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GABA-mediated modulation of
drought stress tolerance and seed
morphology during flax (Linum
usitatissimum L.) germination via
Image analysis

Selcuk Cetin®?* & Iskender Tiryaki(?2**

Seed coat color, a trait exhibiting significant phenotypic variation, has been reported in previous
studies to influence key germination parameters, including germination percentage, germination
rate, and mean germination time. Looking into these relationships can help us identify plant varieties
that better withstand both living threats and environmental challenges, which would make breeding
programs more effective and focused. The objectives of this study were to evaluate the drought
tolerance of 20 flax varieties at the germination stage, investigate the effects of gamma-aminobutyric
acid (GABA) on seed germination performance under drought stress conditions, and explore potential
associations between seed coat color and germination parameters under both stressed and non-
stressed conditions using digital image processing. The final germination percentage, germination
speed, and span of germination were assessed for seeds germinated under various germination
conditions, including 23% PEG (- 0.169 MPa), 10 mM GABA, 23% PEG +10 mM GABA, and a control
treatment at 25+ 0.5 °C. The results demonstrated substantial genetic variation across all germination
parameters measured in the seeds of 20 distinct flax varieties. Genotype-specific responses to
drought stress were observed, with 10 mM GABA alleviating the effects of drought. Among the
varieties tested, Hermes exhibited the highest drought tolerance, while Lisette and Bonny-Doon
were identified as drought-sensitive. Digital image processing analysis revealed significant differences
(p<0.05) in drought tolerance levels among flax varieties based on variations in RGB values of their
seed coats. Although no statistically significant correlations were found in direct pairwise correlations
between the color parameters converted from RGB (Red, Green, and Blue) to L *a*b* and germination
parameters, multivariate PCA-biplot analysis indicated that L * and b* values had a positive influence
on germination performance. In contrast, seeds with higher a* values exhibited reduced germination
performance. Furthermore, the biplot analysis suggested that varieties with lighter seed coats tended
to show better germination compared to those with darker seed coats. These findings highlight the
potential of incorporating seed coat color parameters into flax breeding programs, suggesting their
role in enhancing seed germination and overall seed quality under various stress conditions.

Keywords Flax (Linum usitatisstimum), Drought, Gamma aminobutyric acid, Germination, Seed coat color,
Image processing

Drought, resulting from global warming and climate change, leads to osmotic stress in plants, adversely affecting
seed viability, germination rate, germination duration, root length, growth, and development!, making it one of
the most significant abiotic stress factors limiting agricultural production?. The duration of drought, the amount
of water lost in cells, plant age, species, genotype, development, and the kind of cells or organs all have an impact
on the biochemical, molecular, and physiological changes that occur in plant tissues?, resulting in a defense
mechanism against given stress conditions**. Plants have developed enzymatic and non-enzymatic antioxidant
defense mechanisms to detoxify reactive oxygen species (ROS) produced as a result of oxidative stress ’. The
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production of ROS related enzymes or proteins on the seed coat may alter the color reflectance in the digital
images and might diminish germination and early seedling growth stages, under severe stress circumstances®~!!.

Germination is a crucial seed quality parameter that directly affects plant yield and quality, fundamentally
comprising two sub-attributes: the seed’s ability to germinate and its capacity to sustain vigorous seedling
emergence'2. As one of the most critical stages in the plant life cycle, germination determines the growth of
plants and their subsequent adaptation to various stress conditions'®. However, under adverse environmental
conditions, the germination potential of seeds is negatively impacted!*. Exploring the genetic variety for drought
tolerance is a vital step for selecting genotypes that perform better in water-stressed situations in various growth
stages'> 18, The detrimental effects of drought stress are known to vary depending on the genotype in many plant
species'®. Additionally, PEG-based screening has been shown to be an effective method for reliably identifying
drought-tolerant or sensitive genotypes across various plant species™*?!. However, it has been demonstrated
that exogenous application of some compounds, metabolites, or plant growth regulators can mitigate the
adverse consequences of drought stress. Exogenously administered 24-epibrassinoids, melatonin, and gamma-
aminobutyric acid (GABA) enhance plant resilience to various conditions, including drought; GABA is a four-
carbon molecule that is universally found in all living organisms®2-2°. While it functions as a neurotransmitter
in animals and humans, it does not participate in protein synthesis?”?%. GABA has been found to have roles in
metabolic activities such as responding to abiotic and biotic stress stimuli, maintaining carbon/nitrogen (C/N)
balance, and controlling plant growth and development?*-3L.

Flax (Linum usitatissimum L.), used largely for oil and fiber production globally, is an important source of
industrial raw materials*2. Flax, like many cultivated plants is vulnerable to drought and high temperatures
throughout the germination®***, seedling, and flowering stages®>*®. Drought stress severely reduces the yield
and quality of flax oil and fiber”’. In addition to its use in the production of products such as medicines, dyes,
biofuels, paper, clothing, and automotive parts®®, flax seeds contain polyunsaturated fatty acids (57% linolenic,
16% linoleic) and omega-3 (w-3) fatty acids***°. Due to their beneficial components for human health and rich
antioxidant content**, flax seeds are increasingly being consumed as an alternative plant-based food source
to address health problems arising from changing dietary habits*>*4. The structure and color of the seed coat
are important not only for determining the quality and commercial value of the seeds*’, but also for revealing
agricultural applications and seed germination parameters*%. Recent studies have shown that computer vision
and image processing techniques provide new and promising perspectives for the digital analysis of seeds
by eliminating the limitations*”*3, and problems associated with traditional visual seed inspection, feature
extraction, detection, or classification methods*. Therefore, the primary objectives of this study were threefold:
(1) to elucidate the genetic diversity among 20 flax varieties subjected to polyethylene glycol (PEGy,)-induced
drought stress during germination, (2) to investigate the influence of GABA on germination parameters of flax
seeds under both drought-stressed and non-stressed conditions, and (3) to employ digital image analysis to
assess potential relationships between seed coat color and germination characteristics.

Materials and methods

Seed materials

Seeds from 20 flax varieties, 10 oilseed varieties, and 10 fiber varieties were obtained from the Edirne Agricultural
Research Institute (Tiirkiye). The information regarding the flax varieties used in this study is presented in
Table 1.

Determination of PEG and GABA concentrations

To determine the optimal polyethylene glycol (PEG,) concentration for evaluating drought tolerance in 20
flax varieties, six PEG concentrations (20%, 21%, 22%, 23%, 24%, and 25%) were assessed on five representative
flax varieties at 25 + 0.5 °C. These concentrations corresponded to osmotic potentials of — 0.141, — 0.150, —
0.159, — 0.169, — 0.178, and — 0.188 MPa, respectivelySO. Experimental results demonstrated that a 23% PEG
concentration, with an osmotic potential of — 0.169 MPa, was most suitable for subsequent drought tolerance
assessments in the remaining 20 flax varieties (data not shown). In addition, to identify the most effective
concentration of gamma-aminobutyric acid (GABA) for mitigating the inhibitory effects of PEG-induced
drought stress on germination, a series of experiments were conducted using five flax varieties distinct from
those employed in the PEG optimization study. Seven GABA concentrations (0.1, 0.5, 1, 3, 5, 7, and 10 mM)
were evaluated. The results of these experiments demonstrated that 10 mM GABA was the most effective
concentration and was therefore selected for subsequent experimental procedures (data not shown).

Germination experiments

In covered glass Petri dishes (60 x 15 mm), 25 seeds of each cultivar were arranged in a single layer on two
layers of filter paper. A total of 4.5 mL of the previously determined optimal concentrations of 23% PEG, 10
mM GABA, or a combination of 23% PEG and 10 mM GABA was applied. Seeds treated with dH,O served as
the control. Germination experiments were conducted with four replications under constant dark conditions
at a temperature of 25 + 0.5 °C, as described previously?’. Germination was defined as the emergence of a
radicle measuring 1-2 mm. Seeds were monitored daily for 10 days, and the number of germinated seeds was
recorded. Subsequently, final germination percentage (FGP), angular transformation of FGP data (arcsinVFGP),
days to 50% of FGP (inverse measure of germination rate, G,) and days between 10% and 90% of FGP (inverse
measure of germination synchrony, G, _,,) were calculated®. The promotive effect of 10 mM GABA on FGP,
the inhibitory effect of 23% PEG on FGP, and the recovery effect of 10 mM GABA under PEG-induced drought
stress were determined based on the methodology described in the literature®.
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Registry code | Variety name | Intended use | Source

W [meme e | Rt
s e[t
Lu5 Eckendorfi Fiber Eg;gicﬁgﬁ:gg Lt;gal
W fvenn e |l
Lull Crystal Oilced | hdirne Agricultural
Lul2 Lackana Oilseed Eg;?alicﬁgﬁ:gg Lt:gal
Lul3 Bonny-Doon | Oilseed Efézzfcﬁgl;fg gizal
Lul4 Glenelg ~ |Oilseed | Edirne Agricultural
Lul5 Norman Oilseed ﬁgi‘;;ﬁgﬁi:ﬁ glgal
Lule Dillman | Oilseed | Edirne Agricultural
Lul7 Miamara Oilseed E(ei;ralle'c;\lgll;;l; izgal
Lulg Karakiz | Oilseed | Eoirne Agriculiural
Lul9 Sar1-85 Oilseed Ej;lgalicﬁgﬁ:gg iﬂgal
Lu20 Beyaz Gelin | Oilseed Ei;:icﬁgﬁ:gg iggal

Table 1. Registry code, variety name, type of use and source of 20 flax varieties used in the study.

Creation of digital image dataset
A custom-designed photographic booth (dimensions: 30 cm x 30 cm x 30 cm) was employed to capture images
of flax seeds. The booth featured adjustable light intensity and exposure height to optimize image quality. Image
acquisition was performed using a 48-megapixel smartphone camera (Huawei P30, China), with a resolution of
6000 x 8000 pixels, an f/1.8 aperture, and a 75 mm super macro lens (Ulanzi, China). The imaging parameters
were optimized as follows: ISO set to 800, shutter speed at 1/40 s, exposure value at 0°, and exposure height at
5 cm. Manual focus was applied (central, overhead), and the white balance was stabilized with a “Cloudy” setting
to ensure consistent color representation.

For each flax variety, a total of 128 seeds were randomly selected to represent the seed lot. A dataset was
generated by capturing 8 images, with 16 seeds included in each image. Sample images of the flax varieties are
provided in Fig. 1.

Image processing for seed coat color analysis

Image processing techniques were employed to investigate the relationship between seed coat color and
germination parameters under various germination conditions, utilizing images of flax varieties as depicted in
Fig. 1. The primary objective of this step was to determine the digital seed coat color values (Red [R: 0-255],
Green [G: 0-255], and Blue [B: 0-255]) for each flax variety. An image processing model was developed and
implemented within the AugeLab Studio v2.2 software (AugeLab R&D Tech. Inc., Tiirkiye) environment,
following the steps outlined below (Fig. 2). The image processing model was executed on a computer equipped
with an AMD Ryzen 7 6800 H processor (4.75 GHz), 16 GB of RAM, and an Nvidia RTX 3050 Ti graphics card
to ensure efficient processing.
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Fig. 1. Images of seeds from fiber (Lul - Lul0) and oilseed (Lull - Lu20) flax varieties.

Greyscale Image of Seeds,
Noise Reduction and Image Threshold, Contour
Resizing the raw image Background Removal Capture and Edge Detection

Image Capture ‘Transfer of Data and
— Running the Augelab
. Image Processing Model

Processed Seed Area Region of Interest

f Data Aualysis

Fig. 2. The flow diagram illustrates the image processing model created for the segmentation of seeds and
extraction of RGB color values using AugeLab Studio v2.2. The model incorporates several key steps to
preprocess and analyze the seed images, ensuring accurate segmentation and color feature extraction. These
steps include (1) Image capture: raw images of seeds were imported into the model; (2) Pre-processing:

Initial image enhancements such as resizing, noise reduction, and background removal were applied; (3)
Segmentation: The Otsu thresholding method is used to segment the seeds from the background, followed by
contour detection to outline individual seeds; (4) Bounding Box Creation: A bounding box is created around
each seed to define regions of interest (ROI); (5) RGB Pixel Calculation: The RGB color values for each seed are
calculated by averaging the color values of non-black pixels within the ROI and (6) Data Analysis and Output:
The segmented seeds and their corresponding average RGB color values were displayed for further analysis.

Image pre-processing

The key image pre-processing steps applied were presented in Fig. 2. To optimize the data by reducing noise,
enhancing contrast, and improving the clarity of relevant features, raw images (resolution: 6000 x 8000 pixels)
were first resized to 6000 x 6000 pixels using the image resizer block (Fig. 2a). To minimize noise while preserving
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edge details, a bilateral filter was applied (Fig. 2b). An HSV filter was then applied with the following parameters:
Hue . oot 84-150, Saturation(mmfmax : 0-255, and Value(minfmax): 0-255, to isolate the blue background and
convert it to black (RGB: 0-20) (Fig. 2b§. Finally, the image was converted to a grayscale using the apply mask

block (Fig. 2c).

Image segmentation and contour detection

To enhance the distinction of seed pixels in the grayscale image, the Otsu thresholding method®!, was applied.
This technique automatically converts the image to a binary format by determining the optimal threshold
value, effectively separating the seeds from the background (Fig. 2c). During the contour detection phase, the
minimum contour area was set to range between 0% and 20% to identify and extract relevant contour areas in
the image. This parameter adjustment allowed for the automatic generation of contour lines around each seed.
Following this process, the total number of detected contours directly corresponded to the number of seeds in
the image, as shown in Fig. 2c.

Feature extraction

In the feature extraction phase, a bounding box was generated around the detected contours for each seed,
defining the minimum rectangular area (Fig. 2d). These bounding boxes, also referred to as regions of interest
(ROI), were created by overlaying the original image, the background-extracted image, and the binary images.
This approach facilitated the accurate detection of individual seeds and allowed for the precise definition of
features to be processed in subsequent analysis steps (Fig. 2d).

Calculation of RGB pixels by removing background pixels

In the segmented image, the average values for the RGB channels were calculated separately for each pixel to
simplify the color information. Black pixels, or background pixels, were found and eliminated from the analysis
using a masking technique during the non-zero-pixel detection and masking process. In the subsequent size
calculation phase, the number of RGB pixels within the identified regions of interest (ROI) was counted (Fig. 2e).
To mitigate the influence of black pixels on the average RGB values within the ROI, the following formula was
applied:

ROI x Total pixel value in the ROI
Total Number of RGB pixels

Average RGB in ROI = (1)

Extracting average RGB values of seeds
In the digital analysis of seed coat colors, the RGB channel information for each seed was calculated to
quantitatively determine the color distribution on the seed surface. The color information was obtained by
averaging the RGB values of each pixel while excluding black background pixels from the analysis to focus solely
on the color characteristics of the seeds (Fig. 2e).

The following formulas were used to calculate the average R, G, and B color values for each seed:

RGB Pixel Count x Average red value

Red = Number of black pixels @

Green — RGB Pixel Count x Average red value 3)
een = Number of black pixels

Blue — RGB Pixel Count x Average blue value @

Number of black pixels

Color space conversion
To facilitate a more accurate and comparable analysis of the RGB values obtained from flax seed coats, the
following color space transformations were applied.

Converting RGB to hexadecimal color space

The conversion of each RGB color value to a 16-based (hexadecimal-HEX) format enabled a more compact and
interpretable representation of colors®2. To convert RGB values to the hexadecimal color format, the following
formulas were applied:

REd(of%s)
o = —————~ 5
Ru 16 (5)
Green(0,255>
o = ————= 6
Gu 16 (6)
Blue(0,255)
Bgex = — 7
H 16 (7)

Within the framework of these formulas, if the remainder obtained by dividing the RGB values by 16 falls
between 0 and 9, the value was written as a digit; however, if the remainder was between 10 and 15, it was
represented by a letter from A to F (A = 10, B=11,C=12,D =13, E = 14, F = 15). The resulting hexadecimal
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color format was expressed using the #RRGGBB code, where RR, GG, and BB represent the hexadecimal values
of the Red, Green, and Blue channels, respectively™.

Converting RGB to XYZ color space
In the digital color system obtained through image processing, colors are typically represented in the RGB format.
In contrast, spectrophotometric methods utilize the L*a*b* reflection spectrum, which can be derived from the
XYZ color space and is based on the International Commission on Illumination (CIE) system®. The L*a*b*
color system consists of three components the L* axis represents lightness, ranging from black (0) to white (100);
the a* axis indicates color tones from green (-60) to red (+ 60); and the b* axis represents color tones from blue
(-60) to yellow (+ 60)>>°¢. Compared to the RGB or XYZ systems, the L*a*b* system provides more detailed and
perceptually uniform color information®. Unlike the RGB and XYZ color systems, the L*a*b* system is designed
to more closely mirror human visual perception of brightness and has been shown to be particularly effective
in analyzing seed coat color and brightness®’~6!. Therefore, the RGB seed coat color values obtained through
image processing were converted into the XYZ and L*a*b* color systems, following the method outlined in the
literature®?,
To convert RGB to XYZ, the RGB values were first normalized to a range between [0, 1]. For RGB [0, 1]
normalization, the following formulas were applied:
R G

= — G = —= Blzi 8
255’ 255 7 255 ®)

To ensure more accurate color processing, the normalized RGB values were converted to a linear form through
gamma correction®®. The following formulas were used for the transformation:
If R’ £0.04045, G’ < 0.04045, B’ < 0.04045 then;

R G’ B’
2 1 1"
= = = 9
R 12.92 12.92° B 12.92 ©)
If R’ > 0.04045, G’ > 0.04045, B’ > 0.04045 then;
, (R +0055\*" (& +0055\"" _, (B +0055\""
R' === , G = —————— , B = —— (10)
1.055 1.055 1.055
To convert linear RGB values into the XYZ color space, the transformation matrix specified in the literature®,
was applied:
X 0.4124564 0.3575761 0.1804375 R’
Y = | 0.2126729 0.7151522 0.0721750 | x G" (11)
Z 0.0193339 0.1191920 0.9503041 B

Converting XYZ to L*a*b* color space

To convert XYZ color space values to the L*a*b color space, the XYZ values were first normalized according to
the 10° standard observer and the D65 reference white. For this normalization, the standard parameters of the
CIE D65 reference white®, were used, with values: Xn = 95.047, Yn = 100, and Zn = 108.883. The normalization
process was carried out using the following formulas, as described in the literature®*:

X Y Zno'r'm = L (12)

Knorm = gpoq7 + Ynorm = 55 108.883

To convert XYZ to L*a*b color space, the formulas outlined in the literature®, were employed.
For the luminance axis (L*), the calculation was as follows:

L* =116 x f( mm) ~ 16 (13)

For the a* axis, the calculation was:
o =500x (1 () -7 (5.)) (4

For the b* axis, the calculation was:
v =m0 (1 (70) =4 (7)) 13

These calculations rely on the function f(#), defined as follows:
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+(3) 1ft>(%)3
t) = . 16
f@) 3(%)24_% 1ft<(%)3 (16)

Data analysis

Germination parameters, including final germination percentage (FGP), arcsinVFGP, germination speed (Gyp)s
and germination span (G,, ), were calculated as described previously*. The reduction in FGP under drought
stress and the promotion and recovery effects of 10 mM GABA on FGP were calculated relative to the control
values, following the methodology outlined in the literature®. The seed coat RGB values were determined using
an image processing model developed by the authors, implemented through AugeLab Studio v2.2 software
(AugeLab R&D Tech. Inc., Tiirkiye).

To enhance the visual interpretability of the seed coat colors obtained in the RGB format, the RGB values
were converted to hexadecimal format, following the method outlined in the literature®3. For a more accurate
and comparable analysis, the RGB values were sequentially transformed into the XYZ color space according to
the approach described in the literature®?, and subsequently converted into the CIE L*a*b* color space using the
method recommended in the literature®.

The L*a*b* values derived from the RGB data, collected in 8 replicates, were averaged and reduced to 4
replicates for use in correlation and biplot analysis. Statistical differences in the R, G, and B values of seed
coats under different treatments, as well as the germination parameters, were assessed using analysis of variance
(ANOVA) with Fisher’s Least Significant Difference (LSD) test (p <0.05).

Cluster analysis was performed independently to identify seed coat color similarities based on RGB values
and to assess the relationships between germination parameters under various germination conditions.
Pearson’s correlation coefficients were used to analyze the relationships between germination parameters and
seed coat L*a*b* values. Correlation analysis was conducted using JASP v0.19.1 Statistical Software®”. Based on
the correlation data, biplot analysis was conducted to evaluate and classify flax varieties across all parameters.
ANOVA, biplot, and cluster analysis, along with their visualizations, were performed using Minitab Statistical

Software®®.

Results

Seed germination parameters

All seed treatments exhibited significant (p < 0.001) effects, resulting in considerable variation in final germination
percentage (FGP), germination speed (G), and germination span (G,,_,,) among the flax varieties (Fig. 3). The
genotype-dependent mitigation effects of GABA treatments on seeds germinated under control and drought
conditions were quantified as percentage changes and are presented in Fig. 4. The FGP of seeds ranged from
78% to 100% under control conditions (Fig. 3a), with the inclusion of 10 mM GABA further increasing FGP
values to between 94% and 100%. The lowest FGP (78%) under control conditions was observed in the variety
of Lu8, which improved to 98% (17% increase in the FGP) with the addition of 10 mM GABA in non-stress
conditions (Figs. 3a and 4). Conversely, a genotype-dependent drought response was observed under 23% PEG
conditions (Figs. 3a and 4). The fiber variety Lul exhibited the lowest reduction in FGP due to drought stress,
with a 21% decrease (Fig. 4). In contrast, the most sensitive varieties, Lu3 (fiber) and Lul3 (oilseed), showed
complete germination inhibition (0% FGP) under PEG-induced drought stress (Figs. 3a and 4). The inclusion
of 10 mM GABA in the 23% PEG medium (23% PEG+ 10 mM GABA) significantly enhanced FGP across all
flax varieties, with values ranging from 14% (Lul4) to 96% (Lul) (Figs. 3a and 4). Notably, the previously non-
germinating varieties, Lu3 and Lul3, achieved germination percentages of 64% and 16% in the presence of
GABA, respectively (Fig. 4).

The time required to achieve 50% of the FGP (G,,) ranged from 0.85 days (Lu2 and Lu4) to 1.90 days (Lu8)
under control conditions. The inclusion of 10 mM GABA exhibited a genotype-dependent effect on G, values
in non-stress conditions (Fig. 3b). For instance, G, values were significantly reduced in varieties such as Lu8
and Lull-Lul4, whereas they increased in Lu2 and Lu4 in response to 10 mM GABA (Fig. 3b). Under drought
stress conditions, germination speeds were significantly slowed, increasing the time required to reach 50% of
FGP across all flax varieties (Fig. 3b). However, the addition of 10 mM GABA generally had a positive effect on
G, values, mitigating the adverse impacts of drought stress (Fig. 3b).

All treatments showed significant variation (p <0.001) in germination homogeneity (G, _,,) among the flax
varieties (Fig. 3c). Under control conditions, the span of germination ranged from 1.25 days (Lul4) to 2.41
days (Lull) (Fig. 3c). For seeds treated with 10 mM GABA in non-stress conditions, the G,,_,, values varied
between 1.54 days (Lul8) and 2.09 days (Lu20) (Fig. 3c). Drought stress induced by 23% PEG significantly
(p<0.001) increased G,,_, values across all genotypes, with few exceptions (Fig. 3c). The span of germination
under drought stress ranged from 1.73 days (Lul) to 4.33 days (Lul9). The mitigating effect of 10 mM GABA
on induced drought stress varied significantly among the varieties tested (Fig. 3c). Overall, the seeds treated
with 10 mM GABA under drought stress conditions exhibited more uniform germination compared to those
germinated under drought stress alone (Fig. 3¢).

Clustering analysis based on germination parameters

Hierarchical clustering analysis was performed to assess the similarities and differences among flax varieties
based on the germination parameters examined under various germination conditions (Fig. 5). The complete
linkage method and Euclidean distance metric were used to calculate the inter-cluster distances (Fig. 5). Under
control conditions, the germinated flax varieties were grouped into two main clusters (Fig. 5a). The Lu8 variety
was distinctly separated from the others, placing it in Cluster II. Cluster I was further subdivided into two sub-
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Fig. 3. Germination of seeds in the presence of 10 mM GABA, 23% PEG, 23% PEG+ 10 mM GABA or dHZO.
(a) FGP, (b) G, and (c) span data for flax varieties. Vertical bars represent + SE between replicates (n=4). The
same letters do not differ statistically at the p <0.05 significance level. Capital, capital italic, small, or small italic
letters indicate statistical analysis performed under given germination conditions.
clusters, IA and IB (Fig. 5a). Within Cluster I, sub-cluster IA was divided into two additional sub-clusters, IA-1
and TA-2. Varieties exhibiting high FGP and low G, and span values, including Lul, Lu4, Lu5, Lu6, Lu9, Lul0,
Lul4, and Lul6, were grouped in sub-cluster IA-1 (Fig. 5a). Under non-stress conditions with the application
of 10 mM GABA, the flax varieties were grouped into two main clusters: Cluster I (sub-clusters IA and IB) and
Cluster II (sub-clusters IIA and IIB) (Fig. 5b). Varieties exhibiting high FGP and low G, and span values were
placed within sub-clusters IA and IB (Fig. 5b). In contrast, varieties with relatively low FGP values were clustered
in Cluster II, where significant variation in FGP and span parameters was observed between the sub-clusters
(Fig. 5b).
Varieties germinated under drought stress conditions were grouped into two main clusters (Cluster I and
Cluster IT), which were further subdivided into four sub-clusters: IA, IB, ITA, and IIB (Fig. 5¢). The IA sub-cluster
included varieties with the highest FGP under stress, such as Lul (79%), Lu4 (60%), Lu5 (65%), and Lull (55%)
(Fig. 5¢). In contrast, varieties with the lowest FGP values, including Lu3 (0%), Lul3 (0%), and Lul4 (2%), were
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Fig. 4. Comparative graph of percentage changes on FGP due to given germination conditions.

placed in the ITA sub-cluster (Fig. 5¢). The IB sub-cluster contained varieties with FGP values ranging from 29%
to 42%, while the IIB sub-cluster included varieties with FGP values between 7% and 19% (Fig. 5¢). Considerable
variation in the germination parameters was observed among the clusters (Fig. 5¢).

The seeds treated with GABA under drought stress conditions were divided into two main clusters (Cluster
I and Cluster II), which were further subdivided into sub-clusters IA-IB and IIA-IIB (Fig. 5d). The two varieties
with the highest FGP values, Lul (96%) and Lull (90%), were placed in the IA sub-cluster (Fig. 5d). The varieties
with FGP values ranging from 83% to 64% were grouped in the IB sub-cluster, while those with FGP values
between 56% and 44% were classified in the IIA sub-cluster (Fig. 5d). The varieties with FGP values between
3% and 16% were placed in the IIB sub-cluster. FGP values were the most significant parameter influencing the
variation between clusters in the clustering analysis (Fig. 5d).

RGB analysis of seed coat color properties

Image processing analysis was utilized to quantitatively assess the color characteristics of the seed coat and to
investigate the variation in seed coat color across flax varieties. For each variety, eight photographs were taken
with 16 seeds, and the genetic variation in the red, green, and blue (R, G, B) color components obtained from
these images was evaluated (Fig. 6). Statistical analysis revealed significant (p <0.001) variation in seed coat color
among the flax varieties (Fig. 6). The standard errors for the color values obtained through image processing
ranged from 0.5 to 1.6 for red, 0.6 to 1.7 for blue, and 0.7 to 2 for green, indicating the success of the model and
the optimizations performed. The red color channel was found to have the most significant influence on seed
coat color (Fig. 6). The variety Lu7 exhibited the lowest RGB values (R: 112, G: 68, B: 65), while Lul9 displayed
the highest color values (R: 199, G: 177, B: 137). Additionally, the varieties Lul3 and Lu20 showed identical RGB
values for seed coat color (R: 123, G: 78, B: 72) (Fig. 6).

To examine the similarities and differences in RGB seed coat color among flax varieties, a clustering analysis
was conducted using the complete linkage method and Euclidean distance metric (Fig. 7a). The analysis resulted
in the division of flax varieties into two main clusters (Cluster I and Cluster II) based on their RGB seed coat
color characteristics (Fig. 7a). The varieties with yellow seed coats, Lull and Lul9, were grouped in Cluster II,
while those exhibiting various shades of brown were categorized into the sub-clusters IA and IB of Cluster I
(Fig. 7a).

A three-dimensional scatter plot analysis based on RGB seed coat color data was performed to better
understand the characteristics of the flax varieties in terms of their color components and to visualize their
distributions (Fig. 7b). The resulting scatter plot depicted the relationships among the RGB color components of
different varieties, revealing specific patterns and similarities (Fig. 7b). Additionally, the distribution of varieties
based on RGB seed coat color aligned with the results obtained from the clustering analysis (Fig. 7b).

The data on seed coat color obtained in RGB format was converted to hexadecimal format, and the varieties
were arranged from dark to light seed coat colors. This presentation offered a clearer and more perceptible
depiction of the seed coat colors of the varieties (Fig. 8). The arrangement of varieties from dark to light seed coat
colors was consistent with the distribution observed in the clustering analysis shown in Fig. 7.

Correlation analysis between germination parameters and L *a*b* seed coat color

The Pearson correlation analysis between the germination parameters and the L*a*b* values of the seed coats of
the varieties under various germination conditions was presented in Fig. 9. Under control conditions, significant
correlations were observed among germination parameters and seed coat color values (Fig. 9a, Supplemental
Table 1). Positive correlations included the span of germination and G, (r=0.588, p<0.01) and L*and b* values
(r=0.91, p<0.001). Negative correlations were identified between FGP and G, (r=-0.623, p<0.01), FGP and
the span of germination (r = -0.535, p<0.05), L* and a* values (r = -0.948, p<0.001), and a* and b* values (r
= -0.904, p<0.001) (Fig. 9a, Supplemental Table 1). In seeds germinated in the presence of 10 mM GABA,
significant positive correlations were observed between FGP and b* (r=0.449, p <0.05), the span of germination
and G, (r=0.49, p<0.05), and L* and b* values (r=0.91, p<0.001) (Fig. 9b, Supplemental Table 2). Strong
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Fig. 5. Dendrogram illustrating the clustering status of flax varieties based on germination parameters under
given germination conditions. (a) Control (dH,0), (b) 10 mM GABA, (c) 23% PEG, d: 23% PEG+10 mM
GABA treatments.

negative correlations were also noted between L* and a* values (r = -0.948, p <0.001) and a* and b* values (r =
-0.904, p<0.001).

Significant positive correlations were identified between FGP and the span of germination (r=0.585,
p<0.01), G, and the span of germination (r=0.802, p<0.001), and L* and b* values (r=0.910, p<0.001)
(Fig. 9¢, Supplemental Table 3) under drought stress conditions. Conversely, negative correlations were observed
between L* and a* (r = -0.948, p<0.001) and a* and b* (r = -0.904, p<0.001) (Fig. 9¢c, Supplemental Table
3). Under drought stress conditions with the addition of 10 mM GABA, significant positive correlations were
detected between the span of germination and G, (r=0.666, p<0.01) and between L* and b* values (r=0.910,
p<0.001) (Fig. 9d, Supplemental Table 4). Similarly, negative correlations were found between L* and a* (r =
-0.948, p<0.001) and between a* and b* (r = -0.904, p <0.001) (Fig. 9d, Supplemental Table 4).

Differentiation of flax varieties based on L*a*b* seed coat color and biplot analysis under
various germination conditions

A biplot analysis was performed to assess the variation in germination parameters and seed coat color (L*a*b*)
for seeds germinated under different conditions across 20 flax varieties (Fig. 10). This analysis provided a
comprehensive visualization of the relationships between germination traits and seed coat color components,
highlighting the multidimensional interactions among the measured parameters. The biplot effectively captured

Scientific Reports |

(2025) 15:38383

| https://doi.org/10.1038/s41598-025-22277-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

255
204
2
g
= 153
-]
Q
&
10
3 102
]
@
@
w
51
0
Lul
a
0
33.33
£
=
E
£
w
66.67

100

)

Lui

Lu9

Luls

Lu3 Lu4 LuS Lu6 Lu7 Lu8 Lu9 Lul0 Lull Lul2 Lul3 Lul4 LulS Lul6 Lul7 Lul8 Lul9 Lu20

Lu3

Varieties
-=-Red #—Green =-Blue

Fig. 6. The red, green, and blue color components of flax seed coats are presented. Vertical bars represent + SE
between replicates (n=8). The same letters do not differ statistically at the p <0.05 significance level.

b Varieties
Lul

Lul0
Lull
Lul2
Lul3
Lul4

§
»
<4
¥ Luls
B

140

Lulé
120 Lul7
Lul8
Lul9
Lu2

180 <« Lu20

Lu3

150 Lug

A

120 Green o

P Lus
200 i

Blue 100

80

100

Red

1 e

v & £ o8 e
= 2 3 % 32
e e -

Lu1s
Lu13
Lu20
Luld
Lul6
Lu1o
Lu12
Lu17
Lull
Lu19

.
z

Fig. 7. Similarities and differences in RGB seed coat color among flax varieties. (a) Dendrogram showing the
clustering of varieties (b) three-dimensional scatter plot illustrating the distribution of varieties.

the influence of germination conditions on the evaluated traits, offering insights into the variety differences and
their responses to the experimental treatments. Under control conditions, the principal component analysis
(PCA) revealed that the first two principal components (PC1 and PC2) accounted for 49.4% and 35.8% of the
total variance, respectively, with a cumulative variance of 85.2% (Fig. 10a). The third and fourth components
(PC3 and PC4) contributed to a cumulative variance of 92.2%, while the fifth and sixth components (PC5 and
PC6) explained a smaller proportion of the variance (Supplemental Table 5). The PC1 demonstrated a strong
association with the seed coat color parameters L*, a* and b*, with L* exhibiting a positive loading (55.7%)
(Fig. 10a, Supplemental Table 6). Conversely, a* displayed a negative loading (-55.6%), while b* showed a
positive loading (56.0%) in PC1, indicating an inverse relationship between a* and b* (Fig. 10a, Supplemental
Table 6). The PC2 was primarily associated with germination parameters, with FGP (52.5%) and G, (59.2%)
contributing positively, while the span of germination exhibited a significant negative loading (-58.4%) (Fig. 10a,
Supplemental Table 6). This separation of germination parameters and seed coat color values across the PC1 and
PC2 highlights their independence as distinct axes of variation (Fig. 10a, Supplemental Table 6). The PC3 was
strongly associated with the span of germination, which contributed positively with a loading of 78.8%, while its
relationship with other parameters was less pronounced (Supplemental Table 6). The PC4 showed a high positive
association with G, (70.4%), whereas FGP and the span of germination contributed less prominently to this
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component (Supplemental Table 6). The varieties Lu8, Lull, and Lul9 were distinctly separated from the other
varieties in the biplot analysis (Fig. 10a).

For the seeds germinated in the presence of 10 mM GABA, the analysis revealed that PC1 (50.6%) and
PC2 (28.2%) together explained a cumulative variance of 78.8% (Fig. 10b). The contributions of PC3, PC4,
PC5, and PC6 to the variance were 11.0%, 8.2%, 1.3%, and 0.7%, respectively (Supplemental Table 7), with
PC5 and PC6 contributing minimally, accounting for only 1.3% of the total variance (Supplemental Table 7).
The PC1 demonstrated a strong relationship with both seed coat color and germination parameters (Fig. 10b,
Supplemental Table 8). Specifically, FGP was represented with a negative loading of -29.7% in PC1, while G,
exhibited a positive loading of 5.5% (Fig. 10b, Supplemental Table 8). The span of germination carried the
highest negative loading of -81.2% in PC1, while seed coat colors represented by L* and b* were negatively
loaded at -54.4% and —55.6%, respectively (Fig. 10b, Supplemental Table 8). In contrast, the a* value was
positively loaded (53.7%) in PC1 (Fig. 10b, Supplemental Table 8). These findings highlight the significant
influence of seed germination parameters on seed coat color within PC1. The PC2 showed a notable relationship
with germination parameters (Fig. 10b, Supplemental Table 8). The G, had a high positive loading of 64.8% in
PC2, while span was represented with a negative loading of -59.9% (Fig. 10b, Supplemental Table 8). The FGP
contributed less (5.5%) to this component, further emphasizing the separation of germination parameters and
seed coat color values into two independent principal components (Fig. 10b, Supplemental Table 8). The PC3
exhibited a high positive relationship, particularly with the span of germination (78.8%), while its relationships
with other parameters remained lower (Supplemental Table 8). The PC4 was predominantly represented by
G,, with a positive loading of 74.2%, whereas FGP and the span of germination had lower loadings in this
component (Supplemental Table 8). The varieties Lu8, Lull, Lul9 and Lu20 were distinctly separated from the
other varieties in the biplot analysis (Fig. 10b).

Under drought stress conditions, the first two principal components (PC1 and PC2) explained a total
variance of 83.9%, with PC1 accounting for 51.1% and PC2 contributing 32.8% (Fig. 10c). The third (PC3)
and fourth components (PC4) together explained a cumulative variance of 95.9%, while the contributions of
the fifth (PC5) and sixth components (PC6) were minimal, accounting for only 4.1% (Supplemental Table 9).
The PC1 demonstrated a significant relationship with both seed germination parameters and seed coat color
(Fig. 10c). The FGP parameter was represented with a positive loading of 24.8% in PCI, while G exhibited
an influence of 22.7% (Fig. 10c, Supplemental Table 10). The span of germination showed a positive loading
of 29.3% in PC1 (Fig. 10c, Supplemental Table 10). Among seed coat color variables, L* exhibited the highest
positive loading of 51.1%, while a* showed a negative loading of -49.3% (Fig. 10c, Supplemental Table 10).
These results clearly indicated the combined effect of seed germination parameters and seed coat color on
PCI. The PC2 demonstrated a strong relationship with germination parameters (Fig. 10c). The G, contributed
significantly with a loading of 53.9% in PC2, while the span of germination showed a high positive loading of
58.0% (Fig. 10c, Supplemental Table 10). The FGP had a relatively lower influence, with a contribution of 39.8%
in PC2 (Supplemental Table 10). These findings suggest that germination parameters and seed coat color values
are distinguishable within PC2. The varieties Lull and Lul9 were distinctly separated from the other varieties
in the biplot analysis (Fig. 10c). The PC3 exhibited a high negative relationship with FGP (81.9%), while its
relationship with other parameters remained lower (Supplemental Table 10). The PC4 was characterized by a
notable negative loading with the span of germination (-62.6%) (Supplemental Table 10).
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Fig. 9. Correlation matrix between germination parameters of 20 flax varieties examined under various
germination conditions and the L*a*b* seed coat color. (a) Control (dH,0), (b) 10 mM GABA, (c) 23% PEG,
(d) 23% PEG +10 mM GABA treatments. FGP: final germination percentage; G,: germination rate; Span:
germination homogeneity; L*: lightness; a*: green/red; b*: blue/yellow. Each square represents the Pearson’s
correlation coefficient for a pair of parameters. Correlation coefficients are significant at *p <0.05, **p <0.01,
and ***p <0.001 levels. Shades of blue and red indicate positive and negative correlations, respectively.

Under drought stress conditions combined with 10 mM GABA treatment, the first two principal components
(PC1 and PC2) accounted for a total variance of 85.2%, with PC1 explaining 49.6% and PC2 contributing 35.6%
(Fig. 10d). The third (PC3) and fourth (PC4) components together explained a cumulative variance of 93.1%,
while the contributions of the fifth (PC5) and sixth components (PC6) were minimal, accounting for 6.1%
(Supplemental Table 11). In PC1, FGP exhibited a positive loading of 22.3%, while the a* value had a negative
loading of -55.2% (Fig. 10d, Supplemental Table 12), indicating a strong influence of seed coat color on FGP. The
L*value provided the highest positive contribution, with a loading of 55.7%, and b* also contributed significantly
with a positive loading of 55.9% (Fig. 10d, Supplemental Table 12). The PC2 displayed a strong relationship with
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Fig. 10. Biplot showing the distribution of 20 flax varieties in relation to germination parameters and L*a*b*
seed coat color under various germination conditions. (a) Control (dH,0O), (b) 10 mM GABA, (c) 23% PEG,
(d) 23% PEG +10 mM GABA treatments. FGP: final germination percentage; G,,: germination rate; span:
germination homogeneity; L*: lightness; a*: green/red; b*: blue/yellow. Blue dots represent the varieties.

germination parameters, with G, showing a positive loading of 57.9% and the span of germination contributing
61.5% (Fig. 10d, Supplemental Table 12). In contrast, the FGP had a negative loading of -49.9% in PC2 (Fig. 10d,
Supplemental Table 12), further suggesting a distinction between germination parameters and seed coat color
measurements. The PC3 demonstrated a high positive loading with FGP (81.0%), while its relationships with
other parameters were relatively weaker (Supplemental Table 12). The PC4 showed a prominent relationship with
the span of germination (71.6%), whereas G, exhibited a negative loading of -59.3% (Supplemental Table 12).
The varieties Lull and Lul9 were distinctly separated from the other varieties in the biplot analysis (Fig. 10d).
These findings underscore the separation between seed germination parameters and seed coat color components
in the principal component analysis.
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Discussion

Seed germination is a critical stage in plant production, serving as a prerequisite for subsequent growth and
development. However, drought stress negatively impacts germination®®’?, and can lead to yield losses ranging
from 55% to 92%, depending on the plant species, variety, or genotype”!. Consequently, the development of plant
species/genotypes that are minimally affected or unaffected by drought stress has become a primary objective
of global breeding programs’>”>. Previous studies have demonstrated that PEG-induced drought stress is an
effective tool for identifying drought-tolerant and sensitive varieties/genotypes, provided that drought conditions
were properly adjusted for the specific crop plants being studied””*”>. Therefore, a critical consideration in
such studies is the determination of a practical or ecologically relevant threshold for drought tolerance. This
highlights the necessity of precisely optimizing the PEG concentration to achieve two key objectives: maximizing
the differentiation of tolerance levels among varieties while ensuring germination in tolerant genotypes and
effectively distinguishing highly tolerant genotypes within the tolerant group. In this study, a germination rate
exceeding 50% under the selected PEG concentration was employed as the threshold for classifying genotypes
as drought tolerant. This threshold, relevant for practical agricultural applications, effectively discriminates
between tolerant and sensitive genotypes. This approach provides a robust and crucial criterion for evaluating
genotype performance in drought tolerance assessments. Current research highlights the significance of these
conditions and the evaluation parameters, such as germination percentage, speed, and span of germination, in
assessing drought tolerance level of 20 flax varieties. PEG is widely recognized for its inability to pass through the
cell wall due to its high molecular weight. PEG influences the water potential of embryonic cells by restricting
water flow from the xylem to adjacent cells, thereby limiting cell growth primarily through the loss of turgor
pressure®’. This results in impaired cell elongation and inhibition of seed germination’®. The results of this study
indicated that an optimized PEG concentration of 23%, yielding an osmotic potential of — 0.169 MPa at 25 +
0.5 °C, effectively differentiated drought responses among 20 flax varieties (Fig. 3a). This finding corroborates
previous research demonstrating that a 20% PEG concentration, with an osmotic potential of — 0.169 MPa, at 20
°C was sufficient to distinguish between drought-sensitive and drought-tolerant flax genotypes®*. Germination
percentages under PEG-induced drought stress conditions varied substantially, ranging from 79% (Lul) to
0% (Lu3 and Lul3), further emphasizing the significant genetic diversity in drought tolerance within the flax
varieties tested (Fig. 3a). Variations in germination under drought stress induced by PEG have been observed in
other important crops, including alfalfa””’, clover’®, and wheat”.

The results of this study provided the first evidence that GABA significantly improved seed germination
parameters in flax varieties, with the effect being genotype-dependent, under both stress and non-stress
conditions (Figs. 3 and 4). The Lu8 variety, which exhibited a germination percentage of 78% under control
conditions, showed a significant increase of 17% following GABA treatment, achieving a FGP of 94% (Figs.
3a and 4). Moreover, the application of 10 mM GABA under non-stress conditions generally enhanced both
the speed and extent of germination across the flax varieties (Figs. 3 and 4). Drought stress led to considerable
reductions in the FGP of the varieties, but the inclusion of 10 mM GABA alleviated the stress and significantly
improved all germination parameters assessed (Figs. 3 and 4). However, the degree of recovery induced by
GABA varied among the varieties. For example, the Lu3 and Lul3 varieties, which exhibited an FGP of 0% under
drought stress, demonstrated a substantial increase in germination, with FGP of 64% and 16%, respectively
(Figs. 3a and 4). These findings are consistent with previous studies highlighting the positive effects of GABA
on seed viability and germination performance under stress conditions®*-*2. Numerous studies have also
highlighted the critical role of GABA in enhancing stress tolerance in plants, primarily through the regulation
of the tricarboxylic acid cycle, nitrogen reserves, cytoplasmic pH, antioxidant defense mechanisms, and osmotic
potential®*34, Clustering analysis based on germination parameters effectively differentiated drought-tolerant
and drought-sensitive varieties, grouping them within the same subgroups under drought stress conditions (Fig.
5c-d). Similar clustering patterns were observed under non-stress conditions, revealing both the similarities and
differences among the flax varieties (Fig. 5a-b). Interestingly, the drought response and GABA effects were not
influenced by the fiber or oil type of the flax varieties. The most drought-tolerant variety, Lul, was identified as a
fiber type, while the drought-sensitive varieties, Lu3 and Lul3, were classified as fiber and oil types, respectively
(Figs. 3 and 4).

The seed coat, which forms the outermost layer of the seed, serves as a protective barrier against both biotic
and abiotic factors, plays a crucial role in water absorption, and provides resistance to physical impacts®>. Seed
coat properties, such as color, brightness, and thickness, are established at the physiological maturity stage, and
seed coat pigmentation has been shown to play a crucial role in regulating seed dormancy and germination
traits?®>78687 Seed coat color is also a central target in many plant species, and any characteristic associated with
it is crucial for selecting or not selecting desired or undesired plant material in a breeding program®-8%7_ Tt has
been reported that seed coat color is linked to various characteristics related to seed yield and quality, making
these characteristics key targets for breeding studies®®!. In this study, the seed coat colors of flax varieties
were quantified in RGB format through the image processing model of AugeLab Studio software v2.2 (AugeLab
R&D Tech. Inc., Tiirkiye), which is an innovative and user-friendly platform designed to streamline artificial
intelligence (AI) and image processing workflows without the need for coding expertise. The results of image
processing analysis indicated that the Lul3 and Lu20 varieties displayed identical RGB-defined seed coat colors,
while significant differences were observed among the remaining varieties (Fig. 6). Clustering analysis based
on RGB seed coat color revealed both similarities and differences among the varieties (Fig. 7a-b). The analysis
showed that Lull and Lul9, which possess yellow seed coats, clustered separately, thereby clearly distinguishing
them from the other varieties (Fig. 7a). Furthermore, the conversion of seed coat RGB values to hexadecimal
format resulted in a color gradient ranging from dark to light, which was consistent with the clustering analysis
outcomes (Fig. 8).
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Under various germination conditions, although positive or negative correlations were observed between
seed germination parameters (FGP, G, and Span) and seed coat color (L* a*, and b*), these correlations were
not statistically significant (Fig. 9). Furthermore, biplot analyses clearly demonstrated that the relationship
between germination parameters and seed color traits varied across the different germination conditions. For
instance, under control conditions, PC1 was significantly influenced by the color parameters L* (0.557), b*
(0.560), and a* (-0.556) (Fig. 10a, Supplemental Table 6). This suggests that the L* value, which represents the
degree of light reflection, and the b* value, reflecting bluish-yellow tones, positively contribute to PC1 (Fig. 10a).
The varieties Lull and Lul9, which exhibited the most bluish-yellow seed coat colors with hexadecimal color
values of #b19b6a and #c7b189, respectively (Fig. 8), were distinctly separated from the other varieties. These
two varieties were positioned in the same direction as L* and b* in the biplot (Fig. 10a). Conversely, the negative
influence of the a*value, representing the reddish-green balance, is noteworthy. The findings indicated that seeds
with higher a* values (reddish) could adversely affect germination performance (Fig. 10a). Although the FGP
(0.250) and span (0.013) contributed positively to PC1, their contributions remained low (Supplemental Table
6). In contrast, PC2 was shaped primarily by span (-0.584) and G, (-0.592), with these two parameters being
the main factors negatively affecting PC2 (Fig. 10a, Supplemental Table 6). This evidence suggests a relationship,
particularly between the germination speed (G,), the span of germination (G,,_,,), and PC2. The conclusion
was further supported by the observation that varieties such as Lu3, Lu7, Lu8, Lul8, and Lu20, which cluster in
this region of the biplot, generally exhibited slow and extended germination patterns (Figs. 3b-c and 10a). These
varieties were also categorized in the middle-left part of the classification based on hexadecimal color values
(Fig. 8). However, the results revealed that the parameters of seed coat color on germination parameters under
control conditions was limited.

The seeds treated with 10 mM GABA under no stress conditions: PC1 and PC2 explained a total variance
of 78.9% (Fig. 10b). The largest loadings on PC1 again came from L* (-0.544), a* (0.537), and b* (-0.556) values
(Fig. 10b, Supplemental Table 8). Interestingly, the L* and b* values exhibited negative effects on PCI under
GABA application, which was contrary to control conditions (Fig. 10a-b). This suggests that the contribution
of GABA to total variation may negatively affect seeds with lighter, bluish-yellow coat colors under non-stress
conditions. This hypothesis is further supported by the placement of the Lull and Lul9 varieties along the same
direction as the L* and b* values on the biplot (Fig. 10b). The germination parameters, including FGP (-0.297),
G, (0.055), and span (0.123), exhibited weak effects on PC1 (Fig. 10b, Supplemental Table 8). In contrast, G,
(0.648) and span (0.599) displayed high positive loadings on PC2, suggesting a significant influence of GABA on
the speed and span of germination (Fig. 10b, Supplemental Table 8). These findings may indicate that GABA may
enhance seed germination performance, particularly in seeds characterized by lower L* (darker) and b* (more
yellowish) values, when germinated under non-stress conditions.

Under 23% PEG-induced drought stress conditions, the strongest loadings in PC1 were observed for L*
(0.511) and b* (0.545), while the a* value (-0.493) exhibited a negative effect (Fig. 10c, Supplemental Table 10).
These results suggest that under drought stress, lighter-colored and bluish-yellow seed coats positively influence
germination, whereas reddish seed coats (indicated by a high a* value) have a detrimental effect (Fig. 10c). In
terms of germination parameters, both FGP (0.248) and G, (0.227) showed positive contributions to PCI,
aligning with the color parameters (Fig. 10c, Supplemental Table 10). Varieties with similar hexadecimal color
values were grouped together in the biplot, demonstrating consistent patterns (Figs. 8 and 10c). However, span
(0.580) exhibited one of the strongest loadings in PC2, emphasizing its more pronounced role under drought
stress conditions (Fig. 10c, Supplemental Table 10).

In the presence of 10 mM GABA under drought stress, the largest loadings in PC1 were carried by L*
(0.557), a* (-0.552), and b* (0.559) (Fig. 10d, Supplemental Table 12). A positive relationship between lighter
and bluish-yellow seed coat colors (higher L* and b* values) and germination parameters was observed in this
condition (Fig. 10d). Conversely, as in other conditions, the a* value representing red tones exerted a negative
influence (Fig. 10d). In terms of germination parameters, FGP (0.223) had a positive effect on PC1, while G,
(-0.144) showed a negative effect (Fig. 10d, Supplemental Table 12). Notably, under drought stress with 10 mM
GABA, the time to 50% of FGP (G,) negatively impacted FGP, whereas the overall germination rate (FGP) was
enhanced (Fig. 10c-d). The span of germination (0.615) exhibited the highest positive loading in PC2, indicating
that the distribution of varieties was primarily determined by this component (Fig. 10d, Supplemental Table 12).

Flax seeds vary in size from 4 to 6 mm in length and 2 to 3 mm in width, exhibiting a color scale of brown and
yellow tones in their seed coat®. It has been reported that flax seed coat color is linked to various characteristics
related to seed yield and quality*®883991:93 A5 the seed coat color transitions from yellow to brown, there is an
increase in seed coat thickness, making it tougher®. Additionally, the darkening of the seed coat is associated
with higher levels of oil, tannins, secondary metabolites, and antioxidant compounds, suggesting that brown
seeds exhibit greater drought tolerance than yellow seeds!®3°4% In flax varieties with darker seed coats, a
more significant increase in lignan biosynthesis has been observed under drought stress compared to yellow-
coated varieties, indicating that this increase plays a key role in enhancing the plant’s drought tolerance®%.
In the current study, the observed decline in germination parameters in seeds with darker brown seed coats,
compared to those with lighter brown or yellow coats, is likely due to differences in genetic background. Another
contributing factor may be the thicker seed coat structure of the darker brown seeds®?, which could restrict water
absorption under drought stress conditions, as compared to the thinner seed coats of lighter brown or yellow
seeds.

Conclusions

The seeds of 20 different flax varieties exhibited significant variation in germination parameters under various
germination conditions. Genotype-dependent effects of drought stress were observed, with 10 mM GABA
mitigating the impact of drought stress. Among the varieties, Hermes (Lul) was identified as the most drought-
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tolerant, while Lisette (Lu3) and Bonny-Doon (Lul3) were found to be drought-sensitive. The image processing
model developed in this study, utilizing a photography chamber and exposure optimizations, proved capable of
detecting seed coat color at a lower cost and with greater speed in comparison to established seed color testing
methods. No significant correlation was observed between the color parameters (L*, a*, and b*) derived from
RGB values and the germination parameters measured in this study.

Biplot analysis revealed that the loadings of principal components for both germination parameters and
RGB values varied significantly based on the germination conditions employed. Seeds with high L* and a*
values generally exhibited higher FGP and faster germination rates. These findings underscore the potential
of integrating seed coat color parameters into flax breeding programs and highlight their potential role in
improving seed germination and overall seed quality under various stress conditions. Future research could
explore the potential relationship between seed coat color and agromorphological or yield-related parameters,
utilizing the image processing approach developed in this study.

Data availability
Data is provided within the manuscript or supplementary information files. The datasets generated during and/
or analyzed during the current study are available from the corresponding author on reasonable request.
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