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Abstract | An experiment was conducted to investigate the influence of heat pretreatment conditioning dura-
tions (control or no heat pretreatment,10 hrs,15 hrs and 20 hrs) on three tomato varieties (Roma, Rio Grande
and Yaqui) sown at Horticulture Research Farm, Department of Horticulture, The University of Agriculture
Peshawar during 2017 and 2018. Completely Randomized Design (CRD) in growth chamber before trans-
plantation and Randomized Complete Block Design (RCBD) with two factors and three replications after
transplanting to the field were used. Tomato seedlings at their 4-leaf stage were subjected to a 35°C tempera-
ture stress for 10, 15 and 20 hrs as a pre-transplant hardening method. Both groups HP (heat pretreatment)
and NHP (Non-heat pretreatment or Control) were then transplanted to the field. Results revealed that differ-
ent heat pretreatment durations and varieties significantly affected the growth and yield of tomato. Regarding
heat pretreatment durations, number of flower clusters plant™ (16.06), fruit set percentage (68.33%), number
of flowers cluster™ (8.34), chlorophyll content (50.31 SPAD), leaf relative water content (75.34%), Putrescine
concentration (193.95 nmol/g), spermidine concentration (154.59 nmol/g), spermine concentration (36.51
nmol/g),yield (20.14 t ha), early flowering (26.99 days) and lowest electrolyte leakage (48.87%) was observed
in plants treated with 20 hours heat pretreatment duration as compared to other heat pretreatment dura-
tions and control. Concerning tomato varieties, number of flower clusters plant™ (16.99), fruit set percentage
(68.25%), number of flowers cluster™ (7.91), chlorophyll content (48.06 SPAD), leaf relative water content
(80.68%), Putrescine concentration (190.25 nmol/g), spermidine concentration (152.57 nmol/g), yield (21.00
t ha) and lowest electrolyte leakage (48.86%) was recorded for Rio Grande as compared to Roma and Yaqui.
Also highest spermine concentration (35.72 nmol/g) and early flowering (26.72 days) resulted in Roma as
compared to Rio Grande and Yaqui. The interaction effects of heat pretreatment duration and varieties were
non-significant for most of the attributes studied except chlorophyll content and number of flower clusters
plant™. It can be concluded that heat pretreatment of 35°C for 20 hours and Rio Grande variety resulted in en-
hanced growth, biochemical attributes and production of tomato in the agro-climatic conditions of Peshawar.

Received | August 09, 2021; Accepted | September 12,2021; Published | October 01, 2021

*Correspondence | Gulzar Ullah, Department of Horticulture, Faculty of Crop Production Sciences, The University of Agriculture, Peshawar,
Pakistan; Email: gulzarullah@aup.edu.pk

Citation | Ullah, G. and G. Ayub. 2021. Dissecting the heat stress responses and effects on morphology of tomato varieties employing pre-
transplanthigh temperature conditioning. Sarbad Journal of Agriculture, 37(4): 1384-1402.

DOI | https://dx.doi.org/10.17582/journal.sja/2021/37.4.1384.1402

Keywords | Heat conditioning, Tomato, Temperature, Varieties, Yield

December 2021 | Volume 37 | Issue 4 | Page 1384


https://dx.doi.org/10.17582/journal.sja/2021/37.4.1384.1402
crossmark.crossref.org/dialog/?doi=10.17582/journal.sja/2021/37.4.1384.1402&domain=pdf&date_stamp=2008-08-14

OPEN aACCESS

Sarhad Journal of Agriculture

Introduction

biotic stresses including high or low light inten-

sity, high or low temperature, salinity, metal tox-
icity and drought or excess moisture highly influence
plant growth and productivity (Mittler and Blum-
wald, 2010; Cramer ez a/.,2011; Barnabas ez a/., 2008;
Athar and Ashraf, 2009). High temperature is one
of the most studied stresses that cause severe damage
to the plant photosynthetic process leading to com-
plete inhibition before other symptoms are detected
(Berry and Bjo’rkman, 1980). Plants can acclimate
the changing climatic conditions driven by a rise in
temperature which might sometimes result in a del-
eterious impact on plant physiology (Spicher ef al.,
2016). The influence on growth and survival directly
depends on the duration as well as intensity of the
heat stress. Exposure of the plants to a moderately
high temperature for a longer duration can be as in-
jurious as an extremely high temperature for a short
duration (Georgieva, 1999).

For every specific plant, there exists an optimal tem-
perature, at which the plant productivity is maximal.
'The most heat sensitive cell function is the chloro-
plast activity and a high temperature stress results in
structural and functional damages. A high tempera-
ture stress leads to structural and functional changes
in the chloroplast (Sato ez a/., 2006) and disturbs the
hydraulic conductivity of roots and leaves (Morales ez
al., 2003). Furthermore, a high thermal stress results
in reduced enzymatic activity (Ahmad ez 4/, 2010),
injuries to the cell membrane and alteration of cell
differentiation, elongation and division (Potters ez al.,
2009; Rasheed, 2009; Smertenko ez al., 1997). Even-
tually, due to decreased photosynthesis, plants have
limited resource availability for reproduction in pa-
rental and gametophytic tissues leading to starvation
(Sumesh ez al., 2008; Young ez al., 2004).

One of the key components of thermotolerance of a
plant is protection against oxidative stress-induced by
heat stress (Volkov ez al., 2006; Suzuki ez al., 2011,
Wahid ez al., 2007; Adachi ez al, 2009). Although
there are various hardening methods against tem-
perature stress, high temperature preconditioning
considerably decreases the heat induced damage in
multiple crops (Colclough ez al., 1990; Javanmardi-
et al., 2014). Studies have proved that tomato plants
exhibited good osmotic adjustment as compared to
non-conditioned or control plants (Morales ef al.,

2003). Plants adapt various strategies to tackle elevat-
ed temperature stress including short term acclima-
tion and long term morphological and phenological
modifications. Many plants adapt an escape mecha-
nism by early maturation of the crop although asso-
ciated with some yield loss (Adams ez a/., 2001). The
mechanism of response to heat stress is different at
different developmental stages and may also vary with
respect to tissue type (Queitsch ez al., 2000). Ther-
motolerance acquisition is an autonomous cellular
mechanism which results from heat pretreatment of
plants to a sublethal high temperature. This strategy
protects the plant cells from a subsequent lethal high
temperature stress (Vierling, 1991). This experiment
aimed to investigate the influence of pre-transplant
high temperature conditioning on the performance of
tomato varieties in field conditions.

Materials and Methods

'The experiment was carried out at Horticulture Re-
search Farm, Department of Horticulture, The Uni-
versity of Agriculture, Peshawar during 2017 and 2018
to see the influence of Pre-transplant high tempera-
ture conditioning on the growth and development of
tomato varieties under high temperature conditions.
'The experiment was laid out in a Completely rand-
omized design (CRD) in a growth chamber before
transplantation and Randomized Complete Block
Design (RCBD) split plot with two factors (differ-
ent heat pretreatment durations and tomato varieties)
and three replications after transplanting in the field.

Seeds of all the three tomato varieties i.e. Roma, Rio
Grande and Yaqui were obtained from a local market
and were sown in January for raising nursery. Healthy
seedlings at their 4- leaves stage were selected for the
experiment and transferred to a growth chamber. Af-
ter heat treatment, seedlings were transplanted to the
field during March in the study period. The field was
ploughed twice two weeks before the transplantation.
Raised beds were prepared with a plant to plant dis-
tance of 60 cm and row to row distance of 75cm. The
experimental field soil was silty loam in texture having
a 7.7 pH. A recommended dose of NPK fertilizer in
the form of Urea, Di ammonium phosphate (DAP),
and Potassium Sulphate at the rate of 100, 90 and 60
kg ha™ respectively were applied to the field. Potas-
sium and phosphorus were applied to the soil before
seedlings transplantation, while nitrogen fertilizer
was given in two split doses. The first dose was given
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before transplantation, the second dose was provid-
ed after 30 days of seedling transplantation. The soil
was well irrigated immediately after transplantation.
While, later the irrigation process carried out accord-
ing to the plant requirement. Manual weeding and
hoeing regularly performed to avoid any weeds in-
festation.

Heat treatment procedure

There were two groups of seedlings; the first group
was shifted to a growth chamber for pretreatment at
35 °C for 10, 15 and 20 hrs and then recovered at 25
°C for 2 hrs. The second group served as a control and
was transplanted directly to fields without any heat
pretreatment.

Parameters studied

Days to flowering

Data were calculated for the total number of days,
when the first flower is formed in each randomly se-
lected plant and the means were figured out.

Number of ﬂowers cluster™

Number of flowers per cluster was calculated for ran-
domly selected plants and mean values were figured
out.

Number of flower clusters plant™

The data regarding number of flower clusters were
recorded by counting the total number of flower clus-
ters on each randomly selected plant and figuring out
the mean values.

Electrolyte leakage

Total inorganic ions leaked out of the leaf was esti-
mated by the method described by Ben Hamed ez a/.
(2007). Twenty leat discs were taken in a boiling test
tube containing 10 mL of DDW, and electrical con-
ductivity was measured (EC ). The tubes were heated
at 45°C and 55 °C for 30 min in a water bath, and
similarly electrical conductivity measured (EC,) each
time. Later on, the contents were again boiled at 100
°C for 10 min, and electrical conductivity has been
recorded again (EC). The electrolyte leakage was cal-
culated using the formula:

EC, — EC,
Electrolyte Leakage (% age) = e *x 100

Chlorophyll content (SPAD)
Chlorophyll content was measured with the help of

a chlorophyll meter (Model Number: TYS-A) by re-
coding the SPAD values of randomly selected leaves
for each treatment per replication at the flowering
stage.

Leaf relative water content

Fully expanded top most leaves were collected from
the upper portion of the main shoot and fresh weight
was elaborated. The leaves were immersed in distilled
water in a Petri dish for two hrs. The leaves then re-
moved, and the surface water was blottedoff to calcu-
late the turgid weight. Samples had been dried in an
oven at 70°C to constant weight.

'The following formula used to determine the leaf rel-
ative water content (Turner, 1981):

LRWC (%) = [[EW~-D.W)/(T.W~-D.W)] x 100 (1)

where F'W stands for Fresh weight; D.W for Dry
weight and T.W represents Turgid weight.

Polyamines determination (Putrescine, Spermidine and
Spermine)(nmol/g)

Freeze-dried tomato leaf material was extracted and
dansylated as described by Torrigianies al. (2012).
with some modifications. Briefly, 50 mg of finely
ground sample was homogenized in 800 puL of 5%
ice-cold perchloric acid (PCA) using a hand-held ho-
mogenizer. The remaining procedure was exactly as
described by Anwar ez al. (2019). For PAs recovery
and calibration curves, authentic PA standards (Sig-
ma-Aldrich, USA) were used as control. PAs were in-
tegrated and quantified using Millennium 4.0 from
Waters Corporation. PCA-soluble, PCA-soluble hy-
drolyzed with HCI, and PCA-insoluble after hydrol-
ysis samples were quantified and designated as free,
conjugated, and bound forms of each PA, respectively
(Anwar ez al., 2019).

Yield (¢ ha™)

Yield per hectarewas determined by weighing tomato
fruits of each treatment harvested from each subplot
and then converting to tonnes using the formula:

Vield of sub plot (Kg) x 10000 m2
Area of sub plot (m2) x 1000

Yield (t ha —1) =

Results and Discussion

Days to flowering
The statistical analysis of the data concerning days
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to flowering indicated that heat pretreatment and
varieties significantly affected the days to flower-
ing of tomato (Table 1) while the interactions were
non-significant. Mean values of the data showed that
heat pretreatment of 20 hrs produced early flowering
(26.99 days) in tomato, followed by 15 hrs HP (28.44
days), which was at par with that of 10 hrs HP (29.15
days). Late flowering occurred in the tomato plants
treated with no HP (31.61 days). Concerning vari-
eties, the highest days to flowering (31.57 days) was
taken by Yaqui as compared to Roma plants which
took the lowest days to flowering (26.72 days).

'The seedling stage has a crucial role in tomato flow-
ering and ultimately fruit production. This stage of
plant growth greatly influences flowering to harvest
time and its optimization can enhance the quality as
well as production yield of tomato crop (Zhan ez al.,
2003). Flowering and fruit set are two key process-
es that are sensitive to high temperature and a basis
for identifying heat tolerance in tomato (Berry and
Uddin, 1988; Hanna and Hernandez, 1982). Thermo-
tolerance is acquired from prior subjecting the plants
to a sublethal high temperature pretreatment (Hong
and Vierling, 2000). Early flowering with longer heat
pretreatment duration might be related to the heat
acclimated plants stress avoidance strategy to prevent
the issues related to high temperature at the flowering
stage (Peet ez al.,1997). Heat preconditioning can re-
duce stress injury by stabilizing the membrane struc-
ture, regulating membrane functions, optimize the ion
leakage and membrane permeability leading to seed-
lings tolerance to high temperature stress. Seedlings
treated with a longer duration of heat pretreatment
flowered earlier as compared to control plants. These
results are in conformity with Javanmardi ez a/. (2009)
who recorded an early flowering as well as maximum
fruit set in heat preconditioned plants as compared to
non-acclimated plants.

Number of flowers cluster” andnumber of flower clusters
plant™

Data regarding number of flowers clusterof tomato
varieties is presented in Table 1. Statistical analysis of
the data revealed that heat pretreatment and varieties
significantly affected the number of flowers clusterof
tomato plants while there was no significant differ-
ence regarding various interactions. The least number
of flowers cluster™ (5.61) were recorded in control to-
mato plants, while 20 hrs HP treated tomato plants
resulted in highest number of flowers cluster?(8.34)

which was at par with those of 15 hrs (7.97). As far as
varieties are concerned, Rio Grande plants produced
highest number of flowers cluster™?(7.91)followed by
Roma (7.48) while the lowest number of flowers per
cluster(6.44)resulted in Yaqui plants.

Table 1: Effect of Pre-transplant high temperature con-
ditioning on days fo flowering, number of flowers cluster™
and number of flower clusters plam"J of tomato varieties.

Heat Treatment Daysto  Numberof  Number of

(HT) (Hzs) flowering flowers clus- flower clusters
ter! plant™

0 31.61a 5.61c 13.19 ¢

10 29.15b  7.19b 15.31b

15 28.44bc 7.97a 15.72 ab

20 26.99 ¢ 8.342a 16.06 a

LSData0.05 2.04 0.45 0.44

Varieties (V)

Roma 26.72 ¢ 7.48b 1531b

Rio Grande 2885b 791a 16.99 a

Yaqui 31.57a  6.44c 12.92 ¢

LSD at 0.0.05  3.49 0.13 0.61

Interactions (HT NS NS “Fig 3.1

xV)

Means followed by similar letter(s) in column do not differ signifi-
cantly from one another; NS = Non-significant and *, ** = Significant
at 5 and 1% level of probability, respectively.

Number of flower clusters per plantof tomato was
also significantly affected by heat pretreatment, varie-
ties and interactions (Table 1). The number of flower
clusters per plantof tomato were least (13.19), when
treated with no HP as compared to the plants treat-
ed with 20 hrs HP that resulted in highest number
of flower clusters per plant(16.06) followed by 15
hrs HP (15.72) and 10 hrs HP (15.31). Data re-
garding varieties revealed that the lowest number of
flower clusters plant’(12.92) was observed in Yaqui
plants, while the highest number of flower clusters
plant?(16.99) was noted in Rio Grande plants. Inter-
active effects showed that number of flower clusters
plant'was improved with an increase in HP. How-
ever, the increase was maximum at 20 hrs HP in Rio

Grande (Figure 1).

Based on the developmental stage, the mean dai-
ly temperature for optimum tomato growth and
production is around 21 to 25°C (Geisenberg and
Stewart, 1986) and a rise in temperature of even a
tew degrees can adversely affect flowers and fruit set.
Plant’s reproductive stages especially gametogenesis
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and fertilization are most crucial with respect to a rise
in temperature. Moreover, meiosis occurs a few days
before anthesis, which is a highly temperature sensi-
tive phase of plant growth (Peet ez a/., 1997). Higher
number of flowers in 15 hrs and 20 hrs heat pretreat-
ed plants was likely because of the seedlings being
hardened by high temperature conditioning before
transplantation. A decline in the number of flow-
ers cluster™ in control plants is similar to the results
obtained by Javanmardi ez a/. (2009) who reported a
limited reproductive growth in non heat pretreated
plants as compared to heat pretreated plants. Fur-
thermore, a longer duration of heat pretreatment of
20 hrs before transplantation enabled the plant to
flower early, resulting in an escape from higher tem-
perature stress around the flowering stage and ulti-
mately higher number of flowers cluster (Peet e al.,
1997). An abrupt heat treatment (42-45°C) also en-
ables the plants to acclimate high temperature stress
during the flowering stage (Larkindale and Vierling,
2008; Suzuki ez al., 2008). Qin ez al. (2008) applied
high temperature treatment of 36-38°C to Arabidop-
sis thaliana plants for a short period as a hardening
method and then subjected the plants to increased
durations of 45°C temperature stress to acquire ther-
motolerance. Another research investigated the effect
of a gradual rise in temperature to achieve acclima-
tion in Arabidopsis thaliana seedlings to heat stress
of 45°C. A massive build-up of heat shock proteins
as well as reactive oxygen species and enzymes was
observed during the treatment (Larkindale and Vier-
ling, 2008).

Figure 1: Interactive effect of varieties and heat treatment on num-
ber of flower clusters plant™ of fomato.

Fruit set percentage (%)
Data concerning the fruit set percentage of the to-
mato crop in response to heat pretreatment and va-

rieties is shown in Table 2. Fruit set percentage was
significantly affected by different heat pretreatment
levels and varieties while the interaction effect of all
the treatments was non-significant. The fruit set per-
centage increased from (60.70%) in control plants to
(68.33%) with 20 hrs HP application, followed by
(64.64%) with 15 hrs HP treatment. The highest fruit
set percentage (68.25%) was recorded in Rio Grande
plants, followed by (64.33%) in Roma, while the lowest
fruit set percentage (58.36%) resulted in Yaqui plants.

Plants parts that are most sensitive to high temper-
ature stress are floral and fruiting organs (Wahid ez
al., 2007). Acquired thermotolerance at the anthe-
sis stage can play a key role in determining the final
yield. Higher fruit set percentage in heat pretreated
plants for a longer duration might be due to good
osmotic adjustment, enabling the plant to maintain
leaf pressure potential at an optimum stage during
the heat stress conditions leading to normal growth
and development. Similar results were also produced
by Morales ez al. (2003) who studied the influence
of high temperature conditioning of 30°C and 35°C
as preconditioning temperatures and concluded that
preconditioned plants had higher pressure potential as
well as stomatal conductance as compared to those of
non-conditioned plants. Osmolyte production is also
known to enhance protein stability and membrane
integrity under heat stress conditions (Mirzaei ef al.,
2012; Sung ef al., 2003). Javanmardi ez a/l. (2014) in-
vestigated the influence of high temperature pretreat-
ment in tomato and observed a higher fruit set and
early first flower initiation in heat pretreated plants
in comparison with control plants. Heat pretreatment
also enables the plant to cope with high temperature
stress due to its enhanced membrane integrity, higher
levels of proline and carbohydrate content, antioxi-
dant enzyme activities and reduced chlorophyll deg-
radation (Ding ez al., 2016).

Significant influence of varieties was noted regard-
ing fruit set percentage. This was in accordance with
(Zhou, 2017) who investigated the physiological re-
sponse of different tomato genotypes to heat stress
during seedling as well as anthesis stage and reported
a significant influence of cultivars on fruit set of toma-
to. The heat tolerant genotype continued normal truss
formation under high temperature stress indicating
normal floral organ growth and development. Also
the heat tolerant cultivars maintained a higher level
of carbohydrates assimilation and nutrients uptake
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Table 2: Effect of Pre-transplant high temperature conditioning on fruit set percentage (%), electrolyte Leakage (%)
chlorophyll content (SPAD) and leaf relative water content (%) of tomato varieties.

Heat Treatment (HT) Fruit set percentage

(Hrs) (%) (%)

0 60.70 ¢ 57.77 a
10 60.88 ¢ 55.87b
15 64.68 b 51.43 ¢
20 68.33 a 48.87d
LSD at a 0.05 2.71 1.78
Varieties (V)

Roma 64.33 b 52.36 b
Rio Grande 68.25 a 48.86 ¢
Yaqui 58.36 ¢ 59.24a
LSD at a 0.05 2.14 3.06
Interactions (HT x V) NS NS

Electrolyte Leakage Chlorophyll content

Leaf relative water con-

(SPAD) tent (%)
41.09 ¢ 62.19 ¢
43.76 b 70.22 b
45.59b 72.51 ab
50.31a 75.34 a
2.13 2.89
45.28 b 67.05 b
48.06 a 80.68 a
42.23 ¢ 62.48 c
3.28 3.34
“Fig 3.2 NS

Means followed by similar letter(s) in column do not differ significantly from one another; NS = Non-significant and *, ™ = Significant at 5

and 1% level of probability, respectively.

(Kumari ez al., 2013; Vignjevic ez al., 2015) as well as
cell wall and vascular invertases activities (Li ez al.,
2012) under high temperature stress conditions ul-
timately leading to better fruit set in tomato. These
results were also in conformity with (Abdul Baki,
1991), who concluded that tolerant cultivars result-
ed in more flowers, optimum matured fruits, highest
fruit set percentage and highest yield as compared to
heat sensitive cultivars both in a greenhouse as well
as under field conditions. Severe alterations in pho-
tosynthetic rate are induced by heat stress reducing
the plant’s ability to mitigate the damaging effect of
high temperature. Reduced antioxidant capacity and
increased dark respiration in heat sensitive cultivar
might be the reason for poor performance regarding

fruit set in the field (Camejo, 2006).

Electrolyte Leakage (%)

It is clear from Table 2 for electrolyte leakage that
there was a significant difference among different
heat pretreatment and varieties. The interaction ef-
fects for all the treatments remained non-significant.
Heat pretreatment of tomato seedlings for a 20 hrs
duration resulted in minimum electrolyte leakage
(48.87%), followed by (51.43%) with heat pretreat-
ment for 15 hrs duration while maximum electrolyte
leakage (57.77%) was recorded in control plants. The
mean data regarding varieties showed that mini-
mum electrolyte leakage (48.86%) was noted for Rio
Grande plants, while the maximum electrolyte leak-
age (59.24%) was observed in Yaqui plants.

'The temperature as well as duration of heat stress pre-
treatments, determines the growth and development
of the plant under heat stress conditions and the re-
sponse of the plants vary between growth stages and
tissue type. Maintenance of homeostasis and repair-
ing of heat sensitive components provides an insight
in the ability of the plant to withstand or acclimate
high temperature stress. Higher percentage of elec-
trolyte leakage is an indicator of increased oxidative
processes, reduced heat shock proteins production
and alterations in membrane permeability resulting in
oxidative damage and heat injury to the plant system
(Vierling, 1991; Kotak ez a/., 2007). Reduced mem-
brane integrity as a result of higher electrolyte leakage
percentage, lower the ability of the plants to retain
solutes as well as water in heat stress conditions (Al-
lakhverdiev ez al.,2008; Wahid and Shabbir, 2005). To
prevent higher electrolyte leakage due to heat stress
and to regulate metabolism, plant increases saturated
and monounsaturated fatty acids content (Zhang ez
al., 2005b) which ultimately leads to membrane sta-
bility and enhanced heat tolerance (Larkindale and
Huang, 2004). Several studies in tomato report that
heat treatment induces secondary metabolites accu-
mulation which protects the plant against oxidative
damage (Rivero ez al., 2001). Heat pretreatment also
results in stabilized membrane structure and func-
tions, reduce electrolyte leakage as well as membrane
permeability. These results are also in accordance with
Javanmardi ez a/. (2014) who reported reduced elec-
trolyte leakage in heat pretreated seedlings as com-
pared to the non-heat pretreated seedlings in pepper
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and tomato.

Varieties were also significantly difterent regarding
electrolyte leakage percentage. Reduced electrolyte
leakage is a characteristic feature of heat tolerant va-
riety when exposed to high temperature stress along
with higher photosynthetic activity and heat avoid-
ance (Nagarajan ez al., 2010; Scafaro ez al.,2010). Cer-
tain genotypes are more tolerant to high temperature
and their response to heat stress directly depend on
genotypic parameters (Challinor ez a/., 2007; Prasad
et al., 2006). However, (Camejo ez al., 2006) also re-
ported an increase in electrolyte leakage in heat sen-
sitive cultivar relating it to alterations in membrane
permeability and reduced solute and water retention
ability due to high temperature stress. A heat tolerant
cultivar Nagcarlang was not influenced by the heat
stress and retained its membrane permeability show-
ing the maintenance of its various functioning pro-
cesses. A higher level of electrolyte leakage is an in-
dicator of reduced functioning of mitochondrial and
photosynthetic systems in plant cells (Shanahan ez /.,
1990; Ristic ez al., 1996).

Chlorophyll content (SPAD)

Table 2 shows that heat pretreatment and varieties
significantly affected the chlorophyll content of to-
mato plants. The interactions between heat pretreat-
ment and varieties were also significant. Concerning
HP, the highest chlorophyll content (50.31 SPAD)
was recorded in plants subjected to 20 hrs heat pre-
treatment duration, followed by (45.59 SPAD) with
15 hrs heat pretreatment duration, whereas the lowest
chlorophyll content (41.09 SPAD) resulted in plants
treated with no heat pretreatment duration (Con-
trol). Rio Grande plants resulted in the highest chlo-
rophyll content (48.06 SPAD) as compared to those
of Yaqui plants that recorded the lowest chlorophyll
content (42.23 SPAD). The interaction between heat
pretreatment and varieties showed that the chloro-
phyll content increase with an increase in heat pre-
treatment duration for all varieties, however heat pre-
treatment of 20 hrs duration in Rio Grande plants

resulted in the highest chlorophyll content (Figure 2).

High temperature stress significantly influences var-
ious photosynthetic parameters like chlorophyll a/b
levels and chlorophyll/carotenoid ratio and tremen-
dously disturbs the root and leaf water hydraulic con-
ductivity (Wahid, 2007; Morales ¢# al., 2003). Chlo-
roplast is the major source of reactive oxygen species

(ROS) in the plant cell. They produce superoxide

radicals and singlet oxygen from the harvested light
energy (Salin, 1988). Under various stress conditions
like drought, heat and herbicides, photoactivated
chlorophyll also excite oxygen to singlet form when
the harvested light energy is not used in the electron
transport system (Foyer, 2002). Several research stud-
ies have confirmed that the association of chlorophyll
content with plant heat stress, the results indicates
that cultivars having a high greenness level are less
prone to high temperature stress (Lopes and Reyn-
olds, 2012; Reynolds ez al., 2012; Rossi et al., 2017
Wang et al., 2017). Furthermore, various reports are
indicating a devastating influence of high temper-
ature stress on chlorophyll biosynthesis in difterent
plant species (Feierabend, 1977; Tewari and Tripathy,
1998; Takahashi ez a/., 2008).

Figure 2: Interactive effect of varieties and heat treatment on
chlorophyll content (SPAD) of tomato.

Chlorophyll content also gives an idea of the nutrient
absorption as well as photosynthetic assimilation abil-
ity of a plant. An increase in chlorophyll content was
observed with increasing heat pretreatment duration.
The highest chlorophyll content resulted in plants
treated with 20 hrs heat pretreatment. Further, Java-
nmardi ez al. (2014) investigated the influence of heat
preconditioning on chlorophyll content of tomato and
pepper leaves and reported that tomato and pepper
plants produced a higher chlorophyll content when
preconditioned with heat treatment as compared to
the non-acclimated plants. An improved chloroplast
structure under high temperature stress is also report-
ed to be a result of heat acclimation (Xu ez /., 2006).
Besides, Morales ef al. (2003) studied the effect of
high temperature preconditioning and thermal shock
on tomato cultivar Amalia and reported a significant
influence of high temperature pretreatment on chlo-
rophyll content, stomatal conductance as well as net
photosynthetic rate. Heat acclimated plants had a
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higher degree of thermo-stability, lower chloroplast
damage and lipid peroxidation as compared to the
non-heat acclimated plants when subjected to a high
temperature stress (Xu ez a/., 2006). The findings are
also in conformity with Ibrahim and El-Mugadam
(2019) who also obtained similar results and recorded
a higher chlorophyll in plants preconditioned with a
high temperature hardening treatment. Slower heat
treatment results in serious plant injuries including
loss of membrane integrity as well as enzymes inac-
tivation in the chloroplast (Howarth, 2005). Similar,
findings were also obtained by Dutta e7 a/. (2009) and
Reda and Mandura (2011) who recorded enzymes
destruction that regulates chlorophyll synthesis under
high temperature stress.

Varieties were also significantly difterent from one
another regarding the chlorophyll content of toma-
to. Moreover, Wahid and Ghazanfar (2006) observed
similar results and concluded that tolerant tomato
genotypes produced a higher chlorophyll a:b ratio
and a lower chlorophyll: carotenoids ratio when ex-
posed to a higher than optimum temperature stress.
'These parameters are also used as a tool for indicating
thermotolerance and physiological status in tomato
plants. In addition, Camejo (2005) investigated the
influence of high temperature on photosynthetic ac-
tivity of two tomato cultivars and recorded an increase
in chlorophyll a/b ratio and decrease in chlorophyll/
carotenoid ratio in heat stressed Nagcarlang tomato
plants. Thermotolerance development in plants also
relates to the amount of chloroplast protein synthesis
elongation factor under high temperature stress (IMo-
riarty ez al., 2002). Heat shock proteins in chloroplast
protect the plant from the adverse effects of high tem-
perature stress ad play a key role in electron transport
(Barua ez al., 2003). Accumulation of chlorophyll has
also been correlated with thermotolerance in various
crop species (Selvaraj ez al. 2011).

Zhou et al. (2015) studied the physiological response
of heat stress in different tomato genotypes with dif-
terent types of heat susceptibility and reported that
cultivar ‘LA1994’ resulting in an altered photosyn-
thetic rate and chlorophyll content as compared to
control plants when exposed to a 36/28 °C temper-
ature stress. In support of our findings, Gosavi ez al.
(2014) and Zhou e al. (2017) also recorded an in-
crease in total chlorophyll in tolerant genotypes as
compared to the susceptible ones.

Leaf relative water content (%)

The leaf relative water content was significantly af-
tected by heat pretreatment and varieties while their
interaction was not significant (Table 2). Heat pre-
treatment of tomato seedlings for a 20 hrs duration
resulted in the highest leaf relative water content
(75.34%), followed by (72.51%) with heat pretreat-
ment for 15 hrs duration while the lowest leaf relative
water content (62.19 %) was recorded in control plants.
The highest leaf relative water content (80.68%) was
recorded in Rio Grande plants, followed by (67.05%)
in Roma, while the lowest leaf relative water content

(62.48%) resulted in Yaqui plants.

'The best way to judge plant water status of cellular
water deficit under various stressful conditions is the
relative water content (Sekmen ef a/. 2014). A de-
crease in leaf water content causes leaf desiccation,
which initially causes the stomata closure followed by
stromal photosynthetic reactions ultimately results in
photosynthetic inhibition (Bertolli ez a/. 2012; Zivcak
et al.2013). Higher leaf temperature is correlated with
an increase in temperature either directly by having
some damaging effects in plant tissues or indirectly
leads to an increase in plant water deficit. Both leaf
relative water content and turgidity can be used as
indicators of growth and development under high
temperature stress, an increase in temperature triggers
evaporative demands and ultimately results in higher
transpiration rates as well as reduced water potential
(Hall, 2000). High temperature is also considered as
the most influential factor that causes a higher plant
evaporation demand ultimately contributing towards
water deficiency (Karim ez a/. 1997; Simoes-Araujo ez
al.,2003). Turgidity maintenance is an important fac-
tor in optimum plant growth as well as implementing
normal cell activities (Farouk, 2011). It is also worth
mentioning that decreased leaf relative water content
and turgidity loss occur with an increase in transpira-
tion due to high temperature (Cansev, 2012; Turkes,
2003; Yamasaki and Dillenburg, 1999). Studies have
confirmed that a decline in relative water content
plays a key role in decreased growth in response to
osmotic stress in plants (Alexieva ez a/., 2001). A de-
crease in leaf relative water content in control plants
might be due to not being hardened by heat pretreat-
ment to cope with the heat stress of field conditions
after transplanting. Better water retention in heat
hardened tomato plants may also be associated with
better osmoregulation as well as healthy vegetative
growth in the field (Hasthanasombut ez a/., 2011).
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These results are in conformity with other research-
ers (Khalil and Moursy 1983) who reported promot-
ed growth of various plants due to heat hardening.

Zhou et al. (2017) subjected three tomato cultivars to
heat and drought stress and recorded a significant de-
crease in relative water content of all studied cultivars
as compared to those of control plants. This also con-
firms the similar sensitive behavior of all three culti-
vars to the applied stress. Heat tolerant cultivars have
normal growth and development under heat stress
conditions because they have improved photosyn-
thesis, water and nutrient use efficiency, membrane
stability and assimilate partitioning as compared to
heat sensitive cultivars (Camejo e a/., 2005; Ahn and
Zimmerman, 2006; Momcilovic and Ristic, 2007).

Polyamines (Putrescine, Spermidine and Spermine)
(nmol/g)

Data for Putrescine is indicated in Table 3 which
elaborates that heat pretreatment and varieties sig-
nificantly affected Putrescine concentration. The in-
teraction effect of heat pretreatment and varieties
didnot show a significant variation in response to
Putrescine concentration in tomato plants. The mean
data regarding Putrescine concentration revealed that
heat pretreatment of tomato plants for 20 hrs dura-
tion produced the highest Putrescine concentration
(193.95 nmol/g), followed by (185.55 nmol/g), while
the lowest Putrescine concentration (173.19nmol/g)
was noted in tomato plants applied with no heat pre-
treatment (Control). Regarding varieties, The Putres-
cine concentration was highest (190.25 nmol/g) in
Rio Grande, followed by (181.68 nmol/g) in Roma
while the lowest Putrescine concentration (176.92
nmol/g) was observed in Yaqui plants.

The mean data in Table 3 showed that spermidine
was significantly affected by various heat pretreat-
ment durations and varieties. Interactions have no
significant effect on the spermidine concentration of
tomato plants. Regarding heat pretreatment duration,
the highest spermidine concentration (154.59 nmo-
l/g) was recorded in plants subjected to 20 hrs heat
pretreatment duration, followed by (152.31 nmol/g)
with 15 hrs heat pretreatment duration, whereas the
lowest spermidine concentration (138.60 nmol/g)
resulted in plants treated with no heat pretreatment
duration (Control). The mean data regarding varie-
ties showed that the lowest spermidine concentration

(136.58 nmol/g) was noted for Rio Grande plants

while the highest spermidine concentration (152.57
nmol/g) was observed in Yaqui plants.

Table 3: Effect of Pre-transplant high temperature con-
ditioning on spermidine (nmol/g), spermine (nmol/g)
and yield (t ha™®) of tomato varieties.

Heat Treatment Putrescine Spermidine Spermine Yield

(HT) (Hrs) (nmol/g) (nmol/g) (nmol/g) (tha?)
0 173.19¢ 138.60b 2790c 18.18c¢
10 179.10c 139.33b 30.36 bc 18.31c
15 185.55b 15231 a 32.04b 19.21b
20 193.95a 15459 a 36.51a 20.14a
LSData0.05 2.75 3.72 3.02 0.47
Varieties (V)

Roma 181.68b 149.47b 3572a 18.86b
Rio Grande 190.25a 152.57 a 3321b 21.00a
Yaqui 176.92c¢ 136.58c  26.18c¢ 17.03 ¢
LSD ata0.05 5.15 3.32 3.91 0.37
Interactions (HT NS NS NS NS

x V)

Means followed by similar letter(s) in column do not differ signifi-
cantly from one another; NS = Non-significant and *, ** = Significant

at 5 and 1% level of probability, respectively.

Data regarding spermine concentration in Table 3
revealed that spermine concentration was signifi-
cantly influenced by heat pretreatment durations and
varieties. The interaction between heat pretreatment
durations and varieties was not significant. Heat pre-
treatment of tomato seedlings for a 20 hrs duration
resulted in increased spermine concentration (36.51
nmol/g), followed by (32.04 nmol/g) with heat pre-
treatment for 15 hrs duration while a decrease in
spermine concentration (27.90 nmol/g) was recorded
in control plants. The studied tomato varieties were
also significantly different from one another regard-
ing spermine concentration. Roma plants resulted in
the highest chlorophyll content (35.72 nmol/g), fol-
lowed by Rio Grande (32.21 nmol/g), as compared to
those of Yaqui plants that recorded the lowest chloro-
phyll content (26.18 nmol/g).

Polyamines, mainly putrescine (Put), spermidine
(Spd), and spermine (Spm) are ubiquitous, low mo-
lecular weight compounds that are widely distributed
in all living organisms (Hussain ez a/., 2011). For in-
stance, spermidine and spermine synthesis occur in
shoot apical meristem in the case of tobacco whereas
putrescine is produced in roots (Moschou ez a/.,2008).
In most cases, polyamines in plants tend to work in
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adaptive responses to various abiotic stresses and their
levels are severely influenced by different stress condi-
tions. Liu e a/. (2007) has investigated the variations
in levels of polyamines by subjecting plants to a range
of abiotic stresses like high salinity, high and low tem-
peratures, drought, nutrient deficiency and recorded
a significant change in polyamine levels. This change
is higher in case of putrescine while spermidine and
spermine show a minor increase in case of apple cal-
lus when treated with salt (Liu ez a/., 2006). These re-
sults also suggest that changes in polyamine levels are
decided by various factors including plant species un-
der investigation, type and condition of stress, stress
tolerance capacity of the plant and its physiological
status. Increased accumulation of polyamines main-
tains membrane stability under stress conditions by
regulating antioxidant activities and binding strongly
with negative charges in proteins and phospholipids
(Asthir e al., 2004; Liu et al., 2007; Tiburcio ef al.,
2014). Polyamines also enhance various growth and
developmental processes in plants including stimula-
tion, support and development of flower buds, fruit
set, fruit ripening, cell division and response to abiotic
stresses (Bouchereau ez a/., 1999; Groppa and Bena-
vides 2008).

Polyamines promote the photosynthetic activity of
chloroplast and prevent lipids peroxidation (Dro-
let ez al., 1986; Floryszak ez al., 1992a). Putrescine
plays a key role in mitigating harmful effects of stress
because of its higher content as compared to sper-
midine and spermine leading to reduced oxidative
damage (Bouchereau ez a/., 1999). Heat pretreatment
hardened tomato plants and produced the optimum
amount of polyamines necessary for better growth and
development. Similar results were also observed by
Goyal and Asthir (2010) who recorded promoted di-
amine oxidase and polyamine oxidase activities along
with an increase in spermidine and spermine content
in wheat under high temperature stress conditions.
Similar results were also reported in multiple studies
regarding an increase in polyamines in different crops
and conditions like chickpea and soybean (Nayyar ez
al., 2005) under drought stress while in Arabidopsis
(Sagor ez al., 2013), tobacco (Cvikrova ez al., 2012),
and alfalfa (Konigshofer and Lechner 2002) under
heat stress conditions. Various research investigations
have shown that polyamines role in stress tolerance is
mainly by reactive oxygen species ROS homeostasis
regulations (Liu ez a/., 2015). Exogenous application
of polyamines as well as over expression of various

polyamine biosynthetic genes enhanced plant ability
to tolerate various abiotic stresses (Farooq ez al., 2009,
Wang e al., 2011a; 2011b; Fu ez al., 2014). Various
research studies have shown that stress conditions
lead to polyamines accumulation but there are some
reports of decrease or minimal polyamine alteration
when experiments were performed under different

conditions (Liu ez al., 2006; 2007; 2008).

Considering cultivars, multiple research studies re-
vealed that tolerant cultivars synthesize more sper-
midine and spermine as compared to sensitive cul-
tivars which tend to produce more putrescine while
having the same stress conditions (Krishnamurthy
and Bhagwat, 1989; Santa-Cruz ez a/., 1998; Liu ez
al., 2004). Overall, heat tolerant cultivars have the
ability to accumulate a higher quantity of polyam-
ines as compared to heat sensitive cultivars (Hatmi ez
al., 2015), Enhanced levels of polyamines confer in-
creased tolerance to different plants in multiple stress
conditions (Duan ez a/., 2008).

Yield (¢ ha™)

The yield of tomato cropwas significantly affected
by heat pretreatment durations and varieties. How-
ever, the interaction between heat pretreatment du-
rations and varieties was not significant (Table 3).
Yieldincreased with an increase in heat pretreatment
duration. The highest yield (20.14 t ha™) resulted
in tomato plants applied with 20 hrs heat pretreat-
ment duration, followed by (19.21 t ha*) with 15 hrs
heat pretreatment duration, whereas the lowest yield
(18.18 t ha) was observed in tomato plants subjected
to no heat pretreatment (Control). Regarding vari-
ous varieties studied during the experiment, the yield
was highest (21.00 t ha?) in Rio Grande plants, fol-
lowed by (18.86 t ha!) in Roma while the lowest yield
(17.03 t ha™) was noted in Yaqui plants.

High temperature stress directly as well as indirectly
influence the overall yield of tomato. Direct damages
of extreme temperature include increased membrane
lipid fluidity, proteins denaturation and inhibition
as well as enzyme inactivation of mitochondria and
chloroplast (Howarth, 2005). A decline in fruit qual-
ity and yield of tomato is reported because of poor
performance of crop at various developmental stages
ranging from vegetative particularly leaves (Came-
jo et al., 2006; Shanmugam ez a/., 2013; Sharma ez
al., 2014) to reproductive growth (Rudich ez al., 1977,
Abdul-Baki 1991; Firon ez a/., 2006) under heat stress
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conditions. However, the reproductive stage is termed
to be most sensitive stage to heat stress in various
crops like wheat (Farooq ez a/., 2011; Shanmugam ez
al., 2013), tomato (Abdul Baki 1991; Sato ez a/., 2000)
and cotton (Kakani ez a/., 2005; Snider ez al., 2009).
High temperature also has a significant damaging ef-
fect on at cellular, sub-cellular as well as tissue level
of plant structures, ultimately leads to lowered crop
yield and development (Wahid ez a/., 2007). Even at
certain extreme high temperature and drought condi-
tions, about 50% crop yield loss has also been reported
(Wang ez al., 2003). Other researchers recorded sig-
nificant damage to intermolecular interactions need-
ed for optimum growth and development as a result
of high temperature stress (Bita and Gerats, 2013).

Considerable research work has been done to evaluate
the influence of heat stress caused by elevated tem-
peratures and its subsequent biochemical, physiolog-
ical, anatomical, morphological and genetic response
in decreasing crop yield (Snider ez a/., 2010; Camejo
et al., 2005; Chen et al., 2012; Vasseur et al., 2011;
Min et al., 2014). Heat pretreatment of tomato seed-
lings enhances yield performance in the field after
transplanting. Our results show that an increased du-
ration of heat pretreatment given to tomato seedlings
act as a hardening tool to significantly increased yield
of tomato crop. The optimum yield of heat pretreated
plants was also associated with the ability of hardened
plants to maintain high nutrient uptake and carbo-
hydrates assimilation during heat stress (Kumari ez
al., 2013; Vignjevic et al., 2015). These findings are
also in accordance with Yarwood (1961) who report-
ed that leaves exposed to high temperature stress for a
specific duration can harden it to bear increased tem-
perature stress than non-treated leaves.

Significant variation yield of tomato crop is also ob-
served regarding different cultivars studied. The in-
fluence of heat stress and the response of plants vary
between genotypes and stages of development (Wa-
hid ez al., 2007). For instance, carbohydrate metab-
olism and photosynthesis at the leaves stage varies
between cultivars and is used as an indicator of heat
susceptibility in plants (Camejo ez a/l., 2006; Sharma
etal., 2014).

Conclusions and Recommendations

From the results of the experiment, it was concluded
that heat pretreatment of 35°C for 20 hrs recorded

the highest reproductive as well as biochemical at-
tributes. Therefore, it is recommended that as a hard-
ening method for tomato transplants to cope with the
high temperature stress in field conditions. The Rio
Grande variety performed better than other studied
varieties, resulting inincreased reproductive growth
and recommended for cultivation in the agro-climatic
conditions of Peshawar, Khyber Pakhtunkhwa-Paki-
stan. It was also revealed from the results of the ex-
periment that Roma resulted in the earliest flower-
ing and produced the highest spermine content in all
treated plants as well as control.
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