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Abstract
The aim of this study was to determine the relationship between the surface textural features of wheat kernels and the quan-
tity of DNA of fungi of the genus Fusarium. The images of kernels of four wheat cultivars were acquired on the ventral side 
and dorsal side with a flatbed scanner. Fungal DNA was quantified with specific TaqMan probes for F. culmorum and F. 
graminearum sensu stricto. In images acquired on the ventral side, the quantity of fungal DNA was most highly correlated 
with texture aHVariance from channel a in cultivar 1 (0.86), with one texture from channel R in cultivar 2 (0.80), with one 
texture from channel L (0.69) and one texture from channel X (− 0.69) in cultivar 3, and with one texture from channel b in 
cultivar 4 (0.70). In the images acquired on the dorsal side, the quantity of fungal DNA was most highly correlated with one 
texture from channel V in cultivar 3 (0.89), two textures from channel B in cultivar 1 (− 0.74), one texture from channel R 
(− 0.77), and two textures from channel Z (0.77) in cultivar 2, and one texture from channel a and textures from channel S 
(0.74) in cultivar 4. The results of this study indicate the usefulness of image analysis for detecting fungal infections in grain. 
The findings make a valuable contribution to the development of rapid, inexpensive, non-invasive, and effective methods for 
preliminary screening of infected and healthy kernels and for evaluating the severity of fungal infections in kernels.
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Introduction

Fusarium head blight (FHB), also known as scab, is one of 
the most devastating diseases of small-grain cereals world-
wide. FHB affects barley, rye, oats, and triticale, but it poses 
the greatest risk for wheat on the global scale [1]. The dis-
ease is favored by warm and humid weather at flowering [2, 
3]. Symptoms of FHB are usually observed across the entire 
head or on several spikelets, and they lead to the formation 
of Fusarium damaged kernels (FDK). The affected grain 

accumulates various mycotoxins, which significantly com-
promises food and feed safety [4] and poses a considerable 
risk for human and animal health [5, 6]. The disease can 
induce changes in the shape and color of Fusarium-infected 
kernels which become shriveled with pink, chalky white, 
orange, bluish black, black, and bronze discoloration. Sporo-
dochia and perithecia are visible on the surface of infected 
kernels. The disease can also reduce kernel weight [7, 8].

Fungal infections can decrease the quantity and qual-
ity of grain yields [9]. Grain colonized by Fusarium fungi 
can also accumulate mycotoxins. Type B trichothecenes, 
including deoxynivalenol (DON) and its acetylated deriva-
tives (3AcDON, 15AcDON), nivalenol (NIV) and fusarenon 
X (FUS-X) and zearalenone (ZEA), are most prevalent in 
Europe [9–11]. Molecular and chemical methods and tech-
niques are most commonly used to identify infected kernels. 
However, these methods are expensive, time-consuming, 
and laborious. Molecular methods based on real-time poly-
merase chain reaction (PCR) support the quantification of 
fungal species [12]. Infected kernels and mycotoxins can 
also be detected with the use of chemical methods, includ-
ing thin-layer chromatography, gas chromatography, liquid 
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chromatography, gas chromatography–mass spectrometry, 
liquid chromatography–mass spectrometry, fluorescence 
polarization immunoassay, and the enzyme-linked immu-
nosorbent assay [8, 12, 13]. In a study by Jin et al. [8], DON 
concentrations estimated by gas chromatography–mass spec-
trometry were correlated with the results obtained by sin-
gle-kernel near-infrared (SKNIR) reflectance, and SKNIR-
estimated FDK were additionally compared with visually 
estimated FDK. Spectroscopic methods are used to detect 
fungal infections based on the ergosterol content of kernels 
[12]. Ergosterol content can also be estimated on the basis 
of thermal properties [14]. Fungal cultures can be inspected 
under a microscope or with the naked eye [15], but these 
methods are time-consuming and require extensive mycolog-
ical expertise [16]. Infected kernels can also be detected with 
the use of imaging techniques. Thermal imaging supports 
the classification of infected and healthy kernels [16, 17]. 
Image analysis is a non-destructive method of identifying 
fungal infections in kernels [12]. Delwiche et al. [18], Sha-
hin and Symons [19], and Barbedo et al. [5] relied on hyper-
spectral imaging to classify Fusarium-infected and healthy 
kernels. Digital image analysis was used to distinguish 
healthy and damaged kernels with the use of color descrip-
tors [20], shape factors [21], and textural parameters [22]. 
There is a general scarcity of published information about 
the use of textural parameters for evaluating the quantity 
of Fusarium DNA in infected kernels. Rapid, inexpensive, 
and effective methods for preliminary grain screening are, 
therefore, needed to distinguish infected and healthy kernels, 
and assess the severity of fungal infections in kernels. The 

aim of this study was to determine the relationship between 
the surface textural features of wheat kernels and the quan-
tity of DNA of fungi of the genus Fusarium, and to identify 
textures that are most correlated with fungal DNA. A novel 
non-invasive diagnostic method was proposed for prelimi-
nary detection of fungal infections in grain and for determin-
ing the amount of fungal DNA based on kernel textures.

Materials and methods

Materials

The experiment was performed on the grain of four wheat 
cultivars. Grain samples were collected on two farms in 
northern Poland (two cultivars on one farm and two culti-
vars on the second farm). The samples of each cultivar were 
collected at random from the mass of the grain. A single 
sample was taken from five places of the whole available 
mass of grain. The individual subsamples were combined 
to obtain 5 kg of grain of each cultivar. Fusarium damaged 
kernels (FDK) were manually selected from bulk samples. 
Exemplary infected kernels are presented in Fig. 1.

Image analysis

The infected kernels were scanned individually on dorsal 
and ventral sides with the use of the Epson Perfection 4490 
Photo flatbed scanner (UK) and SilverFast Ai Studio Epson 
v6.6.1r6 scanning software (LaserSoft Imaging, Inc., USA). 

Fig. 1  Infected wheat kernels: a, b chalky white with pink discol-
oration, dorsal side; c, d chalky white discoloration, dorsal side; e, f 
shriveled kernels, chalky white discoloration, dorsal side; g, h chalky 

white with pink discoloration, ventral side; i, j chalky white discol-
oration, ventral side; k, l shriveled kernels, chalky white discolora-
tion, ventral side
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A total 100 kernels belonging to four cultivars were used in 
analysis. The scanner was color calibrated against a reflec-
tive IT8.7/2 target before measurement. A total of 200 kernel 
images were acquired, including 100 images of the dorsal 
side and 100 images of the ventral side. The acquired images 
with the size of 500 × 700 pixels and 1200 dpi resolution 
were saved in TIFF format.

The images were processed in the MaZda application 
(Łódź University of Technology, Institute of Electronics, 
Poland). The regions of interest (ROIs) composed of indi-
vidual kernels positioned on the dorsal or the ventral side 
were determined and separated from the background of the 
scene. Quantitative analyses of textural features were carried 
out based on the histogram, gradient, run-length matrix, co-
occurrence matrix, autoregressive model, and Haar wave-
let transform. Textural features from color channels R, G, 
B, L, a, b, X, Y, Z, U, V, and S were computed. The tex-
tural analysis in MaZda software was described in detail by 
Szczypiński et al. [23].

Preparation of cell lysates for qPCR

Single FDK were ground in liquid nitrogen with a mortar 
and pestle and transferred to tubes with 1 mm silica spheres 
(Lysing matrix C, MP Biomedicals). The samples were 
homogenized at 40 s at the speed 6.0 m/s in 1 ml of deion-
ized water in the FastPrep-24 instrument (MP Biomedicals, 
Solon, OH). After homogenization, 40 µl of the homogenate 
was diluted with 160 µl of water and incubated for 2 min at 
90 °C. 2 µl of the aqueous phase was used for qPCR.

Quantification of Fusarium species

Two species-specific TaqMan probes for F. graminearum 
and F. culmorum sensu stricto were used to quantify the 
fungal DNA extracted from FDK according to the method 
described by Kulik et al. [10] and Bilska et al. [24]. F. 
graminearum and F. culmorum are the dominant species of 
fungi of the genus Fusarium, which caused Fusarium head 
blight (FHB) of cereals in Europe, including Poland [25]. 
The probe included a minor groove binder (MGB) moiety 
at the 3′-end and was labeled with 6-carboxyfluorescein 
(FAM) at the 5′-end. The probes were obtained from ABI 
PRISM Primers and TaqMan Probe Synthesis Service, and 
the primers were synthesized by Sigma-Aldrich (St. Louis, 
MO, USA). The TaqMan reaction was performed according 
to Kulik et al. [10] in the 7500 Fast Real-Time PCR System 
(Applied Biosystems, Carlsbad, CA, USA). The efficiency of 
the TaqMan assay was determined with a tenfold serial dilu-
tion of various amounts of gDNA (in picograms) of either 
F. culmorum or F. graminearum as the template, and it was 
similar to that reported by Kulik et al. [10] and Bilska et al. 
[24]. Each reaction was carried out in three replicates.

Statistical analysis

Correlation analyses were carried out in Statistica 12.0 soft-
ware [26] to determine the linear relationships between tex-
tural features and the quantity of DNA of Fusarium fungi in 
wheat kernels. Pearson’s correlation coefficients (R) were 
calculated at a significance level of P < 0.05. Regression 
equations were also developed.

Results and discussion

Correlation between textural features on the ventral 
side of wheat kernels and the quantity of fungal 
DNA

The five highest correlation coefficients denoting signifi-
cant relationships between the quantity of fungal DNA and 
the textural features on the ventral side of wheat kernels 
from each color channel were considered (Supplementary 
Table S1). The values of correlation coefficients differed 
across wheat cultivars and color channels. The highest cor-
relation coefficient (0.86) was noted for texture aHVariance 
from channel a in cultivar 1. In cultivar 1, the quantity of 
fungal DNA was not significantly correlated with any of 
the textures from channel S. In cultivar 2, the strongest cor-
relation (0.80) was noted for texture RS5SH5AngScMom 
from channel R. No significant correlations were found for 
the textures from channels b and U. In cultivar 3, the high-
est correlation coefficients were noted for texture LTGabZ4 
from channel L (0.69) and texture XS5SZ5SumEntrp from 
channel X (− 0.69). The quantity of fungal DNA was not 
significantly correlated with any textures from channels G, 
a, and Z. In cultivar 4, the highest correlation was noted for 
texture bS4RNRLNonUni from channel b (0.70).

Scatter plots indicating the quantity of fungal DNA and 
selected textural features on the ventral side of wheat kernels 
and the highest correlation coefficients for each cultivar are 
presented in Fig. 2. Regression equations are presented in 
Table 1. The amount of fungal DNA can be estimated based 
on the values of kernel textures.

Correlation between textural features on the dorsal 
side of wheat kernels and the quantity of fungal 
DNA

The textures on the dorsal side of kernels (Supplementary 
Table S2) were also highly correlated with the quantity of 
DNA of Fusarium fungi. The strongest correlations were 
noted for textures VSGKurtosis (0.89) and VSGSkew-
ness (0.86) from channel V in cultivar 3. In cultivar 1, 
the highest correlation coefficient (− 0.74) was observed 
for textures BS5SH3SumOfSqs and BS5SH5SumOfSqs 
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from channel B. In cultivar 2, the strongest correlations 
were observed for texture RS4RNShrtREmp from channel 
R (− 0.77) and textures ZSGSkewness and ZSGKurtosis 
(0.77) from channel Z. In cultivar 4, the highest correlation 

coefficient (0.70) was noted for texture aHPerc10 from 
channel a and texture SS5SN1SumAverg from channel S. 
The quantity of fungal DNA was not significantly cor-
related with any of the textures from channels a and V in 
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Fig. 2  Scatter plots indicating the quantity of fungal DNA and selected textural features on the ventral side of wheat kernels from cultivar 1 (a), 
cultivar 2 (b), cultivar 3 (c), and cultivar 4 (d)

Table 1  Regression equations of the quantity of DNA of Fusarium fungi and the textural features on the ventral and dorsal sides of wheat ker-
nels

Side of wheat kernels Cultivar Correlation coef-
ficient

Regression equations

Ventral side 1 0.86 DNA quantity [pg/µl] = − 8.745 + 8.1277 × aHVariance
2 0.80 DNA quantity [pg/µl] = − 109.9 + 12657.0 × RS5SH5AngScMom
3 − 0.69 DNA quantity [pg/µl] = 1075.8–679.7 × XS5SZ5SumEntrp
4 0.70 DNA quantity [pg/µl] = − 25.89 + 0.00565 × bS4RNRLNonUni

Dorsal side 1 − 0.74 DNA quantity [pg/µl] = 167.38–6.464 × BS5SH3SumOfSqs
2 − 0.77 DNA quantity [pg/µl] = 234.36–457.1 * RS4RNShrtREmp
3 0.89 DNA quantity [pg/µl] = − 11.23 + 5.6414 × VSGKurtosis
4 0.70 DNA quantity [pg/µl] = − 848.0 + 26.452 × SS5SN1SumAverg
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cultivar 1 and with any of the textures from channel S in 
cultivar 3.

The scatter plots for the quantity of fungal DNA and tex-
tural features on the dorsal side of wheat kernels with the 
highest correlation coefficient in each cultivar are shown in 
Fig. 3. Regression equations are presented in Table 1.

The results of this study have expanded our knowledge 
about the applicability of image analysis for evaluating 
cereal grain. In the literature, computer image analysis has 
been used mainly to classify the grain of various cereal 
species and cultivars [27, 28], to identify poorly devel-
oped, shriveled, and discolored kernels damaged by fungi 
or insects [20–22, 29], to examine grains other than wheat 
[29], and to identify other materials [29]. Image analysis 
supported the discrimination of healthy and infected kernels 
with a high accuracy reaching 91% [5], 95% [18], 90% [19], 
85% [20], 56.9–68.4% [21], 76–100% [22], and 85.7–100.0% 

[30]. However, textural features from image analyses have 
been not used to estimate the quantity of DNA of Fusarium 
fungi. Therefore, our study has contributed new knowledge 
about the detection of fungal pathogens in grain.

Conclusions

High correlations were determined between the surface 
textural features of wheat kernels in images acquired with 
a flatted scanner and the quantity of DNA of fungi of the 
genus Fusarium. The values of correlation coefficients can 
differ, depending on wheat cultivar, color channel, and the 
side of the analyzed kernels (ventral or dorsal). The highest 
values of the correlation coefficient were determined at 0.86 
on the ventral side and at 0.89 on the dorsal side of kernels. 
The amount of fungal DNA was estimated with the use of 
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Fig. 3  Scatter plots for the quantity of fungal DNA and selected textural features on the dorsal side of wheat kernels in cultivar 1 (a), cultivar 2 
(b), cultivar 3 (c), and cultivar 4 (d)
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regression equations based on textural features. The results 
of this study indicate that image analysis is a useful method 
for detecting fungal infections in grain. Our findings make 
a valuable contribution to the development of rapid, inex-
pensive, non-invasive, and effective methods for preliminary 
screening of infected kernels and for evaluating the severity 
of fungal infections in kernels.
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