RESEARCH ARTICLE

International Journal of Agriculture, Environment and Food Sciences 2024; 8(1): 220-234

DOI: https://doi.org/10.31015/jaefs.2024.1.22

How growing conditions are influential on the agronomic
attributes and fiber-related quality parameters of flax
(Linum usitatissimum L.) fibers: A seismomorphogenesis

approach

Mehmet Zeki KOCAK' ®

! Department of Field Crops, Faculty
of Agriculture, Igdir University,
76000 Igdir, Turkiye

Abstract

Among industrial crops, flax (Linum usitatissimum L.) is a multi-purpose
crop grown for production of stem fiber and seed oil. Through longterm
domestication for these purposes, cultivated flax has diversified into two
main types, namely fiber and oil or linseed types, as well as an intermediate
type. This study was designed to investigate the effect of flax fibers of flax
varieties (Antares, Dakota and Mures) in field and greenhouse cultivation
on fiber mechanical performances, morphological properties and fatty acid
composition in flaxseed was investigated. Additionally, plants can change
their morphology and mechanical properties when exposed to stress,
as is particularly the case when plants respond to wind, a phenomenon
known as seismomorphogenesis. Greenhouse plants were found to be
significantly lower than field grown plants, with an increase of 16.79cm in
technical stem length and 56.02cm in technical stem height. In addition,
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the total plant height of flax grown in the field was 59.33 cm compared to
17.32 cmin the greenhouse. The Mures variety was found to be the highest
both in the field (79.50-76.10cm) and in the greenhouse (18.36-17.47cm).
Considering the fatty acid percentages, the highest a-linolenic acid was
found in Dakota (29.23%) and the lowest in Antares (20.53%) in the field,
while the highest was found in Dakota (19.25%) and the lowest in Mures
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(16.13%) in the greenhouse. In addition, the highest tensile strength was
found in Dakota (704.6 Mpa) and the closest Antares (692.2 Mpa) under field
conditions, while the lowest was found in Dakota (198.5 Mpa) and Mures
varieties (288.8 Mpa) under greenhouse conditions. In order to reduce the
dimension, correlate and visualize the measured parameters, the relevant
data of the study were subjected to principal component analysis and heat-
map clustering.

Keywords: Flaxseed, Linum usitatissimum, Plant muscles,
Seismomorphogenesis, SEM

INTRODUCTION

Flax/Linseed (Linum usitatissimum L.), one of the oldest plants grown for its
seeds or fiber s among industrial crops, is grown as; i) oil flax for flaxseed oil
production and ii) fiber flax for fiber production (Saleem et al., 2020; Kocak,
2022; Stavropoulos et al.,, 2023). In addition, the genus Linum, belonging to the
Linaceae family is an herbaceous, annual, self-pollinated, oldest domesticated
diploid species (Sarmast et al., 2014; Tork et al., 2019). Flax can be called by many
different names. In Tirkiye, local names such as “bezir, biziktan, cimit, kon, siyelek
and zeyrek”are used for the flax plant (Davis, 1982; Dumanoglu, 2020). There is
evidence for it being used in ancient Egypt and Mesopotamia (Carmona and
Ezzamel, 2007), with Ethiopia, Central Asia, and India being considered to be
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secondary centers. The species is distributed in other regions of the world as well, including the Middle East, North
and Southwest America, and the Mediterranean Basin (Vavilov 1951; Chen 2022). Its also an important cultivated
plant grown for its fiber and oil-rich seeds (Choudhary et al., 2017; Saroha et al., 2022). Mechanical conditioning is
the deliberate application of physical stimulation and stress to control the growth and quality of plants (Kogak et
al., 2023). Flax fiber has always been used for textile production. In addition to clothing and upholstery, a newer
tech-nical application involving the use of flax fibers as reinforcements for composite materials has been extensively
developed over the last few decades (Goutianos et al., 2006; Yan et al., 2014). Besides, flax fibers play an important
role as reinforcement by supporting plant tissues in the stem and can even act as “plant muscles” (Gorshkova et al.,
2012; Baley et al., 2018). Due to its industrial importance, flax has been subjected to a century of extensive variety
selection aimed at increasing fiber yield and the plants’ lodging stability and resistance to diseases (Bourmaud et al.,
2016; Goudenhooft, 2017). One of the main concerns is the improvement of fiber mechanical properties of the fibers
optimise the mechanical performance of composites. In addition, results from the literature show that although variety
selection can increase fiber yield, fiber mechanical properties are less affected by flax variety (Van de Weyenberg,
2003; Omrani et al,, 2017). The effect of mechanically induced stress (MIS) on plant traits such as yield or quality
has also been studied. As well as being a natural source caused by wind, rain or animal movement, MIS can also be
induced in greenhouses by rubbing or brushing plants. The plant response is called ‘tigmomorphogenesis’in the case
of physical contact and‘seismomorphogenesis’in the case of wind action (Bornke and Rocksch, 2018; Goudenhooft et
al., 2018; Sic Zlabur et al., 2021). Additionally, the first example of such responses is the reduction in plant height that
usually occurs in plants exposed to wind or other MIS (Biddington, 1986). In this context, it has been shown that trees
exposed to wind are shorter and more pointed, but have lower overall stiffness, although their mechanical properties
are less affected by their morphology (Paul-Victor and Rowe, 2011; Shiba et al.,, 2023). In contrast, wheat plants are
stronger and less flexible, but do not show a significant change in stem height under the influence of wind sway
(Crook and Ennos, 1996). Seismomorphogenesis causes changes in plant characteristics such as stem diameter, fiber
quality or chlorophyll content, with different responses to observations made between species. In addition to causing
morphological and mechanical changes in plants, seismomorphogenesis has generally been reported to result in a
significant increase in crop yield when plants are grown in the greenhouse under optimum conditions (Kocak et al.,
2023). Flax is an industrial crop usually grown in the field and changes in morphology and fiber yield are expected
when grown under much milder windy conditions. From this point of view, it is of great interest to grow flax in a
greenhouse environment and to study fiber yields (Heller et al., 2015; Jacobsson, 2018). Flax, like any plant, responds
to external stresses and its development and stem structure can be affected by seismomorphogenesis, gravitropizm
and growing conditions (Moulia et al., 2016).

Concerning industrial uses of the crop, the beneficial effects are mainly due to the lipids in flaxseed. Flaxseed oil
is one of the richest plant sources of a-linolenic acid (omega-3) and linoleic acid (omega-6) polyunsaturated fatty
acids (PUFAs), which are essential for human nutrition as they cannot be synthesized by the body. In addition to
other important uses, flaxseed is characterized by its oil content of approximately 30-60%. The oils in flaxseed contain
valuable amounts of the fatty acid compounds a-linolenic acid, linoleic acid, oleic acid, palmitic acid and stearic acid,
as well as high levels of lignans, fiber, protein, vitamins and micronutrients (Dubey et al., 2020; Deme et al., 2021;
Yang et al., 2021). Corresponding to the litarature review/potential mechanism of the plants, it was hypothesized that
plants grown under openfield conditions would be thicker and dense structure. This study investigates the effect
of seismomorphogenesis on the stems and fibres of registered flax cultivars under greenhouse and field conditions
in terms of structure/mechanical properties and quality. It also includes a comparison between field-grown and
greenhouse grown flax at plant maturity. This comparison is firstly based on morphological analysis of flax stalks and
fibre structure properties. Subsequently, changes in the quality (fatty acid composition) of flax seeds were evaluated.

MATERIALS AND METHODS
Plant material and experimental design

The relevant study was conducted at the greenhouses (grown in greenhouses for a 14/10 h photoperiod, 26-30 °C/
day and 16-20 °C/ night; relative humidity: 60%) and experimental area in 2022 at the Agricultural Application and
Research Center of Igdir University using in a randomized block design with three replications. The flaxseeds were
provided by different agricultural institutions in Turkiye. The flaxseeds of the foreign registered varieties (Antares,
Dakota and Mures) was obtained from different provinces of Turkiye. Agromorphological traits were determined 84
days after sowing by randomly selecting 5 plants from each plot. In this context, promising flaxseed varieties for oil
and natural fiber have been identified.

Experimental area and characteristics of the experimental soil

The Igdir region is the lowest plain of the East Anatolian region with microclimatic characteristics, and it is one of the
largest plains in terms of surface area compared to the surrounding provinces. Due to the microclimatic characteristics
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of the I1§dir region; with salty and calcareous soils, not all of its lands are suitable for agriculture. The soil properties
used in the field experiment and in the greenhouse environment were determined (Table 1) (Karaoglu and Celim,
2018). In addition, the soil used in the greenhouse was taken from the soil used in the field (Kocak et al., 2023).

Table 1. Soil characteristics of the experimental area

Examined trials/analysis types Value/result Soil structure
pH 9.70 Strong alkaline
EC (dS/m) 3.05 Moderately tolerant
Total salt (%) 82.44 Too salty
CaCo, (%) 9.29 Medium lime
Organic matter (%) 0.42 Very little

PO, (ppm) 0.44 Very little

K,O (ppm) 4256 Sufficient
Saturation (%) 52.29 Clay-loamy

Phenotypic evaluation of flax

On five randomly selected plants, 12 morphological plant traits were determined at 84 days after sowing (DAS) from
field and greenhouse conditions were determined for fiber and seed traits, respectively; plant height (cm/plant) (PH),
number of flowering days (days) (NFD), ripening days (days) (RD), number of siblings (number/plant) (NS), capsule
branches per plant (number/plant) (CBPP), capsule branches in plant (number) (CBP), capsule weight per plant (g/
plant) (CWPP), number of seeds per plant (number/plant) (NSPP), number of seeds in capsule (number/capsule)
(NSC), seed yield per plant (g/plant) (SYPP), stem weight (g/plant) (SW), technical stem length (cm) (TSL) Table 2. Fiber
quality parameters were evaluated according to (Pisupati et al., 2021). The variable numbers, codes of each individual
morphological trait are presented in Table 3.

Table 2. Morphological characteristics assessed in flax

Trait name Code Detail

Plant height(cm) PH Height of main stem from cotyledon scar to top boll
Number of flowering days NFD The date on which 75% of the plants on the parcel flowered
Ripening days RD The period until the maturity of 90% of the plants in the parcel
Number of tillering (number/plant) NS Count of the branches
(C:Lf)r;lggrj);k::tr)\ches 271 CBPP Primary branches on the plant body

Capsule branches in plant (number) CBP Capsules being on each plant

Capsule weight per plant (g/plant) CWPP Wight of capsules on each plant

Number of seeds per plant (number/ NSPP Seeds in capsule per plant

plant)

Number of seeds in capsule (number/ NSC Seeds in capsule

capsule)

Seed yield per plant (g/plant) SYPP Seeds of plants taken from each parcel

Stem weight (g/plant) SW Weight at stem of plants taken from each parcel
Technical stem length (cm) TSL From the first cotyledon leaves to the first branching

Extraction of flaxseed oil

Flaxseeds from the field and greenhouse were pulverised and 5g of the sample was treated by Soxhlet extraction
with N-hexane for 5 hours. The used seed pulp was then filtered and the solvent was removed in a rotary evaporator
(HEIDOLPH Hei-VAP Core (HL/ML)) under vacuum at 40°C. The oil samples were then stored in a refrigerator at 4°C for
analysis. The oil obtained after the treatments was considered as the total oil content of the flaxseed (Lamani et al.,
2021)

Flaxseed oil yields (kg/ha) were calculated using the following formula;
Flaxseed oil yield (kg/ha) = Oil content (%) x Flaxseed yield (kg/ha) (Xie et al., 2020).
Fatty acid profile using High Performance Liquid Chromatography (GC-FID)

Flaxseed oil (0.2g) was taken into 15 ml centrifuge tubes and shaken with 10 ml of hexane. The samples were dissolved
in 0.2mL of 1 N-methanol and KOH was added. The tube was shaken and phase separation was observed and it was
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kept in the dark for 2 hours until the upper phase became clear. Clarification after process, some of the upper phase
was taken into vials, and fatty acids were analyzed with the help of Agilent 7820 A GC-FID (Agilent Technologies,
USA) device with a SP 2560 100m*0.25mm*0.2um capillary column with a flame ionization detector (FID). Injection
port and FID temperature is 240°C, 1/10 split ratio at 400 ml/min pressure in split injection mode. After waiting for
5 minutes at 140°C, the column temperature increased by 4°C per minute to reach 250°C and reached 260°C after
waiting for 15 minutes. Helium carrier gas 41 cm/sec (Hydrogen) was used. Samples injected with 1 pL into the device
were compared with the GC-FID chromatogram obtained in the analysis of the “Supelco ® 37 Component FAME Mix-
Sigma-Aldrich” standard mixture for a total of 37.75 minutes. As a result of the analysis; a-linolenic acid (C18:3n6),
linoleic acid (C18:2n6), oleic acid (C18:1n9c), Palmitic acid (C16:0), stearic acid (C18:0) fatty acids were determined as
% (Table 4).

Mechanical structure of flax fiber and Scanning Electron Microscopy (SEM)

A testing machine with a 5 kN load cell (Zwick/Roell) was used to determine fiber parameters and yield analysis of
high fiber flax varieties harvested in the field and in the greenhouse. Diameter measurements (left, right and centre)
were made using a digital caliper (MITUTOYO). Furthermore, images of fibers structures were obtained using scanning
electron microscope (SEM) (ZEISS Sigma 300). For the SEM, a field emission scanning electron microscope was used
with an accelerating voltage of 10 kV was used to observe the morphology of the leaf samples. Prior to FE-SEM
analysis, as herbal products are not electrically conductive, the surface of the samples was coated with a gold plating
device, Qurom, to ensure electron scattering from the surface. A secondary electron (SE) detector was used to display
the morphological information of the samples.

Data analysis

For the study, three replicates (each with 5 plants) were used and each replicate corresponded to the five seedlings.
In order to evaluate the results, the flax plants were compared for their agronomic and morphological attributes
using one-way variance analysis (p<0.05) (SPSS 22). Pearson correlation (r) was used to determine the association
between the investigated characteristics. A principal component analysis (PCA) at (PAST Software) and a heat-map
clustering (ClustVis) were employed to define the dependent variable parameters corresponding to the registered
varieties (independent variables).

RESULTS
Morphological evaluation

Growth and development parameters were analysed to evaluate the effects of seismomorphogenesis on flax (L.
usitatissimum L.) under field and greenhouse conditions. Some basic parameters such as plant height, number of
days to flowering, number of days to maturity, number of tillers, capsule branches per plant, capsule weight per
plant, number of seeds per plant, number of seeds per capsule, seed yield per plant, stem weight, technical stem
length were estimated for the morphological characteristics of the 3 varieties considered for the analysis (Table
3). Greenhouse plants were found to be significantly lower than field-grown plants, with an increase of 16.79cm in
technical stem length and 56.02cm in technical stem length. In addition, the total plant height of flax grown in the
field was 59.33cm, while the plant height in the greenhouse environment was 17.32cm. Significant differences were
found in plant height, number of siblings, capsule branches per plant, number of seeds per plant stem weight and
technical stem length between the morphological characteristics of the cultivars (Antares, Dakota, Mures) under
field and greenhouse conditions. In terms of plant height and technical stem length among the morphological
characteristics between the varieties; the Mures variety was found to be the highest both in the field (79.50-76.10cm)
and in the greenhouse (18.36-17.47cm) (Table 3).

Heat-map clustering and Principal Component Analysis (PCA) of plant growth and development traits

We performed heat-map clustering (Fig. 1) and PCA (Fig. 2) to visualise and clarify the morphological traits associated
with cultivars used under field and greenhouse conditions. The present results showed that heat map clustering
revealed two main clusters under both growing conditions. While the first cluster was number of flowering days,
ripening days in field conditions, number of flowering days, number of seeds in capsule, stem weight in greenhouse
conditions, the second main cluster was plant height, number of siblings, capsule branches per plant, capsule
branches in plant, capsule weight per plant, number of seeds per plant, number of seeds per plant, number of seeds
in capsule, seed yield per plant, stem weight, technical stem length in the field; plant height, ripening days, number of
siblings, capsule branches per plant, capsule branches in plant, capsule weight per plant, number of seeds per plant,
seed yield per plant, technical stem length were associated with the growth and development characteristics of flax.
In order to explain the percentage of variation, PCA was carried out to reveal the kind of relationship and the level of
variations between varieties and related parameters (Fig. 2). Accordingly, two components with eigen values above
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1 were observed under field conditions. These two components (F,:87.7% and F:12.2%) explain a total variation of
99.9%. In addition, two components with eigen values above 1 were observed under greenhouse conditions. These
two components (F,: 57.7% and F:42.1%) explain a total variation of 99.8%.

Table 3. Growth and development parameters of flax varieties used for traits in the field (A) and in the greenhouse

(B)
Field morphology(A)
Number il Capsule Capsule LS L
Plant Number of Fvmref] g branches P 'p of seeds of seeds Seed yield Stem Technical
. 5 . Ripening of siblings branches weight per N 5
Variety height(cm/ flowering per plant A per plant in capsule perplant(g/ weight(g/ stem length
days (days) (number/ in plant plant (g/
plant) days (days) (number/ (number/ (number/ plant) plant) (cm)
plant) (number) plant)
plant) plant) capsule)
Antares  43.50+0.50c 83.00+3.60a 92.00+2.64a 9.00+1.00b 7.66+0.57a 8.33+0.57b 0.50+0.02b  68.33+3.51c  8.33+0.57b  0.53+0.01b 0.85+0.01c 39.60+1.40c
Dakota  55.00+1.00b 73.33+2.08b 78.66+2.51b 11.33+0.57a 8.66+1.52a 11.00+1.00a 0.55+0.05b  87.33+1.52b 8.33+0.57b  0.56+0.05b 0.92+0.02b 52.36+0.80b
Mures 79.50+0.50  65.50+0.50c 71.00+1.00c 11.00+1.00a 9.33+1.52a 10.66+0.57a 0.71+0.01a 113.33+7.09a 9.66+0.57a  0.69+0.01a 2.11+0.01a 76.10+1.01a
Mean 59.33+15.93a 73.94+7.87 80.55+9.39 10.44+1.33 8.55+1.33 10.00+1.41 0.58+0.10  89.66+19.97 8.77+0.83 0.59+0.08  1.29+0.61 56.02+16.06
F 2028.50 39.332 70.90 6.143 1.267 11.400 26.355 70.662 5.333 19.493 5364.428 847.511
p .000 .000 .000 .035 .348 .009 .001 .000 047 .002 .000 .000
Field morphology(A) T test
Number of _. . Number (LIRS Capsule Capsule LTI LT .
Plant n Ripening g branches N of seeds of seeds . 0 Technical
9 flowering of siblings branches weight per A Seed yield per Stem weight
. height(cm/ days e per plant in plant lant (a/ per plant in capsule lant (g/plant) _ (g/plant) stem length
Variety plant) (days) (days) lant) (number/ (nuiber) P Iant? (number/ (number/ P alp alp (cm)
4 P plant) P plant)  capsule)
t Pt P t P t P t P t P t P t P t P t P P t P
Antares* Dakota -17.816 .000 4.022 .016 6.325 .003 -3.500 .025-1.061 .349 -4.000 .016 -1.264 .275 -8.593 .001 .000 1.000 -925 407 -4.890 .008 -13.679 .000
Antares* Mures  -88.182 .000 8.327 .001 12.860.000 -2.449 .070-1.768 .152 -4.950 .008 -14.469 .000 -9.846 .001 -2.828 .047 -13.065 .000 -133.830 .000 -36.561 .000
Dakota* Mures  -37.955 .000 6.337 .003 4.904 .008 .500 .643 -535 .621 .500 .643 -4.670 .010 -6.205 .003 -2.828 .047 -4.014 .016 -76.122 .000 -31.684 .000
Greenhouse (B)
Number L1l Capsule Capsule LTl ATy
Plant Numberof _. . g branches P ap of seeds ofseeds  Seed yield Stem Technical
N . . Ripening days of siblings branches weight per N "
Variety  height(cm/ flowering per plant A perplant incapsule perplant(g/ weight(g/ stem length
(days) (number/ in plant plant (g/
plant) days (days) (number/ (number/  (number/ plant) plant) (cm)
plant) (number) plant)
plant) plant) capsule)
Antares 16.13+.80b  59.67+2.52a 63.33+0.58a 2.67+0.58a 2.33+0.58a 2.67+0.58a 0.24+0.02b 22.33+5.03a 8.67+0.58a 0.18+0.01b 0.24+0.01a 15.40+0.60b
Dakota  17.46+.50ab 58.00+3.00a 61.00+3.00ab 3.33+0.58a 2.67+0.58a 3.00+1.00a 0.34+0.05a 24.67+7.02a 8.33+0.58a 0.31+0.01a 0.16+0.00b 17.50+0.50a
Mures 18.36+1.00a 55.00+1.00a 58.67+1.53b  2.33+0.58a  2.33+0.58a 3.00+0.00a 0.25+0.01b 24.67+2.08a 8.33+0.58a 0.17+0.01b 0.27+0.02a 17.47+0.47a
Mean 1732+ 1.19 57.56+2.88  61.00+2.65  2.78+0.67  2.44+0.53  2.89+0.60 0.28+0.05 23.89+4.59 8.44+0.53  0.22+0.07 0.22+0.05 16.79+1.14
F 5.949 3.082 4.200 2333 333 250 8518 207 333 181.980 64.927 15.628
p .038 120 .072 178 729 .787 .018 819 729 .000 .000 .004
Greenhouse(B) T test
Capsule Number Number
Number Capsule Capsule . i
Plant Number of branches of seeds of seeds Seed yield Technical
i K Ripening  of siblings branches  weight per i Stem weight
height(cm/  flowering per plant perplant  incapsule per plant (g/ stem length
Variety days (days) (number/ in plant plant (g/ (g/plant)
plant) days (days) (number/ (number/ (number/ plant) (cm)
plant) (number) plant)
plant) p]ant) rapcnlp)
t P t P t P t P t P t P t P t P t P t P t P t P
Antares*
Dakot -2.425 072 .737 502 1.323 .256 -1.414 .230 -.707 .519 -.500 .643 -3.147 .035 -.468 .664 .707 .519 -16.142 .000 14.059 .000 -4.657 .010
aKota
Antares* Mures -3.005 .040 2985 .041 4950 .008 .707 .519 .000 1.000 -1.000 .374 -.875 .431 -742 .499 .707 .519 1.209 .293 -1.965 .121 -4.687 .009

Dakota* Mures -1.391 .237 1.643 .176 1.200 .296 2.121 .101 .707 .519 .000

1.000 3.027 .039 .000 1.000

.000 1.000 17.029 .000 -9.915 .001 .084 .937
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Figure 1. Heatmap clustering of growth and development parameters of flax cultivars used for treatments under

the field (A) and the greenhouse conditions (B).
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Figure 2. Principal Component Analysis (PCA) of growth and development parameters of flax cultivars used for
treatments under the field (A) and the greenhouse conditions (B).

226



227

Mehmet Zeki Kocak. How growing conditions are influential Int J Agric Environ Food Sci 2024; 8(1): 220-234

Heat-map clustering and Principal Component Analysis (PCA) of flaxseed oil and fatty acid compositions

For visualization, correlate and clarify the flaxseed oil and fatty acid compositions considered to the cultivars, we
performed heat-map (Fig. 3) clustering and PCA (Fig. 4). In addition to the quantitative analysis of plant characteristics,
the oil yield and fatty acid composition of seeds obtained from field and greenhouse conditions were also investigated.
For the respective analysis, flax varieties characterised by high oil content (Antares, Dakota and Mures) were tested.
Accordingly, oil yields ranged from 1.03, 0.94 to 0.56g for “Antares, Mures and Dakota” in the field and from 0.77,
0.68 to 0.41g in the greenhouse, respectively (Table 4). We analysed the ratio of quality and quantity indicators and
the fatty acid composition of the oils after extraction. GC-FID analysis revealed that a-linolenic acid, linoleic acid,
linoleic acid, palmitic acid, oleic acid and stearic acid were the major fatty acid components of the respective flax
plant seed oils obtained both in the field and under greenhouse conditions. Considering the fatty acid percentages,
the highest a-linolenic acid was found in Dakota (29.23%) and the lowest in Antares (20.53%) in the field, while the
highest was found in Dakota (19.25%) and the lowest in Mures (16.13%) in the greenhouse. In linoleic acid, the highest
was found in Dakota (19.57%) and Antares (11.37%) and the lowest in Antares (12.66%) and Dakota (9.44%) in the
field and greenhouse, respectively. In addition, two components with Eigen values above 1 were observed under
field conditions. These two components (F:77.6% and F,:22.3%) explain a total variation of 99.9%. Accordingly, two
components with Eigen values above 1 were observed under greenhouse conditions. These two components (F.:
75.7% and F.:24.2%) explain a total variation of 99.9%.

Table 4. Oil and fatty acid compositions (%) of flaxseed varieties used in field and greenhouse treatments

Greenhouse fatty acids
Variety Oil content Crude oil  Palmitic acid Stearic acid Oleic acid (C18.1) Linoleic acid a-!_inolenic
(9) yield (%) (C16.0) (C18.0) (C18.2) acid (C18.3)
Mures 0.68 13.6 6.11 7.42 13.11 10.28 16.13
Antares 0.77 14.4 7.14 8.2 12.54 11.37 18.73
Dakota 0.41 8.2 5.33 7.26 11.22 9.44 19.25
Field fatty acids
Variety Oil content Crude oil  Palmitic acid Stearic acid Oleic acid (C18.1) Linoleic acid a—!_inolenic
(9) yield (%) (C16.0) (C18.0) (C18.2) acid (C18.3)
Mures 0.94 19.1 6.95 6.85 20.11 13.05 26.14
Antares 1.03 20.6 8.15 9.28 14.36 12.66 20.53
Dakota 0.56 11.7 6.13 10.32 10.04 19.57 29.23

Mechanical properties of flax fiber and scanning electron microscopy (SEM)

Due to the low fiber content of flax in relation to its fineness and strength, flax cannot compete with other fiber
crops such as hemp and cotton. That caused gradual decreases in uses of flax for fiber. Regarding the fiber content,
(Yilmaz and Uzun, 2019) reported the fiber content in flax stalk as 16-24% and 34-37%. In the present study, according
to the results obtained from the analyses (tensile strength, puller strength, rupture stretched and fiber diameter
measurement) on the varieties evaluated in the field and greenhouse; it was determined that Dakota varieties (1%)
was the highest strain in greenhouse conditions and the lowest (0.58%) in field conditions and also the lowest (0%) in
strain at break in the field. In addition, the highest tensile strength was found in Dakota (704.6 Mpa) and the closest
Antares (692.2 Mpa) under field conditions, while the lowest was found in Dakota (198.5 Mpa) and Mures varieties
(288.8 Mpa) under greenhouse conditions (Tablo 5). In addition, structural analyses were carried out with the help of
Scanning Electron Microscopy (SEM) to determine the differences in the microstructures of the related varieties both
in the field and greenhouse conditions. Additionaly, it was observed that the layers between the fiber and matrix were
separated in the SEM images (Fig. 5).
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Figure 3. Heatmap clustering of oil and fatty acid compositions (%) of flaxseed cultivars used for treatments under

the field (A) and the greenhouse conditions (B).
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Table 5. Fiber mechanical properties of flax varieties used in field (A) and greenhouse (B).

Varieties Growth conditions Series (n=3) Strain at fmax (%) Tensile strength (Mpa) Strain at break (%)
field mean value 0.58 704.6 1.2
Dakota
greenhouse mean value 1 198.5 0
field mean value 0.71 692.2 0.9
Mures
greenhouse mean value 0.73 288.8 1.2
field mean value 0.83 587.4 1.2
Antares
greenhouse mean value 0.75 587.4 0.7

Figure 5. Scanning Electron Microscope (SEM) images the effect of growth conditions (field and greenhouse) on the
flax varieties, a). Dakota (field); b). Dakota (greenhouse); ). Mures (field); d). Mures (greenhouse); e). Antares (field);

f). Antares (greenhouse).
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DISCUSSION

Choosing the right type of plant s critical in the face of everchanging environmental conditions. Due to the expanding
world population and the increasing demand for food and materials, raw materials from the agricultural industry are
increasingly in demand. In order to meet these increasing needs, we need to utilise productive and high quality
varieties. In this context, flax, an important industrial plant with useful oil and fiber properties, has spread over a
large part of the world. It is also one of the oldest cultivated plants (Melelli et al., 2022). In addition, it highlights the
changes in plant height and technical stem height that affect the fiber structure and quality of the flax plant, as well
as the fatty acid profile from the seeds obtained after harvest variety (Goudenhooft et al., 2018). These changes result
in significant increases in plant height and thinness, the risk of lodging due to wind and rain, and significant changes
in the fiber structure of the plants, which are the main characteristics that distinguish field crops from those grown in
greenhouses (Li et al., 2022; Brulé et al., 2016). In addition, plants change in height and fineness, and even in fibrous
plants such as flax, the structural performance and morphological characteristics of the fibers experience the same
situation. At the same time, it is assumed that seismomorphogenesis is the only phenomenon that causes differences
between the two states (Goudenhooft et al., 2019). In this context; flax, which is an important industrial plant with
both oil, and fiber, properties, has its own distribution area in almost every geography of the world (Tian et al., 2021; Li
etal, 2022; Melelli et al., 2022). In addition, the agro-morphological characteristics of the flax cultivars under field and
greenhouse conditions, the fatty acid composition of the seeds and the fiber structure of the cultivars were studied by
SEM. The flax varieties (Antares, Dakota and Mures) were tested for the first time for seismomorphogenesis in relation
to their cultivation under field and greenhouse conditions.

High plant height, technical stem length and less branched structure are desirable for fibrous flax varieties. Plant
height and technical stem length, which is a critical indicator/parameter, can be an important criterion in the selection
of flax grown for fiber (Heller et al., 2015; Poudyal, 2017). According to the present results, the lowest value for plant
height in flax was found in Antares (43.50 cm) and the highest value was found in Mures (79.50 cm), which is fibrous
in field conditions. In addition, in greenhouse conditions this result is the lowest value for plant height was found in
Antares (16.13 cm) and the highest value was found in Mures (18.36 cm). Our current findings in field and greenhouse
conditions were found to be lower than previous reports (Goudenhooft et al., 2018). In addition, were found in parallel
(Sheng et al.,, 2022). Furthermore, as regards the technical stem length of the flax varieties, the lowest value was found
in Antares (39.60 cm) and the highest in Mures (76.10 cm) un-der field conditions; the lowest value was found in
Antares (15.40 cm) and the highest in Dakota (17.50 cm) under greenhouse conditions (Goudenhooft et al., 2018). Our
results were found to have lower values compared to previous studies. In this context, the plant height and technical
stem lengths of the varieties used in the field and greenhouse were lower than in previous reports, in line with our
present findings, it was found that there were significant differences in the fiber structures of the varieties in the field
and in the greenhouse. The results of flax fiber tensile strength (Mpa) and strain at break (%) were found to be lower
compared to previous studies (Chuah et al., 2014). In particular, quality parameters such as fiber strain at fmax (%)
tensile strength (Mpa) and strain at break (%) were reported to be important. It was also emphasised that quality
parameters may be related to the matrix between the fibers (da Silva et al.,, 2023). According to the measurements
made on the technical system and the SEM images, it was found that the fiber breaking stress values (0-1,2%) of the
related plant under field and greenhouse conditions were lower than previous studies. Furthermore, it is stated that
the mechanical properties of the matrix structure in the fiber structure of flax deteriorate due to hydrolysis and the
layers between the fiber and the matrix are separated, especially as a result of this separation, rupture and fracture
increase, as well as the strain at break is significantly negatively affected (Moudood et al., 2019).

As expressed in this study; the oil yields of the cultivars varied between 11.7-20.6% under field conditions and
8.2-14.4% in the greenhouse, respectively; the field conditions were similar to previous studies, while those in the
greenhouse were found to be low (Keskin et al., 2020; Njembe et al., 2021). In addition, a-linolenic acid (20.53-29.23%;
16.13-19.25%) and linoleic acid (12.66-19.57%; 9.44-11.37%) were observed in the field and greenhouse conditions,
respectively. In this context, a-linolenic acid was determined as 48.41% (Hatanaka et al., 2021) and linoleic acid as
14.90% (Xie et al., 2020; Njembe et al., 2021). The present findings were found to be lower than previous studies. As
expressed, it has been reported that agro-morphological traits are interdependent and show differences especially
when evaluated as oil and fiber (Mirshekari et al., 2012). In this context, it was found that the differences determined
in agro-morphological traits observed in the related plant in our results taken under field and greenhouse conditions
may be related to soil organic matter content, pH and lime (Pisupati et al., 2021), and it was found that our results are
different from previous studies and compatible with the literature; in addition, it is predicted that these differences
may be the quality of the seed used and the climatic conditions of the growing environment. In contrast, field-grown
plants are actually more exposed to a wide range of other factors, such as rainfall or greater temperature fluctuations,
which can influence many climatic factors. For this reason, growing flax in greenhouses may be of interest to avoid
yield losses due to lodging, severe weather events or other undesirable factors, while maintaining fiber properties.
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In addition, growing conditions can be controlled in the greenhouse, which is not the case in the field. This control is
important because it can allow several har-vests per year, thus increasing the availability of flax fiber to the industry
while providing fiber with similar positive properties.

CONCLUSIONS

In response to stresses of mechanical origin, such as wind, the shape and mechanical parameters of plants can be
greatly affected. Moreover, in the case of the flax, plants those grown in greenhouses have specific shape parameters
that differ significantly from those of plants grown in the field. In fact, when flax is subjected to a much milder
mechanical stress, both the structure of the whole plant (such as the fiber) and the height of the technical stems
increase considerably. Due to these shapes, the flax fibers are distributed differently along the stems. In the findings
of this study, the highest plant height and technical stem length of the registered cultivars (Antares, Dakota, Mures) in
terms of fiber-related traits were observed in the Mures cultivar under field and greenhouse conditions, respectively.
In addition, it is predicted that varieties with fiber structure characteristics will be grown in ecologically suitable
regions, that field conditions will have high morphological values compared to green-houses and that fiber structures
will be stronger.
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