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Abstract: The Linum Insertion Sequence 1 (LIS-1) occurs in the genetically plastic flax genotypes in response to the lack
or excess of mineral and water nutrition, but also naturally, and can be transmitted to the progeny. We have analyzed 21
ancient Belarusian varieties of flax Linum usitatissimum convar. elongatum Vav. et Ell. The LIS-1 presence or absence was
checked for individual plants in at minimum two generations with primer-specific polymerase chain reaction (PCR) and
agarose gel electrophoresis. The studied flax varieties formed four groups: non-responsive varieties (LIS-1 was not found,
group NR); responsive, which formed and completely lost the insertion (group RO); responsive, which formed and retained
LIS-1 (group R1); and responsive unstable (group R2). A statistically significant difference was found in ‘plant height’ (p <
0.05), ‘technical length of the stem’ (p < 0.05) between RO and NR, and R2 and NR LIS-1 groups. The machine learning
algorithm random forest classifier was used to predict the presence, absence or heterozygosity of LIS-1 in flax plants based
on their growth and reproductive characteristics. As a result, the accuracy of the prediction was 98% on test data. In terms
of sources for the selection of fibre flax varieties adaptive to environmental challenges, the most promising group consists of
responsive varieties that have formed LIS-1 insertion (RO, R1 and R2 groups).
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Introduction

Flax (Linum usitatissimum L.) has been one of the most
important industrial crops for several millennia, the
fibre and oil of which are used in various industries
around the world (Sa et al, 2021). There are four
convarieties of cultivated flax: crepitans, elongatum,
mediterraneum and usitatissimum. Convariety elongatum
is characterized by a plant height exceeding 70cm and
side branches occupying only the upper one-third or
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less of the entire stem length; if the plant height falls
below 70cm, stem branches are located in the upper
one-fifth of the entire stem length (Diederichsen, 2019).
It is common mostly in Eastern Europe (Vavilov, 1926).
In Belarus, Linum has been one of the major technical
crops for many decades. Linseed varieties are grown
for oil, flax varieties are grown for fibre, and flax
varieties that tend to be intermediate between oilseed
and fibre types may be used to produce high oilseed
yields and good-quality fibre (Rachinskaya et al, 2011).
Flax can grow in many environments but prefers cool
weather and well-drained soils with good water-holding
capacity (Ehrensing, 2008).
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Experimental studies have shown that changes in
soil nutrients and water regime during flax cultivation
lead to phenotypic changes, which are accompanied
by genomic rearrangements (Evans et al, 1966; Cullis,
1976, 1981; Goldsbrough et al, 1981). One of the
heritable genomic changes in response to nutrient and
water stress is the appearance of Linum Insertion
Sequence-1 (LIS-1). A more detailed study of the
occurrence of LIS-1 showed that the appearance of
the insertion is limited to individuals (genotypes)
that respond to growth conditions by modifying their
genome (Chen et al, 2009). Single-copy insertion
LIS-1 is assembled from short sequences scattered
throughout the flax genome in a short period of
time before flowering (Cullis, 1976). The LIS-1 is a
5.7kb nucleotide sequence that inserts at a specific
site in the flax genome. This specific site contains two
genes, inhibitor of growth-1, and kip-related cyclin-
dependent kinase inhibitor-2. The target sequence
is also modified when LIS-1 is inserted. A total
of 129 single nucleotide polymorphisms and InDels
were found in the target sequence when comparing
lines with and without LIS-1 (Bickel et al, 2012).
Contrasting conditions of mineral nutrition of seedlings
caused the appearance on the plastic (or responsive)
genotypes (line Pl) of two types of stable genotrophs:
L-genotrophs and S-genotrophs (Durrant and Nicholas,
1970; Durrant and Jones, 1971). Treatment with low
or imbalanced nutrients (different concentrations of
nitrogen, phosphate and potassium in soil, or lack
of water) gives rise to the small, or S, genotroph.
Morphologically the S-genotrophs are shorter than the
Pl line, have a non-branching stem, hairy capsule
septa, and contain single-copy insertion LIS-1. A high
nutrient and water treatment results in the large,
or L-genotrophs, which are much taller than the S-
genotrophs, have more branching stems than Pl or S,
hairless capsule septa, and do not contain LIS-1. Both
L- and S-genotrophs have been shown to be better
adapted to the nutrient environment in which they
were induced. In the responsive flax genotype, which
did not form stable genotrophs, LIS-1 was lost in the
absence of inducing conditions (Bickel et al, 2012; Chen
et al, 2009, 2005). The characteristics altered in the
genotrophs include height, weight, number of branches,
the presence of hairs on seed capsule septa, total nuclear
DNA contents, the number of genes coding for the large
ribosomal RNAs and the 5S ribosomal RNAs as well as a
number of other repetitive sequence families (Chen et al,
2005).

Chen et al (2005) have shown that the insertion LIS-
1 could occur also naturally in many flax and linseed
varieties, and concluded that the external environment
can act both as an inducer of directed genetic variability
and as a selective factor for beneficial mutations. Flax is
a self-pollinator, and the ability to modify the genome
may be an adaptive property (Cullis, 1986).

To sum up, in responsive flax genotypes many
genomic rearrangements occur in response to environ-

mental challenges, including the occurrence of LIS-1.
Using LIS-1 as a marker of genome plasticity is a fast
and cost-efficient tool for primary screening of geno-
types as the insertion could be detected by polymerase
chain reaction. Thus, the LIS-1 sequence is a promising
molecular marker for identifying flax forms with genome
plasticity and, accordingly, adaptive capacity.

Artificial intelligence and machine learning algo-
rithms are used in different fields of science to solve
problems of classification or regression. By learning from
existing data, supervised, semi-supervised or unsuper-
vised techniques could be applied in chemistry (Raghu-
nathan and Priyakumar, 2022) for predicting proper-
ties and designing molecules and materials; in the phar-
maceutical industry (Volkamer et al, 2023) for the pre-
dictions of bio-activity and physical properties; and in
active learning (Bajorath, 2022) for drug discovery. It
was shown that random forest provides comparable per-
formance and easier interpretation for many applica-
tions (Volkamer et al, 2023) or outperforms other mod-
els (Yang et al, 2022), like support vector machine,
decision tree, and extreme gradient boosting tree algo-
rithms. Random forest is a supervised ensemble method
that randomly builds and integrates multiple decision
trees to create a forest structure. The choice of the
machine learning algorithm depends on the data struc-
ture, data types and questions you want an answer
to (Hu and Xing, 2021).

The aim of this study was to investigate local ancient
Belarusian flax varieties with the LIS-1 insertion as a
marker of genome plasticity and, based on available
morphological features, to construct a classification
model to predict the presence or absence of the LIS-1
insertion using a random forest classifier.

Materials and methods

Plant material

For the analysis, 21 ancient local varieties of flax
Linum usitatissimum convar. elongatum Vav. et ElL
were used. Seeds were obtained in 1998 from the
N.I. Vavilov Institute of Plant Genetic Resources (VIR)
genebank, where they were collected during Vavilov
expeditions from 1923 to 1958 in Belarus. Plant material
origin is shown in Table 1. Since 1998, these varieties
have been cultivated and studied at the Biological
Experimental Station of the Institute of Genetics and
Cytology of the National Academy of Sciences of
Belarus. In 2000, the National Bank of Seeds of Plant
Genetic Resources of Belarus was established for the
conservation, investigation and use of plant genetic
resources (Privalov et al, 2021), where investigated
varieties are included and conserved. Since the seed
material was obtained from the VIR genebank, the
accession numbers are given according to VIR.

Experimental conditions

The 21 studied local ancient varieties of flax were sown
and cultivated in the Biological Experimental Station of
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Table 1. Flax (Linum usitatissimum convar. elongatum Vav. et Ell.) accessions included in the study. Information includes accession
numbers in the VIR collection, dates of inclusion in the collection, origin and LIS-1 group. Information about the exact location of

some sampling has not been preserved.

Accession number Year added Place of origin Belarus region  LIS-1 group
(VIR code)

624_595 1923 Homielskaja vobtas¢ South-East R2
624_596 1923 Homielskaja vobtas¢ South-East NR
624776 1923 Viciebskaja vobtas¢ Nord R1
624_781 1923 Minskaja vobtas¢, Cervieniski district Center NR
624_784 1923 Belarus Unknown NR
624_786 1923 Belarus Unknown R1
624787 1923 Belarus Unknown R1
624.789 1923 Belarus Unknown R1
624_791 1923 Mahilotiskaja vobtas¢, Cerykatiski district East RO
6241043 1924 Viciebskaja vobtas¢, Potacki district Nord-East RO
6241044 1924 Viciebskaja vobtas¢, Haradocki district Nord R1
6245462 1939 Minskaja vobtasé¢, Doksycki district Center R1
624.5463 1939 Viciebskaja vobtas¢, Pastatiski district Nord-West R2
624_5464 1958 Viciebskaja vobtas¢, raka Dzisna Nord R2
6246213 1958 Viciebskaja vobtas¢, Sarkati§éynski district Nord-West R2
624_6214 1958 Viciebskaja vobtas¢, Hlybocki district Nord-West R1
6246215 1958 Hrodzienskaja vobtasé¢, Navahrudski district West R1
624.6216 1958 Bresckaja vobtas¢ South-West RO
624.6220 1958 Bresckaja vobtas¢ South-West R2
624_6219 1958 Bresckaja vobtas¢, Ivanatiski district South-West R2
624_6222 1958 Hrodzienskaja vobtasé, Karelicki district West R1

the Institute of Genetics and Cytology in Minsk from
2017 to 2022. The studied varieties are self-pollinating,
and no crosses were carried out with them. About 50
plants per variety were grown each year, 10 plants were
taken to test the phenotype, and 5-10 plants per variety
were tested by polymerase chain reaction (PCR) for the
presence or absence of the LIS-1 insertion. No further
studies were conducted for those varieties for which LIS-
1 was not found. Seeds were collected from each plant
found to have LIS-1, planted again in the following year,
and the presence or absence of LIS-1 was checked again.
For each variety, there were at least two generations of
plants with traceable LIS-1 presence or loss.

Nitrogen fertilizer was applied to the soil in
accordance with the field fertilization schedule, both
when preparing the soil for seeding and during plant
growth. Plants were watered as needed.

Weather conditions (rainfall, mm and temperature,
°C) during the flax vegetation period from May to
August for the study years are shown in Figure 1.

The conditions of the growing season varied depend-
ing on the year. The average temperatures in May, June,
July and August were 12.83°C, 18.51°C, 18.48°C, and
18.52°C, respectively. The coldest years were 2017 and
2020 (mean growing season temperatures were 16.48°C
and 16.20°C, respectively), and the warmest was 2018
(average temperature 18.70°C), with a 6-year average
growing season temperature of 17.09°C. The wettest
years were 2018 and 2019 (total rainfall during the

growing season was 328 and 333mm), and the driest
year was 2020 (total rainfall 240mm), with an aver-
age rainfall during the growing season over six years of
307.17mm.

The optimal temperature for flax development is
from 15-18°C. The phenological stages of flax are:
germination (May), leaf development (end of May),
active growth (June), budding and flowering (June,
July), development of seed capsules (July), ripening of
seed (end of July, August). Flax continues growing until
the end of flowering.

Phenotypic characterization

The morphological features of the flowers and plants
of the varieties were evaluated according to the flax
descriptors (Maggioni et al, 2001; No6zkova et al, 2016).
For the flower, the following were detected: shape of the
flower, shape of the corolla, size of the corolla, shape
of the petals, longitudinal folding of the petals, colour
of corolla (the petals colour, when fully developed),
colour of the veins of the petals, anther colour, seed
colour. For the plant: foliation, plant height, technical
length of the stem; number of productive seed capsules
per plant; and number of seeds in the capsule. For the
modelling, morphological features included an extended
list of characteristics, which were not investigated
before: the ciliation of seed capsule septa and the
presence of anthocyanin pigmentation in the hypocotyl
in addition to the plant height, the technical length of
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Figure 1. Rainfall (mm) and temperature (°C) in May, June, July and August for each year of the study.

the stem, the number of productive seed capsules per
plant and the number of seeds in the capsule. For the
modelling, seven flax varieties which were grown in
2022 were used, for which these characteristics were
available: 624 6222, 624 6219, 6241044, 624_791,
624 786, 624 6215, and 624 789. Ciliation of seed
capsule septa was shown to be associated with LIS-1
presence/absence (Chen et al, 2005), and therefore this
trait could be important for the machine learning model.
We included the presence of anthocyanin pigmentation
in the hypocotyl characteristic in our list of traits as one
of the possible responses of flax genotypes to abiotic
stress. This information is available in Supplemental
Table 1.

Molecular genetic analysis

For molecular analysis, upper leaves were collected at
the budding stage, since in the experiment of Cullis
(1976) it was shown that the LIS-1 insertion is
assembled from short fragments of DNA distributed
throughout the genome in the short time preceding
flowering. Leaves (50-100mg) of 5-10 individual plants
per accession were taken for DNA isolation according
to Sambrook and Russell (2006). Briefly, plant material
was placed in 2.0ml microcentrifuge tubes, 15ul of
TE buffer (10mM Tris-HCl, pH 7.5; 1mM EDTA) was
added and the tissue ground using a Tissue Lyser tissue
homogenizer (Qiagen). Then, 400ul of lysis solution
(TrisHCl 1M, pH = 8.0, NaCl 5M, EDTA 0.5M, SDS
10%) was added to each tube and incubated for 10

minutes, with periodical shaking. Then, 600ul of phenol-
chloroform mixture (1:1 v/v) was immediately added,
mixed gently and centrifuged at 10,000rpm for 10
minutes. The supernatant was transferred to new tubes,
and 600yl of a mixture of chloroform-isoamyl alcohol
(24:1 v/v) was added, mixed and centrifuged for 2
minutes at 10,000rpm. The upper phase was transferred
into clean tubes, and 800ul of ice-cold 96% ethanol
was added, mixed with gentle rocking, and placed for
15 minutes at -20°C, then centrifuged for 7 minutes
at 10,000rpm, and the supernatant was completely
removed. The next step was to dissolve the DNA on a
vortex at low speed in 100ul of a 1.2M NacCl solution.
Then 300ul of ice-cold 96% ethanol was added, and
the DNA was allowed to precipitate (for up to 2
hours at -20°C) and then centrifuged for 4 minutes
at 12,000rpm. The precipitate was washed in 300ul
of 70% cold ethanol, and the alcohol was removed
with a pipette. DNA was dissolved in 100yl of double-
distilled water. The DNA concentration in the resulting
solution was measured using an Ultrospec 3300 pro
spectrophotometer (Amersham Biosciences, USA) at a
wavelength of 260nm (ultraviolet spectrum).

The LIS-1 insertion was detected by sequence-
specific polymerase chain reaction (PCR) as described
by Chen et al (2009). The primers used for amplification
of LIS-1 at the insertion site were: 2 and 3’ (5-
ggtttcagaactgtaacgaa-3’ and 5'-gaggatggaagatgaagaagg-
3), 18 and 19’ (5-cataaattcagtcctatcgac-3’ and 5’
taacagctcggatctaggce 3’); the absence of the insertion was
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detected by amplification with primers: 2 and P19’ 5-
ggtttcagaactgtaacgaa-3’ and 5’-gcttggatttagacttggcaac-
3’. The sizes of the amplified fragments were 416,
398 and 417bp, respectively (Chen et al, 2009).
Electrophoretic separation was carried out in 1.5%
agarose gel, with further detection in ultraviolet light.

Statistical analysis

Correlation  analysis  using  Python libraries:
NumPy (Harris et al, 2020), SciPy (Virtanen et al, 2020)
was performed to measure the strength of the relation-
ship between the examined features and to calculate
their association.

Generalized linear models were used to iden-
tify whether there were significant contributions of
interaction between factors genotype (LIS-1 groups)
and weather conditions (temperature and rainfall by
month, average temperature and total rainfall) to
predict the dependent variables (plant height, tech-
nical length of the stem, number of seed capsules
per plant, and number of seeds in the capsule). The
formula with interaction was: ’dependent variable ~
LIS_group*weather_condition’. The Shapiro test was
applied to check the normality of models residuals with
statistical significant effect. Analysis was run in Python
version 3.10.9 using the statsmodels (Seabold and Perk-
told, 2010).

Analysis of variances (ANOVA) was performed to
identify if factor LIS-1 groups had a significant effect
on dependent variables: plant height, technical length
of the stem, number of seed capsules per plant, and
number of seeds in the capsule. The Shapiro-Wilk
test (Wickham et al, 2022) was used to determine
the normality and Levene’s test (Wickham et al, 2022)
was used to determine homoscedastisity to check
ANOVA assumptions. Shapiro test was applied to check
the normality of models residuals distribution. For
the ’technical length of the stem’ and ‘number of
seed capsules per plant’, non-parametric Kruskal-Wallis
ANOVA test was applied as the normality assumptions
failed. Post-hoc Tukey’s test for parametric and Dunn’s
test for non-parametric distributed characteristics were
used for LIS-1 groups pairwise comparisons for models
with significant effect of LIS-1 group factor on
morphological characteristics of plants. P-values were
taken into account under Bonferroni correction. Analysis
was run in R version 4.1.2 using the lme4 (v1.1-
35.1; Bates et al (2015)), rstatix (v0.7.2; Kassambara
(2023)), dplyr (v1.1.4; Wickham et al (2022)) packages.

Machine learning model

For the analysis, a sample of 56 plants with known
morphologic characteristics were taken from seven
flax varieties: 624_6222, 624_1044, 624_786, 624_789,
6246215 (R1 group), 6246219 (R2 group), and
624791 (RO group). Before building the model, the
sample of plants were tripled using the function
pandas.DataFrame.sample() with replacement (pan-

das.pydata.org, The pandas development team (2020)).
Analysis was run in Jupyter notebook (Kluyver, 2016).

The basis of the method is the use of a set of single
classifiers (a decision tree) to make the final decision
on the classification of objects. The selection of hyper-
parameters for the calculation was carried out using the
GridSearchCV algorithm, which checks each combina-
tion of hyperparameters from a given range of values
and selects the most successful one. The number of
iterations was set to seven for better cross-validation
results. The range of values was as follows: param_grid
= {’bootstrap’: [True, False], ‘max.depth™ [3, 5, 7,
10], 'max_features’: [‘auto’, None], ’criterion’: [’gini,
’entropy’], 'n_estimators’: [600, 800, 1000]}. The best
combination of hyperparameters was calculated as fol-
lows: {’bootstrap’: True, ’criterion’: ’gini’, 'max_depth’: 7,
'n_estimators’: 1000}. Random forest classifier algorithm
was run with the following options: {’bootstrap’ True,
‘ccp-alpha’: 0.0, ’class_weight’: None, ’criterion’: ’gini’,
'max_depth’: 7, 'max_features’: ’sqrt’, 'max_leaf nodes’:
None, ’max_samples’: None, ’min_impurity_decrease’:
0.0, ’'min_samples_leaf’: 1, ’min_samples_split: 2,
‘'min_weight _fraction_leaf’: 0.0, ’n_estimators: 1000,
'n_jobs’: None, ’oob_score’: False, 'random_state’: 13,
‘verbose’: 0, 'warm_start’: False}. The number of fea-
tures used at nodes for split was defined by grid search
as sqrt(n_features). The criterion for feature impor-
tance estimation is gini impurity, which shows how each
feature decreases the impurity of the split.

In total, nine features were used: four numeric (plant
height; technical length of the stem; number of pro-
ductive seed capsules per plant; number of seeds in
the capsule), and two categorical (ciliation of septa and
anthocyanin pigmentation in the hypocotyl). Categori-
cal features were encoded to numeric with the pandas
library method get_.dummies(), and resulted in five fea-
tures (ciliation of septa as: hairless hh, heterozygous Hh,
hairy HH); the presence of anthocyanin pigmentation in
the hypocotyl as: week or missing). Target variable was
the presence of LIS-1 insertion (‘0’ — ‘LIS-1 absent’, ‘1’
— ‘LIS-1 present’, 2’ — ‘LIS-1 heterozygote’, when three
PCR products were revealed).

The dataset was divided into training and test sets,
with the proportion of test size being 0.3. At first, the
machine learning algorithm will use only the training
part of data (70% from all dataset) including features
(characteristics) and the target variable (what we want
to predict). On this data, the algorithm will learn about
the structure and relationships between features, and
finally make a prediction about the target variable.
Then the algorithm takes a new 30% of test data
(only features) and makes a prediction again. When
comparing the real values of the test target variable
with the predicted values, we can assess the degree
of success achieved. As a criterion for the success of
the classification, the accuracy score was calculated
(the ratio of correctly classified objects to the total
number of operations performed). A confusion matrix
provided a visualization of additional information about
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classification results: precision, recall and fl-score.
Abbreviations in formulas to calculate these metrics
were: TP (true positive, when both the actual and
predicted values were 1), TN (true negative, when
both the actual and predicted values were 0), FP
(false positive, when the actual value was 0, but the
predicted value was 1), FN (false negative, when the
actual value was 1, but the predicted value was 0).
Classification metrics were the following: precision, the
proportion of positive identifications that were actually
correct: TP/(TP+FP); recall, the proportion of actual
positives correctly identified: TP/(TP+FN); fl-score,
the weighted average of precision and recall - this
score takes both false positives and false negatives into
account: 2*(Recall * Precision) / (Recall + Precision).
Figures 1, 5, 6 and 7 were produced using Python
with the ‘matplotlib’® and ‘seaborn’ (Hunter, 2007,
Waskom, 2021) packages. Figure 3 was produced using
R with the ggplot2 (v3.5.0; Wickham (2016)) package.

Results

Morphological characteristics of the studied flax vari-
eties are shown in Table 2 and Table 3.

Varieties with the largest mean plant height were
6246216, 6246219, 624_6222, whereas varieties with
the largest mean technical stem length were also
624.6216, 624_6219 and 624_5462. Varieties with the
smallest mean plant height and technical stem length
were 624595, 624_6215, 624_781, and 6246215,
624_786, 624_781.

The flowers differed in diameter, from small
(624.782, 624784, 6246213, 6246217, 624_6222)
to large (624_791, 624_6216). According to the colour
of the corolla and the anthers, the following combina-
tions were noted: violet/bluish, blue/creamish, light
blue/bluish, light blue/dark bluish, blue/bluish, and
blue/dark bluish. Only one variety had cream-coloured
anthers (624_776).

The majority of studied local ancient Belarusian
varieties had a medium-sized corolla, a regular shape
of the flower with circular petals, blue flower petals,
anthers and veins of the petals, and brown seeds.

Presence of LIS-1

The studied flax varieties could be divided into
four groups, corresponding to LIS-1 presence and
preservation: RO, R1 and R2, which are responsive
genotypes as they formed LIS-1 insertion, and NR group
which includes non-responsive genotypes, i.e. LIS-1
insertion was not detected for them. Data is shown in
Table 4. This LIS-1 group subdivision of accessions is the
first attempt to generalize data.

Shared and individual morphological characteristics
of the flower, seeds and stem of the studied flax varieties
grouped by LIS-1 presence are shown in Figure 2. The
analysis was run online using Venny (Oliveros, 2015).
Based on the morphological characteristics listed in
Table 3, we could not distinguish responsive and non-
responsive accessions. The NR group of accessions had

no distinctive individual characteristics, yet shared ten
common traits with all four groups, and only one trait
in common with the R1 and R2 groups (small corolla),
and one with the R2 group (violet colour of petals).
Groups of responsive accessions (R0, R1, R2) had three
characteristics in common (blue colour of petal veins
and petals, semi-star shape of flower), RO and R1 groups
had in common dark bluish colour of anthers, RO and
R2 groups were characterized by stem high foliation,
and R1 and R2 groups had light brown colour of seeds
coat. The RO group had one individual characteristic
(large flower); the R1 group had two individual traits
(elliptical shape of petals and creamish anthers). So,
we can consider that the presence or absence of LIS-
1 insertion could have morphological effects, but the
studied characteristics of the flower and stem are not
sufficient for an exact morphological differentiation.
Average morphological characteristics of the four LIS-
1 groups and two responsive groups (RO, R1, R2 are
responsive, NR is non-responsive) are shown in Table 5.

Correlation analysis

We used correlation analysis to establish the relationship
between quantitative characteristics, environmental
conditions (rainfall, temperature) during vegetation
period, and genetic group defined by LIS-1, as we
want to reveal which factors impacting on morphologic
characteristics depending on plant development stage
and genetic group.

The LIS-1 groups exhibited significant negative
correlations with both plant height and technical length
of the stem (r = -0.294** and r = -0.248%, respectively,
Table 6). Conversely, there was a strong positive
correlation between plant height and technical length
of the stem (r = 0.889***), between plant height and
number of seeds per capsule (r = 0.25**), and plant
height and temperature in August (r = 0.314%*¥),
Similarly, positive significant correlations were found
between technical stem length and temperature in
August (r = 0.427***), rainfall in June (r = 0.107%),
rainfall in July (r = 0.2**), whereas negative significant
correlations were observed between technical stem
length and number of seed capsules per plant (r
= -0.269**), temperature in June (r = -0.466***),
and rainfalls in May and August (r = -0.341***, r
= -0.271***). Plant height also exhibited negative
significant correlations with temperatures in May and
June (r = -0.08**, r = -0.264**), and rainfalls in
May and August (r = -0.289*** r = -0.265%*%),
Positive significant correlations were found between
the number of seeds per capsule and the number of
seeds capsules per plant (r = 0.45%**), temperatures
in June and the number of seeds in the capsule (r =
0.323***), rainfall in May and the number of seeds in
the capsule (r = 0.368***), with additional statistically
significant correlations between the number of seeds per
capsule and temperatures in June (r = 0.241*) and
rainfall in May (r = 0.151*). The number of seeds per
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Table 2. Quantitative morphological characteristics of flax varieties. Numbers given represent the mean + standard deviation (std)
of ten plants examined.

Variety Mean plant Mean technical length of Mean number of seed Mean number of seeds
height + std the stem + std capsules per plant + std in the capsule + std
624595 53.08+1.82 40.37+1.997 7.80+1.64 7.92+1.64
624_596 47.974+1.90 36.7+2.01 7.3£1.55 7.63+1.55
624_776 53.97+2.57 42.3442.50 6.43+1.32 7.82+1.32
624781 48.034+2.52 36.78+2.39 7.14+1.76 7.68+1.76
624.784 55.094+2.32 43.64+2.90 7.18+£1.37 7.85+£1.37
624_786 53.2242.50 39.67+2.57 8.5242.25 8.07£2.25
624787 55.5242.23 42.621+2.06 6.53+1.059 8.2+1.059
624_789 56.431+2.64 45.08+2.38 7.695+1.53 8.08+1.53
624791 55.90+3.24 43.34+3.067 7.92+2.048 8.0584+2.05
624.1043 55.984+2.32 46.08+3.17 7.0017£1.45 7.985£1.45
624.1044 55.461+3.042 42.884+3.51 7.55£1.41 8.18+1.41
624_5462 57.06+4.58 48.2+4.43 6.496+1.56 7.79+1.56
624.5463 57.074+2.33 46.40+2.49 6.052+1.15 8.26+1.15
624_5464 56.42+3.15 47.2243.08 5.64+1.107 7.705£1.11
624.6213 58.2443.00 46.88+2.84 6.228+1.28 8.094+1.28
624.6214 53.94+1.96 43.87+2.089 6.61+1.202 7.92£1.202
624_6215 51.93+3.22 40.34+4.02 8.296+1.38 8.016+1.38
624.6216 63.86+2.99 52.76+3.22 6.53+1.27 8.324+1.27
624.6219 61.33+3.58 48.062+3.98 8.556+1.77 8.136+1.77
624_6220 54.094+3.41 45.68+2.64 6.697+1.43 7.44+1.43
624_6222 58.36+4.83 46.26+3.55 7.067+£1.51 8.08+1.51
R1 R2

Figure 2. Venn diagram showing the number of common morphological characteristics of the flower, seeds and stem for the
varieties grouped by LIS-1. RO: responsive varieties, formed LIS 1 and completely lost the insertion; R1: responsive varieties that
retained the insertion; R2: responsive varieties that formed the insertion and then partially lost it over a number of generations;

NR: non-responsive varieties, LIS-1 insertion not detected.



Genetic Resources (2024), 5 (9), 45-60

Parfenchyk et al

52

T umorg  WNIPIN  YSM[q 3Teq onig onig WAsqQY  TendIn [rews Puunyg Tem3ay TTTI T
@'l umoig 431H ysmig anig anig JWIsqQY  Te[ndIn wnipa| Puunyg Tem3ay 0229%29
[4:! umolrg wnIpa ysmig 19]0IA onig juesqy  Ie[mdIID WNIpIN 9] 93e[d Tem3ay 61297 v29
04 umorg YSiH  ysmiq yreq onigd an[q y8r] jussqy  Ie[ndIID o31eT oI Ae[d Tejs-Tuios 9129 ¥29
™ umoIrg wWnIpa ysmig anig anig Juasqy  Ie[naaD wnips|N  I[ AIed Ie8ay S1297$29
T umorg  wWnIpay ysmig I9[0IA aniq ySr] WAsqQY  TendIn WISy I Ae[d Tem3ay ¥1297429
@l umolg  WnIpIy ysmig anig aniq ysr] JUIsqQY  Te[ndIn lews NI Aeld Tem3ay €1297%29
74  umoiqIysI| wnIpaN ysmig 19]0IA onigd juesqy  Ie[MdIID WnIpIN 9] 93e[d Tejs-Turag Y9vSC9
2d umorg YSIH ysmig onig an[q 1Y8r] jussqy  Ie[MOIID WNIpIN 9] 93e[d Tejs-Turas €9vS 29
™ umoIrg wnIpa ysmig anig anig Juesqy  Ie[noaD wnipsN  I[ Aed 1e8ay 29vS$29
T umorg  WNIPIN  YSM[q Teq I9[0IA onig WWIsqQY  TendIn WIS I Aed Temn3ay 0T +29
0¥ umolg  WNIpI ysmig anig anig JWIsqQY  Te[ndIn wnipa| Puunyg Temn3ay €O ¥29
od umoig WNIPaN ysmig anig an[q Y8y Jjuasqy  Ie[ndIr) a81e7 oI e Iem3ay 164v29
™ umoig WNIpaN ysmig 19701 anig juasqy  reondirg [rews oY1y areld Ie)S-TWS 687129
™ umoIrg WnIpay ysmig anig anig Juesqy  Ie[naaD wnipsN  I[ AIeld Iem8ay 1/8/7%29
T umorg  WNIPIN  YSM[q Ted anig aniq ySr7 WIsqQY  TendIn [rews Puuny Tem3ay 98.7%29
N umorg wnIpa ysmig 19]0IA an[q 1y3r] juesqy  IB[MdIID [rews [puunyg Te[n3ay ¥8L7¥C9
N umoIrg wnIpaN ysmig 19101 an[q 1y8r] juesqy  Ie[MdIID WnIpIN 91 93e[d Tem3ay 1847%29
4 umoIqIy3rg WnIpIN »{STUIRAID onig onig juesqy  IB[MOIID WNIPpIN 9] 93e[d Temn3ay 9LL™¥T9
AN umoIrg WnIpay ysmig 19[01A 19[0IA jussqy  IendI) WnIpay Puunyg 1en3ay 965429
d umoIrg WNIpaN ysmig 19[01IA 19[0IA juasqy  Ie[ndI) WnIpay Puung 1en3sy S6SvZ9
INo[od e[[010d Suipjoy e[[010d adeys
dnois 1nojod UraA Jo aojop [eurpnyiSuo] adeys Jo az1s e[[o10) adeys
INO[od pI3s  uoneroq Kyarrep
1-SI'T Ryuy e¥d JIOMOT]

*P919319p 10U UONIASUI T-STT
‘SOIIRLIBA IAISUOASII-UOU YN ‘SUONBISUSS JO JOqUINU B ISAO0 11 150[ AJ[enied UL pUB UOMISSUI 9] PIULIOJ JBY] SSNISLIBA dAISUOASI 17y ‘UONISSUL 911 Paulelal 1Byl SOIRLIBA JAISuU0dsax
1Y ‘uoniasur 9yl 1s0] A[919[dW0D pue T-STT POWLIO] ‘SOMALIBA dAISUOdSAI 0y "YSIUIBAID JOU Sem 9/ /-) UOISSadk 10§ IdLdsnuew SIy) Ul papnoul 10U SI YdIYm ‘€Z0g Ul INOJ0d IYIUY
*3]qeIs 2I9M INOJ0d JBOD PIas puk uoner[of ‘Teiad Tomoij ay3 Jo sonsuaioeIeyd [edrdojoydiow sy, ‘sdnoid 1-SJT 01 JUSWUSISSE PUB SONILIBA XE[J JO SONSLII0RIRYD [ed130[0YdIoN *E S[qel



Genetic Resources (2024), 5 (9), 45-60

Identification of genetically plastic forms among
Belarusian ancient flax varieties

53

Table 4. Accessions and the LIS-1 groups to which they could be affiliated based on the LIS-1 insertion presence and preservation.

LIS-1 group Definition Accessions

RO Responsive, formed the insertion and then, over a 6246216, 624791, 624.1043
number of generations, completely lost it.

R1 Responsive, formed the insertion and retained it 624_776, 624_5462, 624_6214, 624_6222,
over a number of generations. 624_786, 624_787, 624_789, 6241044,

624 6215

R2 Responsive, formed the insertion and then 624_595, 624_6220, 624_5463, 624_5464,
partially lost it over a number of generations. 6246213, 6246219

NR Non-responsive varieties, in which the insertion 624_784, 624_596, 624_781

was not found.

Table 5. Quantitative morphological characteristics of the four LIS-1 groups and two responsive groups. RO: responsive varieties,
formed LIS-1 and completely lost the insertion; R1: responsive varieties that retained the insertion; R2: responsive varieties that
formed the insertion and then partially lost it over a number of generations; NR: non-responsive varieties, LIS-1 insertion not

detected.

LIS-1 group Mean plant Mean technical length Mean no. of seed Mean no. of seeds in
height, cm + std of stem, cm + std capsules per plant + std the capsule + std

RO 59.70£2.95 48.66+3.19 7.16+1.62 8.07+1.62
R1 54.88+3.16 43.16+3.02 7.28+1.48 8.02+1.48
R2 55.63+2.90 44.72+2.82 6.82+1.40 7.88+1.40
NR 50.18+2.15 39.07+£2.43 7.244+1.60 7.73+1.60
Responsive group
Responsive 55.95+3.04 44.61+2.99 7.11£1.48 7.98+1.48
(RO+R1+R2)
Non-responsive (NR) 50.18+2.15 39.07+£2.43 7.24+1.60 7.73+1.60

capsule exhibited a negative significant correlation with
temperature in July (r = -0.261*%).

As a result, plant height and technical stem length are
correlated with the LIS-1 group, requiring a thorough
analysis of their relationship; correlations between
environmental conditions (rainfall, temperature) and
quantitative characteristics (plant height, technical
length of the stem, number of seed capsules per plant,
and number of seeds per capsule) align with flax
preferences across various stages of plant development.

The interaction effects of temperature in June were
significant for groups RO, R2 and NR, impacting plant
height (p < 0.05), while the effect for the R1 group
was not statistically significant (p = 0.108) when
implementing the generalized linear model. Effect on
the border of significance between genotype (LIS-1
groups) and rainfall in May for the reproductive trait
‘number of seeds in the capsule’ was observed in the NR
group (p = 0.056).

Analysis of variances (ANOVA)

The analysis of variances (ANOVA) showed statistically
significant differences among LIS-1 groups for ‘plant
height’ (p = 0.00119) and ‘technical length of the stem’
(p = 0.00581). Results are shown in Table 7.

For traits where ANOVA showed significant results,
Tukey’s and Dunn’s tests were implemented to reveal the
statistical significance of differences among LIS-1 groups
in pairwise comparisons (Table 8).

A statistically significant difference was found in the
plant height between groups NR and RO (p < 0.01),
and NR and R2 (p < 0.05). Similarly, for the technical
length of the stem, a statistically significant difference
was observed between the same groups NR and RO, and
NR and R2 (p < 0.05). Before the sequential Bonferroni
correction, significant differences were shown for groups
R1 and RO, and R1 and NR (p < 0.05) in the technical
length of the stem.

Accessions grouped as RO and R2 were characterized
by greater mean plant height and technical length of
the stem compared to accessions of the NR group. The
R1 group was statistically significantly taller than the
NR group (p = 0.0365 before the sequential Bonferroni
correction) for what concerns the technical length of the
stem. In contrast, for reproduction-related traits such as
‘number of seed capsules per plant’ and ‘number of seeds
in the capsule’, responsive genotypes (RO, R1, R2) did
not significantly differ from non-responsive genotypes
(NR). Figure 3 shows comparisons of all four groups by
morphological characteristics. The RO, R1 and R2 groups
are generalized as ‘responsive group’, and NR as ‘non-
responsive’.

Thus, from the plant’s point of view, the most
important thing is to leave seeds at the end of the
vegetation period. Both responsive and non-responsive
genotypes, revealed by LIS-1, are successful at this.
But, from the point of identifying potentially useful
genotypes for fibre flax selection, LIS-1 responsive



54 Parfenchyk et al Genetic Resources (2024), 5 (9), 45-60

Table 6. Correlation analysis performed between the examined features (LIS-1 genetic group, plant height, technical length of
the stem, number of seed capsules per plant, number of seeds per capsule, and temperature and rainfall in May, June, July and
August). *, ** ***: gtatistically significant at p < 0.05, p < 0.01 and p < 0.001, respectively. Bold font indicates significant
correlations between quantitative characteristics, environmental conditions, and genetic group defined by LIS-1. Correlations

between environmental conditions (rainfall, temperature) were out of the scope of manuscript, so are not discussed.

Quantitative traits

LIS-1 Plant height Technical No. of seed capsules No. of seeds
groups stem length  per plant per capsule
Plant height -0.294**
Technical stem length -0.248* 0.889***
No. of seed capsules per plant -0.036 -0.001 -0.269**
No. of seeds per capsule -0.189 0.251%* -0.012 0.452%**
Temp May -0.001 -0.08%* 0.06 -0.213 -0.21
Temp June 0.011 -0.264** -0.466%** 0.323%** 0.241*
Temp July 0.003 -0.177 -0.008 -0.072 -0.261**
Temp August -0.001 0.314*** 0.427*** -0.029 -0.035
Rainfall May 0.009 -0.289%** -0.341%** 0.368*** 0.151*
Rainfall June 0.004 0.157 0.107* -0.132 -0.117
Rainfall July -0.006 0.098 0.2%* -0.224 -0.11
Rainfall August -0.005 -0.265%** -0.2771%%* -0.216 -0.124

Table 7. F-values, statistics and p-values from analysis of variance (ANOVA) and non-parametric Kruskal-Wallis analysis of variance
of morphological characteristics for flax accessions grouped into four LIS-1 groups. Bold font indicates a significant difference.

ANOVA

F = 5.643, p-value = 0.00119
F = 1.549, p-value = 0.206
Kruskal-Wallis

statistic = 12.5, p-value = 0.00581 -
statistic = 1.41, p-value = 0.703 -

Morphological characteristic
Plant height
Number of seeds in the capsule

Shapiro-Wilk normality test
W = 0.98964, p-value = 0.484
W = 0.9933, p-value = 0.8254

Technical length of the stem
Number of seed capsules per plant

Table 8. Tukey’s and Dunn’s tests results and p-values. Bold font indicates a significant difference after the sequential Bonferroni
correction. Numbers in brackets indicate a significant difference before the correction.

Morphological characteristics

Plant height Technical length of the stem
LIS-1 groups Tukey’s test results, p-values Dunn’s test, p-values
R1_RO 0.0613309 0.223 (0.0371)
R2 RO 0.1956210 1(0.187)
NR RO 0.0004668 0.00379 (0.000632)
R2R1 0.9618691 1 (0.403)
NRR1 0.0710239 0.219 (0.0365)
NR_R2 0.0420870 0.0580 (0.00966)

genotypes appear to have an advantage visualized by
larger plant height and stem length.

Ciliation of septa

A. Durrant and O. R. Joarder (1978) described that
the differences between flax genotrophs must be due to
differences in gene activity and regulation induced by
the environment. In particular, the capsule quantitative
character H-h (hairy-hairless septa) is conditioned by
multiple genes. Also, H and h are stable in homozygotes
but unstable in a heterozygous state. HH and hh, and
their adjacent regulators, could be controlled by genes
elsewhere in the genome. The capsule character was

defined as follows: HH (number of hairs more than 55),
hh (hairless septa), or Hh (number of hairs from 1 to 55)
genotype. Durrant and Joarder (1978) also concluded
that, if more than 55 hairs are present on the seed
capsule septa, then most likely, but not necessarily, this
plant may have the LIS-1 insertion. The heterozygous
condition Hh was shown to be unstable due to gene
interaction and could be visually detected by the number
of hairs on the septa, which varied from about 20 to
55 (Durrant and Joarder, 1978).

We counted the number of hairs on the capsule septa
for seven flax varieties: 6246222, 624_1044, 624_786,
624_789, 624_6215 (R1 group), 6246219 (R2 group),
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Figure 3. Comparison of quantitative morphological characteristics by four LIS-1 groups over six years where ANOVA showed
significant results. a) mean height of the plant (cm); b) mean technical length of the stem (cm) for RO, R1, R2 groups ('responsive

group’), and NR ('non-responsive’).

and 624791 (RO group). The number of hairs varied
from O to about 65 (Figure 4). According to Durrant and
Joarder (1978), we assigned plants with hairless septa
as recessive homozygotes (hh), plants with more than
55 hairs as dominant homozygotes (HH) and others as
heterozygotes (Hh). In Figure 4, the different types of
ciliation of the septa are shown.

In our study, dominant homozygotes HH were only
present in varieties from the LIS-1 group R1 (6246222,
624.1044), which have the LIS-1 insertion, whereas
recessive homozygotes hh were represented in all LIS-
1 groups, except varieties 624_6222 and 624_1044, that
were dominant homozygotes HH or heterozygotes Hh,
respectively (Figure 5).

Prediction of LIS-1 presence using the
machine learning algorithm random forest
classifier

Using the machine learning algorithm random forest
classifier (Breiman, 2001), we tried to predict the

presence, absence or heterozygosity of the LIS-1
insertion based on the characteristics of plants. This
classifier also allowed us to calculate the importance of
each characteristic of the object for the classification.
The features used in the machine learning model
were: ciliation of the seed capsule’s septa (hairless hh,
heterozygous Hh, hairy HH), plant height, technical
length of the stem (as they are shown in literature to
be associated with LIS-1), number of productive seed
capsules per plant, and number of seeds in the capsule
(based on correlation analysis), presence (weak or
missing) of anthocyanin pigmentation in the hypocotyl.

The target variable was the presence of LIS-1
insertion (‘0’ — ‘LIS-1 absent’, ‘1’ — ‘LIS-1 present’, 2’
— ‘LIS-1 heterozygote’). The heterozygosity of LIS-1
could be attributed to the insertion occurring in one
chromosome, while being absent in the other. This
condition is unstable, and due to uncertainty regarding
its transmission in the next generation, we encoded it
separately.
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Figure 4. Ciliation of septa of flax genotypes. From left to right: dominant homozygous HH (624.6222), heterozygous Hh

(624_6215) and recessive homozygous hh (624_791).
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Figure 5. Distribution of hairy septa feature of plants across flax varieties (a) and LIS-1 groups (b). Accessions 624_791 (RO group),
6246222, 6241044, 624_786, 624_789, 624_6215 (R1 group), and 624_6219 (R2 group); groups by LIS-1: 0 -R0, 1 - R1, 2-R2,

N = 5, 37, 15 plants.

Overall, the classification accuracy of the predictive
model was 99.14% on training data and 98.039%
on test data. Of the 51 objects, 34 were correctly
classified as ‘LIS-1 present’, 9 belonged to ‘LIS-1 absent’,
and 7 were ‘heterozygotes LIS-1’. One object was
erroneously assigned to ‘LIS-1 heterozygotes’ (in fact,
‘LIS-1 present’, Figure 6). So, groups with ‘LIS-1 present’
and ‘LIS-1 heterozygote’ based on studied morphological
characteristics could be misclassified.

Classification metrics that show the success of the
class prediction were not equal for all studied groups of
flax varieties. The average accuracy of predictions was
98%. The general classification report is given in Table 9.

The random forest classifier calculates the importance
of each characteristic of the object (shown in Figure 7)
for the classification task.

Five morphological features had classification impor-
tance exceeding 10%: technical stem length (19.86%),

plant height (19.33%), number of capsules (18.73%),
ciliation of septa hh (means hairless septa, 11.68%), and
number of seeds per capsule (10.61%).

Discussion

The ancient local flax varieties investigated in this study
originated from different regions of Belarus. They are
adapted to certain growing conditions in which they
have evolved and could therefore serve as useful sources
of genetic diversity. Surveying and inventorying the pool
of diversity in local varieties, including using molecular
markers, is a priority to sustain future agricultural
production (FAO, 2012).

Genome plasticity could be defined as a change in
genome structure (mutations, genome expansion, trans-
posable elements, etc.) associated with environmental
challenges, leading to the development of new pheno-
types. Meanwhile, adaptive plasticity is a phenotypic
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Table 9. Classification metrics for each group of plants.

Precision Recall Fl-score Number of objects
LIS-1 absent 100 100 100 9
LIS-1 present 100 97 99 35
LIS-1 heterozygotes 88 100 93 7
Accuracy 98

plasticity that increases the global fitness of a genotype.
Genotype fitness refers to the relative abundance and
success of a species’ genes over multiple generations
(total biomass, seed number and growth rates of a single
generation) (Nicotra et al, 2010).

The majority of studied flax varieties were assigned to
the responsive group of genotypes, defined by presence
of the LIS-1 insertion (groups RO, R1 and R2, which
included 18 of the studied accessions), and only three
accessions (assigned to NR group) were not responsive
in terms of LIS-1.

For plant height and technical length of the stem,
the groups RO (that formed the insertion and then
lost it) and R2 (that formed the insertion, and partly
lost it) were statistically significant (p < 0.05) higher
than group NR (the insertion was not found). Group
R1 included the accessions that formed the LIS-1
insertion and retained it. Statistically, there was no
significant difference observed between group R1 and
groups RO and R2 (p > 0.05) by plant height and
technical length of the stem and at the same time,
group R1 was not significantly higher than the NR
group (p > 0.05). Bickel et al (2012) indicated
that stable S- and L-genotrophs (which have retained
and lost the insertion sequence) were well adapted
to environmental stress (lack and excess nitrogen or
water in the soil, respectively) compared to the PL
line, which in normal conditions does not form the
insertion, but under stressful conditions could produce

% 30
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Figure 6. Confusion matrix showing classification accuracy
of prediction of LIS-1 presence by machine learning. Of
the 51 objects, 50 are correctly classified. One object was
misclassified. (‘0’ — ‘LIS-1 absent’, ‘1’ — ‘LIS-1 present’, ‘2’ — ‘LIS-
1 heterozygote’).

two types of stable S- and L-genotrophs, as well as
retain the ability to be genetically plastic. Flax varieties
that stably inherit the LIS-1 insertion (S-genotrophs)
are characterized by a shorter plant height than L-
genotrophs and the PL-line (Bickel et al, 2012). This
could be attributed to the LIS-1 insertion being one of
multiple genomic rearrangements occupying a region
with two genes involved in growth processes, inhibitor
of growth-1, and kip-related cyclin-dependent kinase
inhibitor-2 (Bickel et al, 2012). Thus, it could affect
both the plant height and technical stem length. The
weather conditions in the years 2017 to 2022 differed
in terms of rainfall and temperatures during the flax
vegetation period. The lack of a statistically significant
interaction effect between genotype (R1 group) and
June temperatures on plant height (p 0.108)
indicates that these genotypes may be phenotypically
stable, and would not modify their height in response
to temperatures in the stage of active growth. An
effect on the border of significance was revealed for
genotype (NR group) x Rainfall May interaction for
the reproduction-related trait ‘number of seeds in the
capsule’ (p= 0.056). This indicated that while this group
of accessions did not exhibit genetic responsiveness,
they displayed phenotypic plasticity. Significant negative
correlations between growth-related traits (plant height
and technical stem length) and LIS-1 groups showed
that the absence of the insertion (NR group) is
associated with shorter plant height and stem length.

For reproduction-related traits (‘number of seed
capsules per plant’ and ‘number of seeds in the
capsule’), responsive genotypes (RO, R1 and R2) did not
significantly differ from non-responsive genotypes (NR,
p > 0.05).

Flax is mostly inbred and, therefore, under selection
by the environment for particular combinations of
alleles, it could become homozygous at all loci with
little variation (Cullis, 2019), making it vulnerable to
any environmental changes. Therefore, the ability to
modify the genome in response to growth challenges
could be an evolutionary advantage. The uniqueness
of the genome plasticity mechanism in fibre flax is
that modification occurs not in a single gene but
in different genome regions, resulting in potential
phenotypic and biochemical variability (Cullis, 2019).
Thus, the LIS-1 sequence is a promising molecular
marker for identifying flax forms with genome plasticity.

A complex of phenotypic changes in the stable L-
and S-genotrophs are described in the literature (Bickel
et al, 2012; Cullis, 2019). Among them are the height
of the plant, the hairy septa, and the number of
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Figure 7. Feature importance score calculated by random forest classifier. The features were: technical length of the stem, plant
height, number of seed capsules per plant (n_capsules), ciliation of the seed capsule’s septa (hairless hh, heterozygous Hh, hairy
HH), and number of seeds in the capsule (n_seeds), anthocyanin pigmentation in the hypocotyl (weak or missing).

capsules, which were the most important for our random
forest classification model. The overall accuracy of LIS-
1 status (presence, absence or heterozygous condition)
prediction based on nine studied morphological features
was 98.039%.

From the evolutionary point of view, both LIS-
1 responsive and non-responsive flax varieties are
successful in transmitting their genes over generations
as they do not differ by the number of seed capsules
and seeds. The study of plant genetic resources using
LIS-1 as a molecular marker of genome plasticity will
provide us with knowledge about flax genotypes that
are potentially valuable for fibre flax breeding and
biodiversity conservation.

Conclusion

Among the 21 local varieties studied, four groups
were identified based on their ability to modify their
genome using LIS-1 as a molecular marker of genome
plasticity. The most promising in terms of sources for the
selection of fibre flax varieties adaptive to environmental
challenges is the group of responsive varieties that
have formed LIS-1 insertion (RO, R1 and R2 groups).
Existing associations between patterns of LIS-1 sequence
presence and morphological traits of flax allowed us to
classify them correctly with 98% accuracy.

Supplemental data

Supplemental Table 1. Characteristics of flax varieties for
machine learning modelling
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