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Abstract: The aim of the study was to determine the breeding value of advanced lines of fibrous
flax and oilseed flax (linseed) on the basis of comparative experiments with reference varieties. In
field experiments conducted in 2019-2020, the HDH line of fibrous flax and the R26 linseed line were
assessed in terms of significant phenotypic traits and also traits affecting the yield structure. Due
to the fundamentally different weather conditions in the growing seasons of 2019 and 2020, it was
also possible to determine the susceptibility of the studied genotypes of flax to climatic stress factors.
The obtained results showed the high breeding value of the HDH line as a potential new variety of
fibrous flax. The R26 line did not exceed the reference varieties in terms of the traits essential for
the oily form of the cultivated flax cultivars, but it was characterized by a favorable morphological
and yield-forming structure for dual purpose varieties. Moreover, both assessed lines showed high

resistance to unfavorable climatic conditions.
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1. Introduction

Flax (Linum usitatissimum L.) is a species with very diverse application potential.
The raw materials obtained from the cultivation of flax are used, among others in the
pharmaceutical, food, textile and energy industries. Flax seeds, which are the richest
plant source of omega-3 polyunsaturated fatty acids, are characterized by excellent health-
promoting qualities and are often used as an ingredient in a diet recommended for the
prevention of many diseases [1,2]. The results of research confirming the anti-cancer
properties of substances contained in the seeds and oil of flax seem to be particularly
valuable [2—4]. Linen fiber is widely known for its excellent properties. Linen clothing has
a positive effect on the human body without causing allergies and strengthens the immune
system [5,6]. It limits sweating and decreases body temperature. Characteristic of flax fiber
clothing is also that it does not accumulate electrostatic charges on the surface [7].

The total cultivation area of fiber flax in the world is approximately 260,000 ha, while
that of oilseed flax (linseed) is approximately 3,200,000 ha [8]. The main producers of
fibrous flax are France, Russia and Belarus, while oilseed flax (linseed) are Kazakhstan,
Canada, Russia and China [8].

The breeding of flax varieties, which has been carried out for many years, has led to
the distinction of two basic cultivated forms: fibrous and oily. Morphological differences
between them mainly concern plant height, panicle shape, 1000 seeds weight, capsule size
and yield structure [9,10]. Oily plants are shorter, and stems are more branched. They are
also characterized by a larger capsule size and a higher 1000 seed weight. The basic raw
material obtained from the linseed varieties are seeds; therefore, the seed yield of these
varieties is significantly higher than that of fibrous varieties. Fibrous varieties, in turn,
are characterized by a much higher yield of straw, from which the fiber is obtained. The
differences between the fibrous and oily forms of flax also occur in terms of climatic and
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agrotechnical requirements. This makes it necessary to strictly target flax cultivation at
fibrous and linseed plantations, which limits their profitability. Therefore, many breeding
programs now focus on producing dual purpose varieties that combine high seed yield
with high fiber yield [11-13].

One of the main problems of breeding new varieties of flax is the low variability of
the most important functional traits [14,15]. This is generally caused by the low genetic
diversity of cultivated forms. This applies in particular to fibrous flax. Although the genus
Linum has about 200 species significantly different from each other in terms of many traits,
the cultivated form is only one species—flax (Linum usitatissimum L.). The variability of
functional traits in cultivated forms could be increased by outcrossing with wild species, but
the testing of these species for the most important economic traits showed little usefulness
as prospective initial materials. The identification of breeding lines, surpassing the currently
cultivated varieties so far in terms of yielding and morphological traits, positively correlated
with the yield structure, as well as showing greater resistance to biotic and abiotic stresses,
is an important stage of biological progress.

In this article, we present the results of field experiments with our two breeding
lines-HDH (fibrous flax) and R26 (linseed), which are characterized by their high yielding
potential. In these studies, selected functional traits of new breeding lines and seven
reference varieties were compared. Moreover, the functional characteristics of the R26
line were assessed as a potential new dual-purpose variety that could be recommended
for cultivation.

2. Materials and Methods
2.1. Plant Material

HDH and R26 breeding lines were obtained by conventional breeding methods,
characteristic of self-pollinating species. The parental varieties were crossed, and the
obtained hybrids were reproduced. Two analogous field experiments were carried out. The
first compared the HDH line with seven fibrous flax varieties (Table 1), while the second
compared the R26 line with seven oilseed flax (linseed) varieties (Table 2).

Table 1. Examined fibre flax varieties.

Variety Country of Origin
Evea France (GIE Linea Semences de Lin Company)
Filea France (GIE Linea Semences de Lin Company)
Novea France (GIE Linea Semences de Lin Company)
HDH ! Poland (Institute of Natural Fibers and Medicinal Plants)
Jan Poland (Institute of Natural Fibers and Medicinal Plants)
Sara Poland (Institute of Natural Fibers and Medicinal Plants)
Modran Poland (Institute of Natural Fibers and Medicinal Plants)
Selena Poland (Institute of Natural Fibers and Medicinal Plants)

! The new breeding line.

Table 2. Examined linseed varieties.

Variety Country of Origin
CJ 1016 Poland (Center for National Genetic Resources of the Institute of
Plant Breeding and Acclimatization)
Altess France (GIE Linea Semences de Lin Company)
Festival France (Laboulet Semences)
Marquise France (GIE Linea Semences de Lin Company)
Merlin France (Laboulet Semences)
Jantarol Poland (Plant Breeding Strzelce)
Bukoz Poland (Institute of Natural Fibers and Medicinal Plants)
R26! Poland (Institute of Natural Fibers and Medicinal Plants)

! The new breeding line.
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2.2. Experimental Site and Field Experiment

Field experiments were carried out in the years 2019-2020 at the experimental station
of the Institute of Natural Fibers and Medicinal Plants in Petkowo, Poland (52.2167° N;
17.2667° E). The previous crop was winter wheat. The tested varieties of flax were sown
in three replications, arranging the objects using the random block method. The sowing
density for fibrous varieties was 2000 seeds/m?, while for oil varieties it was 600 seeds/m?.
The row spacing in both experiments was 15 cm. The seeds were sown with a self-propelled
plot drill. The area of the experimental plots was set at 10 m?. During the vegetation period,
agricultural practices typical for flax cultivation were applied. After harvesting the plants
from the field, biometric measurements were carried out.

The yield was determined on the basis of testing all plants harvested from each plot.
Morphological measurements were made on 20 randomly selected plants from each plot.
Total, technical and panicle length was determinant with an accuracy of 1 cm. while stem
diameter had an accuracy of 0.1 mm.

The breeding lines and varieties of flax were compared in terms of the following traits:

Total yield—weight of the whole harvested plants, including roots;

Straw yield—plant weight after deseeding and root removal;

Seed yield;

Total length—the distance from the beginning of the roots to the top of the panicle

was established as the total length of the plants;

e  Technical length—the technical length of plants was determined by measuring plants
from the root neck to the first branching of the panicle;

e Panicle length.

For linseed varieties, the number of seed capsules was additionally determined,
while for fibrous varieties, the diameter of the stem was measured by measuring the
circumference of the middle part of the stems. Measurements were conducted with an
electronic caliper. Results are reported as means for each combination. The yield units
were converted to dt ha™!.

2.3. Weather and Soil Conditions

Weather conditions were given according to the readings of the weather station
AsterMet (logger SM-076) in Petkowo. The plots were prepared on medium arable soil,
with light loamy sand type and a neutral pH. The content of basic chemical elements in
the soil was as follows: C organic-1.62%, N-0.128%, P-248.5 mg kg !, K-223.0 mg kg !,
Mg-60.0 mg kg~!. The following fertilization was applied: N-34 kg ha=!, P-92 kg ha~!,
K-160 kg ha=!.

2.4. Statistical Analysis

The results were analyzed statistically. Comparative analysis was performed using
one-way analysis of variance (ANOVA). In the case of failure to meet the assumption of
homogeneity of variance (verified with Levene’s test), the Welch F test was used. Tukey’s
RIR test was used for multiple comparisons. The results were considered statistically
significant when the calculated test probability met the inequality p < 0.05. The calculations
were made in the Statistica 10.0 package by Statsoft Poland. Detailed data from statistical
calculations are presented in Supplementary Materials.

3. Results
3.1. Weather Conditions

The research was conducted under various climatic conditions. The year 2019 was
characterized by a large deficit of water. The total amount of precipitation was 257.4 mm,
while in 2020, total precipitation was 648.9 mm. The average daily temperatures in both
seasons were similar. The details of climatic conditions are presented in Table 3.



Agronomy 2021, 11,1917 40f 13
Table 3. Precipitation and average daily temperature in Petkowo experimental station.
Precipitations [mm] Temperature [°C]
Month 2019 2020 2019 2020
January 25.6 11.1 0.07 3.14
February 12.6 52.4 3.48 4.93
March 329 224 6.57 527
April 6.5 5.6 10.73 9.59
May 144.0 114.9 12.40 11.89
June 1.0 159.5 22.77 18.29
July 22.0 76.3 19.53 18.85
August 4.8 759 21.17 20.23
September 5.4 48.8 14.65 15.75
October 1.0 57.6 11.20 11.10
November 0.8 5.2 6.68 6.35
December 0.8 19.2 3.79 2.67
Total: 257.4 Total: 648.9 Average: 11.09 Average: 10.67

The mentioned differences mainly concerned the amount of rainfall in the vegetation
period (April-August). The year 2019 was very unfavorable for flax cultivation. The sum of
rainfall in the period from April to August was 173.5 mm, which was 85.5% of the perennial
average. The amount of precipitation was very unevenly distributed. May was particularly
unfavorable in this respect, with heavy rainfall. In turn, the year 2020 was characterized by
very favorable weather for flax cultivation. Precipitation, in numbers close to the perennial
average rainfall, was evenly distributed (Figure 1).
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Figure 1. Average monthly precipitation in 2019 and 2020 in the period from April 1 to July 31,
compared to the average for the years 1997-2020.

3.2. Field Experiments with Fibrous Flax Varieties

The comparison of the growth and yielding of the new HDH breeding line and
seven reference cultivars was carried out in two growing seasons with extremely different
amounts of precipitation. In dry 2019, rainfall at that time was 183 mm lower compared
to 2020. In both research seasons, the plants of the HDH line were characterized by the
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highest plant height and the highest technical stem length among all the tested objects
varieties (Table 3). In the dry season (2019), the height of fibrous flax plants was on average
19% lower compared to the season with more precipitation (2020), while the technical
length of the stems was even 24% shorter. In individual seasons, the HDH line reached
a height of 71.3 cm and 91.07 cm, respectively. Statistical analysis showed that in 2019
the plant heights of the HDH line were significantly higher in comparison to the three
reference varieties (Evea, Filea, Jan), while the technical length of plants of the HDH line
was significantly higher than the six reference varieties. The other tested cultivars were
significant, except for the Selena cultivar.

In 2020, significant differences in plant height were found between the HDH line and
Evea, Filea, Jan and Sara cultivars, and in the technical length of the stems, significant
differences also concerned the Modran cultivar. Plants of the HDH line were characterized
by short panicles compared to the other tested varieties. In 2019, only Novea and Selena
cultivars had panicles of similar lengths, while the remaining reference cultivars produced
significantly longer panicles, whereas in 2020, only the Filea cultivar produced significantly
longer panicles compared to the HDH line. In 2020, significant differences in plant height
were found between the HDH line (91.07 cm) and the Evea (76.73 cm), Filea (84.43 cm),
Jan (82.03 cm) and Sara (79.93 cm) varieties. In the technical length of the stems (distance
from the root neck to the firs panicle branching), plants of the HDH line were significantly
higher than Evea, Filea, Jan, Sara and Modran. Plants of the HDH line were characterized
by short panicles compared to the other tested varieties (the mean panicle length of HDH
line was 10.91 cm in 2019 and 10.4 cm in 2020). In 2019, only Novea (12.32 cm) and
Selena (11.84 cm) varieties had panicles with similar lengths, while the remaining reference
varieties produced significantly longer panicles. In 2020, only the Filea cultivar produced
significantly longer panicles compared to the HDH line (12.57 cm).

In 2019, the diameter of the stem of fibrous flax varieties ranged from 1.55 mm to
1.64 mm, and these differences were statistically insignificant. In 2020, most varieties
produced thicker shoots ranging in diameter from 1.49 mm to 1.78 mm. The shoots with
the largest diameter were found in plants of the HDH line and, compared to the cultivars
Filea, Novea, Jan and Sara, were statistically significant (Table 4).

Table 4. Means, standard deviation and ranges for total, technical, panicle length and stem diameter of the fibrous

flax varieties.

Variety
Traits Year
Evea Filea Novea HDH Jan Sara Modran Selena
solg C6BEATA 6580452 6980493 7I37 4542 66754759 6887427 7047+446 7115+581
Total (52-75) (55-77) (61-82) (59-84) (51-85) (57-76 (60-84) (58-83)
length (cm) oo 7673EO14 8443717 87274594 9LO7E534 BLITE678  799B+668 8697462 902771
(58-90) (66-94) (74-97) (81-104) (66-95) (65-90) (77-99) (72-106)
solg D243 462 5196418 57481412 6047473 54094654 5613420 57.96+371 5941+ 457
Technical (40-65) (40-65) (47-65) (50-70) (37-67) (44-67) (50-72) (49-68)
length (cm) sopp 6620795 TL8T£616 76074554 8067567 7347+610  99+54 748 £371 8027 £7.11
(51-79) (57-83) (66-84) (70-95) (60-84) (60-78) (68-85) (60-93)
sorg 1385307 1384332 12324365 1091+244 1265+379 12734278 1251+£258 1163 +288
Panicle (5-20) (5-25) (7-32) (6-19) (3-22) (6-22) (3-19) (6-21)
length (cm) sopp 1053£279 12574307 1124238 1044236 85+279 10034267 12032230 9934324
(7-17) (8-19) (7-16) (5-15) (2-17) (5-15) (8-17) (5-17)
Stem opo 139£018  158+025 152021 164019 1644027 1564019 1554018  158+022
dianieter 1.3-2.1) (1.1-2.3) (1.1-2.1) (1.4-2.2) (11-2.3) (1.1-2.0) (1.2-2.0) (1.1-2.0)
(mm) sppp 152023 1744027 159£017 1782023 155+021 1494021 161016 1.67+027
(1.0-2.0) (1.4-2.5) (1.2-2.1) (1.2-2.2) (1.2-2.2) (1.0-1.9) (1.4-2.0) (11-2.2)

Details of statistical analyses in Supplementary Materials Tables S1-S8.
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The unfavorable conditions for plant growth in 2019 had a negative impact on all the
yield parameters of fibrous flax. Compared to 2020, the average yield for the cultivars
studied was 56% lower, and the differences between the cultivars were statistically insignif-
icant. In 2020, the HDH line had the highest total yield and, compared to the reference
cultivars Filea, Novea, Jan, Sara and Modran, these differences were statistically significant.
Long-lasting periods of drought in 2019 had the greatest negative impact on the straw
yield, which is the most important functional trait of fibrous flax. The average straw yield
of the studied cultivars was at a low level, from 27 dt ha—! to 30 dt ha~! and was on
average as much as 65% lower compared to 2020 (Figure 2). In both research seasons, no
statistically significant differences were found between the HDH line and other variations
in the value of this parameter. However, it is worth emphasizing that, in the favorable flax
cultivation season (2020), the straw yield of the HDH line was 8% higher compared to the
best-yielding reference varieties (Filea and Sara), which proves the high yield potential of
this line (Table 5).
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Figure 2. Comparison of the technical length of the stems, straw yield and seed yield of the HDH line with the average

values of the seven reference varieties.

In 2019, the seed yields of the studied varieties were low, ranging from 2.93 dt ha~!
to 4.94 dt ha~!. These differences were statistically insignificant. In the favorable season
for flax cultivation (2020), the yields of the same varieties ranged from 4.39 dt ha~! to
6.71 dtha~!, and also in this case no statistically significant differentiation was found
between the cultivars (Table 5). The comparison of the most important functional traits of
the new HDH breeding line in relation to the mean values of all tested reference varieties is
presented in Figure 2.

The data presented in Figure 2 confirm that the new HDH line of fibrous flax has a
higher yield potential compared to the reference varieties. Good parameters, especially in
terms of the technical length of the stems and straw yield, make it possible to conclude that
the HDH line is a valuable genotype of the fibrous form of cultivated flax.

3.3. Field Experiments with Linseed Varieties

The comparison of the R26 breeding line with the seven reference cultivars was carried
out similarly to fibrous flax in two growing seasons with extremely different amounts of
precipitation. The R26 line showed overall higher resistance to periodical water shortage in
the soil compared to the reference cultivars. In unfavorable weather conditions (2019), the
plant height of the R26 line was significantly higher than the five cultivars tested (CJ 1016,
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Altess, Marquise, Merlin, Jantarol), and the panicle length was higher than six cultivars (C]
1016, Altess, Festival, Marquise, Merlin, Jantarol). In terms of technical length, the R26 line
in 2019 was second only to the Festival variant, while it was significantly better than the CJ
1016, Altess, Marquise and Merlin variants (Table 6).

Table 5. Means, standard deviation and ranges for total yield, straw yield and seeds yield of the fibrous flax varieties.

Variety
Traits Year
Evea Filea Novea HDH Jan Sara Modran Selena
41.98 £+ 5.98 39.75 +2.99 39.01 +2.13 42.47 +£3.72 43.7 +8.73 442 +2.99 43.21 +£3.34 442 +5.75
Totalyield 2019 (35.56-47.41)  (37.04-4296)  (37.78-4148)  (3852-4593)  (34.07-51.10)  (4148-47.41)  (40.00-46.67)  (37.78-48.89)
-1
(dtha™) 2020 93.33 +2.95 98.52 +2.20 95.31 + 0.87 107.9 £ 3.00 91.85 + 0.75 95.56 + 8.15 91.85 +5.95 99.51 + 2.80
(90.40-96.30) (96.30-100.7) (94.80-96.30) (104.4-109.6) (91.10-92.6) (87.40-103.7) (85.90-97.80) (96.30-101.5)
201 29.63 + 4.62 27.16 + 1,86 27.65 +1.70 28.15 +1.48 28.64 +4.93 30.12 +2.13 30.37 +1.95 30.12 +3.79
Strawyield 2019 (24.44-3333)  (25.19-28.89)  (26.67-29.63)  (26.67-29.63)  (22.96-31.85)  (28.89-32.59)  (28.89-32.59)  (25.93-33.33)
-1
(dtha™) 82.59 + 2.60 85.19 +2.95 83.46 + 3.07 9259 +5.16 80.25 + 2.14 85.19 + 8.90 80.99 + 8.43 8296 + 1.27
2020 (80.00-85.20) (82.20-88.10) (80.00-85.90) (86.70-96.30) (77.80-81.50) (76.30-94.10) (74.10-90.40) (81.50-83.70)
2019 3.46 +0.84 3.36 = 0.41 293 +£0.33 4.15 £ 0.51 3.51 £ 1.60 3.56 £ 1.19 3.4 +0.88 494 +1.04
Seed yield (2.64-4.33) (3.07-3.83) (2.55-3.19) (3.55-4.46) (1.84-5.05) (2.20-4.43) (2.40-4.07) (3.73-5.62)
-1
(dtha™) sopo 05 £0.25 6.16 + 0.65 4.98 + 2.03 6.38 + 1.31 552 +2.10 457 +0.50 439 + 145 6.71 + 2.48
(3.80-4.30) (5.50-6.80) (3.60-7.30) (5.00-7.60) (3.40-7.60) (4.10-5.10) (2.70-5.30) (3.90-8.60)
Details of statistical analyses in Supplementary Materials Tables S9-514.
Table 6. Means, standard deviation and ranges for total, technical, panicle length and boll number of the linseed.
Variety
Traits Year - - -
CJ 1016 Altess Festival Marquise Merlin Jantarol Bukoz R26
sopo ALS9E775 42394520 52934692 42244511 45494378  4891+£453 52214470 53994448
Total (30-65) (33-66) (35-67) (33-56) (35-54) (35-59) (40-63) (38-65)
length (cm) opp VAEAT2 B3S7E358  6837+433  55.1+555 59+327 63034520 66134659 63.00 + 3.15
(47-70) (47-60) (60-77) (46-66) (52-65) (54-72) (51-77) (56-70)
so9 0514620 31755397 4184546 30844466 3549+£358 3803+£406 3933+L419  4034+374
Technical (24-53) (22-50) (25-52) (22-44) (27-44) (25-46) (30-50) (27-50)
length (cm) g 4B13E502 39731438 5584388 4433537 478+352  4977+£413 5077+513 4953 +239
(35-60) (31-50) (46-64) (32-55) (41-55) (44-60) (40-58) (45-55)
sopo 1L08£334 1064361 1113+431 1144311 10 =+ 3.62 10.88 £355 12.88+4.07 13.65 +3.25
Panicle (5-20) (3-23) (2-26) (5-20) (1-23) (2-25) (4-30) (7-21)
length (cm) spp 1227£294 1413£370  1257£210 1077£236 1124243 13274355 15374329 13474249
(8-20) (7-21) (9-16) (6-18) (7-18) (6-22) (10-21) (9-17)
soo 1583£725  1059£555 1224487  1173£555 12294469 1293440  1484£538 14934 4.89
Bolls (4-39) (2-29) (4-29) (2-27) (3-27) (5-25) (6-31) (5-32)
number sopp 1143£407 1057538 11234346 9634348 10034398 13074525 1314456  9.87 425
(6-25) (5-34) (6-19) (3-20) (4-21) (5-26) (6-21) (6-15)

Details of statistical analyses in Supplementary Materials Tables S15-522.

In 2019, the average height of the plants tested in the experimental objects was 78%
of the values observed in 2020, the technical length was 75%, and the average length of
the panicle was 88% of the 2020 values. In this context, the plants of the R26 line were
characterized by a less-rapid reaction to water deficits in the soil compared to the observed
average. The overall length of the plants of the R26 line in 2019 was 15% shorter than in
2020, the technical length was 19% shorter, while the length of the panicle was even slightly
longer in dry 2019 than in 2020, which is characterized by favorable weather conditions
(Table 6).

The experiment carried out in 2020, a favorable year for flax cultivation, also showed,
that the R26 line is a prospective linseed genotype. The average plant height was signifi-
cantly higher than the four reference varieties: CJ 1016, Altess, Marquise and Merlin. The
situation was similar in the case of the technical length, where the average for plants of the
R26 line was significantly higher than the CJ 1016, Altess and Marquise cultivars, while
also significantly lower only for the Festival cultivar.
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The length of the panicles of the tested cultivars was at a similar level. Significant
differences between the R26 line and the reference varieties were found only for the
Marquise variety, whose panicle length was significantly lower than that of the R26 line.

The differences in water availability for linseed plants observed in 2019 and 2020 did
not have a large impact on the number of seed pods formed. In the dry year of 2019, the
average number of pods from all tested genotypes of linseed was even 18% higher than
in 2020. There were no significant differences in the number of developed bolls between
Line R26 and other cultivars in 2020. In the growing season of 2019, the number of bolls of
the R26 line was significantly higher compared to the Altess and Marquise cultivars, while
remaining significantly inferior to any of the other cultivar varieties tested (Table 6).

While maintaining a similar yield in the dry year 2019, the R26 line was characterized
by the highest average plant height and panicle length in relation to the reference varieties.
As in the case of the traits affecting the total length, technical length and panicle length,
also for the yield structure, significantly lower values were observed in 2019 compared
to 2020.

In both research seasons, plants of the R26 line yielded at the level of the reference
cultivars. No significant differences were found between the studied objects of experiments,
both in terms of the total yield, as well as the yield of straw and seeds (Table 7). In 2019,
the yields of the studied varieties were significantly lower. The average total yield of the
studied varieties of linseed flax in 2019 was 41% lower than in 2020, while the straw yield
was as much as 53% lower.

Table 7. Means, standard deviation and ranges for total yield, straw yield and seed yield for the linseed varieties.

Variety
Traits Year
CJ 1016 Altess Festival Marquise Merlin Jantarol Bukoz R26
2019 49.33 £ 4.51 38.00 £ 9.85 41.00 £7.21 37.67 +£3.21 33.33 £2.52 36.67 + 5.86 48.67 +7.37 43.00 £ 3.00
Total yield (45-54) (30-49) (33-47) (34-40) (31-36) (30-41) (43-57) (40-46)
-1
(dtha™) 2020 78.33 £10.10 71.93 £ 6.77 78.87 £10.73 62.23 +20.40 61.93 + 8.36 67.50 + 13.99 70.00 + 10.42 66.10 + 14.04
(67.5-87.5) (65.8-79.2) (70.0-90.8) (41.7-82.5) (54.2-70.8) (56.7-83.3) (60.0-80.8) (50.0-75.8)
2019 15.67 +2.08 17.67 £2.52 21.67 £5.03 15.33 £ 1.53 16.00 = 1.00 16.67 £2.52 21.00 £ 3.61 20.00 £ 2.00
Straw yield (14-18) (15-20) (17-27) (14-17) (15-17) (14-19) (18-25) (18-22)
(dtha™1)

oopo 4083878 35.00 = 3.66 43334583 305741084 3333 +4.15 36.97 + 6.48 42234571  41.97 +10.40
(32.50-50.00)  (32.50-39.20)  (39.20-50.00)  (19.20-40.80)  (29.20-37.50)  (31.70-4420)  (35.80-46.70)  (31.70-52.50)

Seed 2019 2021 +2.50 11.46 +3.17 10.83 + 0.93 15.00 + 2.34 10.09 =+ 0.40 13.14 +2.03 14.66 + 3.71 14.05 + 2.49
yf:l G (18.27-23.03) (9.38-15.11) (9.79-11.56) (12.32-16.61) (9.76-10.53) (1090-14.86)  (11.04-18.46)  (11.96-16.81)

(dtha™1y 2020 17.17 +£3.20 19.27 + 1.65 19.23 + 2.80 15.40 + 5.92 15.03 + 2.58 17.77 + 5.40 17.90 + 2.95 17.40 + 0.72
(13.70-20.00)  (17.60-20.90)  (16.80-22.30) (9.80-21.60) (12.90-17.90)  (1450-24,00)  (16.10-21.30)  (16.60~18.00)

Details of statistical analyses are in the Supplementary Materials, Tables S23-528.

The procedure of assessing the utility value of new varieties takes into account their
comparison with the average values of the reference varieties. In this comparison, the R26
line was an interesting genotype both in terms of traits typical for oily forms and for dual
purpose flax forms, characterized by a high yield of seeds and straw. Moreover, the plants
of the R26 line exceed the average of the reference varieties in terms of technical length
(Figure 3).
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Figure 3. Comparison of plant height, length of stems, panicle length, straw yield and seed yield of the R26 line with the

average values of seven reference varieties.

4. Discussion

The presented research concerned the comparison of the advanced lines of HDH
fibrous flax and R26 linseed with reference varieties in order to determine the economic
value of genotypes obtained as a result of breeding works of the IWNiRZ—the Institute of
Natural Fibers and Medicinal Plants—National Research Institute (Wielkopolska district,
Poland). The comparison was made in terms of total yield, straw yield, seed yield, plant
height, technical length and panicle length. The HDH line was additionally confronted
with the reference varieties in terms of the stem diameter, while the R26 line was in terms
of the number of created seed capsules.

The selection of comparative traits was made on the basis of their significant impact
on the economic value of flax varieties and their mutual correlations. Determining the inter-
action of individual traits and the influence of component traits on the most economically
significant traits enables a reliable assessment of the potential of the studied lines and is the
basis of all breeding programs [16,17]. The mutual and close connection of many functional
traits of flax is confirmed in numerous literature reports. In their research, Diederichsen
and Ulrich [18] observed the relationship between plant height and fiber content. Moreover,
they recorded the highest fiber content in genotypes with a low number of branches. In
turn, Gamal et al. found positive correlations between plant height and technical length,
as well as technical length and straw yield [19]. Plant height is also known to be closely
related to the straw yield [20]. It is therefore also obvious that there is a high relationship
between the fiber yield and the technical length and straw yield. The influence of many
characteristics (traits) on the seed yield is also direct. Witkowicz et al. report that the yield
of flax seeds is determined mainly by four components of the structure: the number of
branches, the number of capsules, the number of seeds in the pods and the thousand seeds
weight [21]. In turn, Copur et al. observed significant positive correlations between the
seed yield and 1000 seeds weight, plant height, number of capsules and the number of
branches, while significant negative correlations were observed between the weight of
1000 seeds and the number of seeds in the capsules [22]. Thus, agricultural traits have a
direct and significant impact on the final utility value of flax varieties.

For fibrous flax, the technical length, the diameter of the stems and the straw yield
are particularly important because they significantly influence the fiber yield, which is the
basic goal of cultivar breeding. [22,23]. The conducted experiments showed that plants
of the HDH fibrous flax line, both in conditions of sufficient water availability and under
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drought stress, were characterized by higher overall and technical length compared to the
reference cultivars. The HDH line also showed a high total yield and straw yield, which
is confirmed by reports in the literature on the positive correlation of these traits. It can
therefore be concluded with a high degree of probability that the HDH line also has a high
potential for fiber content and yield. The high value of the HDH line, confirmed in the
conducted experiments, allows it to state that after the registration process it will be a new,
valuable variety of fibrous flax.

The comparison of the R26 line with the reference of linseed cultivars showed that it
does not significantly exceed the standard in terms of the most important functional traits
for linseed. In the case of the seed yield, no significant differences were found between
the R26 line and the reference cultivars. The differences in the number of capsules were
also insignificant in the vast majority of cases. The conducted experiments also did not
fully confirm the positive correlation between the seed yield and the number of capsules
previously observed by Copur et al. [24]. This relationship occurred only in 2019 with
unfavorable weather conditions for flax cultivation.

The obtained results allow us to conclude about the high potential of the R26 line as
a component for dual-purpose cultivars of flax. Not inferior to the reference cultivars in
a significant way in terms of yield, the plants of the R26 line were characterized by high
values of the total and technical length and the length of the panicle. Referring to the
previously described correlations, especially between plant height and straw yield and
fiber content, it can be concluded that the R26 line is a valuable genotype for breeding
work aimed at obtaining varieties combining high seed yield with high straw and fiber
yield. Varieties of flax showing such properties are called dual purpose flax. The breeding
of dual-purpose varieties of flax is a research field that has been known for many years. In
Poland during the 1970s, the so-called combined varieties were bred [25]. In the breeding
works of that time, however, the basis was the fibrous form, in which an attempt was
made to increase the seed yield, keeping high yield and long-fiber quality as priority traits.
However, the lines obtained in this way did not show high economic value. Increasing the
seed yield in fibrous varieties resulted in a decrease in the yield and quality of long fiber;
therefore, further work in this direction was abandoned. The breeding of varieties, which is
now successfully developing in many countries, differs from that described above. It aims
to obtain genotypes characterized primarily by a high yield of seeds with good-quality
properties, especially high fat content and a health-promoting profile of polyunsaturated
fatty acids. In the lines with high yield and seed quality, attempts are being made to increase
the straw yield and the yield of one-type (homomorphic) fiber [11,26]. The cultivation
of dual-purpose varieties of flax is more profitable compared to the cultivation of strictly
fibrous and oily varieties. It enables the efficient use of whole plants. Demand for flax fiber
is currently very limited by competition from synthetic fibers and cotton. In addition, the
possibility of selling flax fiber at an appropriate price depends on the high quality of the
raw material, which, due to the ecological limitations in the retting process and the high
dependence of the fiber quality on climatic conditions, is often difficult to achieve. On the
other hand, flax fiber used for technical purposes, such as the production of biocomposites
or disinfection mats, is becoming more and more popular. Fiber devoted to technical
purposes does not have to meet such high quality requirements (as it concerns textile fiber),
which significantly increases the possibility of its sale and, consequently, obtaining higher
financial profits for growers [27]. The cultivation of dual-purpose varieties also makes it
possible to simplify the equipment for harvesting the yield from the field and reduce its
costs. Plants can be harvested in the period of full maturity of seeds, additionally using
decorticated fiber as a usable raw material.

In the conducted experiments, the R26 line was yielded at the level of the reference
cultivars, both under favorable conditions for flax cultivation, as well as under water
deficiency in the soil. It concerned the seed yield, as well as the straw yield and the total
yield. Plants of the R26 line were characterized by high values of the total length, technical
length and panicle length, especially noticed in the unfavorable, dry year of 2019. The
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obtained results allow us to conclude that the R26 line is a prospective genotype for further
breeding program for obtaining a valuable dual purpose flax variety.

The conducted experiments also showed the relatively high resistance of the HDH
and R26 lines to water deficit in the soil. While yielding at the level of reference varieties,
they were characterized by the highest plants and favorable plant habit. The problem of
drought in the cultivation of flax is one of the greatest challenges today. Flax plants, due to
their root system, are highly susceptible to water deficiency in the soil. This is especially
true of fibrous forms. The unfavorable rainfall distribution observed more and more often
in many countries during the growing season of plants leads to a significant reduction in
flax yielding and large losses for growers. Varieties with increased resistance to drought are
therefore searched for by farmers, and the identification of such genotypes is an extremely
important stage in the process of breeding future varieties [28].

Based on the research results presented in the article, the HDH line was submitted to
the Research Centre For Cultivars Testing (COBORU) in order to carry out the registration
process as a new variety of flax. After obtaining positive results, the variety will be entered
into the European register of varieties of arable crops. The R26 line will be included
in the further breeding work of the Institute of Natural Fibers and Medicinal Plants—
National Research Institute in Poznan as a prospective parental form for obtaining dual-
purpose lines.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/agronomy11101917/s1, Table S1: Post hoc test for total length of the reference fiber flax
varieties and HDH line in vegetation period 2019; Table S2: Post hoc test for total length of the
reference fiber flax varieties and HDH line in vegetation period 2020; Table S3: Post hoc test
for technical length of the reference fiber flax varieties and HDH line in vegetation period 2019;
Table S4: Post hoc test for technical length of the reference fiber flax varieties and HDH line in
vegetation period 2020; Table S5: Post hoc test for panicle length of the reference fiber flax varieties
and HDH line in vegetation period 2019; Table S6: Post hoc test for panicle length of the reference
fiber flax varieties and HDH line in vegetation period 2020; Table S7: Post hoc test for stem diameter
of the reference fiber flax varieties and HDH line in vegetation period 2019; Table S8: Post hoc
test for stem diameter of the reference fiber flax varieties and HDH line in vegetation period 2020;
Table S9: Welch test for total yield of the reference fibre flax varieties and HDH line in vegetation
period 2019; Table S10: Post hoc test for total yield of the reference fiber flax varieties and HDH line
in vegetation period 2020; Table S11: Welch test for straw yield of the reference fibre flax varieties and
HDH line in vegetation period 2019; Table S12: Welch test for straw yield of the reference fiber flax
varieties and HDH line in vegetation period 2020; Table S13: Welch test for seed yield of the reference
fiber flax varieties and HDH line in vegetation period 2019; Table S14: Welch test for seed yield of
the reference fiber flax varieties and HDH line in vegetation period 2020; Table S15: Post hoc test
for total length of the reference linseed varieties and R26 line in vegetation period 2019; Table S16:
Post hoc test for total length of the reference linseed varieties and R26 line in vegetation period 2020;
Table S17: Post hoc test for technical length of the reference linseed varieties and R26 line in vegetation
period 2019; Table S18: Post hoc test for technical length of the reference linseed varieties and R26
line in vegetation period 2020; Table S19: Post hoc test for panicle length of the reference linseed
varieties and R26 line in vegetation period 2019; Table S20: Post hoc test for panicle length of the
reference linseed varieties and R26 line in vegetation period 2020; Table S21: Post hoc test for bolls
number of the reference linseed varieties and R26 line in vegetation period 2019; Table 522: Post
hoc test for bolls number of the reference linseed varieties and R26 line in vegetation period 2020;
Table S23: Welch test for total yield of the reference linseed varieties and R26 line in vegetation period
2019; Table S24: Welch test for total yield of the reference linseed varieties and R26 line in vegetation
period 2020; Table S25: Welch test for straw yield of the reference linseed varieties and R26 line in
vegetation period 2019; Table 526: Welch test for straw yield of the reference linseed varieties and
R26 line in vegetation period 2020; Table S27: Post hoc test for seed yield of the reference linseed
varieties and R26 line in vegetation period 2019; Table S28: Welch test for seed yield of the reference
linseed varieties and R26 line in vegetation period 2020.
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