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Abstract. The study was conducted to determine effects of a new synthesis of methylamine on the
plant growth, physiological and biochemical characteristics in pepper under drought stress. There
were four irrigation levels [full irrigation (100%) (10), 80% (I1), 60% (I12) and 40% (I3)] and two
methylamine (MA) treatments (0, 2.5 mM). At the end of the study, it was observed that there were
significant differences between applications and levels. Effects of MA treatments on plant growth
(plant height, stem diameter, fresh, dry weight etc.), plant physiological and biochemical parameters
[tissue electrical conductivity (TEC), tissue relative water content (TRWC), hydrogen peroxide
(H202), malondialdehyde (MDA), proline, antioxidant enzyme activity], and plant nutrient element
content of pepper seedlings under different irrigation levels were significantly important. The results
of the study showed that the drought stress conditions negatively affected the plant growth, increased
the content of TEC, H2O2 and MDA, and decreased the TRWC and plant mineral content in pepper.
However, MA application improved plant growth and decreased TEC, H>O, and MDA content
compared to control in pepper under drought conditions. MA treated plants at I3 had higher shoot
fresh weight and shoot dry weight than non-treated plants by 12 and 20%, respectively. In conclusion,
MA application could mitigate the deleterious effects of the drought stress on the pepper seedlings.

Introduction

The decrease in water resources has reached to a level that negatively affects the sustainable
life as well as the damage caused to the environment. Due to the major environmental stress factors
that limit crops productivity, it is becoming increasingly difficult to find suitable areas for plant
production. Plants encounter various stress conditions throughout their life cycle. Drought stress is
one of the most common abiotic stresses affecting growth and yield, and it has been determined that
it activates many protection systems at physiological, biochemical and molecular levels in plants.
Drought prevents the growth of the plant as a result of the effect of decreasing the division, growth
and turgor pressure of the cells. Drought conditions also negatively affect the transpiration, which
may lead to decrease of mineral material intake and decrease of growth rate [1-3].

Water is one of the indispensable growth factors for successful vegetable growing. Vegetables
need water for normal vegetative and generative growth and development. Short-term water stress of
vegetable crops causes them to close stomata to reduce water loss from the leaves. However, in the
event of a long-term drought, irreversible damage occurs in plants and eventually death occurs [4].

There are various organic osmolytes and other compatible solutes. These are sugars (e.g.
trehalose), polyols (glycerol, inositols, sorbitol, etc.), amino acids (glycine, proline, taurine, etc.),
methylamines [such as N- trimethylamine oxide (TMAOQO) and glycine betaine] [5]. Osmolites like
methyl ammonium compounds are small molecules that accumulate by cells to prevent denaturing
stresses. These osmolites help protect the structural and functional integrity of the macromolecules
in animals, protecting cells from hostile stress [6].

Polyamines are small ubiquitous poly-cations involved in many plant growth and development
processes and are well known for their anti-aging and anti-stress effects due to their acid
neutralization and antioxidant properties as well as their membrane and cell wall stabilization
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capabilities. Polyamines in plants are effective in growth and development events such as cell
division, root formation, adventitious shoot formation, flower formation, fruit ripening and embryo
formation in tissue culture [7]. Polyamines have been suggested to play an important role in
controlling defense responses to various environmental stresses including metal toxicity [8], oxidative
stress [9], drought [10], salinity [11] and low temperature stress [12, 13] in plants. However, to our
best knowledge, there is no information on the effects of methylamine on plant growth, some
physiological and biochemical properties of pepper seedlings under drought stress in plants.

Irrigation is essential for the production of peppers since pepper is considered as one of the
most sensitive vegetable species to water stress [14-16]. This study was conducted to determine the
effects of methylamine on plant growth, some physiological and biochemical properties of pepper
seedlings under different irrigation regimes.

Materials and Methods

This study was carried out under controlled greenhouse conditions at Atatiirk University in
2017. Pepper (Capsicum annum L. cv. Menderes Kil Ac1) was used as plant material. Sterilized seeds
were sown to 1 cm deep in 216-celled trays filled with peat: perlite (3: 1 v: v). After 30 days from
planting, healthy seedlings were transferred to pots with mixture of garden soil and sand (2: 1, v:v).
The soil used in the experiment had 26.3% sand, 33.2% silt, and 40.5% clay. Soil chemical
characteristics were as follows: soil pH 7.65; organic matter 1.1%; P; 4.02 mg P>Os per 100 g soil
and K 111 mg K20 per 100 g soil. The weight of all the pots was adjusted to be 2,300 g. The pots
were randomly put on the benches in the greenhouse. The temperature and humidity of the greenhouse
were monitored daily. The average minimum temperature was 18.7 © C and the average maximum
temperature was 34.1 °C and the humidity was 55%.

Methylamine (MA) used in the study is a new synthesis polymer developed by Prof. Dr. Metin
Turan who works in Department of Genetics and Bioengineering at Yeditepe University. A new
methyl amine molecule were synthesized from the composition of sarcosine, trimethylamine N-oxide
(TMAQO), and betaine as methyl-amine, which exact formulation of the synthesis composition has not
been reported since it has a patent potential (Fig. 1). MA solutions were prepared at levels of 0
(control) and 2,5 mM in pure water. We chose this concentration (2,5 mM) because it was the best
concentration in another project we made in squash under drought stress. The roots of seedlings were
immersed into the corresponding solutions of MA before transplanting for 5 minutes. One week after
transplanting, 200 ml of the same solutions were drenched to roots of the plants.
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Figure 1. A new methyl amine molecule were synthesized from the composition of sarcosine,
trimethylamine N-oxide (TMAOQO), and betaine as methyl-amine
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The irrigation water dose to be given to the plants was calculated based on the volume of
moisture content in the pots by means of a portable moisture meter (HH2 Moisture Meter, WET
Sensor, Delta-T Devices, Cambridge, England). In order to realize the irrigation applications, firstly
the calibration of the moisture meter was done according to the soil material used in the experiment,
and the specific amount of volumetric moisture kept by the media at field capacity was determined.
Full irrigation (100%) (10) was applied in the amount of soil moisture to reach the field capacity. In
the other three irrigation levels, which were aimed to be seen drought effects, irrigation was done in
80% (I1), 60% (I12) and 40% (13) of field capacity. Scheduled irrigations were initiated ten days after
transplanting. After 50 days from planting, the plants were cut from the soil surface, and the roots
from the pots were washed freshly.

After 50 days of seedling transplanting, plant height, number of leaves, stem diameter, leaf area,
tissue relative water content (TRWC) and tissue electric conductance (TEC) were measured. Plant
samples were taken for dry weights and fresh samples kept for chemical analysis at -80 °C.

The plant leaf area in each application was determined using a leaf area meter (CI-202 Portable
Laser Leaf Area Meter by CID Bio-Science, Inc. 1554 NE 3rd Avenue Camas, WA, USA).

TEC and TRWC measurements were performed on leaf samples taken from intact plants [17].

Assays of antioxidant enzyme activity were performed according to Agarwal and Pandey [18],
Angelini et al. [19], Gong et al. [20] and Yordanova et al. [21].

To determine the mineral concentrations of pepper leaves was used an inductively coupled
plasma spectrophotometer (Optima 2100 DV; Perkin-Elmer, Shelton, CT) [22, 23, 24].

The experimental design was hierarchical with respect to two factors arranged in a completely
randomized design with four replications per treatment and 5 plants per replicate. The first factor
(irrigation levels) had four levels (100%, 80, 60 and 40), and the second one (MA levels) had two
levels (0, 2.5 mM). Data was subjected to analysis of variance (two-way ANOVA) to compare the
effects of salt stress and irrigation level treatments. Means were separated by Duncan’s multiple range
tests.

Results and Discussion

The effect of irrigation levels and MA application on the growth of pepper seedlings was found
to be important (p <0.001). Water deficit conditions negatively affected the growth of pepper and
decreased the plant height, stem diameter, leaf number, leaf area, shoot and root fresh and dry weight.
The least values were observed at I3 irrigation in both 0 and 2,5 mM MA application. 13 treatment
decreased the plant height, stem diameter, leaf number, leaf area, shoot fresh weight, shoot dry
weight, root fresh weight and root dry weight by 53, 42, 42, 60, 78, 79, 54 and 92%, respectively, as
compared to the control in non-MA treatment condition. However, MA treatment improved the
parameters investigated compared to non-MA treatment (Tables 1, 2). In parallel with the findings of
our study, there are many studies reporting that drought stress adversely affects plant growth in pepper
[25, 26, 27].

Previous studies have shown that polyamine applications such as Putresin (Put), Spermidin
(Spd) and Spermin (Spr) have a positive effect on plant growth in abiotic stress conditions [28, 29,
30]. It is reported that polyamines cause mitosis in the cell, leading to cell division and subsequent
cell growth [31, 32, 33]. Polyamines play an important role in many other physiological processes
such as embryo formation, organ formation, flower formation and development, fruit development
and maturation, leaf senescence, biotic and abiotic stress. It is also found in all internal structures of
the plant cell, or even in the nucleus, in one or more vital processes [34-41]. Exogenous polyamine
treatments have reported to improve plant tolerance against to abiotic stress conditions [42, 43]. In
fact, studies have shown that exogenous Put and Spd treatments enhanced drought tolerance in several
crops [44, 46]. Studies in different plant species have been described as polyamine accumulation in
plants as a response to salinity, drought, cold, ozone, hot, UV, mechanical injury, heavy metal
toxicity, herbicide applications and many other environmental events [38, 40, 13, 45].
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Table 1. The effect of drought and MA treatments on the plant height, stem diameter, leaf number
and leaf area in pepper

Application Irrigation Plant height Stem Leaf Leaf area
(cm) diameter number (cm?/plant)
(mm)

0 10 16.30 b*** 3.10 c*** 17.47 b*** 4.66 a***

I 12.07d 2.72d 14.87d 3.55¢

12 9.53¢ 229e 11.47 £ 2.52d

I3 7.60 g 1.79 £ 10.17 g 1.89¢
MA 10 19.47 a 347a 18.53 a 4.84 a

I 14.13 ¢ 3.29b 16.14 ¢ 4.12b

12 10.01 e 2.60d 13.47 ¢ 340 ¢

13 8.40 £ 230e 11.27f 2.11e
Irrigation skeksk skoksk skoksk skeksk
Application kksk kksk kksk kksk
Application x otk * *x *ox
Irrigation

Data followed by a different letter in column were significantly different (P< 0.001) according to the DMRT

Table 2. The effect of drought and MA treatments on shoot fresh weight, shoot dry weight, root fresh
weight and root dry weight in pepper

Application Irrigation Shoot fresh Shoot dry Root fresh Root dry
weight weight weight weight
(g/plant) (g/plant) (g/plant) (g/plant)
0 10 3.24b™ 0.19b™ 1.45 ™ 0.1222™"
I1 1.82d 0.11d 1.32d 0.075¢
12 091f 0.05¢ 0.71f 0.010e
I3 072 g 0.04 ¢ 0.67 f 0.009 e
MA 10 4.07 a 0.21 a 1.86 a 0.119 ab
I1 247c 0.15¢ 1.54b 0.100 b
12 1.64 ¢ 0.09d 1.09¢ 0.040d
I3 0.82 fg 0.04 ¢ 0.66 0.008 e
Irrigation kksk kksk kksk kksk
Application ok sk ek sk ok sk *
Application x otk * otk *
Irrigation

Data followed by a different letter in column were significantly different (P< 0.001) according to the DMRT

Drought stress caused the membrane damage in pepper which increase the TEC value (Table 3).
Similarly, drought conditions caused an increase in H>O, and MDA contents of pepper plants
(Table 3). The drought led to a decrease in the TRWC value (Table 3). Drought stress also affects the
stomata in the plant. A decrease in stoma conductivity is caused by an increase in the leaf temperature
and damage to the membrane systems due to a decrease in the leaf water content in the leaves [46,
2]. The production of reactive oxygen species (ROS), such as superoxide and H>O», is considered the
most common response in plants under abiotic stress. High ROS levels result in protein and lipid
peroxidation, chlorophyll deterioration and programmed cell death [47]. In our study, it was
determined that MA applications reduced the TEC, MDA and H>O, content in pepper under water
deficit conditions compared to untreated control plants (Table 3).

In previous studies, it has been reported that polyamine applications protect the cell membrane,
trigger the expression of osmotic response genes, reverse stress-induced growth inhibition, reduce
H>0», and increase the activity of antioxidant enzymes under stress conditions [48, 49, 50].
Polyamines are also reported to play a role in the regulation of H>O; production in plants. Spd
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application has been reported to increase the tolerance to drought by controlling the production of
H>0; and the expression of antioxidant-related genes [50]. Shi et al. [51] found that polyamine
applications significantly alleviated the effects of drought and salt stresses, and significantly increased
antioxidant enzymes and several other stress-related proteins. The role of polyamines in reducing the
adverse effects of stress conditions can probably be due to their direct interaction with membranes,
reduction of oxidant activity, functioning as a compatible osmolite [52].

In our study, the effect of MA application on proline content in pepper grown at different
irrigation levels was found to be significant (Table 3). The greatest proline content was found in 12
and I3 irrigation levels. Proline is the osmolite amino acid that provides osmotic adjustment [53]. In
response to water deficiency stress, plants accumulate large amounts of proline [54, 55]. Krasensky
and Jonak [58] suggested a strong relationship between proline content and stress tolerance in plants.
Khan et al. [56] determined higher proline content in cabbage seedlings grown under drought stress.
In other studies, it has been emphasized that externally applied polyamines may increase proline,
which contributes to the positive effects of stress [11, 57].

Table 3. The effect of drought and MA treatments on TEC, TRWC, H,02, MDA and prolin content
in pepper

Application Irrigation TEC LRWC H20: MDA Prolin
(%) (%) (mmol/kg) (mmol/kg) (mmol/kg)
0 10 11.88¢™  70.83a""  8.82f" 43217 496.00bc™
I1 23.58 ¢ 58.86 ¢ 11.71 a 4.81 de 491.33 be
12 24.88b 46.22 ¢ 11410 538b 55633 a
I3 26.55a 39.61 f 11.94 a 5.80a 539.67 a
MA 10 11.75 e 68.19 a 840 ¢g 441¢F 472.67 cd
I1 21.67d 63.58b 932e¢ 4.63 e 473.33 cd
12 21.33d 54.33d 10.17d 4.92d 454.33d
13 24.50b 44.62 ¢ 10.53 ¢ 518¢ 501.67b
Irrigation kksk kksk kksk kksk kksk
Application skeksk skoksk skoksk skksk skksk
Application X kksk kksk kksk kksk kksk
Irrigation

Data followed by a different letter in column were significantly different (P< 0.001) according to the DMRT

CAT, POD and SOD activity was significantly (p<0.001) affected by irrigation levels and MA
applications (Fig. 2). Antioxidant defense systems play a fundamental role in plant tolerance of
oxidative damage. Water deficit conditions generally caused the increment of antioxidant activity. In
addition to that, MA treatments further increased the CAT, POD and SOD activity compared to the
non-MA treatments. The greatest activities were obtained from I2 at both MA treatments. Similarly,
many studies pointed out that drought stress conditions elevated antioxidant enzyme (e.g. CAT, SOD,
POT, APX, GR) activities in various crops [58, 59, 60]. Li et al. [61, 62] reported exogenous
polyamine treatments enhanced SOD, CAT, and APX activity in clover under water deficit
conditions. Furthermore, exogenous polyamine spraying significantly affected the antioxidant
enzyme activity in lettuce under drought stress [63]. It has been shown in several studies that the
polyamines applied externally also provide an increase in the polyamine levels and contribute to the
protective effects of the polyamines [64, 11].
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Figure 2. The effect of drought and MA treatments on CAT, POD and SOD activity in pepper. The
different letters on the bars indicate the significant difference at 0.001 level according to the DMRT

Plant nutrient element content of pepper leaves decreased as drought severity increased.
However, MA-treated plant had greater values than the control plants in regard to all investigated
element content. There were negative correlations between the drought stress and mineral content of
pepper levels (Figs. 3 and 4). Reducing the presence of water due to drought cause limited amounts
of nutrient uptake and reduced tissue concentrations in plant. A significant impact of the water deficit
1s the acquisition of nutrients by the root and the transfer to the shoots [65]. Polyamines have been
shown to increase the plant nutrient uptake in soilless culture [66]. Youssef et al. [67] reported that
polyamine treatments enhanced metabolic processes by improving root efficiency, so absorbing
macro elements from soil.

MA has been reported to help protect the structural and functional integrity of the
macromolecules in animals, protecting cells from hostile stress [6]. The MAs are osmolites which
stabilize protein structure, and they modulate the water molecules tightly and result in the exclusion
of osmolite from the layers of hydration of the peptide [68].

Polyamines in plants are effective in growth and development events such as cell division, root
formation, adventitious shoot formation, flower formation, fruit ripening and embryo formation in
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tissue culture. The increase in the levels of polyamines especially occurs in response to water
deficiency, salt stress, aging and environmental stresses [69]. Earlier studies reported that exogenous
polyamine treatments could trigger physiological processes and stimulated the osmotic adjustment
substances production. This situation might mitigate the negative effects of drought stress on plant
growth and improve the quality and amount of some bioactive compounds [70, 71, 72].
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Figure 3. The effect of drought and MA treatments on N, Ca, K and P content in pepper. The different
letters on the bars indicate the significant difference at 0.001 level according to the DMRT
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Figure 4. The effect of drought and MA treatments on Mg, Fe, Zn and B content in pepper. The
different letters on the bars indicate the significant difference at 0.001 level according to the DMRT

Conclusion

As a result of the study, plant growth characteristics of pepper were slightly decreased at low-
stress levels, but decreased drastically at the highest stress levels. The drought stress conditions
negatively affected the plant growth, increased the content of TEC, H20O2 and MDA, and decreased
the TRWC and plant mineral content in pepper. However, MA application improved plant growth
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and decreased TEC, H2O2 and MDA content compared to control in pepper under drought conditions.
In conclusion, external MA applications could alleviate the harmful effects of drought stress. MA
applications may have this positive effect by increasing the TRWC, antioxidant activity and plant
nutrient element content, and decreasing TEC, MDA and H>O, in pepper.
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