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ABSTRACT

Environmental stress, especially high air temperature (Tar) and high vapour pressure
deficit (VPD) affect photosynthesis which is directly related to productivity. In this study,
salicylic acid (SA), at concentrations of 10-° and 107" M, was tested for the ability to ameliorate
physiological stress, improve the protein profile, and increase chili pepper yield under extreme
environmental conditions. Salicylic acid at a concentration of 107 M (SA107) increased the net
photosynthetic rate (P.), stomatal conductance (gs), intercellular CO, concentration,
transpiration rate, and maximum quantum efficiency of PSII photochemistry (F./Fm) when
temperature was lower than 37 °C and VPD was less than 3 kPa. In addition, SA10-7 could
stimulate the synthesis of proteins associated with photosynthesis, such as chloroplast Rubisco
activase, which promoted photosynthesis in chili pepper leaves. However, fruit number and
fruit quality were not significantly different between the SA treatments (10-° and 107 M) and
control. Based on the results, SA application can improve photosynthesis of chili pepper plants,
if the temperature does not exceed 37°C and VVPD is less than 3 kPa.
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1. Introduction

Chili is an important cash crop in Asia.
The chili production of Asian countries
jointly accounted for 71 percent of the total
world production. From 2013 to 2017,
Thailand was the second largest producer of
dried chilies in Asia and has earned the
reputation as a major chili exporter in the

world market [1]. Popular varieties of chili
pepper for fresh and dried chili production in
Thailand include ¢Yod-son’, ‘Hua-ruea’,
‘Chinda’, and hybrid varieties [2].
Additionally, chilies are used in domestic
consumption as a raw material for cooking,
processed food products, and medicine. Chili
crops are exposed to the prevailing weather
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conditions such as temperature, radiation,
and vapor pressure deficit (VPD). They are
therefore wvulnerable to extreme weather
events. Previous research revealed that the
temperature tends to be highest at midday.
This results in reductions in photosynthetic
output. When leaves are exposed to high air
temperature, plants do not always reach their
full photosynthetic capacity [3]. In the case
of chili plants, if the air temperature rises
higher than 33°C, plants stop the
photosynthesis process and will start to
dissipate heat in order to survive [4].
Furthermore, a reduction in photosynthesis
may be the cause of flower abortion [5]. High
temperature during chili production is
frequently the cause of flower dropping and
fruit abortion, which negatively influences
crop yield. Bell peppers grown under high
temperature conditions (33°C) during the
post- pollination stage resulted in inhibited
fruit set [6]. Also, low VPD has been shown
to lead to an increase in the photosynthetic
rate [7]. The relationship between air
temperature and VPD is positive, which
means that as the temperature rises, the VPD
also increases [8].

Climate change prediction models
showed that the air temperature will rise by 1
to 4°C by the end of the 21% century, due to
increased greenhouse gases in the
atmosphere [9]. The average temperature in
Thailand from 1955 to 2009 increased by
0. 95°C, which was higher than the world
average temperature change [10].

Extreme temperature change in
Thailand would have a substantial negative
socio- economic impact, especially in the
agricultural sector.

Salicylic acid (SA) is classified as a
plant hormone [11]. Recent evidence also
suggests that SA is an important regulator of
photosynthesis because it affects leaf
chloroplast structure and stomatal closure
[12]. The effects of exogenous SA depend on
concentration of the application and plant
species; in one study, a lower concentration
of SA (10° M) improved the net
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photosynthetic rate (P,) and CO; assimilation
in Brassica juncea L. [13]. However, in a
different study, higher SA concentrations (1
mM) caused a reduction in P, and Rubisco
activity in barley [14]. SA has been found to
be an important signalling molecule for
modulating plant response to environmental
stress [15-16]. SA could protect the aspects
of the photosynthetic process that are related
to electron transport rate, quantum yield of
photosystem 11, and relative contents of D1
protein and Deglprotease in Satsuma
mandarin leaves under heat stress [17].
Moreover, heat stress- related damage to
membranes of Cicer arietinum could be
reduced by the application of SA. The
treatment also enhanced the protein content
significantly with an induction of various
stress enzymes [18]. Therefore, the objective
of this study was to investigate the effects of
SA on photosynthesis, protein synthesis, and
crop yield under high temperature
conditions.

2. Materials and Methods
2.1 Experimental conditions and plant
material

The experiment was conducted inside
a plastic-roof net house under ambient
conditions at the experimental field,
Department of Horticulture, Faculty of
Agriculture, Kasetsart University (latitude
13°84°N, longitude 100°56"E). The daytime
ambient  conditions recorded include
photosynthetic photon flux (PPF), air
temperature (Tair), and VPD, which were
collected by a weather station data logger
(Watchdog 1450, Spectrum Technology
Company, USA) which was placed in the
center of the net house 2.5 m above the floor
(Table 1 and 2). The experiment was carried
out during the time period of March, 2015 to
July, 2015.

‘Hua-ruea #13* chili pepper seeds
(Capsicum annuum L.) were obtained from
Si Sa Ket Horticultural Research Center,
Thailand. Seeds were germinated in peat
moss substrate. At 45 days after sowing, the
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Table 1. Mean, minimum, and maximum of PPF, T, and VPD inside the net house

throughout planting time.

. Min Max Mean Min Max Mean
Month m 25';) ( l\rfs))l( r?fst-l) ( I;An?)?rr]nF-,zps'fl) Tar  Tac T VPD - VPD — VPD
H H H (C) (C) (C)  (kPa) (kPa)  (kPa)
March™ 305.1 876.4 639.2 253 375 316 0.6 2.7 14
April 299.8 928.1 726.6 266 397 328 0.4 35 17
May 189.9 947.2 643.0 280 395 335 0.6 33 17
June 215.2 880.6 663.4 26.1 39.6 32.7 04 3.3 16
July2 376.9 786.4 634.3 28.3 37.7 32.9 0.7 2.7 18
*1: average of the data from 14"-31% March
*2: average of the data from 1-11% July
Table 2. Mean PPF, T.ir, and VPD from 11:00 am to 01:00 pm on the day of
photosynthesis measurement.
Date PPF (umol m-2s1) Tair (°C) VPD (kPa)
15 May 2015 850.5+157.9 38.0£1.4 2.7+0.3
22 May 2015 516.7+148.0 37.1£0.5 2.6+0.1
29 May 2015 870.1+136.6 39.0£1.3 3.0£0.3

Values are show as mean+SD

seedlings were transplanted into 8-inch pots
(4 liters) containing a mixture of coconut coir
dust and coconut husk chips (2:1 v/v). Resh’s
Tropical Dry Summer nutrient solution [19]
with an electrical conductivity of 2.4 mS

cm™ was applied by fertigation. When the
plants developed 6 reproductive nodes,
flowers at the lower sixth reproductive nodes
were removed and foliar sprayed with
salicylic acid at a concentration of 10
(SA10®) or 107 (SA107) M, using a volume
of 50 ml/plant, by hand sprayer. A control
(C) group of plants was foliar sprayed with
deionized water. All treatment applications
were performed at intervals of 7 days for 3
times each during the whole experiment at
102, 109, and 116 days after sowing. Leaf
gas exchange and chlorophyll fluorescence
were measured at 3 days after salicylic acid
treatment from 11:00 am to 01:00 pm.

2.2 Photosynthesis measurements

Pn, stomatal conductance (gs),
intercellular CO; concentration  (Cj),
transpiration rate (E), and leaf temperature
(Tiear) Were measured with a LI-COR 6400
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portable photosynthesis measurement sys-
tem. Gas exchange was measured in fully
expanded leaves in a similar position (4™ leaf
node from top) on each plant with the
artificial saturating photosynthetic photon
flux (PPF) at 1200 pumol ms? using a red-
blue light source, CO. concentration at 400
umol CO, mol™, relative humidity at 60%
and air flow rate into assimilation chamber at
500 umols™.

The measurement of chlorophyll
fluorescence was taken after gas exchange
measurements on the same leaves which
were used for primary photochemistry
detection. Measured leaves were dark-
adapted with leaf clips for 30 min prior to
measurements, the induction curve (Fv/Fm
ratio) was then estimated by a Hansatech
Pocket PEA (Hansatech Instruments Ltd.
King’s Lynn, Norfolk, UK) with 3500 pmol
m2st of a peak wavelength 625 nm light
intensity  (excitation intensity). Fu/Fn
provides an estimation of the maximum
quantum efficiency of photosystem II.
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2.3 Determination of protein profile

After the leaf gas exchange and
chlorophyll fluorescence measurements, a
young leaf in a similar position (4™ leaf node
from top) was harvested to determine the
proteins present. The leaves were stored at -
80 °C until protein extraction was performed.

The leaf samples were taken at the 2"
photosynthesis measurement (22 May 2015).
The samples were ground in liquid nitrogen
to powder and total soluble protein was
extracted using the tissue extraction | Kit
(Invitrogen, USA). Protein content was
estimated using the Bradford reagent kit
(Ameresco, USA). Protein samples were
subjected  to one-dimensional gel
electrophoresis (4-12% NUPAGE® SDS-
PAGE, Invitrogen, USA) for visualization of
protein profiles using Coomassie Brilliant
Blue staining. The size of polypeptides was
estimated by comparison with a molecular
weight protein standard marker (GeneDirex,
Bio-Helix Co., Ltd., Taiwan). The resulting
vertical protein lanes were sliced into eight
pieces giving fractionl: 3.5-8 kDa, fraction2:
8-15 kDa, fraction3: 15-24 kDa, fraction4:
24-42 kDa, fraction5: 42-57 kDa, fraction6:
57-93 kDa, fraction7: 93-125 kDa and
fraction8: 125-240 kDa (Fig. 1). The sample
pieces were sent to the Institute of Molecular
Biosciences, Mahidol University for protein
identification using LC-MS analysis and the
NCBI database. Their biological functions
were defined using the UniProt database
(http:/Avww.uniprot.org).

2.4 Yield and fruit quality

Chili pepper fruits were harvested at
the fully ripened stage. Fruits per plant
(yield) from each treatment were collected
every other week. For measurements of fruit
width, fruit length, and fruit weight, 10 fruits
were randomly taken from each treatment.

2.5 Statistical analyses

The experiment was conducted in a
randomized complete block design (RCBD)
manner.
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Fig. 1. Leaf protein performance in one
dimensional gel electrophoresis of control (C)
and Salicylic acid 10" M (SA10-7). Molecular
weight markers (M) are also shown.

Five replicates per treatment were evaluated.
Data was statistically analyzed by the
analysis of variance (ANOVA) technique
and the means were separated using the
Duncan Multiple Range test. All results were
presented as means and standard deviation
(SD). Means differing at p<0.05 were
considered significant.

3. Results
3.1 Microclimate

The mean, minimum, and maximum
values of PPF, T.ir, and VPD throughout the
planting time were measured and are shown
in Table 1.

On the days of measurement, 22" May
2015 showed the lowest PPF, T4 and VPD
values. The highest PPF, T., and VPD
values were recorded on 29" May 2015
(Table 2).

3.2 Effects of SA on photosynthesis

The application of SA107 on 22" May
2015 showed that Py, gs, Ci, E, Fv/Fm, but not
Tiear, were significantly different when
compared to control, whereas SA10° did not
show a significant difference. The
measurements  of all  photosynthetic
parameters on 15" May and 29" May 2015
were similar and lower than on 22" May
2015 but the values were not significantly
different for all parameters (Fig. 2).
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Fig. 2. The net photosynthetic rate (A), stomatal conductance (B), intercellular CO concentration (C),
transpiration rate (D), leaf temperature (E), and F./Fn (F) of chili pepper leaves sprayed with salicylic
acid at concentrations of 10° M (10-%) or 107 M (107) and control (C) on 15", 22" and 29" May 2015.
Data are the means of 5 replicates. Vertical bars show +SD of mean. The same letters indicate no

significant difference at p<0.05 base on DMRT.

3.3 Effects of SA on the protein profile
The SA10° treatment group was not
the significantly different from the control in
photosynthesis, therefore proteins present in
leaves of SA10 % plants were not shown.
Thirteen proteins were found in both control
and treatment leaf samples. There were 7
proteins specifically regulated by SA10 and
6 proteins were detected in both SA10-" and
control groups. Furthermore, the protein
matches were also classified according to
their biological function, divided into 6
categories including photosynthesis (5
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proteins), metabolism (3 proteins), stress
defense (2 proteins), energy (1 protein),
transporter of photosynthesis process (1
protein), and unclassified (1 protein) (Table
3).

3.4 Effects of SA on yield and fruit quality
The total fruit numbers, fruit width,
fruit length, and fruit weight from both of the
SA treatments were slightly higher than the
control treatment but not significantly
different from each other (Table 4).
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Table 3. Identification and protein function in chili pepper leaves of the control and salicylic
acid 10" M treatments.

No.  Protein Protein name Organism Protein function  Control SA107
Accession Sample  sample
1 gil404474510  ATP synthase CFlalpha  Arabidopsis thaliana (L.) Heynh.  photosynthesis /
subunit (chloroplast)
2 Qij404474511 ATP synthase CFO subunit | Arabidopsis thaliana (L.) Heynh.  photosynthesis /
(chloroplast)
3 i|404474532 ATP synthase CF1 beta Arabidopsis thaliana (L.) Heynh.  photosynthesis / /
subunit (chloroplast)
4 Qi|6899972 chloroplast ferredoxin- Nicotiana tabacum L. metabolism /
NADP+ oxidoreductase
precursor
5 0i|283049930 chloroplast manganese Capsicum annuum L. photosynthesis /
stabilizing protein
6 gi|169930138 chloroplast rubisco activase Solanum tuberosum L. photosynthesis /
7 Qi|641803824 cytochrome f (chloroplast) Lolium perenne L. transporter of / /
photosynthesis
process
8 gi|62910196 cytosolic ascorbate peroxidase Solanum lycopersicum L. stress defense / /
9 gi[222820578 NAD(P)H:quinone Nicotiana tabacum L. stress defense / /
oxidoreductase
10 gi|193290694 putative ferredoxin-dependent Capsicum annuum L. metabolism / /
glutamate synthase
11 gi|193290696 putative glutamine synthase 2 Solanum lycopersicum L. metabolism /
12 @i|222159965 putative ML domain protein Capsicum annuum L. unclassified /
13 gi|390098824 triose phosphate isomerase Capsicum annuum L. energy / /

cytosolic isoform-like protein

/ = found protein in control and/or salicylic acid 10" M (SA107)

Table 4. Fruit numbers and fruit traits of ‘Hua ruea’ chili pepper affected by SA.

Treatment Number of fruit/plant Fruit width (cm) Fruit length (cm) Fruit weight (9)
Control 31.6+3.05 0.73+0.04 4.30+0.27 1.31+0.25
SA10° 34.4+9.15 0.74+0.05 4.53+0.77 1.33+0.10
SA107 33.844.97 0.76+0.02 4.69+0.36 1.42+0.09

Ccv 18.58 5.32 8.05 11.28
F-test ns ns ns ns

ns = nonsignificant at p <0.05 based on DMRT. Values are shown as mean+SD

4. Discussion respectively) indicated heat stress conditions.

The optimum PPF that supports High temperature (35-40 °C) and high VPD
pepper growth ranged from 450-1200 pmol (over 2.5 kPa) increased stomatal closure
mis? [20-22]. The PPF mean value which is related to a decrease in the uptake of
throughout the experiment (Table 1) and all CO: into the leaves, transpiration rate, and P
the days measured (Table 2) were in range of [25-27]. The results of this current study
optimum conditions for chili pepper growth. showed that the chili pepper leaves in all

The optimum temperature range and VVPD for treatments were exposed to high Tar and
chili pepper growth ranged from 16 to 32°C VPD which induced stomatal closure and
[23] and 0.3-2.1 kPa [24, 6], respectively. In consequently caused the suppression of
this experiment, both temperature and VPD photosynthesis (Fig. 2A, 2B, 2C and 2D).
were above the optimum range for pepper The value of Fv/Fr, on both 15" and 29" May
growth (Table 1 and 2). 2015, in all treatment groups, was lower than

On 15" and 29" May 2015, high  0.80, indicating that plants were exposed to
temperature (38°C and 39°C, respectively) stress and sustained damaged in the light
and high VPD (2.7 kPa and 3.0 kPa, reaction center [28-29]. Both SA 10 and SA
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107 treatments on 15" and 29" May 2015
were not found to have a positive effect on
photosynthesis, a similar result was found in
grapevine leaf; SA treatment at a
concentration of 10® M did not influence
photosynthesis under heat stress at 43°C
[30].

On 22" May 2015, plants sprayed
with SA107 showed the highest values of Py,
0s, Ci, and E (Fig. 2A-D) and also the value
of Fv/Fm was 0.8 (Fig. 2E), indicating that
plants were in a good physiological state and
that the flow of electrons was undisturbed.

Table 5. Correlation coefficient of photosynthetic photon flux (PPF), air temperature (Tai),
vapor pressure deficit (VPD), net photosynthetic rate (Pn), stomatal conductance (gs),
intercellular CO2 concentration (Ci), transpiration rate (E), leaf temperature, and maximum
guantum efficiency of photosystem Il (F./Fr) for chili pepper plants applied with salicylic acid
at a concentration of 10° (SA107®) or 107 (SA107) M and deionized water (C).

Parameters PPF Toi VPD g C; E Thear F./F,
PPF 0.065 -0.013  -0.725" -0.788" -0.554" -0.786" 0.626~ -0.687""
T 0.982*  -0.480  -0.405 -0.322  -0.291 0.667"  -0.369
VPD -0.403 -0.334  -0.279  -0.247  0.627°  -0.314
124 0.723  0.426 0.620° -0.668  0.510
g, 0.726  0.771"* -0.800"* 0.697"
C; 0.818 -0.697*" 0.823*
E -0.673""  0.869™"
Tear -0.770**
F./F,

""" Significant at p < 0.05 and p < 0.01 respectively

In this study, the effects on photosynthesis
from SA107 treatment were more beneficial
than SA107%; the low SA concentration could
not largely induce the accumulation of
reactive oxygen species (ROS), but in
another study it significantly promoted stress
tolerance [31].

The results from the correlation
coefficient analysis of the ambient daytime
conditions and physiological parameters
(Table 5) in plants treated with SA and
deionized water revealed that PPF, Tar, and
VPD were significantly and positively
associated with Tiasr. AlSO, Tiear Showed
negative correlations with Py, gs, Ci, and E.
These findings confirm that extreme weather
conditions affect photosynthesis through Tiear
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[4]. Although Tiear did not show a statistically
significant difference (Fig. 2E).

In addition, it was found that SA10-"
treatment stimulated synthesis of proteins
associated with photosynthesis such as
chloroplast Rubisco activase, but these
proteins were not found in the control
treatment (Table 3). SA may affect certain
metabolic factors in carbon uptake or fixation
including Rubisco enzyme concentration and
activity, and/ or the photosynthetic carbon
reduction cycle [32]. Consequently, the
application of SA to chili pepper leaves
significantly affected the photosynthesis
process. Moreover, the results show that SA
at a concentration of 10" M can improve
photosynthesis in chili pepper leaves when
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the temperature is below 37°C and VPD is
lower than 3 kPa.

The weather conditions throughout the
experiment indicated heat stress conditions.
The maximum Tar and VPD of each month
were often over 37°C and 3 kPa, respectively
(Table 1). Hence, SA applications did not
successfully activate essential reactions as
predicted, which was related to poor
photosynthesis outcomes in the chili pepper
leaves. The temperature over several days
was more important in its impact on fruit
production and quality of fruit [24]. In the
current study, the results show no significant
difference in yield and fruit quality of SA
applications treatments (10° or 107 M)
compared to the control group (Table 4). This
outcome is demonstrative of the relationship
between photosynthesis and crop production;
as was shown in another study, a reduction of
P, resulted in a reduced fruit yield and
increased incidence of poor fruit quality in
tomato plants [33]. The present results show
that the weather conditions, especially Tair
and VPD, affected the efficiency of SA
treatment. Therefore, the chili pepper
production in net houses may require a
fogging system to maintain suitable T and
VPD.

5. Conclusion
Salicylic acid at a concentration of

10~ M can improve photosynthesis in chili
pepper leaves if temperatures do not exceed
37°C and VPD is less than 3 kPa. Yield and
fruit quality of chili peppers were not
significantly different between the SA

treatments (10~ and 10" M) compared to
the control.
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