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Abstract

Terminal heat stress caused by a late cultivation date, is one of the most important factors limiting the crop yield. This
study was conducted to investigate the ameliorative effects of paclobutrazol (PBZ) on growth, physiological, and photo-
synthetic pigments in three wheat cultivars under various planting dates. This experiment was conducted in a split-factorial
arrangement based on a randomized completely block design (RCBD) with three replicates over two years (2020-21 and
2021-22). Planting date was determined as main plots (including November 16, December 11, and January 5). Three
wheat cultivars (Karim, Mehrgan, and Chamran-2) and application of PBZ at three concentrations (Omg L-!, 60mg L,
and 120mg L") were also established as two subplots. Our results revealed although late cultivation reduced grain yield,
PBZ foliar spraying (120mg L-") improved grain yield of Chamran-2 by 36%, Mehrgan by 32%, and Karim by 20%.
Moreover, a decreasing trend in stem length was observed with increased PBZ concentration, which may be attributed to
the ability of this growth modifier to remobilize assimilates on grains rather than on stems. Moreover, maximum specific
weight, and assimilate remobilization increased with the application of PBZ. The reducing effect of terminal heat stress on
photosynthetic pigments was also alleviated. Overall, our results showed that Chamran-2 outperformed others especially
in heat stress conditions. It can be concluded that PBZ foliar application can be an effective way to combat adverse effects

of late cultivation wheat.
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Introduction

Abiotic stresses always increase the risks associated with
sustainable food production. All over the world crop plants
are subjected to various abiotic stresses (El-Bially et al.
2018; Saudy et al. 2020a, 2023a; Abd El-Mageed et al.
2022; El-Metwally et al. 2022a). Hence, reduction in crop
growth, yield and quality associated the environmental
stresses (El-Metwally and Saudy 2021; Salem et al. 2021;
Abd-Elrahman et al. 2022; Saudy et al. 2023b). one of the
most significant stress affecting crop productivity if the
heat stress, especially in arid zones (El-Bially et al. 2022a;
Saudy et al. 2020b). In this concern, global crop produc-
tion is threatened by high-temperature stress, primarily at
the reproductive phase (Nagar et al. 2021). According to
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Zhao et al. (2017), every 1°C increase in global mean
temperatures will reduce wheat yields by 6.0%, rice yields
by 3.2%, maize yields by 7.4%, and soybean yields by
3.1%. Wheat (Triticum aestivum L.) is an essential crop
for human consumption growing during winter. Various
weather conditions within seasons devastate yield potential
(Murungu and Madanzi 2010; Gandjaeva 2019). A major
wheat production region in Iran is Khuzestan province.
While heat stress for late sowing dates in the mentioned
area limits crop productivity. One method for assisting
a plant avoid poor environmental conditions is to alter
the cropping pattern in that area (Mombeini et al. 2014).
Sowing at the right time to coincide with the cultivar ma-
turity length and the growing season is essential for yield
optimization (Andarzian et al. 2008, 2015; Mousavi et al.
2021). Inadequate rainfall and high temperatures during
grain filling at the end of the season are two significant
factors limiting wheat grain production in this region.

It is crucial to consider the appropriate sowing date when
managing grain yield in such an environment (Sun et al.
2013; Andarzian et al. 2015; Mousavi et al. 2021), as it
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affects the crop growth, development, germination percent-
age, and seedlings establishment (Gandjaeva 2019). Shirin-
zadeh et al. (2017) stated that winter wheat yield increases
with proper sowing dates. It has been reported that a two-
week delay in sowing date significantly reduces cereal grain
yield by 15%, while a four-week delay in sowing reduces
crop yield by 30% (Podolska and Wyziniska 2011). Based
on the weather conditions and cultivation technology level
during the vegetation period, Oleksiak (2014) found that
delayed sowing can negatively impact yield.

In the context of current and future climate change sce-
narios, terminal heat stress in wheat poses a challenge to the
scientific community (Nagar et al. 2021). During all phases
of wheat’s growth, the abnormal delay in sowing exposes
it to unsuitable photothermal regimes (Nagar et al. 2021).
As a result of terminal heat stress during anthesis and grain
filling, flowers are aborted, pollen viability is reduced, pho-
tosynthates are transported to the developing kernel, and
starch synthesis and deposition occur within the kernel.
This results in a reduction in grain quality, grain number,
and grain weight (Farooq et al. 2011; Reynolds et al. 2012).
Additionally, elevated temperatures increase the availability
of free electrons in chloroplasts and mitochondria (Modar-
resi et al. 2010), thereby generating reactive oxygen spe-
cies (ROS) (O-2, H,O,, OH~*OH) (Caverzan et al. 2016;
Ghadirnezhad Shiade et al. 2022a). Essentially, ROS dam-
age lipids, nucleic acids, and proteins, reducing the plant’s
ability to perform physiological processes (Mathur and Ja-
joo 2013; Zhao et al. 2023). Further, chlorophyll pigment
degradation leads to significant reductions in photosynthe-
sis, reduced activity of rubisco and rubisco activase, and
structural damage to the thylakoids and oxygen-evolving
complex of photosystem II under stressed conditions (Fa-
rooq et al. 2011).

Another effective agricultural strategy that has gained
plenty of attention is the application of environmental
stress modifiers. Several chemical compounds have been
exploited as alleviators to cope the environmental stress
impacts (El-Metwally et al. 2021; Mubarak et al. 2021;
El-Bially et al. 2022b; Salem et al. 2022). A major phys-
iological effect of plant growth regulators is their ability
to increase plant tolerance to environmental stress (Desta
and Amare 2021; El-Metwally et al. 2022b). In the plant,
paclobutrazol (PBZ), a triazole derivative, inhibits kaurene
oxidase and blocks the oxidation of kaurene into kaurenoic
acid (Nagar et al. 2021). In addition, this compound can
increase resistance to cold, heat, drought, and salt in vari-
ous plants (Nagar et al. 2021). The triazole-mediated stress
protection is attributed to changes in plant hormones such
as increased cytokinins, abscisic acid, and ethylene levels
(Soumya et al. 2017). Besides reducing electrolyte leakage
and maintaining relative water content, it enhances the lev-
els of osmolytes, antioxidants, and endogenous hormones

@ Springer

in plants so that they can adapt to stress. As a result, pho-
tosynthetic activity contributes to plant growth and yield
(Desta and Amare 2021). Furthermore, PBZ application
increases stress tolerance, promotes tillering, and enhance
spike numbers and yields (Peng et al. 2014; Dwivedi et al.
2017), and grain yield. This activity of PBZ could be
attributed to enhancing osmolytes, endogenous hormones,
and antioxidant activities under adverse environmental con-
ditions (Soumya et al. 2017; Kamran et al. 2018), as well
as maintaining physiological function and root activity.

Although there are many studies investigating the use of
PBZ to increase crop yields, few studies have focused on
how the combination of planting date and PBZ application
can result in higher wheat yields by improving remobiliza-
tion potential and terminal heat tolerance. Hence, it was
hypothesized that a strategic combination of planting date
and PBZ application will positively influence wheat crops,
resulting in higher yields. In other words, the hypothesis
suggests that the appropriate timing of planting and PBZ
treatment will lead to enhanced growth indicators, improved
physiological responses, increased photosynthetic pigment
concentrations in wheat cultivars, superior remobilization
potential, and better tolerance to terminal heat stress condi-
tions, ultimately contributing to higher wheat yields. This
study has two key aims, firstly, to explore the combined
impact of planting date and PBZ application on wheat cul-
tivars, with a specific focus on assessing their effects on
growth indicators, physiological characteristics, and pho-
tosynthetic pigments. Secondly, to address the existing re-
search gap by investigating how the interaction of planting
date and PBZ can lead to enhanced wheat yields through
improved remobilization potential and increased tolerance
to terminal heat stress conditions.

Material and Methods
Experimental Design

This experiment was conducted in a split-factorial arrange-
ment based on a completely randomized design (CRD) with
three replicates over two years (2020-21 and 2021-22).
Planting date at 25-day intervals was laid out as main plots
(including November 16, December 11, and January 5).
Three wheat cultivars (Karim, Mehrgan, and Chamran-2)
and application of PBZ at three concentrations (Omg L,
60mg L', and 120mg L) were also established as two
subplots.

Growth Conditions and Plant Material

The field soil was deeply plowed and leveled with two ver-
tical disks last fall. Then, the plots were laid out so that,
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Table 1 Physiochemical characteristics of the soil in the experimental area

Soil texture K P N oC pH EC Depth
(mgkg™) (mg kg™ (%) (%) (ds.m™) (cm)
Loam-sand 113 6.4 0.097 0.96 7.18 2.04 0-30

10 planting rows were established in each plot (with a length
of 4m) with a spacing of 20cm between seedlings. The
planting density was set at 400 plants m=2. According to
the physicochemical characteristics of the soil test in the
study area (Table 1), phosphorus (270kg ha™! with triple
superphosphate, corresponding to 124.2kg ha™' P,Os) and
potassium (230kg ha™! with potassium sulfate, correspond-
ing to 115kg ha! k,O) were applied as starting fertilizers.
In addition, urea fertilizer (360kg ha™! corresponding to
165.6kg ha™! nitrogen) was applied at three growth stages
(after seedling emergence, at mid-tillage, and at the begin-
ning of flowering) as a top dressing. The study area was lo-
cated in Nitrogen village, Izeh district, Khuzestan province,
Iran (31° 52’ North, 49° 45’ East, with an elevation of 835 m
above sea level). The climatic data of the study area were
presented (Fig. 1). Three wheat cultivars (Karim, Mehrgan,
and Chamran2) were provided from Khuzestan agricultural
and natural resources research center. The plants were foliar
sprayed at desired levels (0, 60, and 120mg L) at early
stem elongation stage. The control plants were exposed with
distilled water at the same concentrations.

Measurements

At milk development phase on approximately 90 days after
sowing (DAS), three plants were randomly selected from
each plot at different treatment levels and their flag leaves
were separated. Then, the samples were quickly frozen in
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Fig. 1 Average maximum and minimum temperature and total monthly
rainfall during the wheat growth period over tow years of 2020-21 and
2021-22

liquid nitrogen and transferred to the laboratory to mea-
sure the physiological traits. Chlorophyll (chl a and chl b),
total chlorophyll and carotenoids content were evaluated
in accordance with (Ghadirnezhad Shiade et al. 2022b).
A sample of the leaf (0.3 g) was mixed well with 8 mL of
methanol and allowed to stand in the dark at room tem-
perature for 48h. Then the solution was extracted, and
its absorbance was measured using a spectrophotometer at
a wavelength of 665, 652 and 470nm, respectively. Then,
dried sample were used to calculate maximum stem specific
weight (MSSW), dry matter remobilization (DMT), and re-
mobilization efficiency (RE) according to Egs. 1, 2 and 3
modified by (Vosoghi Rad et al. 2022);

SW = Wpax/L (D
DMT = Winax — Winat 2
RE(%) = (DM T/ Wyay) % 100 3)

Where Wpax is the maximum stem weight, L is stem
length; W, refers to plant weight at physiological maturity,
and RE (%) shows the percentage of plant remobilization
efficiency.

At harvesting stage, when the plants were physiologi-
cally matured (120 DAS), samples were taken from each
plot. The harvest index (HI) was calculated by dividing the
grain yield by the biological yield. To determine the Thou-
sand-grain weight (TGW), two samples of 500 seeds from
each plot were counted and measured after 48 h in the oven
at 75°C. After making sure that the standard deviation was
less than 4%, its accuracy was confirmed, and its total was
reported as the TGW. Then the grain yield was corrected
based on 14% moisture (in kg ha'). Stem length was mea-
sured using ruler.

Data Analysis

The Shapiro-Wilk test was used to analyze the normality
of the data. According to the results of Bartlett’s test, the
variances of the years were not significant; therefore, a com-
posite analysis was used (Sobral et al. 2019). In addition,
the means of the data were compared using the LSD test.
All data were analyzed using SAS software (version 9.1).
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Table2 Composite variance analysis of the effect of year, planting date, cultivars and application of paclobutrazol on photosynthetic pigments

S.0.V df M.S

Chlorophyll a Chlorophyll b Total Chlorophyll Carotenoid
Year (Y) 1 0.015" 0.0006™ 0.001" 0.0002"
R (Y) 4 0.0004 0.00001 0.0136 0.0004
Planting date (PD) 2 0.5401™ 0.1494™ 0.5193" 0.3353™
Y *PD 2 0.0009" 0.00000™ 0.001"s 0.0000"s
Main error 8 0.0001 0.0001 0.0113 0.0003
Cultivars (C) 2 2.7850™" 0.0057" 4.3398" 1.0913™
Y *C 2 0.0015"™ 0.0000"™ 0.0001" 0.0001"
C*PD 4 0.0179"™ 0.0011™ 0.0109™ 0.0038™
Y *PD *C 4 0.0005™ 0.0000™ 0.0001" 0.0001"
Paclobutrazol (PBZ) 2 7.9058™ 0.883" 13.1189™ 2.1791™
Y * PBZ 2 0.0063" 0.0001" 0.0004" 0.0003"
PD * PBZ 4 0.0123" 0.0024™ 0.0122" 0.0201™"
Y *PD * PBZ 4 0.001"s 0.00001™ 0.0001" 0.0001"s
C *PBZ 4 0.3724™ 0.0876™ 0.3044™ 0.3829"
Y *C *PBZ 4 0.0016" 0.0000"™ 0.0000"™ 0.0001"
PD * C * PBZ 8 0.0096™ 0.0004™ 0.0393"™ 0.0073™
Y *PD * C * PBZ 8 0.0004" 0.0000"™ 0.0001" 0.0000"
Minor error 96 0.0003 0.0002 0.0128 0.0003
CV (%) - 1.1 2.57 5.49 2

ns, ¥* and * represent not significant and significant at the 5 and 1% probability levels, respectively

Results
Photosynthetic Pigments
Chlorophyll a

According to analysis of variance results, the triple effects
planting date x cultivar x PBZ application considerably af-
fected Chlorophyll a (Table 2). The highest chlorophyll a
content was observed on the planting date of Novem-
ber in the Chamran-2 cultivar and with 120mg L' PBZ
(2.07mg g!) (Table 3). In contrast, the lowest content was
recorded in the Karim cultivar (0.73mg g') under the late
cultivation date with no PBZ application. In all three plant-
ing dates, this photosynthetic content increased at higher
PBZ consumption (Table 3). The amount of chlorophyll a
on the delayed planting date, at the level of PBZ consump-
tion of 60 to 120mg L-!, was higher in Chamran-2 than the
other two Mehregan and Karim cultivars (Table 3).

Chlorophyll b

Based on the analysis of variance results, planting date, cul-
tivar, and PBZ application significantly influenced Chloro-
phyll b (Table 2). Chlorophyll b levels were highest on
the planting date of November when the Chamran-2 culti-
var was treated with 60 mgL-' PBZ (0.71 mg g") (Table 3).
The Karim cultivar had the lowest chlorophyll b content
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(0.29mg g') when not treated with PBZ on the planting
date of January (Table 3). Chlorophyll b levels increased
in all three planting dates with PBZ consumption of 60 to
120mg L' (Table 3). At delayed planting date, Chamran-2
cultivar performed better than others in Chlorophyll b con-
tent (Table 3).

Total Chlorophyll

The triple effect of planting date, cultivar, and PBZ ap-
plication greatly affected total chlorophyll (Table 2). To-
tal chlorophyll levels were highest (2.7mg g') in the
Chamran-2 cultivar in November when 120mg L' PBZ
was applied (Table 3). On the other hand, the Karim culti-
var also had the lowest total chlorophyll content (1 mg g!)
when not using PBZ on the late planting date in January
(Table 2). Chamran 2 cultivar had more significant total
chlorophyll under PBZ application conditions in all three
planting dates (Table 3). The total chlorophyll content dif-
fered significantly between cultivars at the 60 to 120mg L-!
of PBZ treatment on the delayed planting date. Based on
the results, total chlorophyll increased with the use of PBZ
(Table 3).

Carotenoids

Carotenoids was greatly affected by the triple effect of
planting date, cultivar, and PBZ application, according
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Table 3 Comparison of the average interaction effects of planting date, cultivars and application of paclobutrazol on photosynthetic pigments

Planting Cultivar Paclobutrazol Chlorophyll a Chlorophyll b Total chlorophyll Carotenoid
date (mg L™ (mg g™") (mg g™) (mgg") (mg g™
November 16 ~ Karim 0 0.88" 0.38" 1.26* 0.63"
60 1.54i 0.61¢ 1.82% 0.998
120 1.768 0.66° 2.421 0.96"
Mehrgan 0 1.18° 0.48™ 1.65% 0.76P
60 1.591 0.56 2.15! 1.21¢
120 2.03% 0.62¢ 2.66° 1.48%
Chamran-2 0 1.591 0.38f 1.96° 0.77°
60 1.97¢ 0.712 2.68° 0.93i
120 2.07% 0.64¢ 2.7% 1.03f
December 11 Karim 0 0.81f 0.34¢ 1.19Y 0.59¥
60 1.49K 0.58" 1.96° 0.96"
120 1.69" 0.634 2.34k 0.85™
Mehrgan 0 1.03pP 0.42p 1.56" 0.734
60 1.48% 0.47" 2.09" 1.05¢
120 1.93¢ 0.58¢ 2.558 1.42°
Chamran-2 1.441 0.314 1.87° 0.72"
60 1.88¢f 0.66° 2.6° 0.89%
120 1.96¢ 0.6f 2.614 0.94i
January 5 Karim 0 0.73! 0.29¥ 1.007 0.52%
60 1.41™ 0.51! 1.914 0.86™
120 1.61i 0.571 2.13m 0.78"
Mehrgan 0 0.964 0.394 1.45% 0.68"
60 1.19° 0.42° 1.94p 0.88!
120 1.86f 0.54% 2.45h 1.32¢
Chamran-2 0 1.37" 0.27v .77 0.69°
60 1.78¢ 0.57 2.36/ 0.75P
120 1.89¢ 0.54% 2.58f 0.86™

Means followed by similar letters in each column show non-significant difference according to LSD tests at 5% level

to analysis of variance results (Table 2). On the Novem-
ber 16 planting date in the Mehrgan cultivar, the high-
est carotenoids level were observed (1.48mg g') with
120mg L' PBZ application. However, the highest value
was observed for the Karim cultivar in January 5 cultivation
without PBZ treatment (0.52mg g') (Table 3). The results
revealed that at higher PBZ concentrations, carotenoids
content enhanced on the November 16 planting date. In
addition, this pigment content increased with the consump-
tion of 60mg L' for the Karim cultivar and the planting
date of December 11. In contrast, the carotenoids level
decreased with the higher PBZ consumption (120mg L™
PBZ). In general, carotenoids level increased with PBZ
consumption on the delayed planting date in all cultivars
(Table 3).

Morphological and Traits Related to Yield

Analysis of variance results for the studied parameters of
wheat plants treated with yearx planting date x cultivars x
PBZ were presented in Table 4.

TGW was influenced by the quadruple effect of yearx
planting date x cultivarx PBZ. The results showed that in
both years, the highest amount of TGW was observed on
the planting date of November 16 in the Karim cultivar at
the treatment level of 120mg L' PBZ (46.34 and 46.23 g)
(Table 5). The lowest amount of TGW in the first year was
also observed in the Chamran-2 cultivar (35.73 g) under the
conditions of consumption of 60 and 120mg L-! PBZ on
January 5 planting date (Table 5). On the delayed plant-
ing date, a statistically significant difference was observed
at the consumption level of 120mg L' of PBZ between
Chamran-2 and Mehrgan cultivars (Table 5). The results
showed that in the first year with a delay in planting in
Chamran-2 and Mehrgan cultivars with different levels of
PBZ TGW, although there was a significant difference, but
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Table 4 Composite variance analysis of the effect of planting date, cultivars and application of paclobutrazol on the investigated traits

S.0.V df M.S

TGW Grain HI Stem specific Dry matter remobiliza- Dry matter remo- Stem

yield weight tion efficiency bilization length

Year (Y) 0.36" 5,714911™  1.76" 36.5" 20.45" 0.15" 0.00"
R (Y) 4 0.36 412,650 2.58 2.09 7.67 0.01 3.09
Planting date 311.17°  14,885,062°" 105.07°  354.22™ 353.64" 1.26" 100.1"
(PD)
Y *PD 2 3.72m 133,731 5.54m 27.22m 8.89" 0.05" 5.4"
Main error 8 3.72 274,243 2.29 7.27 9.51 0.02 6.18
Cultivars (C) 2 278.50" 4,425,183 11.09™ 1825.21™ 481.68" 2.2" 535"
Y *C 2 5.81" 1,001,656™  1.00" 30.43" 35.43" 0.14" 6.49"
C*PD 4 5.81" 814,636 15.59 41.18™ 80.87™ 0.02" 7.98"
Y *PD *C 4 7.56" 223,674 6.83™ 3.44m 30" 0.04" 4.68"
Paclobutrazol 2 54.09" 27,288,728 756.38"  418.02" 817.14™ 0.36" 855.08""
(PBZ)
Y *PBZ 2 1.00" 72,430.31"  14.44" 9.53" 1.44n0s 0.01" 4.14™
PD * PBZ 4 0.96" 1,348,687 7.01" 9.22" 17.51" 0.05" 2.59"
Y *PD * 4 1.54" 84,618 0.68" 5.12" 5.98" 0.02" 3.18™
PBZ
C *PBZ 4 2.46" 1,652,615  15.26" 23.17" 67.74" 0.07" 66.69™
Y *C*PBZ 4 2.12" 30,303 11.59" 5.36™ 7.3" 0.01" 1.98"
PD*C*PBZ 8 1.80" 576,998" 3.70™ 12.91° 25.36" 0.06™ 4.24m
Y *PD*C* 8 1.89" 109,499 377 3.23" 1.59" 0.01" 4.63™
PBZ
Minor error 96 0.69 112,967 1.64 3.89 5.3 0.01 5.16
CV (%) - 2.1 6.3 3.8 5.8 59 8.8 2.8

ns, ** and * represent not significant and significant at the 5 and 1% probability levels, respectively

compared to the November 16 planting date, TGW was
much lower. But in the second year of TGW on the delayed
planting date and consumption of 60mg L-! in Mehrgan
cultivar, the lowest TGW of 35 g was obtained (Table 5).
Grain yield was influenced by the triple effect of planting
date x cultivar x PBZ. The highest grain yield was obtained
with Chamran-2 cultivar planted in November 16 and
December 11 that treated with 60mg L' PBZ (6940.58
and 6779.47kg ha’!, respectively). On the other hand,
the cultivar Mehrgan, planted in January 5 (late planting
date) without PBZ application had the lowest grain yield
(3829.93kg ha™') (Table 6). At all planting dates, Karim
cultivar recorded lower grain yield compared to the other
two cultivars. Although no significant difference was ob-
served between Chamran-2 and Mehrgan at late planting
date along with 120mg L-! PBZ application, Chamran-2
performed better than another cultivar (5844.01kg ha™').
HI was influenced by the quadruple effect of year x plant-
ing date x cultivar x PBZ. The results showed that in the first
year on the planting date of November 16, the Mehrgan
cultivar obtained the highest HI (39.59%) at the level of
120mg L' paclobetrazol application. After that, Chamran-2
cultivar was obtained at the level of 120mg L' paclobetra-
zol application (38.46%). In the second year, on the planting
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date of December 11, at the level of 60 mg L' paclobetrazol
application, the highest HI (37.96%) was obtained. After
that, on the planting date of November 16, Karim cultivar at
the level of 120mg L-! PBZ application (37.84%) obtained
the highest HI. In the first and second year, on the planting
date of January 5, the Chamran-2 cultivar had the lowest
HI in the absence of paclobetrazol application (Table 5).

Furthermore, application of PBZ at the highest con-
centration at the same planting date improved grain yield
of Chamran-2 by 36%, Mehrgan by 32%, and Karim by
20%. Moreover, stem length was affected by double in-
teraction of cultivarx PBZ (Table 4). The highest stem
length was recorded by Mehrgan cultivar with no PBZ
application (86.23 cm), which increased by 21% compared
with Chamran-2 treated with PBZ at 120mg L' (Fig. 2).
In addition, there was a decreasing trend in stem length
by increased PBZ concentration. Chamran-2 exhibited the
strongest decreasing trend of stem length compared to the
other cultivars (with a slope of 0.088, R?: 0.99%).

Remobilization Traits

Analysis of variance results revealed that the maximum
stem specific weight was significantly affected by the triple
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Table 5 Comparison of the average interaction effects of year, planting date, cultivar, and application of paclobutrazol on the studied traits

Planting Cultivar Paclobutrazol TGW HI
date (mg L™ First year Second year First year Second year
November 16  Karim 0 44.49° 44.56° 30.23™F 29.86°"
60 45.57% 45.47% 32.66! 58/33hii
120 46.34* 46.232 37.56+4 37.8424
Mehrgan 0 38.76%™ 40.19¢7 29.139 30.36™"
60 40.81¢¢ 41.26°2 32.20+! 32.47H
120 41.33%¢ 42.78° 39.592 35.39¢h
Chamran-2 40.85¢h 40.62 31.47%P 30.90+-4
60 41.15%¢ 41.21° 35.844¢ 36.16°¢
120 41.35%¢ 40.57 38.46% 36.10¢
December 11 Karim 0 42.60°¢ 40.83¢h 31.114 30.01°"
60 43.01¢ 42.02¢de 35.31¢h 33.43hk
120 44.64° 42.89¢ 37.56+4 37.68+4
Mehrgan 0 38.10-P 37.47"4 28.37™t 32.15M"
60 39.215™m 38.31%° 28.37"k 37.300*
120 39.75"*% 39.36 37.922b¢ 37.31b*
Chamran-2 35.95™ 36.90pP" 28.74™t 29.21p°f
60 38.14-p 37.91- 35.09f¢h 37.962b¢
120 39.11m™ 38.52kn 27.315¢ 36.34¢f
January 5 Karim 0 36.709°° 38.21%? 31.48%P 29.85"
60 40.37¢7 39.15i-m 31.63i° 33.46hk
120 41.87¢1 40.79°f2 35.21feh 36.910+
Mehrgan 0 36.699 33.83¢ 25.85% 27.46%"
60 37.71™4 35.00™ 30.94-4 29.51par
120 37.09°" 38.34-° 34.97f¢h 35.14fen
Chamran-2 36.04™ 37.08°" 25.07Y 26.89%
60 35.73% 37.92m 31.05-4 30.400%
120 35.73% 39.13-m 36.945 34.168h

Means followed by similar letters in each column show non-significant difference according to LSD tests at 5% level

effects planting date x cultivar x PBZ. In contrast, year had
no effect on this parameter (Table 4). Karim cultivar treated
with 60mg L-! PBZ cultivated in December 11, recorded
the highest maximum stem specific weight (43.02mg cm!)
which was 95% higher than that of the late-grown culti-
var Chamran-2 (Table 6). At all planting dates, the appli-
cation of PBZ to the Karim cultivar improved maximum
specific stem weight more than other cultivars. Whereas,
at normal cultivation date (November 16), Chamran-2 in-
creased this parameter by 18% under 120mg L' PBZ com-
pared with control. Karim and Mehrgan also recorded in-
creases of 23.4 and 7.5%, respectively, in the same situation.
Furthermore, when plants were cultivated in December 11
and treated with 120mg L-! PBZ, maximum specific stem
weight improved by 21%, 17.5%, and 15% for Chamran-2,
Mehrgan, and karim, respectively.

Dry matter remobilization was also influenced by the
triple effect of planting datex cultivarx PBZ. In contrast,
year had no effect on this parameter (Table 4). The highest
value for dry matter remobilization was observed at the two

planting dates in November and December in the cultivar
Karim without PBZ treatment (1.57g and 1.47g, respec-
tively) (Table 6). On the other hand, the lowest value of this
trait was observed in Chamran-2 cultivar (0.69 g) without
PBZ application in December 11. The results showed that
there was no significant difference between the application
and non-application of PBZ in Chamran-2 cultivar at the
late planting date (January 5). At all three planting dates,
the Karim cultivar had faster dry matter remobilization than
the other two cultivars, either with PBZ application or not
(Table 6). No statistically significant difference was ob-
served between the two cultivars at the delayed planting
date of Chamran-2 and Mehrgan under PBZ consumption
of 120mg L, but the dry matter remobilization of Mehrgan
was higher than that of Chamran-2 (Table 6).

Dry matter remobilization efficiency was affected by the
triple effects planting date x cultivarx PBZ (Table 4). Year
had no effect on this parameter. There was a decreasing
trend response with increased PBZ concentration for all
cultivars at three cultivation dates (Figs. 3, 4 and 5). Al-
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Table 6 Comparison of the average interaction effects of planting date, cultivar, and application of paclobutrazol on the studied traits

Planting date Cultivar Paclobutrazol Grain yield Stem specific weight Dry matter remobilization
(mg L™ (kg ha!) (mg cm™) (2
November 16 Karim 0 4329.79°P 38.124¢ 1.57*
60 5022.62Mi 41.99% 1.36°
120 5835.48¢de 40.99aP° 1.18def
Mehrgan 0 5168.698" 32.77"% 1.20¢de
60 5958.45b¢d 37.924¢ 1.24¢4
120 6343.54° 40.46b¢ 1.05¢hi
Chamran-2 0 5081.81¢hi 26.71k 1iik
60 6940.582 28.96h 1.02Mi
120 5929.09b<d 31.48f¢ 0.91%
December 11 Karim 0 4486.63™m° 37.37% 1.47%
60 5453.67¢f¢ 43.02% 1.35°
120 5960.49b<d 41.50b¢ 1.14%-¢
Mehrgan 0 5119.35¢h 31.32¢ 1.1feh
60 6163.14%¢ 39.21¢ 1.29b¢
120 5988.01b¢d 37.65% 0.95%
Chamran-2 0 4731.23!mn 25.74% 0.93
60 6779.47% 27.92i 0.91%
120 6014.94b<d 33.72f 0.91%
January 5 Karim 0 4192.56% 32.62f¢ 1.14¢f
60 4510.48mn° 36.8¢ 1.12¢h
120 5237.54! 37.574¢ 1.11feh
Mehrgan 0 3829.939 30.748" 0.991k
60 4615.78mn° 31.53f 0.71!
120 5597.964t 36.14¢ 0.73!
Chamran-2 0 3728.28" 22.05! 0.69!
60 4912.98¢ehijk 24.42% 0.75'
120 5844.019f 26.661% 0.71"

Means followed by similar letters in each column show non-significant difference according to LSD tests at 5% level

though, a linear regression was found in November cul-
tivation (Fig. 3), both December 11 and January 5 plant-
ing dates exhibited quadratic regulation (Figs. 4 and 5). In
November 16 cultivation, Chamran-2 (slope: —0.038, R*:
0.86%) responded more slowly than others with 1.5 and
10% reduction at 60 and 120mg L' PBZ concentrations
compared with control. By contrast, the dry matter remo-

Fig.2 Interaction effect of
wheat cultivars x paclobutrazol
on stem length
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bilization efficiency of the cultivar Karim decreased faster
(slope: —0.108, R% 0.95%) by 18 and 27% at the same
treatments. Moreover, in the both middle and delay cultiva-
tions (December 11 and January 5), cultivars behaved dif-
ferently. Interestingly, R?=1 was obtained for all cultivars
and treatments. At both cultivation dates (December 11 and
January 5), Chamran-2 exhibited slower response (slope:

y =-0.0324x + 84.795
R*=0.8037
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Fig. 3 Interaction effect of
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0.0002, 0.0007, respectively) to dry matter remobilization
efficiency. The cultivar Karim, on the other hand, responded
faster and its dry matter remobilization efficiency decreased
more than the other two cultivars in the same treatments
(slope: 0.0004). Accordingly, its remobilization efficiency
reduced by 16.5 and 26.5% in December, and 9.4 and 11.0%
in January at PBZ concentrations of 60 and 120mg L,
respectively.

Discussion

This study was conducted to investigate ameliorating effects
of PBZ for wheat cultivars planted on various planting dates
(November 16, December 11, and January 5).

With the increase in temperature in the final stages of
plant growth, the plant growth cycle is disrupted, the plant
is unable to use resources properly, and the plant perfor-
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mance decreases. The delay in the planting date and, as
a result, the sudden increase in temperature with a negative
effect on the reproductive organs and prevention of proper
fertility will reduce the TGW and ultimately affect the seed
yield. Greening of seedlings is done earlier on the appro-
priate planting date, and TGW and yield are also higher on
the appropriate planting date (Saudy et al. 2021). Mojtabaie
Zamani et al. (2015), Modhej et al. (2015), and Al-Otayk
(2010) also achieved similar results in their research. A de-
lay in the planting date leads to a decrease in seed produc-
tion. Still, the reason for this is not precisely known because
it may be due to the reduction in grain size, lack of seed
formation, disruption of pollination, or post-pollination pro-
cesses (Modhej et al. 2015; Mojtabaie Zamani et al. 2015).
By delaying the planting and encountering the final stages
of growth with the heat stress at the end of the season, the
plant’s ripening is accelerated, and the period of seed filling
and the length of the gestation period until the beginning of
seeding are reduced. As a result, it causes the production of
seeds with less weight (smaller) and the reduction of TGW.
Using PBZ as a growth regulator has a significant role in
the TGW of wheat. PBZ strongly increased the length of
the growth period, the plant’s phenological stages, and es-
pecially the length of the seed-filling period, which caused
an increase in TGW. In this regard, the researchers stated
that PBZ increases the leaves’ lifespan and, subsequently,
the photosynthesizing surface’s durability in the post-polli-
nation stage. Also, increasing the length of the grain filling
period increased the production of necessary materials for
economic performance, and thus the weight of the seeds
also increased (Berova et al. 2002; Nouriyani 2017).

The results revealed that although late sowing date de-
creased grain yield, PBZ application mitigated the adverse
effects of terminal heat stress. The results of this study
are consistent with the findings of (Pradhan et al. 2010;
Mousavi et al. 2021). Similarly, Peng et al. (2014) found
that wheat plants exposed to PBZ at 150mg L' exhibited
improved early tillers, panicles number, and grain yield.
Elevated air temperatures and rapid growth and develop-
ment processes can be responsible for the lower grain yield
at the late cultivation date (January 5). Moreover, in late
planting, low soil temperature and the frostbite of the de-
veloped terminal meristem possibility lead to the removal
of fertile tillers, consequently, decreased the yield (Naz-
eri 2017; Yousefi et al. 2018). On the other hand, normal
sowing results in a longer vegetative growth period, which
allows plants to establish themselves in the soil and build
a suitable structure before the cold season begins.

The HI is obtained by dividing the grain yield by the bio-
logical yield. Therefore, the higher HI in the first year was
considered to increase the seed yield to biological yield
due to the allocation of more photosynthetic materials to
the seed. Also, the positive role of the use of PBZ on the
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improvement of the HI was effective in this increase. The
delay in planting caused a decrease in vegetative and re-
productive growth. However, reproductive growth facing
heat stress due to a sharp decrease during the phenological
stages after flowering and a decrease in seed weight caused
a sharp drop in seed yield, which eventually reduced the HI
(Mousavi et al. 2021). Treating wheat cultivars with PBZ
increases the leaf surface index and durability strengthens
the ability to receive light and carry out photosynthesis
in the plant and improves grain yield in these conditions
(Nouriyani 2017). Increasing the PBZ levels by improving
the photosynthesizing level has prolonged the seed-filling
period, which increases the seed yield and HI. Researchers
also reported similar results (Baylis and Hutley-Bull 1991;
Kraus et al. 1991).

As for stem length, our results revealed that all three
cultivars responded to increased application of PBZ with
decreasing tendency. The reduced plant growth, especially
the stem length, can be attributed to the negative effects
of heat stress, the reduction of photosynthesis and conse-
quently the lack of carbohydrates for plant growth. On the
other hand, this can be considered as a compensatory re-
sponse of the plant. That is, under these conditions, the
plants no longer use the carbohydrates for longitudinal cell
growth but keep them soluble in the cells or transfer them
to the grains, increasing the remobilization efficiency. Our
results are in agreement with those of Zhao et al. (2023)
who reported reduced plant height in peanut. Moreover,
the different responses of cultivars to higher concentrations
of this growth modifier can be explained by their differ-
ent genetic structure and diversity. Our results showed that
Chamran-2 exhibited the strongest downward trend, while
Karim showed the least. In other words, it can be argued that
Karim cultivar is more sensitive to the heat stress caused by
the late cultivation date. As this cultivar is slow to respond
to the ameliorating effect of PBZ and remobilize photo-
synthates in the grains. The differences in genetic markup
of crop genotypes associated with different yield potential
(Saudy et al. 2018, 2020c, 2022).

Our results exhibited that PBZ application improved
maximum stem specific weight, particularly at the late
planting date. It seems that the positive effect of paclobu-
traozal is on the expansion and durability of the leaf surface
and its effect on photosynthetic pigments, and as a result,
increasing the photosynthetic capacity. These can be among
the reasons for the accumulation of more carbohydrates in
the stem and the increase in maximum stem specific weight
in this study. It has been shown that PBZ improves the
senescence process of leaves and increases chlorophyll,
which decreases plant height while increasing dry mat-
ter accumulation in the stem and roots (Pan et al. 2013).
Furthermore, the increased specific weight under terminal
drought stress conditions can be attributed to the enhanced
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maximum dry matter accumulation relative to their length
(Vosoghi Rad et al. 2022).

Dry matter remobilization exhibited an increasing trend
by PBZ foliar spray. During terminal heat stress, the pro-
cess of assimilative remobilization is relatively important as
a supporting mechanism because of the relative limitation
of assimilate synthesis in the photosynthetic process. This
phenomenon may compensate yield decline caused by late
heat (Vosoghi Rad et al. 2022). Wheat grain yield is the
final stage of photosynthetic production and consumption.
Thus, its level depends on the sink-source balance, which
may be limited by either factor. Maintaining flag leaf pho-
tosynthesis under environmental stress conditions increases
seed yield due to the strong correlation between grain yield
and flag leaf photosynthesis (Nouriyani 2015). Spraying of
PBZ has been reported to increase photosynthesis and as-
similate redistribution rate in wheat (Nouriyani 2015). The
results show that Karim cultivar has a higher share in dry
matter remobilization than the other two cultivars. It seems
that genetics plays a big role in dry matter remobilization
trait. For this reason, the use of PBZ did not have much ef-
fect on this trait. In this regard, the researchers reported that
climatic factors mostly affect the grain filling period. This
is while the seed filling speed is determined by the genetic
structure of the plant and by its physiological and anatom-
ical characteristics, including photosynthetic potential, re-
distribution of reserve materials, and also the efficiency of
the vascular system is controlled (Nouriyani 2015).

Regarding photosynthetic pigments, the application of
PBZ increased the content of chlorophyll a, chlorophyll b,
total chlorophyll, and carotenoids, especially at delayed cul-
tivation date. Moreover, the concentration of these pigments
was higher in November 16 sowing than in others. A high-
temperature effect on the photosystem electron transport
chain reduces the efficacy of rubisco and rubisco activa-
tion, thereby reducing the rate of photosynthesis (Nagar
et al. 2021). In the study of Modhe;j et al. (2011), the delay
in planting caused a significant decrease in the amount of
chlorophyll in the flag leaf. In this research, the chlorophyll
of the flag leaves decreased by 10% in delayed cultiva-
tion compared to the cultivation in the suitable planting
date of the region. A decrease in chlorophyll can be due
to the reduction in chlorophyll synthesis or an increase in
its decomposition (Razavizadeh et al. 2013). The delay in
planting and the occurrence of end-of-season stresses in-
crease the production of ROS, which leads to the peroxi-
dation of membrane lipids, chloroplast destruction, and the
breakdown of pigments, and finally to the reduction of pho-
tosynthesis (Modhej et al. 2011).

The ameliorative effect of PBZ can be explained by the
fact that it directs photosynthetic products to the sinks, and
increases leaf area index and leaf surface durability, re-
sulting in improved light reception and strengthening of

the plant photosynthetic system (Moneruzzam et al. 2020).
Similarly, Zhao et al. (2022) found that PBZ improved light
transmission and relative chlorophyll content. Furthermore,
Abd and Abdel-Rrazik (2015) noted that chlorophyll a and b
content decreased at both early and late cultivation dates of
wheat plants. Other researchers have also reported increased
chlorophyll and carotenoid levels in plants using PBZ in
non-stressed and stressed environments (Razavizadeh et al.
2013; Rahimi et al. 2023). The increase in the concentration
of chlorophyll in the leaves of plants treated with PBZ is
related to the increase in the concentration of chlorophyll in
each chloroplast, the increase in the number of chloroplasts
in each leaf cell (Razavizadeh et al. 2013).

Conclusion

This study was conducted to assess the effects of planting
date and PBZ on growth indicators, physiological and pho-
tosynthetic pigments in wheat cultivars. Our results revealed
that terminal heat stress caused by a late planting date (Jan-
uary) reduced grain yield, stem length, stem specific weight,
remobilization efficiency, and photosynthetic pigments. In
contrast, foliar spraying with PBZ mitigated these nega-
tive effects. Since heat stress can restrict assimilate synthe-
sis in the photosynthetic process, remobilization may be of
great importance as a supporting mechanism to compensate
for the reduced yield, although there are limitations since
dry matter accumulation and remobilization require a high
amount of energy. Therefore, it is recommended that future
studies focus on investigating alternative options, such as
determining the appropriate planting date and using PBZ
as a growth regulator for further photosynthetic processes
and traits. The important effect of production factors such
as the appropriate planting date and the use of PBZ growth
regulator should be considered in order to make more use
of the photosynthesis process and increase its contribution
to yield.
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