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Abstract: Betaine is one of the most competitive compounds that accumulate in different cellular
compartments to adjust osmotic balance. Among the various stressors, salinity stress often leads to
osmotic and ionic stress in plants, either increasing or decreasing certain secondary plant metabolites.
In this study, different concentrations of NaCl, betaine, and combined NaCl and betaine were used in
time-course experiments to investigate growth pattern variation and accumulation of phenylpropanoid
compounds in buckwheat sprouts. A significant increase in growth was observed with the application
of 0.1–1.0 mM betaine. Although overall, the total phenylpropanoid compounds were lower compared
to the control, the sole application of 50 mM NaCl and 1.0 mM betaine especially enhanced the
accumulation of some of these compounds in comparison to others. Betaine application at lower
concentrations was found to enhance the growth of buckwheat sprouts slightly. The results of this study
show that phenylpropanoid content did not increase significantly in any of the treatments. However,
it was proven that the phenylpropanoid biosynthetic pathway is stimulated under abiotic stress,
resulting in a higher accumulation of various phenylpropanoid compounds. This suggests that the
level of accumulation of phenylpropanoid compounds due to abiotic stress may be species-dependent.

Keywords: salt stress; betaine hydrochloride; Tartary buckwheat; phenylpropanoid

1. Introduction

Salinity in soil hinders plant growth and development and decreases crop yields worldwide.
When plants are damaged by high salinity, the excessive uptake of sodium ions (Na+) and chloride
ions (Cl−) causes water stress, nutritional imbalance, and cytotoxicity to occur. Research into salinity
stress commonly focuses on oxidative stress from the generation of reactive oxygen species [1–3].
Plant salinity responses have two main steps. Initially, a quick (minutes to days) decrease in growth
takes place, driving repression of cell expansion and stomatal closure [4–6]. The following step occurs
over a period of days or weeks and comprises the accumulation of cytotoxic ions, delay of metabolic
reactions, and enhancement of early senescence processes, ultimately leading to cell death [7,8].
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Salinity stress causes osmotic and ionic stress, as well as decreasing or increasing certain secondary
plant metabolites. For example, alfalfa, a halophyte, accumulates proline quickly in its roots, but the
accumulation of proline in glycophytes is slow [9]. Additionally, research has shown that endogenous
jasmonic acid increases under salinity stress in tomato plants (Solanum lycopersicum) [10]. In contrast to
most grains, buckwheat (Fagopyrum esculentum), a member of the Polygonaceae family, is commonly
utilized in alternative crop systems. Buckwheat seeds can be saved without clear chemical variation.
Additionally, buckwheat seeds contain more rutin than most plants. Rutin, a flavonoid and secondary
metabolite of plants, has important biological properties, including antioxidant, anti-inflammatory, and
anticarcinogenic properties, and it can diminish the blood vessel weakness associated with hemorrhagic
and hypertension illnesses in humans [11]. Two types of buckwheat are cultivated globally: common
buckwheat (F. esculentum) and Tartary buckwheat (F. tataricum Gaertn.). The main cultivators of
common buckwheat are the USA, Canada, Europe, Australia, South Africa, and Brazil. Japan, Korea,
and the central and northern parts of China are considered to cultivate the most buckwheat in Asia.
Tartary buckwheat, also known as bitter buckwheat, contains more flavonoids than common buckwheat
and contains the most rutin.

Phenylpropanoids originate from the six-carbon phenyl group and are the largest group of organic
compounds that are biosynthesized from phenylalanine and tyrosine [12]. Phenylpropanoids are found
throughout the plant kingdom and mediate plant–pollinator interactions, including those relating to
floral pigments and fragrance compounds. In addition, they protect against herbivores, pathogens, and
ultraviolet light [13,14]. Flavonoids, which are a large subgroup of phenylpropanoids, primarily contain
compounds that are based on sources such as flavonols, anthocyanins, and proanthocyanins [15,16].

Glycinebetaine (GB) is an N-methyl-substituted derivative of glycine, which is a type of quaternary
ammonium alkaloid. It is also a functional compound that regulates stress responses, protects proteins
and enzymes, and maintains cell osmotic pressure. It is usually found in a variety of microorganisms,
animals, and higher plants [17,18]. The formation of GB is a two-step process. First, choline is synthesized
by choline monooxygenase (CMO), leaving the hydrate form of betaine aldehyde. Then, GB is
synthesized from betaine aldehyde by betaine aldehyde dehydrogenase (BADH) [17]. There is a
positive relationship between GB accumulation and improved stress tolerance, especially to salt and
drought, in crop plants such as spinach, sorghum, and barley [19]. Nevertheless, the effect of betaine
hydrochloride treatment on phenylpropanoid biosynthesis and salt stress responses has not been well
studied, especially for buckwheat. Therefore, in the present study, we evaluate the effects of betaine
hydrochloride treatment on Tartary buckwheat sprout growth and phenylpropanoid accumulation
under NaCl stress.

2. Materials and Methods

2.1. Plant Materials

Tartary buckwheat seeds were purchased from Asia Seed Co. Ltd. (Seoul, Korea). One hundred
seeds were sown in an 11 × 11 cm plastic pot and kept in a plant growth chamber at 25 ◦C under a
16 h light/8 h dark photocycle. To determine growth characteristics and optimal concentrations in
buckwheat sprouts under different NaCl concentrations, treatments of 30, 50, 70, and 100 mM NaCl
were applied for six days. In addition, to determine the growth characteristics of buckwheat sprouts
under different glycine betaine concentrations, treatments of 0.1, 0.5, 1, 5, 10, 20, and 30 mM betaine
hydrochloride were applied for six days. To determine the effect of betaine hydrochloride under
NaCl stress, six-day-old Tartary buckwheat sprouts were treated with 50 mM NaCl as the control
and treated with 50 mM NaCl in addition to 0.1, 0.5, 1, 5, 10, 20, or 30 mM betaine hydrochloride in
the experimental groups. After determining the optimal concentration of treatment, a time-course
experiment was performed. Six-day-old sprouts were treated with 0 mM NaCl as the control and
were treated with 50 mM NaCl, 1 mM betaine, or 50 mM NaCl with 1 mM betaine in the experimental
groups. Sprouts were harvested after four, five, seven, and nine days.
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2.2. Phenylpropanoid Extraction

To extract phenylpropanoids, samples were frozen using liquid nitrogen and lyophilized at
−70 ◦C for 72 h immediately after harvest. Lyophilized samples were ground to a fine powder using a
pestle. Powder samples were weighed to 100 mg and added to 3 mL of 80% MeOH. The mixture was
vortexed vigorously for 3 min and sonicated for 1 h at 36 ◦C. The sonicated samples were centrifuged
at 12,000 rpm at 4 ◦C for 10 min to obtain the supernatant. The supernatant samples were transferred
to a new tube and filtered using 0.45 µm Whatman No. 42 filter paper and injected into a vial for
high-performance liquid chromatography (HPLC) analysis.

2.3. HPLC Analysis of Phenylpropanoid Content

Phenylpropanoids were quantified using a Futecs model NS-4000 apparatus (Futecs Co. Ltd.,
Daejeon, Korea) with a 250 × 4.6 mm, 5-µm C18 column (RStech Co. Ltd., Daejeon, Korea). For HPLC
analysis, the column temperature was maintained at 30 ◦C and detection was performed under a
280 UV wavelength. The flow rate was 1.0 mL/min, and the injection volume was 10 µL. The mobile
phase was a mixture of (A) water to acetic acid (99.85:0.15 v/v) and (B) 100% MeOH. The initial mobile
phase composition was as follows: 5% solvent B, followed by a linear gradient from 5–80% solvent B
over 93 min, then holding at 5% solvent B for an additional 5 min. The phenylpropanoid content was
calculated based on the calibration curve and the peak area of the standard compounds for each sample.

2.4. Statistical Analysis

All the growth parameter values are stated as the mean ± SD of five samples. The values of
phenylpropanoid content in Tartary buckwheat sprouts are expressed as the mean ± SD of three
samples. Both growth and phenylpropanoid data were analyzed statistically using Statistical Analysis
System software (SAS, system 9.4, 2013; SAS Institute Inc., Cary, NC, USA). Statistical significance was
evaluated using Duncan’s multiple range test (DMRT) with a significance level of p ≤ 0.05. All data are
represented as the mean ± standard deviation of triplicate tests.

3. Results

3.1. Effect of NaCl Treatment on the Growth of Tartary Buckwheat Sprouts

In this study, we investigate the effect of different concentrations of NaCl (0, 30, 50, 70, and 100 mM)
on growth patterns of six-day-old Tartary buckwheat sprouts, using fresh weight, shoot length, and root
length indices. We found that growth was significantly influenced by NaCl concentration (Table 1).
As NaCl concentration increased, all growth parameters were gradually reduced. Fresh weight of
sprouts treated with 30, 50, 70, and 100 mM NaCl was 21.79, 33.66, 67.0, and 77.36% lower than that
of the control, respectively. Shoot lengths were 34.44, 49.46, 87.87, and 89.85% lower than that of the
control when treated with 30, 50, 70, and 100 mM NaCl, respectively. Similarly, root lengths were
12.86, 39.08, 46.07, and 69.29% lower than the control, following treatment with 30, 50, 70, and 100 mM
NaCl, respectively.

Table 1. Effect of NaCl treatment on the growth of Tartary buckwheat sprouts.

Treatment Fresh Weight (mg) Shoot Length (cm) Root Length (cm)

Control 123.90 ± 11.70 a 1 8.86 ± 0.25 a 6.66 ± 0.51 a
NaCl 30 mM 96.0 ± 3.54 b 5.81 ± 1.27 b 5.81 ± 0.44 b
NaCl 50 mM 82.20 ± 3.19 c 4.48 ± 0.31 c 4.06 ± 0.47 c
NaCl 70 mM 40.80 ± 1.02 d 1.08 ± 0.18 d 3.59 ± 0.60 c
NaCl 100 mM 28.05 ± 3.44 e 0.90 ± 0.21 d 2.05 ± 2.08 d

1 Values followed by different letters within a column indicate a significant difference (p < 0.05) between areas for
that parameter using DMRT (Duncan’s multiple range test; n ≥ 5, mean ± SD).
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Different concentrations of betaine (0.1, 0.5, 1, 5, 10, 20, and 30 mM) were also used to examine
the growth parameters (shoot fresh weight and shoot and root length) of Tartary buckwheat sprouts.
A control group with no betaine addition was used for comparison. We found that the growth of
Tartary buckwheat sprouts was markedly enhanced with betaine addition. A significant increase
in growth was observed in the 0.1–1 mM betaine range, with growth declining as betaine increased
between 5–30 mM (Table 2). It is notable that the fresh weight of Tartary buckwheat sprouts were
higher in all concentrations of betaine (0.1–30 mM) compared to the control. The fresh weight of sprouts
was 40.34, 50.92, and 52.61% higher than that of the control when treated with 0.1, 0.5, and 1.0 mM
betaine, respectively.

Table 2. Effect of betaine hydrochloride treatment on the growth of Tartary buckwheat sprouts.

Treatment Fresh Weight (mg) Shoot Length (cm) Root Length (cm)

Control 118.80 ± 15.68 c 1 8.72 ± 0.34 d 6.59 ± 0.25 a
Betaine 0.1 mM 167.00 ± 6.10 a 10.40 ± 0.80 b 6.28 ± 1.00 a
Betaine 0.5 mM 179.60 ± 3.61 a 10.86 ± 0.51 a b 6.67 ± 0.50 a
Betaine 1 mM 181.60 ± 6.68 a 11.48 ± 0.29 a 6.23 ± 0.82 a
Betaine 5 mM 141.40 ± 5.00 b 10.00 ± 0.55 b c 5.59 ± 0.73 b
Betaine 10 mM 146.80 ± 13.64 b 9.40 ± 0.73 c d 3.51 ± 0.37 c
Betaine 20 mM 152.20 ± 9.37 b 6.32 ± 0.36 e 3.21 ± 0.39 c
Betaine 30 mM 121.80 ± 14.19 c 6.68 ± 0.93 e 2.99 ± 0.66 c

1 Values followed by different letters within a column indicate a significant difference (p < 0.05) between areas for
that parameter using DMRT (Duncan’s multiple range test) (n ≥ 5, mean ± SD).

The growth trend of shoot length was similar to that previously described: a significant increasing
trend for shoot length was observed from 0.1–1 mM betaine, which then started to decline from
5–30 mM (Table 2). It was observed that the shoot length was higher than that of the control up to a
concentration of 10 mM, after which shoot length was lower. Shoot lengths were 19.54, 25.29, and 32.18%
higher than those of the control group when treated with 0.1, 0.5, and 1.0 mM betaine, respectively.

Increasing the concentration of betaine reduced the root length of Tartary buckwheat sprouts
significantly. At lower concentrations of betaine (up to 1 mM), the trend of root length decrease was
slow. At higher concentrations, the decreasing trend was much more amplified. The root length
of sprouts was 6% lower than the control up to a concentration of 1 mM betaine. Root length then
decreased very sharply, being 54.55% lower than the control with the highest concentration (30 mM)
of betaine.

3.2. Effect of 50 mM NaCl Combined with Different Concentrations of Betaine Hydrochloride on the Growth of
Tartary Buckwheat Sprouts

Whether 50 mM NaCl combined with different concentrations of betaine hydrochloride had
an influence on the growth parameters of six-day-old Tartary buckwheat sprouts were investigated
(Table 3). Results indicated that none of the tested combinations led to a significant increase in growth.
A slight increase in shoot fresh weight of 2.23% and 0.15% was observed with the treatment of 50 mM
NaCl and 0.5 and 1 mM betaine, respectively. Furthermore, fresh weight was reduced by 18.45, 26.79,
27.23, and 66.82% compared to the control when treated with 50 mM NaCl and 5, 10, 20, and 30 mM
betaine, respectively.
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Table 3. Effect of NaCl 50 mM with different concentrations of betaine hydrochloride treatment on the
growth of Tartary buckwheat sprouts.

Treatment Fresh Weight (mg) Shoot Length (cm) Root Length(cm)

Control 134.40 ± 6.50 a 1 11.62 ± 0.19 a 7.90 ± 0.97 a
NaCl 50 mM 69.20 ± 5.11 c 4.48 ± 0.34 e 4.06 ± 0.52 d

NaCl 50 mM + Betaine 0.1 mM 127.00 ± 15.06 a 8.10 ± 0.66 c 7.70 ± 0.24 a
NaCl 50 mM + Betaine 0.5 mM 137.40 ± 3.83 a 8.24 ± 0.56 c 7.64 ± 0.59 a
NaCl 50 mM + Betaine 1 mM 134.60 ± 5.12 a 9.96 ± 0.22 b 6.98 ± 0.90 a
NaCl 50 mM + Betaine 5 mM 109.60 ± 11.88 b 8.32 ± 0.19 c 5.64 ± 0.64 b
NaCl 50 mM + Betaine 10 mM 98.40 ± 4.76 b 7.92 ± 0.17 c 5.40 ± 0.49 b c
NaCl 50 mM + Betaine 20 mM 97.80 ± 7.33 b 7.28 ± 0.23 d 4.64 ± 0.32 c d
NaCl 50 mM + Betaine 30 mM 44.60 ± 4.76 d 3.12 ± 0.07 f 2.76 ± 0.25 e

1 Values followed by different letters within a column indicate a significant difference (p < 0.05) between areas for
that parameter using DMRT (Duncan’s multiple range test; n ≥ 5, mean ± SD).

Shoot and root lengths were also suppressed by the application of NaCl and betaine hydrochloride.
As betaine increased (in application with 50 mM NaCl), shoot and root lengths decreased linearly.
Shoot lengths were 28.40, 31.84, 37.35, and 73.15% lower than the control when treated with 50 mM
NaCl and 5, 10, 20, and 30 mM betaine, respectively. The trend for root length was found to be similar:
a root length reduction of 28.61, 31.65, 41.27, and 65.06% was noted compared to the control when
treated with 50 mM NaCl and 5, 10, 20, and 30 mM betaine, respectively.

3.3. Growth of Tartary Buckwheat Sprouts under a Time-Course Experiment

Tartary buckwheat seedlings were harvested four, five, seven, and nine days after treatment with
50 mM NaCl, 1 mM betaine hydrochloride, and 50 mM NaCl + 1 mM betaine, at which point the fresh
weight, shoot length, and root length were measured (Figure 1). Tartary buckwheat sprouts showed
a significant difference per treatment (Figure 1A). At each sampling time, these growth parameters
changed significantly. Treatment with 1 mM betaine improved fresh weight at all sampling dates
except at four days post-treatment. In this case, a significant decrease in fresh weight was observed
compared to the control (Figure 1B). The fresh weight at four days post-treatment was 1.28, 14.10,
and 28.21% lower than the control when treated with betaine, 50 mM NaCl + 1 mM betaine, and 50 mM
NaCl, respectively. For the second sampling (five days after treatment), the fresh weight under 1 mM
betaine and 50 mM NaCl + 1 mM betaine treatments was 14.29% and 11.90% higher, respectively,
compared to the control (Figure 1B). However, when treated with 50 mM NaCl, the fresh weight of
seedlings five days after treatment was reduced by 27.38% compared to that of the control. At seven
and nine days post-treatment, a significant increase in fresh weight of 34.68 and 44.53%, respectively,
was observed with 1 mM betaine treatment compared to the control. In contrast, on these sampling
days, fresh weight was lower than that of the control with 50 mM NaCl + 1 mM betaine and 50 mM
NaCl treatments.

Treatment with 1 mM betaine significantly increased both the shoot and root lengths of buckwheat
seedlings at all sampling dates (Figure 1C,D). Shoot length of seedlings treated with 1 mM betaine
was 15.69, 7.79, 13.86, and 19.05% higher than that of the control at four, five, seven, and nine
days after treatment, respectively. The trend observed for root length was similar to that for shoot
length at all sampling dates. A root length increase of 20.0, 12.50, 1.52, and 1.47% compared to the
control was observed after treatment with 1 mM betaine at four, five, seven, and nine days after
treatment, respectively.
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Figure 1. Time course of Tartary buckwheat sprout development after treatment of 50 mM NaCl and
1 mM betaine hydrochloride. Different letters indicate a significant difference (p < 0.05) between areas
for that parameter using DMRT (Duncan’s multiple range test; n ≥ 5, mean ± SD). (A) Picture of Tartary
buckwheat sprouts at 9 days of betaine hydrochloride and NaCl treatment; (B) graph of fresh weight in
treated Tartary buckwheat sprouts; (C) graph of shoot weight in treated Tartary buckwheat sprouts;
(D) graph of root length in treated Tartary buckwheat sprouts.

3.4. Effect of 50 mM NaCl, 1 mM Betaine, and Their Combination on Phenylpropanoid Content (mg/g Dry wt.)
of Buckwheat Sprouts at Different Harvest Times

HPLC analysis was performed to explore whether the level of phenylpropanoid compounds
in buckwheat sprouts was affected by harvest time (four, five, seven, and nine days post-treatment)
or treatment type (50 mM NaCl, 1 mM betaine, 50 mM NaCl + 1 mM betaine, and a control).
The phenylpropanoid compounds gallic acid, chlorogenic acid, epicatechin, p-coumaric acid, ferulic acid,
benzoic acid, rutin, trans-cinnamic acid, quercetin, and kaempferol were detected in different amounts
at different sampling times (Table 4).
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Table 4. Phenylpropanoid compound contents (mg/g dry wt.) in Tartary buckwheat sprouts.

Trivial Names
4 Days 5 Days

Control Betaine 1 NaCl 50 Betaine 1 NaCl 50 Control Betaine 1 NaCl 50 Betaine 1 NaCl 50

Gallic acid 0.01 ± 0.00 a 1 0.01 ± 0.00 a 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.01 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a

Chlorogenic acid 1.64 ± 0.10 a 1.63 ± 0.06 a 0.72 ± 0.00 c 0.94 ± 0.02 b 2.58 ± 0.06 a 2.36 ± 0.00 b 1.22 ± 0.04 d 1.39 ± 0.01 c

Epicatechin 2.74 ± 0.65 b 3.47 ± 0.05 a 2.26 ± 0.01 b 2.42 ± 0.07 b 3.28 ± 0.11 a 3.25 ± 0.03 a 3.18 ± 0.06 a 2.77 ± 0.00 b

p-Coumaric acid 0.25 ± 0.01 a b 0.28 ± 0.02 a 0.21 ± 0.00 b 0.23 ± 0.02 b 0.14 ± 0.00 0.15 ± 0.00 0.20 ± 0.01 0.18 ± 0.00

Ferulic acid 0.13 ± 0.07 a 0.11 ± 0.00 a 0.10 ± 0.01 a 0.11 ± 0.00 a 0.10 ± 0.01 0.08 ± 0.00 0.15 ± 0.00 0.14 ± 0.00

Benzoic acid 1.83 ± 0.48 a 1.44 ± 0.01 a 1.04 ± 0.01 c 1.27 ± 0.06 b 1.91 ± 0.03 1.91 ± 0.03 1.61 ± 0.04 1.70 ± 0.03

Rutin 26.26 ± 1.06 a 26.34 ± 0.79 a 24.71 ± 0.56 a 27.56 ± 1.78 a 38.81 ± 1.30 38.88 ± 0.29 31.72 ± 0.41 32.03 ± 0.06

Trans-cinnamic acid 0.02 ± 0.00 a 0.03 ± 0.00 a 0.03 ± 0.00 a 0.02 ± 0.00 a 0.03 ± 0.00 a 0.03 ± 0.00 a 0.03 ± 0.00 a 0.03 ± 0.00 a

Quercetin 0.43 ± 0.00 c 0.42 ± 0.01 c 0.66 ± 0.02 a 0.52 ± 0.02 b 0.47 ± 0.06 c 0.60 ± 0.00 b 0.78 ± 0.00 a 0.65 ± 0.06 b

Kaempferol 0.45 ± 0.06 b 0.47 ± 0.02 b 0.48 ± 0.07 a b 0.58 ± 0.05 a 0.67 ± 0.01 a 0.63 ± 0.01 b 0.61 ± 0.04 b 0.63 ± 0.01 b

Total 33.77 ± 1.10 a 34.19 ± 0.80 a 30.22 ± 0.52 b 33.66 ± 1.85 a 47.98 ± 1.56 a 47.90 ± 0.37 a 39.52 ± 0.59 b 39.53 ± 0.06 b

Trivial Names 7 Days 9 Days

Gallic acid 0.03 ± 0.00 b 0.02 ± 0.00 c 0.04 ± 0.00 a 0.02 ± 0.00 c 0.05 ± 0.02 a 0.02 ± 0.00 b 0.02 ± 0.00 b 0.02 ± 0.00 b

Chlorogenic acid 3.69 ± 0.09 a 3.19 ± 0.02 b 1.65 ± 0.03 d 1.87 ± 0.03 c 4.49 ± 0.09 a 4.43 ± 0.04 a 1.38 ± 0.02 c 2.62 ± 0.03 b

Epicatechin 3.06 ± 0.07 a 2.90 ± 0.01 b 2.61 ± 0.03 c 2.27 ± 0.05 d 3.15 ± 0.03 a 3.14 ± 0.08 a 2.47 ± 0.03 b 2.62 ± 0.04 b

p-Coumaric acid 0.11 ± 0.00 c 0.10 ± 0.00 d 0.17 ± 0.00 a 0.13 ± 0.00 b 0.12 ± 0.02 b 0.13 ± 0.00 b 0.17 ± 0.02 a 0.11 ± 0.00 c

Ferulic acid 0.10 ± 0.00 c 0.08 ± 0.00 d 0.14 ± 0.00 b 0.15 ± 0.00 a 0.13 ± 0.06 a 0.07 ± 0.00 b 0.08 ± 0.00 b 0.06 ± 0.01 b

Benzoic acid 2.16 ± 0.05 a 1.41 ± 0.01 b 1.14 ± 0.01 c 1.39 ± 0.13 b 1.18 ± 0.86 a 0.38 ± 0.01 b 0.19 ± 0.01 c 0.13 ± 0.06 c

Rutin 38.43 ± 0.34 a 38.45 ± 0.12 a 30.08 ± 0.30 c 32.40 ± 0.32 b 32.31 ± 1.38 a 28.66 ± 0.17 b 24.78 ± 0.25 d 26.72 ± 0.38 c

Trans-cinnamic acid 0.04 ± 0.00 a 0.04 ± 0.00 a 0.03 ± 0.00 b 0.04 ± 0.00 a 0.04 ± 0.00 a 0.04 ± 0.00 a 0.04 ± 0.00 a 0.04 ± 0.01 a

Quercetin 1.13 ± 0.02 a 1.15 ± 0.02 a 0.71 ± 0.00 b 0.72 ± 0.03 b 1.60 ± 0.03 a 1.29 ± 0.01 b 0.67 ± 0.02 c 0.64 ± 0.03 c

Kaempferol 0.69 ± 0.02 b 0.74 ± 0.01 a 0.69 ± 0.01 b 0.70 ± 0.03 a b 0.69 ± 0.02 c 1.00 ± 0.00 a 0.93 ± 0.07 b 0.67 ± 0.02 c

Total 49.44 ± 0.60 a 48.09 ± 0.11 a 37.27 ± 0.36 c 39.69 ± 0.34 b 43.77 ± 2.19 a 39.16 ± 0.04 b 30.74 ± 0.23 d 33.63 ± 0.59 c
1 Values followed by different letters within a row indicate a significant difference (p < 0.05) between areas for that parameter using DMRT (Duncan’s multiple range test; n ≥ 5, mean ± SD).
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At the first sampling time (four days post-treatment), 1 mM betaine treatment led to a slightly higher
(1.24%) total content of phenylpropanoid compounds compared to the control. Total phenylpropanoid
compound content was 33.77, 34.19, 30.22, and 33.66 (mg/g dry wt.) under control, 1 mM betaine,
50 mM NaCl, and 50 mM NaCl + 1 mM betaine treatments, respectively. Treatment with 1 mM betaine
led to a higher accumulation of epicatechin, p-coumaric acid, rutin, transcinnamic acid, and kaempferol
(26.64, 12, 0.3, 50, and 4.44% higher than the control, respectively). Treatment with 50 mM NaCl also
increased transcinnamic acid, quercetin, and kaempferol (50, 53.49, and 6.67% higher than the control,
respectively). Moreover, 50 mM NaCl + 1 mM betaine treatment increased the accumulation of rutin,
quercetin, and kaempferol (4.95, 20.93, and 28.89% higher than the control, respectively).

At the second sampling time (five days post-treatment), the total phenylpropanoid compound
content was higher in the control than in all other treatments. The total phenylpropanoid compound
content was 47.98, 47.90, 39.52, and 39.53 (mg/g dry wt.) under the control, 1 mM betaine, 50 mM
NaCl, and 50 mM NaCl + 1 mM betaine treatments, respectively. Although the total content was
highest in the control group, some individual treatments led to an increase in the amounts of individual
phenylpropanoid compounds. Treatment with 1 mM betaine led to a higher accumulation of p-coumaric
acid, rutin, and quercetin (7.14, 0.18, and 27.66% higher than the control, respectively). Application of
50 mM NaCl produced higher levels of p-coumaric acid, ferulic acid, and quercetin (42.86, 50, and 65.96%
higher than the control, respectively). Additionally, 50 mM NaCl + 1 mM betaine treatment enhanced
the accumulation of p-coumaric acid, ferulic acid, and quercetin (28.57, 40, and 38.30% higher than the
control, respectively).

At seven days post-treatment, the total phenylpropanoid compound content was higher in the
control than in all other treatments. The total phenylpropanoid compound content was 49.44, 48.09,
37.27, and 39.69 (mg/g dry wt.) under the control, 1 mM betaine, 50 mM NaCl, and 50 mM NaCl +

1 mM betaine treatments, respectively. Although the total content was highest in the control group,
some individual treatments led to an increase in the amounts of individual phenylpropanoid compounds.
Treatment with 1 mM betaine led to a higher accumulation of rutin, quercetin, and kaempferol (0.05, 1.77,
and 7.25% higher than the control, respectively). Application of 50 mM NaCl produced a higher
amount of gallic acid, p-coumaric acid, and ferulic acid (33.33, 54.55, and 40% higher than the control,
respectively). The combined application of 50 mM NaCl + 1 mM betaine enhanced the accumulation of
p-coumaric acid, ferulic acid, and kaempferol (18.18, 50, and 1.45% higher than the control, respectively).

Nine days after treatment, the total phenylpropanoid compound content was much higher in the
control than in all other treatments. The total accumulation of phenylpropanoid compounds was 43.77,
39.16, 30.74, and 33.63 (mg/g dry wt.) under the control, 1 mM betaine, 50 mM NaCl, and 50 mM NaCl
+ 1 mM betaine treatments, respectively. Although the total content was highest in the control group,
some individual treatments led to an increase in the amounts of individual phenylpropanoid compounds.
Treatment with 1 mM betaine led to a higher accumulation of p-coumaric acid and kaempferol (8.33 and
44.93% higher than the control, respectively), as did the 50 mM NaCl treatment (41.67 and 34.78%
higher than the control, respectively). The combined application of 50 mM NaCl + 1 mM betaine did
not enhance the accumulation of any individual phenylpropanoid compounds.

4. Discussion

In this study, we investigated the effect of different concentrations of NaCl (0, 30, 50, 70, and 100 mM)
on growth patterns of six-day-old Tartary buckwheat sprouts, using fresh weight, shoot length, and
root length indices. It is reported that salinity causes a significant reduction in growth in a number of
plant species, including wheat [20], Sesamum indicum [21], Vigna radiata [22], Cassia angustifolia [23],
Pak-choi [24], and Pisum sativum [25]. In addition, salinity results in a decrease in vertical shoot growth
rate, shoot and root fresh weight, chlorophyll (Chl) content, superoxide dismutase (SOD) activity,
catalase (CAT) activity, and ascorbate peroxidase (APX) activity in perennial ryegrass [26]. The findings
of our study are consistent with the existing scientific literature on this subject. High salinity causes
water imbalance, which may decrease osmotic adjustment and reduce plant growth [27].
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It has previously been reported that there is a direct relationship between salinity and exogenous
application of GB, with a significant influence on plant growth and accumulation of secondary
metabolites. For example, both the shoot fresh weight of Pokkali rice and shoot and root dry weight
of IR-28 rice were lower under salinity stress but increased with exogenous GB application [28].
Accumulation of GB is associated with improved stress tolerance in crop plants, including spinach,
sorghum, and barley under salt and drought stress, as reported by Ashraf and Foolad [19]. Many other
studies have reported on GB effects on salt stress responses in different plants, including rice [29],
turnip [30], tobacco [31], maize [32,33], wheat [34], ryegrass [26], mung bean [35], and tomato [36].
The findings of our study are consistent with these studies where the exogenous application of betaine
and GB enhanced and, in some cases, reduced the accumulation of secondary metabolites.

The growth rate of buckwheat sprouts did not respond positively with increased treatment
time in this study. These findings are consistent with previous studies demonstrating that, under
NaCl treatment, growth was reduced in seedlings of Triticum aestivum [37], Brassica juncea [38],
and Schizonepeta tenuifolia [39].

Due to osmotic and ionic stress, abiotic stressors cause either an increase or decrease in certain
secondary plant metabolites. Red peppers (Capsicum annuum L.) under moderate salinity exhibited an
increase in total phenolic compound content, whereas green and turning peppers showed a decrease
in these compounds [40]. The findings of our study are also consistent with the existing scientific
literature, which shows the exogenous application of NaCl and betaine can enhance and reduce the
accumulation of secondary metabolites.

Cuong et al. [20] found that the accumulation of phenylpropanoids was the highest in wheat
sprouts treated with 50 mM NaCl. Additionally, the application of GB reduces proline content
in salt-stressed perennial ryegrass [26]. Furthermore, the protein content of IR-28 rice decreased
under saline conditions, whereas it increased with GB application [28]. Our results are consistent
with these and other studies, including those relating to NaCl treatment of Solanum nigrum [41],
maize [42], and red pepper [40], which show slightly higher phenylpropanoid contents under salt
treatments than the control. Various studies have shown that both salinity stress [41,43,44] and light
stress [45] increase total plant phenylpropanoid content. Other studies have also revealed that some
phenylpropanoid compounds fail to accumulate, irrespective of salt treatment, in lettuce [46] and
broccoli [47]. This suggests that variation in the content of phenylpropanoid compounds due to salt
stress may be species-dependent.

5. Conclusions

The growth of six-day-old Tartary buckwheat sprouts was inhibited by NaCl treatment.
A significant increase in growth was observed with the application of a lower concentration of
betaine, with the highest growth increase observed with 1 mM betaine treatment. The application
of 50 mM NaCl with different betaine concentrations did not lead to any positive growth responses.
No single treatment enhanced the accumulation of phenylpropanoid compounds, except for 1 mM
betaine. Although total phenylpropanoid compound content was highest in the control group,
some individual treatments, especially 50 mM NaCl, led to an increase in the accumulation of
individual phenylpropanoid compounds. The growth indices of buckwheat sprouts decreased under
different stress-related treatments, except with lower concentrations of betaine. In addition, 50 mM
NaCl enhanced the accumulation of some phenylpropanoid compounds. Previous studies confirm
that phenylpropanoids are influenced by abiotic stress. Our findings provide additional information
regarding the accumulation of secondary metabolites in the sprouts of buckwheat under different abiotic
stressors and, therefore, may be helpful for studying secondary metabolites in other plant species.
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