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Abstract

Heat stress is an important factor curtailing yield in summer crops, particularly in semi-arid and plains having a sub-tropical
climate of the globe. It not only lowers the yield but also results in a squeezed growing season because of suppressed reproductive
growth and hastened maturity. An experiment was designed under field conditions to study the physiological and biochemical
changes in various tomato genotypes owing to the heat stress. Tomato seedlings were raised in nursery on 15 February, 01 March
and 15 March. One-month old seedlings were transplanted in the field on 15 March, 01 April and 15 April respectively.
Furthermore, salicylic acid (SA) mediated modulation of the processes was also studied in relation to yield. The results revealed
that SA enhanced photosynthesis, intrinsic water-use efficiency, and chlorophyll contents. Whereas, the transpiration rate was
non-significant. Furthermore, significantly lowered electrolyte leakage, sub-stomatal conductance to CO2 and water, and the
temperature of the leaf surface were observed. These significant variations resulted in increased trusses per plant, fruits per truss,
fruits per plant, the average weight of fruit, and ultimately per plant yield. It was concluded that under field conditions salicylic
acid increased the heat tolerance in tomato plants by altering the physiological processes. A more vibrant response was noted in
heat-tolerant genotypes as compared to heat-sensitive ones. It was further confirmed that SA enhanced heat resistance to a certain

level of stress (44°C) and became lessened under extremely high temperature (> 47°C) conditions.
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Introduction

Crops are significantly affected by abiotic stresses
restraining yield (Araus et al., 2002, Lalarukh et al., 2022).
It is known that major abiotic stresses are heat, drought, and
salt stress. These stresses lessen plant growth and eventually
affect harvest (McCue et al., 1990; Hussain et al., 2021).
Besides all these, heat stress appears to be imposing
thoughtful losses in crops like a tomato by lessening growth
span, as plant undergoes wilting; deficiency of fruit set, and
enforced maturity from May onward in the Province of
Punjab. Central Punjab (the center of this study) has
desiccated and scorching summer with a semi-arid climate.
The normal temperature of the zone is above 40°C with
temperature crests above 45°C (Syed et al., 2021). This
scenario is to worsen more in the future under changing
climate (Huddleston, 2012; Syed et al., 2021).

Photosynthetic food forming process in plants is one of
the most heat-sensitive procedures and can entirely be
terminated before any other signs of stress becomes evident
(Abdelmageed, 2009) Heat tolerant genotypes have a higher
CO; assimilation rate rather than heat-sensitive under heat
stress environment and are ascribable to their effective
photosynthetic apparatus. Reduced stomatal conductance
under heat stress is evident from the literature and it might
be due to lack of diffusion of CO; in chloroplast because of
partial stomatal resistance. Higher fruit set concerning

higher photosynthetic rate is evident that under heat stress
conditions rate of photosynthesis can be used as a signal of
heat tolerance in tomatoes. Respiration rate is reduced due to
heat stress resultantly there is higher transpiration. Higher
transpiration rate causes buds, flowers, and fruits ultimately
lesser yield. Vegetative and reproductive growth and
gaseous movement due to genetic diversity in genome
provide us with useful information about cultivar potential
for higher yield under high-temperature environments
(Hussain et al., 2021).

There is a key role of Salicylic acid in several plant
physiological and biochemical processes, helpful for
maintaining growth and vyield (Arberg, 1981). Foliar
application of salicylic acid in wheat increased chlorophyll
contents (Hayat et al., 2005), chlorophyll contents
increment is direct indication of increased photosynthesis
in plants as reported in the literature (Ghai et al., 2002;
Fariduddin et al., 2003), in case of Brassica juncea and B.
napus. In the case of soybean and corn, foliar application
improved the transpiration, increased area of the leaf, and
accelerated the carbon assimilation (Khan et al., 2003).
Exogenously applied salicylic acid proved to be beneficial
in wheat by increasing yield through increased plant
height, leaf numbers, area of leaves, the diameter of the
stem, and dry mass of the plant as a whole (Hussein et al.,
2007). Reduction in plant metabolism result in lesser
growth and yield (Ramagopal, 1987) and increased by the
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foliar application of salicylic acid (Shakirova, 2007).
Another study proved increased root system in Tagetes
erecta (Sandoval-Yapiz, 2004) and soybean (Gutierrez-
Coronada et al., 1998) when there was a foliar application
of Salicylic acid. A vital attribute for yield i.e. flowering
was enhanced in Sinningia species when there was a spray
of salicylic acid (Martin-Mex et al., 2005). Fruit set was
also increased in Papaya by exogenous application of
salicylic acid (Martin-Mex et al., 2005). Results showing
increased yield by SA application were reviewed in tomato
and cucumber (Larque-Saavedra & Martin-Mex, 2007).
The present series of experiments instigated with the
screening of 191 genotypes of tomato for their thermal
tolerance potential (Study-1), then they were grouped into
tolerant and sensitive ones (Shaheen et al., 2016). Salicylic
acid was then optimized (Study-I1) to elucidate the adverse
effects of heat stress on tomato (Shaheen et al., 2019). This
experiment presented here was planned to probe the
positive effect of salicylic acid in the modulation of
varying degrees of temperature stress on selected tomato
lines under field settings. Physio-biochemical and yield-
related parameters were recorded to get the final
conclusion. Genotypes used in this study can be exploited
by the breeder to improve heat tolerance in tomato. Further
Salicylic acid solution @1.5mM can be used by the farmers
to cope with the deleterious effects of heat stress in tomato.

Material and Methods

Seed sowing, transplanting, and meteorological details:
Two heat tolerant (L00090 and L00091) and two heat-
sensitive (CLN1462A and CLN1466E) were screened out
from a set of 191 genotypes of tomatoes imported from The
World Vegetable Center Taiwan were planted in field at
Institute of Horticultural ~ Sciences, University of
Agriculture, Faisalabad, Punjab, Pakistan (Shaheen et al.,
2016). Seeds were sown (Mid February, 01 March and Mid
March 2019) in pots containing sterilized peat moss (50%
organic matter). So it is growing substrate represented by
peat moss 1 kg in each pot as growth media in three splits
(Mid February, 01 March and Mid March 2019) to obtain
the 04 weeks old seedlings for transplanting under field
settings as per treatments. Hoagland’s nutrition recipe was
used for a nutritional purpose. Seedlings were grown in a
growth chamber with a controlled environment (28°C day
and 22°C night temperature). Three different times were
decided for field transplantation based on the climatic data
of the experimental site (Vegetable Research Area,
Agriculture University, Faisalabad, Pakistan (31°26°02” N
73°04°36” E) with elevation from sea level 186 m (Fig. 1).
Seedlings of four weeks were transplanted in the field in
accord with the treatment plan i.e., T; Control (after 30 days:
optimum sowing time Mid march), T, (at 45 days seedling
age: late 01 April) and T3 (at 60 days seedling age: very late
Mid April), to examine the effect of foliar applied salicylic
acid in selected tomato genotypes in field conditions to
reduce the adverse effects of heat stress. Salicylic acid
solution @ 1.5mM (Study-Il, Glaxosmithkline, Karachi
Pakistan) was exogenously applied two weeks after
transplanting as optimized in previous study (Shaheen et al.,
2019). In addition, the total 480 pots were prepared with
three different planting times and four cultivars with or
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without salicylic acid application by split-plot experimental
design analyzing, the two factors genotype and salicylic
acid. Each treatment contained 20 replicates.

120 1

=4=Average high ('C)  =lll=Average low {°C) Precipitation (mm)

=

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 1. Climate data of the study area during 2014 (Source:
Meteorology Cell, Agriculture University, Faisalabad, Pakistan).

Physiological traits: Infra-Red Gas Analyzer (IRGA) (LCi-
SD, ADC Bio-scientific, UK) was used for the recording of
physiological ~ traits.  Physiological attributes  like
photosynthesis (mmol CO, m? s, transpiration (mmol H,O
m? s), sub-stomatal CO, (mmol CO, mol*) and stomatal
conductance to water (mmol H,O ms%) were recorded. For
this purposefully developed three young and healthy leaves
plant® were placed in the chamber of mobile apparatus i.e.
Infra-Red Gas Analyzer (IRGA). All the data related to above
mentioned physiological parameters was recorded at day time
from 10.00 to 12.00 a.m. at air’s molar flow per unit area of
leaf 403.3 mmol m?s?, 99.9 kPa atmospheric pressure, 6.0 to
8.9 bar was water vapor pressure in chamber, 1711umol m?
s was PAR at surface of leaf, 22.4 to 27.9°C was ambient
temperature and CO,’s ambient concentration was 352umol
mol* (Zekri, 1991; Moya, 2003). Ratio of photosynthetic rate
(Pn) and transpiration rate (E) is defined as water use
efficiency (WUE) and measeured as:

Photosynthetic rate (A)
Transpiration rate (E)

Water use of efficiency (WUE) =

Biochemical attributes: Chlorophyll meter (CCM-
200plus, Bio-Scientific, USA) was used to record the
chlorophyll contents (SPAD value). For this purpose leaf at
full development stage (same leaf number and
development stage) was taken at the base of petiole. Leaves
were washed with tape water and then with deionized
water. Two samples per treatment were taken from each
replication. These samples were contained in tubes having
25 ml deionized water. Tubes were sealed with capes to
lessen the evaporation and placed overnight at room
temperature. In each tube the solution’s conductivity was
measured. Then samples in tubes were autoclaved and left
to cool down for few hours. After autoclave the solution’s
conductivity was measured. Ratio of both solution’s
conductivity before and after autoclave was measured as
electrolyte leakage (%). It was supposed that solution’s
conductivity after autoclave shows complete (100%)
electrolyte leakage.
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Yield related attributes: For the recording of yield related
parameters we selected plants from each replication and
computed yield plant! on the basis of recorded data.
Following yield related attributes were recorded; trusses
plant™!, fruits truss™!, fruits plant™!, average weight of fruit.

Statistical analysis

The experiment was planned under randomized
complete block design in factorial arrangements with three
factors, consisting of two tomato genotypes, 3 times of
transplanting of tomato seedlings and Salicylic acid
application in 4 blocks as replication. Analysis of data was
performed in Statistics 8.1 for windows and Tukey’s test at
p<0.05 was used to analyzed tratment means for significant
differences among them.Heat map has been designed by
using Microsoft excel.

Results

Effect of SA and transplanting time on transpiration
rate and stomatal conductance of water for tomato
genotypes: The results showed that there was a non-
significant(p>0.05) effect of SA foliar application on
transpirational rate (Table 1). There was a significant
reduction in stomata’s conductance to water due to SA
application (Table 1). Lowest value recorded for stomata’s
conductances in L00090, under T; and T,. CLN166E
showed highest conductance to water through stomatas
under T3 with SA application. In treatment 3 sensitive lines
did not survive without SA application.

Effect of SA and transplanting time on photosynthesis
and water use efficiency of tomato genotypes:
Photosynthesis was significantly (p<0.01) increased in
tomato lines due to SA application (Fig. 2). Highest
photosynthesis recorded in in LO0091 sown under T, and
T, and LO0090 was at par with LO0091 in Ts. There was
an efficient response by both L0O0090 and L00091 to SA
application.

Pn (mmol CO;mZs1)

No SA SA No SA

00090
00091
CLN1462A
CLN1466E
00090
00091
CLN1462A
CLN1466E
00030
00091
CLN1462A
CLN1466E

After 30 days

After 45 days

After 60 days

WUE(umol CO2 mmol™ H20)

o

The results showed significant increase in WUE due
to foliar application of SA in tomato lines (Fig. 2). The
highest value for WUE recorded in LO0090 in treatment 1
and WUE was at par in L00091 in the same treatment.
CLN1462A showed lowest value for WUE in Ts. It was
observed that no plant could survive in sensitive genotypes
without SA application in Ts.

Effect of SA and transplanting time on sub-stomatal
CO:2 (gs) and electrolyte leakage (EL) of tomato
genotypes: Sub-stomatal CO, significantly (p<0.01)
lowered due to SA application in tomato (Fig. 2). Under
treatment T> L00090 showed low sub-stomatal CO, that
was equal to sub-stomatal CO; in L00091 in treatment 1.
There was a decrease in sub-stomatal CO, in CLN1462A
and CLN1666E genotypes. In treatment 3 highest
CLN1462A and CLN1666E were recorded in CLN1466E.
EL were significantly lowered with SA application (Fig. 2).
Lowest EL at T; was recorded in L00090, while
CLN1466E showed highest value of EL under Ts.
Regardless of transplanting date L0O0090 and L00091
showed similar values for EL.

Effect of SA and transplanting time on chlorophyll
content and number of trusses per plant in tomato
genotypes: In chlorophyll contents significant (p<0.01)
increase was recorded due to SA application in tomato lines
(Table 2). Regardless of sowing date highest value for
chlorophyll was recorded in L0O0090 which was at par with
L00091. Regarding chlorophyll contents CLN1462A and
CLN1466E fell at 3" position except 3" transplanting time.
Under treatment 1 highest value for chlorophyll was
observed in L00091, L00090 and CLN1462A. Lowest
value was recorded in CLN 1466 in Ts. Significant increase
in trusses plant' was observed due to SA application in
tomato lines (Table 2). Great increase in LO0090 was
recorded for trusses plant! without considering planting
date followed by L00091. Lower number of trusses plant
! than heat tolerant ones regardless of sowing dates. Under
T, highest number of trusses plant' was recorded in
L00091, whereas CLN1462A produced lowest number of
trusses plant! in treatment 3.

gs (mmol H;0 m%1)
No SA SA

EL (%)
NoSA SA

l High

Medium

Fig. 2. Effect of SA and transplanting time after 30, 45 and 60 days on photosynthetic rate (Pn mmol CO2 m? s™!), water use efficiency
(WUE pmol CO2 mmol-1 H20), stomatal conductance (gs mmol H2O m-? s!) and Electrolyte leakage (EL %) of tomato genotypes.
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Effect of SA and transplanting time on number of fruits
per truss and number of fruits per plant: The results
showed a significant (p<0.01) increment in fruit number
truss? by SA foliar application under heat stress condition
(Table 3). Less number of fruit truss! was recorded in
L00090 followed by L00091 ignoring sowing date. Less
number of fruit truss™! was recorded in sensitive genotypes
compared with tolerant but at par for each other ignoring
the sowing times. Under treatment T> and T3 higher number
of fruits truss™ were recorded in L00090 whereas it was
minimum in CLN1466E under Ts. SA application showed
an increase of fruits plant! (Table 3). Maximum number of
fruits plant™! was recorded in L00090 followed by L00091
irrespective of the sowing date. A minimum number of
fruits plant™! was found in sensitive lines compared with
tolerant ones. Under T> highest fruit number plant”! was
recorded in LO0090 whereas it was lowest in CLN1466E
and CLN1462A under T3,

Effect of SA and transplanting time on fruit weight and
yield of tomato genotypes: Average fruit weight
significantly (p<0.01) increased by SA application without
considering the sowing date (Table 4). The highest fruit
weight was recorded in LO0090 at all treatments whereas
the lowest fruit weight was observed in CLN1462A that
was at par with CLN1466E. It was also found that L00091
produced less fruit weight under T; and T,. Yield plant! in
tomato lines was significantly increased by SA application
grown under stress conditions (Table 4). Maximum yield
plant!' was recorded in L00090 followed by L00091,
irrespective of sowing time. At Tz yield was less in
CLN1462A and CLN 1466E under stress condition.

Discussion

The current investigation showed a non-significant
change for the rate of transpiration and reduction in
stomatal conductance, which supports by a previous study
wherein transpiration rate was lessened in Common beans
and Asiatic dayflower was witnessed owing to SA
exogenous application and this reduction in the
transpiration rate was ascribed to the fact that closure of
stomata is due to the salicylic acid application (Bharath et
al., 2021; Larque-Saavedra, 1979). Whereas contrary to
our findings, a previous finding showed an increment in
transpiration rate and stomatal conductance in response to
exogenous application of SA in corn and soybean (Khan et
al., 2003). However, contrary to these results, findings of
the present study confirmed with some past reports that SA
foliar application encourages tolerance against abiotic and
biotic stresses (Delany et al., 1994; Senaratna et al., 2000).
A previous investigation on tomatoes under heat stress
described a positive decrease in photosynthesis and further
confirmed that reduction in photosynthesis was more
prompt in heat-sensitive genotypes rather tolerant ones.
Also, a 50% reduction in CO;, assimilation occurred in
sensitive genotypes (Camejo et al., 2005; Nazir et al.,
2017). The results of the current investigation confirm a
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previous report wherein it was informed that the SA
application enhanced the photosynthesis in tomato grown
under heat stress conditions (Ananieva et al., 2002; Stevens
et al., 2006). Under drought conditions, SA provides
protection to the photosynthetic system (Rajasekaran et al.,
1999; Singh et al., 2003). Salicylic acid-mediated
enhancement of intrinsic water use efficiency witnessed in
the present study supports a previous finding on soybean
and water use efficiency was increased due to foliar-
applied SA (Kumar et al., 2000). They also reported
enhanced internal CO, concentration, which was also
contrarily reduced in the present investigation.

In the present study, the SA application by foliar
method lessened the electrolyte leakage in tomatoes under
heat stress. Another study reported a 44% reduction in
electrolyte leakage in SA treated crops as compared to the
non-treated ones (Stevens et al., 2006). Increased
chlorophyll owing to salicylic acid application confirms
some previous report that temperature stress lessened the
contents of chlorophyll as observed in tomato genotypes
and increased contents of chlorophyll in wheat seedlings
grown from seeds pretreated with SA (Hayat et al., 2005;
Camejo et al., 2005).

Results showed that by foliar application of SA there
was an increase in trusses per plant, fruits per truss under
heat stress conditions. Similarly, in flowering Spirodela
and yield in cucumber, increased due to foliar application
of aspirin combined with SA (Larque-Saavedra and
Martin-Mex, 2007; Khurrana and Maheswari, 1980).

Thus, it may be concluded that salicylic acid acts as an
endogenous regulator that potentially affects the growth
and productivity of plants. The present study showed that
salicylic application significantly enhanced the number of
fruits per plant, average fruit weight, and ultimately
increased per plant yield. Furthermore, a positive
correlation between photosynthetic rate and fruit set has
been reported earlier (Abdel mageed & Gruda 2009]. So,
the photosynthetic rate can be used as an indicator to
estimate the heat tolerance potential of a genotype. The
present study also confirms some previous findings that
exposure to a high temperature above optimum reduced the
fruit fresh weight in tomato and reverse can be attained by
exogenous SA application as witnessed in the present
investigation (Sato et al., 2000; Firon et al., 2006).

Conclusions

It can be concluded from the results that salicylic acid
increased the heat tolerance in tomato plants under field
conditions. Tolerant Genotypes (L00090 and L00091)
responded more efficiently to SA application as compared
to the sensitive ones (CLN1462A and CLN1466E) in many
of the attributes studied. It was further noted that SA
induced heat resistance to a certain level of stress (44°C)
and became less effective under extreme conditions of high
temperature (above 47°C). Further farmers can use
SA@1.5mM to extend their production period in high
temperature prevailing areas.
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