extensive research of 150 wheat genotypes 218 
conducted by Shewry and Ward [12] determined the variation of phenolic acids content to be 219 
from 326 to 1171 µg g-1. The cited authors stated that the total content of phenolic acids is 220 
approximately to the same degree dependent on cultivar and environment (25 and 20%, 221 
respectively). A significantly higher impact of the environment (up to 57%) was stated in the 222 
work of Mpofu et al. [11]. According to Konopka et al. [26], the total polyphenol compounds 223 
content may be increased by up to 11% in organically fertilized grain. 224 
 225 

Table 3. Content of total Folin-Ciocalteu reactive compounds (TPC), phenolic acids 226 
(PA), phlobaphenes (PHLOB), flavonoids (FLAV), proa nthocyanidins (PRO) 227 

and carotenoids (CAR) in wheat grain 228 
 229 

Variant TPC PA PHLOB FLAV PRO CAR 
µg ferulic acid g-1 µg catechin g-1 µg lutein g-1 

A1 1507a* 634a 15.30a 41.83a 1.59a 2.21a 
A2 1383b 622b 13.67b 40.05a 1.49a 2.62b 
A3 1045c 636a 10.59c 40.80a 1.23b 2.40c 
A4 1292d 633a 12.45b 36.42b 1.42ac 2.23a 
A5 1392b 621b 13.51b 45.94c 1.27bc 2.27a 
X 1324 629 13.10 41.01 1.40 2.35 
SD 173.54 6.92 1.74 3.43 0.15 0.17 
CV [%] 13.11 1.13 13.28 8.36 10.71 7.23 

* Means in the same column, followed by different letters are significantly different (p ≤ 0.05). 230 
Abbreviations: X – mean value, SD – standard deviation, CV – coefficient of variation 231 
 232 
Low variability of the total phenolic acid content (1.13%) was confirmed by the small 233 
fluctuations (0.73%) of the main member of this group – ferulic acid. This acid accounted for 234 



 

approximately 90% of all acids, with small amounts of p-cumaric, sinapic, vanilic, p-OH 235 
benzoic and protocatechuic acids (Table 4). Okarter et al. [35] observed a similar phenolic 236 
acid composition in 6 wheat cultivars. In their studies, the most common was ferulic acid, 237 
followed by p-cumaric. These authors also found small amounts of syringic and caffeic acids, 238 
which were not detected in our research. It was generally found that the share of less 239 
frequent acids, in comparison with ferulic acid, was more varied by plant treatments used 240 
with the highest CV (42.27%) for sinapic acid (Table 4). A similar phenomenon was noted by 241 
Mpofu et al. [11], who showed that environment mostly affects the content of vanilic and 242 
syringic acids. 243 
Less common in grain were flavonoids (41.01 µg g-1 – 3.1% of TPC), phlobaphenes (13.10 244 
µg g-1 – 1.0%) and proanthocyanidins (1.40 µg g-1 – 0.1%). The rest of the TPC compounds 245 
were probably constituted mainly by alkylresorcinols, which are present in various cereals in 246 
amounts from 339 to 759 µg g-1 [36]. A significantly higher content of flavonoids (201 to 247 
677 µg g-1) in the grain of six wheat cultivars was noted by Leoncini et al. [37]. Our results 248 
are much closer to those presented by Wijaya and Mares [38], in which apigenine content 249 
main flavonoid) in the 70 wheat cultivars was determined in range of 43-167, with a mean 250 
value of 80 µg g-1. References about other phenolics (proanthocyanidins and phlobaphenes) 251 
examined in our study are scarce. These compounds are end products of the 252 
phenylpropanoid pathway and are reported to be associated with a brown/red color of wheat 253 
grain [39,40]. Usually they are detected in wheat grain as present or absent in colorimetric 254 
tests, because of their difficulty in isolation from plant material [41]. 255 
The average carotenoid content was 2.35 µg g-1 with variability from 2.21 to 2.62 µg g-1. 256 
These values are in the range of 1.3-4.0 µg g-1 given for wheat grain by other studies 257 
[26,34,35]. The reported variability of these compounds was 7.23%, indicating an essential 258 
effect of the growing conditions. It expands the conclusions of Stracke et al. [13], who 259 
showed that climate has a significant impact on the carotenoid concentration in grain. 260 
Summarizing this part of study, it can be concluded that the control sample was the most 261 
abundant, both in TPC compounds, phlobaphenes and proanthocyanidins, but at least as 262 
rich in carotenoids. In regard to theplant treatments used, phlobaphenes and 263 
proanthocyanidins were the most varied among the tested phytochemicals, with a coefficient 264 
of variation equal to 13.28% and 10.71%, respectively. 265 
 266 

Table 4. Content of phenolic acids in wheat grain ( µg g -1) 267 
 268 

Variant ferulic p-cumaric sinapic vanilic p-OH 
benzoic 

protocate-
chuic 

A1 567.8a* 34.5a 2.7a 2.8a 4.5a 11.3a 
A2 568.9a 26.9b 8.9b 2.9a 4.0b 10.7b 
A3 571.1a 35.7a 9.9c 2.9a 4.6a 11.4a 
A4 568.6a 31.6c 12.8d 3.1a 4.9c 11.8a 
A5 560.3b 34.6a 9.7c 2.4b 3.9b 9.8c 
X 567.3 32.7 8.8 2.8 4.4 11.0 
SD 4.12 3.56 3.72 0.26 0.42 0.78 
CV [%] 0.73 10.89 42.27 9.29 9.55 7.09 

* Means in the same column, followed by different letters are significantly different (p ≤ 0.05). 269 
Abbreviations: X – mean value, SD – standard deviation, CV – coefficient of variation 270 
 271 
 272 
4. Conclusion 273 
 274 
The methods of plant protection had a little effect on the variation of wheat kernel 275 
dimensions, although the differences between individual variants and control were 276 
significant. Protected plants were characterized by wider and thicker kernels, while the 277 



 

length was stable for all variants. A higher impact of treatments used was noted for kernel 278 
color, especially for its cross-section (with CV up to 8.87% for hue). It shows that utilization 279 
of grain color in cultivar classification of wheat may lead to erroneous results, especially in 280 
the case of inbred lines. The stated variation of grain color results mainly from changes of 281 
grain chemical composition. Among the studied groups of phytochemicals, TPC and 282 
phlobaphenes were the most variable, while the content of phenolic acids (PA), especially 283 
ferulic acid, was the most constant. It was found that the biological protection significantly 284 
influenced primarily phlobaphenes and carotenoids contents, while fungicides and growth 285 
stimulator – flavonoids and proanthocyanidins contents. 286 
 287 
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