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Abstract. Research on imbibition and germination is current-
ly a topic of great interest among researchers. One cost-effective
yet efficient approach to monitoring imbibition and germination
is the use of image analysis. In this study, a total of 404 win-
ter wheat grains (7riticum aestivum L.) of four different varieties
were examined. Image data were captured using a high-resolu-
tion camera controlled by a computer. The grains were analysed
for their size and shape described by the image moment (7).
Fourteen parameters were proposed, which were subsequently
used to characterise the development of the grains during imbi-
bition and germination. The progression of the image moment
indicated that wheat grain imbibition and germination could eas-
ily be divided into three distinct phases: in the first, hydration
occurs predominantly in the embryo, followed by the endosperm
in the second. The third phase consists of the germination itself.
The minimum of the image moment course marks the onset of
germination, occurring at a stage when radicle development is still
imperceptible to human evaluators. Germination identified in this
manner can thus be partially predicted from the aforementioned
parameters. The linear model yielded a coefficient of determina-
tion of 0.5017.

Keywords: image moments, linear model, radicle detection,
cost-effective

1. INTRODUCTION

Germination is one of the primary events in the growth
of wheat and all plants in general. Consequently, many
researchers have studied the details of this process and
sought to understand it (Bewley 1997; Kornarzynski et al.,
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2018; Diaz-Mendoza et al., 2019). One of the key factors
influencing germination is water absorption by the seed
(Al-Karaki 1998; Gémez-Maqueo et al., 2020). This water
enables the initiation of essential physiological processes
that ultimately culminate in sprout formation (Abenavoli
et al., 2006). Many researchers have recently focused on
this initial stage of seed germination, known as imbibition
(Louf et al., 2018; Visscher et al., 2020; Zhao et al., 2020).
Imbibition and its dynamics are also studied in connection
with the issue of preharvest sprouting and seed priming
(Mares and Mrva, 2014; Tanwar et al., 2023). Imbibition
is commonly monitored through repeated seed weighing
(Abenavoli et al., 2006; Dell’ Aquila, 2009). This is a labour-
intensive procedure that can be partially replaced or com-
plemented by other methods, such as near-infrared hyper-
spectral imaging (Manley et al., 2011; Lancelot et al.,
2017), moistening seeds in dye solutions (Salanenka and
Taylor, 2011; Lev et al., 2019), or electromagnetic radiation
exposure, that is, irradiation with neutron beams or X-rays
(Nakanishi and Matsubayashi, 1997; Nielsen et al., 2017).

An established method for monitoring water content in
seeds is nuclear magnetic resonance (NMR) (Gruwel et al.,
2001; Kikuchi et al., 2006; Ghosh et al., 2007; Borisjuk et
al., 2012). This method also enables the tracking of water
penetration into different parts of the seed (Munz et al.,
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2017). NMR can be conducted non-invasively in live seeds,
minimising the impact on their natural development (Van
and Van Duynhoven, 2013).

The process of wheat grain hydration was described in
detail using NMR by Rathjen et al. (2009): from the first
minute it is moistened, the grain absorbs water very rapidly,
with water initially entering the bilayer between the grain
coat and the pericarp and reaching the embryo through
the micropyle. In the following 4-6 h, the entire embryo is
hydrated, and water enters the scutellum, aleurone layer,
and endosperm. Other studies focus on water movement
and distribution during moistening in other plants, such as
tobacco (Manz et al., 2005) or rapeseed (Munz et al., 2017).

As previously mentioned, the presence of water in
certain parts of the grain is a necessary condition for
initiating physiological processes associated with germi-
nation. Therefore, real-time tracking of water movement
within the grain is highly valuable for studying these pro-
cesses (Gomez-Maqueo et al., 2020). Image analysis can
be used for this purpose (Wiesnerova and Wiesner, 2008;
Dell’ Aquila, 2009; Nehoshtan et al., 2021). It is primarily
employed for the automatic detection of visible germina-
tion (Ducournau et al., 2004; Awty-Carroll et al., 2018)
or for seed sorting and phenotypic analysis (Mebatsion et
al., 2012; Loddo et al., 2021). Several automated systems
have been developed for this purpose: GERMINATOR
(Joosen et al., 2010), SmartGrain (Tanabata et al., 2012),
PhenoSEED (Halcro et al., 2020), SeedGerm (Colmer et
al., 2020), and SeedExtractor (Zhu ef al., 2021). These sys-
tems evaluate seeds based on size, shape, and colour.

Germination is often determined based on changes in
certain parameters resulting from the development of the
sprout. For example, Ducournau ef al. (2004) compared the
seed’s outline to its initial outline at the start of monitor-
ing. Germination was detected when a significant change
occurred. Awty-Carroll ez al. (2018) used the £~-NN method
to detect germination. This method worked relatively well,
although the goal was to detect advanced germination,
and the training data already included data with devel-
oped sprouts. The GERMINATOR system (Joosen et al.,
2010) detected germination by comparing the position of
the seed’s centroid and its area, identified using two dif-
ferent colour thresholds. This method leveraged the fact
that the sprout and the seed have different colours; thus, the
seed was detected with the first threshold, while the second
threshold detected both the sprout and the seed.

As yet, only few studies utilise image analysis to mon-
itor imbibition. Dell’Aquila (2004) used image analysis to
examine temporal changes in the area size and roundness
factor of broccoli seeds. While the roundness factor could
be used to detect the growing sprout, the increasing area
of the seeds during moistening significantly correlated
with weight gain. Additionally, Wiwart et al. (2006) found
a significant correlation between seed weight and certain
shape parameters when studying the imbibition of triticale

seeds. Miller ef al. (2018) investigated the imbibition of
corn using two methods. The first was based on measuring
the force induced by swelling, while the second estimat-
ed size changes in seeds using image analysis. The authors
noted that imbibition was more significantly influenced by
its genotype than by the environment in which it was pro-
duced and stored. We discussed the monitoring of winter
wheat imbibition using image analysis in our previous arti-
cle (Lev and Blahovec, 2017). By capturing subtle changes
in the area and shape of the seeds, it was possible to detect
water entering the embryo through the micropyle and the
subsequent swelling of the embryo. These events were
distinguishable.

This study addresses the possibilities of using image
analysis for the precise monitoring of wheat grains through-
out the entire process of imbibition and the onset of radicle
development. The approach monitors selected parameters
of imbibition, its dynamics, and the potential for earlier
detection of germination, including the connection between
imbibition and germination.

2. MATERIALS AND METHODS

The device for monitoring the wheat grains was placed
in a laboratory box that maintained an approximately sta-
ble temperature during measurements. The device consists
of a camera mounted on a stand (Canon 450D with Canon
EFS 18-55 mm lens), an LED lighting panel (neutral white,
6000 K), and a glass container for the monitored cereal
grains. The device is illustrated and described in detail in
Fig. 1. The control of both the camera and the LED panel
was managed by a computer. For the camera, the software
DSLR Remote for Windows version 2.7.2 (Breeze Systems,
UK) was used, while a custom control program was used

1

2\

Fig. 1. Diagram of the laboratory setup for photographing sam-
ples. The entire assembly is placed in a dark box. The system
is fully automated, with the lights and camera controlled from
a computer: 1 —stand, 2 — camera, 3 — glass vessel with monitored
grains, 4 — illumination LED panel.
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for the LED panel. The lighting panel was automatically
turned on 3 s before each image capture and was turned off
immediately after the image was taken (for most of the test,
the wheat grains were kept in the dark). The photographs
were stored on the computer hard disk in RAW format
immediately after being taken. The photographs were taken
at a resolution of 4290 x 2856 pixels.

Measurements were conducted at the beginning of
2017 (from January 4 to March 6). The winter wheat grains
(Triticum aestivum L.) were harvested in 2016 and sup-
plied by Selgen Plc Company. The initial moisture content
ranged between 7% and 9% (ASABE Standard S358.2,
2006). Very small and large grains were excluded from
the samples using an air stream (Kroulik e al., 2016).
A pneumatic separator K-293 (VEB Kombinat Fortschritt;
Anlagenbau Petkus, Wutha, Germany) was used for this
purpose. The air velocities for grain separation were set
to 9.5 and 11.7 m s”'. Four varieties were tested: Tosca,
Vanesa, Turandot, and Steffi; the weight per 1000 seeds
(after excluding small and large grains) varied slightly at
46.4,52.9, 52.3, and 50.5 g, respectively. The temperature
in the laboratory box ranged from 20 to 21.5°C.

Agar 0.8 was used as the medium for germinating the
tested seeds. The optical properties of agar allow for a sig-
nificant optical contrast between the tested grains and the
background. The container with the agar and the observed
grains was covered with a thin glass plate (3 mm thick) to
reduce agar dehydration during the experiment. The grains
were evenly placed on the agar, always with the crease fac-
ing downwards. The area occupied by the grains was kept
uniform so that the lens covered it entirely. Each sample
contained 24 grains, and 4 samples were tested for each
variety (a total of 96 grains per variety). An exception
occurred in the first tested variety, Tosca, where the sam-
ple size was initially 20 grains and later 24. The number
of samples for this variety was 5 (for a total of 116 grains).
The interval between photographs was always 5 min. Each
experiment was concluded after all seeds in the container
had germinated or after a maximum of 3 days of observa-
tion. Additionally, a rectangular PVC plate was placed in
the container as a scale. This scale was used to determine
the pixel size (the imaged area corresponding to one pix-
el, with an approximate size of 14 um) in the subsequent
image analysis of individual grains. The distribution of the
grains in the container is visible in Fig. 2.

The initial analysis of the images was conducted using
the Python programming language (version 3.4, https://
www.python.org) and supporting libraries: NumPy 1.14.1
and OpenCV 3.4.0. The primary objective was to deter-
mine the monitored parameters of individual grains in
each image. The first step in image processing consisted
in converting the RGB image to greyscale. The blue chan-
nel was utilised for this purpose, as it provided the highest
contrast between the grains and the background. The image
was subsequently binarised using a threshold value of 100

Fig. 2. Photograph of the grains at the beginning of the experi-
ment. The image shows 24 grains of the Turandot variety. A scale
measuring 9.8 x 32.5 mm is positioned on the right.

(8-bit colour depth). The threshold was selected based on
an analysis of the image histogram. As the lighting condi-
tions were kept consistent throughout all measurements, it
was not necessary to adjust the threshold value. The next
step involved applying an erosion-dilation filter (Gonzalez
and Woods, 2002) to reduce noise. Each tested grain’s
image was oriented so that the main axis of the displayed
grain was parallel to the x-axis of the image. Central image
moments (Gonzalez and Woods, 2002) were used to find
the main axes of the grains, which are formally defined by
the expression:

Hpq :szy(x_xc)p (y—yc)qf(x'Y), (1)

where: p and ¢ are natural numbers, x, and y. are the coor-
dinates of the centroid of the displayed grain, and f{x,y)
represents the individual pixels of the digital image of the
grain. The angle of rotation of the grain’s x-axis, denoted by
6, is given by the expression:

0 = Larctan (—2”1'1 ),
2 H2,0=Ho,2

where: 1, f0, and y, are the central moments defined
in Eq. (1). For each grain, the following parameters were
calculated: grain area, its length, width, and its normalised
central moment of area #2,0. These parameters were then
used for further analysis. The length and width were
determined using the boundingRect() function from the
OpenCV library. The moment 72,0 was calculated on the
already rotated grain contour and is defined by the follow-
ing expression:

@
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where: y, is the image moment corresponding to the area
of the grain. After the preliminary analysis, it was found
that the time course of 72,0, as well as the course of the
length-to-width ratio (I/w), contains two extrema. The first
is a maximum at time ¢,, and the second is a minimum at
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time #,. Between these points, at time #,,, lies an inflection
point. The curve representing the course of 72,0, along with
the marked times, is shown in Fig. 3a. The detection of
points ¢, and #, was performed by fitting a polynomial to the
region where an extremum was expected and then identify-
ing the maximum or minimum on the fitted curve. To detect
the inflection point, the data from ¢, to ¢, were iteratively fit-
ted with a straight line (with a segment length of 10 h). The
inflection point corresponded to the centre of the interval
where the absolute magnitude of the slope was the highest.

In Figure 3b, the curve represents the course of grain
area increment during hydration. In the interval from ¢, to
t,, hydration primarily affects the endosperm, so the deve-
lopment of the area can be described by a relatively simple
function (Rathjen et al., 2009):

C17T

; “)
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where: a, is the increase in the grain area from time ¢,, 7 is
the time elapsed since ¢;, and C,; and C, are constants of the
equation. The constant C, corresponds to the limit value of
a, at infinity, representing the theoretical maximum increase
in grain area due to swelling. C, is the time constant, which
indicates the time 7 at which the increase a, reaches half of
Ci. Eq. (4) was used to approximate the data obtained for
all examined grains. The average value of the coefficient
of determination * was 0.996, with a minimum value of
0.936. These values indicate that the equation describes the
area development between times ¢, and ¢, with a high level
of precision.

Table 1. Wheat grain parameters used for evaluation

a)

b tinn 7]
b) t (h)

Area
(mm?)

t(h)
Fig. 3. a) A curve representing the typical course of 72,0 with the
marked points #,, t,, and tinfl. b) Typical course of grain area incre-
ment during hydration. The region between ¢, and ¢, is highlighted
and was fitted using Eq. (4).

To describe and gain a deeper understanding of the
details of germination, we introduced several addition-
al parameters, which are listed in Table 1. In addition to
the time points (¢, #,, and t,,), the initial values of the area
and the image moment #,, are provided, along with other
parameters that express the development of grains during
imbibition and germination.

Parameter Parameter description and unit

4 Time of #,, maximum (h)

t Time of #,, minimum, the onset of germination (h)

bt The moment of the inflection point on 7,, (between ¢, a t,) (h)

a Initial grain area (mm?)

o Initial moment 7, (-)

AA, Relative area change in t, (-),A4, = [a(t))-ao)/a, *

An, Change of 77, in #; (-), Ay, = na0(t)) — 10 *

AA,, Relative area change between ¢, and t, (-), A4, = [a(ty)-a(t)V/a, *
Aniy Change of 7, between ¢, and £, (-), An1; = 720(t2) — 120(t1) *

AR, Area change rate to ¢, (h™), AR, = A4/,

C, Normalised C, (-), C,, = C//a,

Cratio Cruio=C1/[2 C3]

7s N20 Slope in £, (h™)

Is Radicle growth rate in the interval between £, and £, + 10 h (mm h™)

*a(t) and n,,(f) represent grain area or grain image moment at time ¢ (¢, or f,).
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The parameters listed in Table 1 were calculated for
all analysed grains. The parameter determination was
performed later than the initial image analysis; therefore,
newer versions of tools were used, including Python (ver-
sion 3.10) and NumPy (version 2.1.2). Additionally, the
libraries SciPy (version 1.14), Matplotlib (version 3.9.2),
and the statistical program R (https://www.r-project.org,
version 3.0.2) were utilised. For certain analyses (princi-
pal component analysis and multiple linear regression), the
data were normalised according to the equation:

) ®)

where: z represents the normalised data, x denotes the
original data, 4 is their mean value, and o is the correspond-
ing standard deviation. For the principal component analysis,
the Scikit-learn library (https://scikit-learn.org, version 1.7)
was used, and the computation itself was programmed in
Python. Prior to the actual analysis, correlations between
the examined parameters were calculated.

3. RESULTS AND DISCUSSION

The development of the area, length, and width of the
grains over time exhibits a similar pattern, with the high-
est growth rate occurring at the beginning of the test.
Subsequently, the growth rates of both dimensions decrease
until the onset of germination. Significant differences are
observed in the growth patterns of length and width: at
the beginning of the experiment, the length of the grain
increases faster than its width; however, at time ¢, this trend
reverses, and the width of the seed continues to increase
faster than its length, resulting in a decrease in the length-
to-width ratio (Fig. 4¢). This trend ends at time ¢, in relation
to the observed growth of the radicle; at this time, the trend
reverses again, and the length increases significantly more
than the width, causing the length-to-width ratio to rise.
The temporal progression of the length-to-width ratio of
the seed throughout the test lacks “smoothness” (Fig. 4c);
therefore, further analysis uses an area-based description
of the observed phenomena using the central image
moments #2,0 Eq. (3), which describe the development of
the grain in a manner similar to the ratio of its length and
width (Fig. 4a).

The parameter 7,,, similar to the ratio //w, exhibited
two extremes during the imbibition process (Fig. 4a, c).
The first is a maximum at the time marked ¢,, and the sec-
ond is a minimum at the time #,. The development of the
grain can be divided into three phases: the first phase ends
at time ¢;, which in this example occurs around 4 h. It is
known (Rathjen et al., 2009) that, during this phase, water
first enters the grain through the micropyle and hydrates its
embryo. The embryo is relatively small, and its swelling is
manifested only by a slight yet reliably detected elongation
of the grain and an increase in #,,.
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Fig. 4. Example of the development of quantities characterising
changes in the grain shape during germination: the central image
moment of the grain #2,0 (a), the derivative of the central image
moment of the grain 72,0 with respect to time (b), and the ratio
of length (/) to width (w) of the grain (c). The data presented are
for the Turandot variety (grain no. 51). In all graphs, the times ¢,,
t,, and t,,; (inflexion point on 72,0) are marked. The derivative in
(c) was determined by successively fitting a line to the data over
5-hour intervals.

The development pattern of the image moment #,, cor-
responds to the gradual hydration of the embryo and the
endosperm. The phases separated by times ¢, and #, may
resemble the classical three-stage theoretical germination
model (Bewley, 1997), where the first stage involves rap-
id water uptake, the second shows a pause in uptake, and
the third stage involves the germination itself, marked by
renewed water uptake. For instance, Moret-Fernandez et
al. (2024) modelled the imbibition process by treating the
grain as a homogeneous porous material. However, for
the wheat grains examined in our study, it appears more
appropriate to describe the embryo and the remainder of
the grain (endosperm) separately. In the case of the embryo,
the standard three-stage model may align well. The embryo
becomes fully hydrated within several hours, and additional
water uptake does not occur until germination begins. The
t, point could likely serve as an indicator that the embryo
has reached saturation. In contrast, the endosperm absorbs
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water slowly throughout the entire germination process,
showing no clear distinction between the first and second
phases (Kornarzynski et al., 2002).

If the grain does not germinate, the decrease in 7, over
time weakens until it stabilises at a constant value (Lev et
al., 2017). However, if the radicle begins to develop, the
grain elongates, and 7, starts to rise again at time #,. In this
phase, hydration plays a dominant role in the development
of the embryo. Besides ¢, and t,, the graph in Fig. 4 also
marks the time #,,,. At this time, an inflection point is detect-
ed, representing the state with the fastest decrease in 7,
indicating the onset of a gradual slowdown in the decrease
of the #,, parameter.

The times ¢, and #, are displayed for each variety in
Fig. 5 and can be seen to differ from each other. In the
case of ¢, (Fig. S5a), statistically significant differences
were found among all varieties except between Tosca and
Vanessa (p-value = 0.22). In the case of #,, statistically sig-
nificant differences were observed in all cases.

3.1. Germination detection

As previously mentioned, the minimum value of #,,,
referred to here by the time parameter of ¢,, corresponds to
the observed onset of radicle growth, marking the begin-
ning of the germination process. The following figure
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(Fig. 6) shows the development of #,, and grain length for
two typical cases in the Tosca variety. In both cases, the #,,
minimum, and thus the onset of germination, occurs after
approximately 30 h of hydration. Both images also illus-
trate that at time ¢, there is an increase in 7, and in the rate
of grain length growth (see also Fig. 4a, ¢). The actual elon-
gation of the grains is subtle: in the first case (grain no. 48),
there is an increase of only 0.3 mm over 10 hours follow-
ing germination detection, while in the second case (grain
no. 61), there is an increase of 0.6 mm. The time progres-
sion of both graphs suggests that grain elongation during
hydration can be quite variable. In the first case, some
acceleration in elongation is observed after 40 h of hydra-
tion, while in the second case, more uniform elongation is
observed for times greater than ¢,.

Figure 7 contains images of the grains whose devel-
opment was described in Fig. 6. Grain no. 48 (Tosca) is
shown on the left (Fig. 7a, c), and grain no. 61 (Tosca) is
presented on the right (Fig. 7b, d). The upper two images in
the figure correspond to #,, marking the beginning of ger-
mination, while the images in the lower half relate to the
moment 10 h after the start of germination. Germination
begins when the radicle starts to penetrate the pericarp of
the grain. However, this is not yet visible at time ¢, (the pro-
cess is just beginning). In Fig. 7¢, d, the difference between

a) b)
o 60 1 o
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Tosca Turandot Vanessa Steffi Tosca Turandot Vanessa Steffi

Fig. 5. Comparison of times #, (2) and #, (b) for the examined varieties. Median values, interquartile ranges, outside values, and outli-
ers are depicted in the box plots. The times ¢, differ significantly among the analysed varieties, with no significant difference found
only between Tosca and Vanessa (p-value = 0.22). The times ¢, are different for all varieties. The comparison was performed using the

Kruskal-Wallis test followed by the Dunn test.
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Fig. 6. Development of 7,, (a) and length (b) in two grains of the Tosca variety. Germination was detected in both images around the
30-hour mark. The graphs highlight the elongation of the grains over a 10-hour interval following the onset of germination (4L). In
these cases, 4L was found to be 0.3 mm and 0.6 mm for grains no. 48 and no. 61.
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Fig. 7. Images of Tosca variety grains at time #, (a), (b) and details
of the grains around the embryo at time ¢, + 10 h (¢), (d). In parts
(c) and (d), the outlines are colour-coded as detected at time ¢,

(blue) and at #, + 10 h (red). These are the same grains as in Fig. 6,
(a), (c) — grain no. 48, (b), (d) — grain no. 61.

times #, and #, + 10 h is highlighted in colour. The blue
colour indicates the outlines of the grain at #,, while the red
colour marks the state of the grain outlines at #, + 10 h. The
images show that during this interval, the grain changed its
shape mainly in the area of the embryo. The growth of the
embryo is relatively small, making it challenging to detect
any changes to this area even after 10 h of germination.

If we examine how germination detection is conduct-
ed in the systems used, we find that the detection software
assumes a significant change in shape, size, or colour
(Ducournau et al., 2004; Awty-Carroll et al., 2018; Joosen
et al., 2010). If the radicle is not sufficiently developed,
its direct detection cannot function in these cases, mean-
ing that germination will be detected significantly later;
the methods mentioned earlier in this study were designed
to detect “visible germination”. Our method is based on
detecting shape changes in swelling grains at a high lev-
el of sensitivity. This allows us to detect germination very
close to its onset.

3.2. Imbibition and germination parameters

Figure 8 shows a comparison for the individual variet-
ies using box plots. The significance of the differences was
also verified using the Kruskal-Wallis test followed by the
Dunn test. In all cases, the Kruskal-Wallis test confirmed
differences between the varieties (p-value < le-7), and in
most cases, statistically significant differences between par-
tial pairs were also confirmed with p-value < 0.05. Cases
where the differences are not significant are summarised
in Table 2.

The previously mentioned and discussed parameter
t,y represents the position of the inflection point located
between the values ¢, and ¢, on the curve of 72,0 as a func-
tion of time. The values of ¢, are typically in the range of
10 to 20 h. In the case of the Tosca and Vanessa varieties,
1,7 1s approximately at the midpoint of the germination pro-
cess, while for Turandot and Steffi, #,, was detected before
the midpoint corresponding to the onset of germination.
Notably, for the Turandot variety, although #,,, was detected

earlier than for the other varieties, this variety begins to
germinate later than the others. The parameter ¢, is likely
influenced by the details of the hydration mechanisms of
the endosperm.

The increase in the area of grains during hydration is
described by the parameters 44,, 44,,, and C,,, which repre-
sent the relative increase compared to the initial area. In the
first phase of germination (44,), the area of the grains typi-
cally increases by approximately 5 to 15%. At the moment
of germination, the total increase in area (44, + 44,,) is
around 20 to 30%. A significant increase in grain area was
observed in the Tosca variety, which also germinated the
fastest. The parameter C;, represents the theoretical maxi-
mum increase in area over time starting from time #, and is
derived from Eq. (4). Its values range approximately from
25 to 40%, which corresponds to about double the param-
eter 44,,. It is interesting to note how significantly this
parameter differs among the studied varieties. This may be
influenced, among other factors, by the different composi-
tions of their endosperm.

The definition of C,,,;,, = C, / (2 C, ay) is also derived
from Eq. (4) (Table 1). This parameter expresses the aver-
age rate of area growth of the grain from time ¢, to C,, where
the increase in area corresponds to half of the maximum
achievable increase. Table 1 also includes the parameter /g,
which uniquely describes the development of the grain after
the onset of germination: it represents the rate of elongation
of the grain over a period of 10 h of hydration starting from
t,. Since the elongation of the grain is primarily influenced
by the development of the seedling at this moment, it can
be assumed that /s corresponds to the vitality of the grain
at the very onset of germination. The rate of elongation is
relatively small, averaging between 0.02 and 0.04 mm h™'.

The relationships between individual parameters were
further examined using principal component analysis
(PCA). Several parameters correlated with each other sig-
nificantly, making this analysis appropriate. Only /s showed
few significant correlations and was therefore excluded
from the analysis. The outputs of the principal component
analysis are displayed in Fig. 9. Three components (PC1,
PC2, and PC3) were identified for the data, which together
explain 67.7% of the observed variability. The graphs in
Fig. 9a and b indicate some differences among the varieties.
These differences arise not only from the different initial
parameters (a,, #,) and variations in the onset of germina-
tion but also, to a large extent, from parameters describing
the imbibition process, which aligns with the work of Khan
et al. (2024). The Vanessa and Turandot varieties appear
to be the most distinct, with Vanessa showing particularly
greater divergence from the others. The varieties primarily
differ in the first component PC1, which accounts for the
largest share of variability (34.2%).

In Figure 9c, d, the analysed parameters are displayed
as vectors according to their contributions to the individual
components. This allows for some inference about which
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Fig. 8. Comparison of the parameters from Table 1 (excluding #, and #,) among the varieties. Median values, interquartile range, outside
values, and outliers are depicted in the box plots. The statistical significance of differences between the varieties was verified using the

Kruskal-Wallis test, followed by the Dunn test (Table 2).

PCI1 is
most influenced by 75, which is related to the rate of shape
change of the grain during germination. PC1 also partially
represents the share of C,,,, 44,,, 43, and a,. Except for a,

parameters represent the various components.

these parameters describe the change in the size and shape
of the grain during the second phase of germination. This
supports our previous findings that smaller grains exhibit
faster imbibition during the second phase (Blahovec and
Lahodova, 2015). PC2 is most influenced by t,, ¢4, AR,
and C,,;,. These parameters are largely associated with the
dynamics of grain development. PC3 is primarily influ-
enced by 44, and 44,,, which also have some effect on
PCI.

3.3. Relationship between water uptake and germination
parameters

The parameters ¢, and /s provide information about the
onset of germination and the vitality of the grain in the first
ten hours after germination begins. The following table
(Table 3) presents the correlations between the onset of
germination ¢, and other parameters. Relatively significant
positive correlations were found for the parameter 44,.
However, this relationship is logical and may not neces-
sarily be directly related to the onset of germination.
A seed that germinates later has time to absorb more
water. Statistically significant correlations were found
for parameters associated with the dynamics of wheat
grain development, specifically AR, C,.,, and #s. Since
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Table 2. Results of the Dunn test for the parameters monitored
in Fig. 8. The table includes only cases where no significant dif-
ference was found among the varieties. In cases not listed in the
table, significant differences were observed among all varieties
(p-value < 0.05)

Variety pairings without significant

Parameter differences p-value
bt Turandot — Steffi 0.37
a Vanessa — Steffi 0.08
AA, - -
AA,, Tosca — Steffi 0.10
AR Turandot — Vanessa 0.08
! Turandot — Steffi 0.14
Cln - -
C,uio Vanessa — Steffi 0.07
Mo - -
An, Tosca — Turandot 0.45
Anyy Tosca — Stefhi 0.45
UN - -
/ Turandot — Steffi 0.11
s Vanessa — Steffi 0.27
[ ] Steffi [ ) Vanessa
a)
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Fig. 9. Principal component analysis for the examined parameters:
(¢), (d) — loading plots for PC1, PC2, and PC3.

WHEAT GERMINATION 75
the dynamics of grain development relate to the ability of
grains to absorb water (Miller et al., 2018), these relation-
ships could suggest that a faster water uptake facilitates
earlier germination. A significant correlation was also found
between the initial size and shape of the grains. Accord-
ing to our data, smaller and more elongated grains (with
a higher #,, value) germinate more quickly. Low values of
correlation coefficients were found for the parameters 44,
An,, C,,, and [

Table 4 presents the correlations of /g with the other
investigated parameters. This table contains only a small
number of significant correlations. Tosca stands out among
the varieties, as small but significant correlations were
found within six parameters. However, this may also have
been influenced by the larger sample size used for this
variety.

The previous results suggest that the onset of grain ger-
mination in the studied varieties is influenced by certain
parameters that can be determined prior to the actual detec-
tion of germination. Using backward stepwise regression
(Longo-Minnolo et al., 2024), a linear model was sought to
predict the onset of germination. Parameters 44,,, 4%,,, and
I were excluded in advance. None of these parameters can

® Tosca Turandot
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(a), (b) — plots of the principal components for PC1, PC2, and PC3;
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Table 3. Correlations of the investigated parameters with 7, (time corresponding to the onset of germination), presenting the Pearson
correlation coefficient for significant relationships (p-value < 0.05). Correlations greater than 0.5 are shown in bold

Variety t Lins a AA, AA,, AR, C, Caiio o An, Anyy Ns I
Tosca 0.29 0.34 0.47 - 047  -0.51 - -0.44  -0.23 - -0.49  0.25 -0.22
Vanessa - - 0.33 - 0.28 -0.22 - - -0.28 -021 -024 0.24 0.22
Turandot 0.36 0.23 0.33 - 0.47 -0.41 - -042 -047 - - 0.54 -
Steffi - - - -0.21 0.58 - - -0.24  -0.29 - -0.55 - -

Table 4. Correlations of /; with the other evaluated parameters (Pearson correlation coefficient).

are presented with p-value>0.05

Only statistically significant values

Variety 3l 5] Linft Ay A4, A4y, AR, C,, Cratio o An, Anrn s
Tosca — -0.22 -029 -0.32 - - 0.32 - 0.25 - - - -0.28
Vanessa - 0.22 - - - — - - - - — _ _
Turandot - - - - - - _ — _ _ _ _
Steffi - - - - - 0.26 - - — - -0.26 -

be determined before the detection of germination, and the
first two parameters (44,, 47,,) even directly contain ¢, in
their definitions. The dependent variable ¢, was left unnor-
malised, while the other parameters (independent variables)
were normalised according to Eq. (5). During the calcula-
tion, the parameters #,, and Ax, were gradually excluded
because their contribution to the model was not statistically
significant (p-value < 0.05). Although the model could be
used to predict the onset of germination, its purpose in this
article is primarily to demonstrate the relationship with the
dynamics of imbibition.

The resulting coefficients of the model are presented
in Table 5, and the relationship between the actual onset
of germination and the predicted onset of germination is
shown in Fig. 10. Different varieties are distinguished by
colour. The figure also displays the graph’s axis (black
line), which represents the position of perfect prediction.
While the model tends to add time during rapid germina-
tion, the behaviour is the opposite for delayed germination.

The correlation coefficients in Table 3, as well as the
coefficients of the model in Table 5, indicate a relationship
between the dynamics of imbibition and germination time.
This is evident in the coefficients for AR, C,.;,, and #s.
Both AR, and C,,;, express the rate of area growth, while
ns reflects the rate of shape change (the slope of the tangent
to 7, at the time #,,). In all three cases, a faster develop-
ment corresponds to earlier germination. Other parameters
that correlate with the speed of germination are @, and 7,
which represent the initial state of the grains. The analy-
sis of the results shows that smaller and more elongated
grains germinate more quickly. This could also relate to the
dynamics of imbibition, as it can be assumed that small-
er and more elongated grains will hydrate more rapidly.
Our results also indicate that individual varieties can differ

Table 5. Coefficients of the linear model and their p-values.
Multiple #* = 0.5122, adjusted #* = 0.5017, p-value < 2.2e-16.
Standard error: 4.612 on 371 degrees of freedom. See also Fig. 10

Parameter Value p-value
Intercept 34.9193 <0.001
t 33714 0.004
ap 1.7211 <0.001
AA, -4.0726 <0.001
AR, 1.4809 0.042
Mo -2.1639 <0.001
s -1.2230 0.006
Ci, -0.7822 0.012
Cratio -2.1164 <0.001
® Tosca Turandot ® Steffi ® Vanessa
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Fig. 10. Relationship between the actual onset of germination and
the predicted onset of germination. Different varieties are distin-
guished by colour. The black line represents the axis of the graph,
where exact predictions lie. The multiple * value was 0.5122, and
the adjusted #* value was 0.5017 (p-value < 2.2e-16). The standard
error of the model was 4.612 h on 371 degrees of freedom. See
also Table 5.
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significantly from one another. For practical application, it
would therefore be necessary to take into account the spe-
cific characteristics of individual varieties.

Some studies have been published on the relationship
between the dynamics of imbibition and the rate of ger-
mination (e.g. Miller et al., 2018; Lechowska et al., 2019;
Gomez-Maqueo et al., 2020). This relationship is not sur-
prising, as grain hydration is a crucial condition for the
initiation of processes that ultimately culminate in seed-
ling development (Bewley, 1997). Gémez-Maqueo et al.
(2020) propose the idea that the relative amount of water
in a seed could serve as a universal marker for determining
its biological state. However, in addition to the total water
content, the current localisation of water is also crucial
(Lewsey et al., 2025), particularly in the context of how
a wheat grain gradually hydrates (Rathjen et al., 2009). The
course of shape change and the parameters presented here
(especially #,) may therefore be highly useful for studying
the biochemical processes occurring during imbibition, as
the described shape transformation can provide an indi-
cation of when and to what extent endosperm hydration
begins.

The dynamics of imbibition are closely linked to the
issue of seed priming (Paparella et al., 2015). Seed priming
involves controlled imbibition, which is halted before the
onset of the third phase of germination. Seeds prepared in
this way may exhibit improved germination characteristics.
In their experiments, Tanwar et al. (2023) identified the
optimal imbibition time for wheat priming to be approxi-
mately 12 h. According to our results, this duration is about
two to three times longer than parameter ¢, and roughly cor-
responds to #,. The parameters we have introduced may
therefore contribute to determining the optimal hydration
period for different cultivars.

To date, there have been no publications attempting
to predict the onset of germination based on the previous
development of the grain during imbibition. One reason
for this may be the inaccurately detected onset of germina-
tion. The linear model described here would not have been
possible to construct without reliable detection of germi-
nation as close to the onset as possible. As already noted,
commonly used methods are not capable of detecting ger-
mination at such an early stage as the method presented
here (Ducournau et al., 2004; Awty-Carroll et al., 2018;
Joosen et al., 2010), since they are primarily designed to
detect so-called visible germination. In other words, they
require a relatively substantial change caused by the emerg-
ing radicle.

4. CONCLUSIONS

This article is based on the precise monitoring of the
area, size, and shape of wheat grains during imbibition and
germination. The shape development of individual grains
(described by the image moment 7, ) allows the process of
imbibition and germination to be divided into three distinct

phases. In the first phase, designated here as ¢, the grain’s
embryo is primarily hydrated; in the second phase, defined
as the period between ¢, and #,, the endosperm is hydrat-
ed; and in the third phase, the radicle begins to grow (this
stage could be referred to as actual germination). The grain
does not behave as a homogeneous object, and for studying
imbibition, it seems appropriate to consider the wheat grain
as an object composed of at least two parts with different
hydraulic properties.

Image moment development can be easily used to auto-
matically detect and even analyse germination at a very
early stage, much sooner than with other methods. The
continued course of germination can be predicted already
before the onset of radicle growth, at the end of imbibition,
based on accumulated knowledge of the specific variety.
This capability can not only expedite germination testing
but may also be valuable for researching biochemical pro-
cesses at the onset of germination.

The time at which the grains begin germinating is
related to certain parameters that describe the dynamics
of imbibition, as well as the shape and size of the grains.
Using multiple regression, a model was created that can
partially predict the onset of germination. The model’s
standard error was 4.612 h, and the coefficient of determi-
nation was 0.5017.
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