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Abstract

Background
Wheat sowing is delayed in Rice-Wheat and Cotton-Wheat rotations. It exposes late-sown wheat to low and high
temperature stresses at germination and grain development stages, respectively, affecting the growth and productivity
of wheat. Therefore, this study evaluated the effect of late-sowing on wheat performance and the potential of seed
treatments to alleviate yield losses in late-sown wheat. Field experiments were conducted during 2021–2022 at
Bahawalpur (EL1) and Multan (EL2), Pakistan. A split-plot randomized complete block design with three replications was
used at both locations, with sowing date as the main-plot factor and seed treatment as the subplot factor. Sowing was
performed on 15 November 2021 for recommended sowing, and 15 December 2021 for delayed sowing at both
experimental locations. Seeds were subjected to five treatments: heat treatment, cold treatment, zinc priming, proline
priming, and an untreated control.

Results
Late sowing reduced grain yield of untreated plants by 38.6% at Bahawalpur and 67.5% at Multan and decreased their
germination index by 21.4% and 25.8%, respectively. It also reduced plant growth, spike development, and yield-related
traits, although the magnitude of these effects differed between locations. Heat treatment improved germination under
late-sown conditions and produced the highest late-sown grain yield at Bahawalpur (5.11 t ha⁻¹). Zinc priming produced
the highest late-sown grain yield at Multan (2.48 t ha⁻¹), while zinc and proline priming generally improved growth, spike
traits, physiological performance, and grain yield. Zinc and proline priming also enhanced antioxidant responses,
although treatment effects were location-dependent. Cold treatment provided no consistent benefit and resulted in poor
crop establishment under delayed sowing at Multan.

Conclusions
Delayed sowing significantly affected germination, growth and yield of wheat. Based on this one season and two
locations study, heat treatment, zinc priming and proline priming showed potential for improving late-sown wheat
performance, whereas cold treatment was unreliable under the tested conditions. However, broader multi-season and
multi-location validation is required before general recommendations are made.

1. Background
Wheat is the second most produced crop in Pakistan after cotton, contributing 4% in global wheat production. Pakistan
is the 8th largest wheat producer in the world, with an average production of 26.53 million metric tons over the last ten
years [1]. With an ever-increasing food demand, sustaining and improving wheat yield remains a major challenge in
Pakistan. Wheat is mostly cultivated under Rice-Wheat or Cotton-Wheat rotations, where its sowing is delayed due to the
elongated growth periods of rice and cotton [2]. Mid-November is regarded as the optimal time for wheat sowing in
Pakistan, with a 1% yield reduction per day reported if sowing is delayed beyond 20 November [3].

Delayed sowing shortens the growing period of wheat, affecting growth and resource use efficiency [4]. Along with a
shorter growing period, late sowing exposes the wheat plants to low-temperature stress during early establishment
phase and terminal heat stress during reproductive stage, which together reduce the final yield [5]. Delayed sowing
exposes seeds to cold stress at germination, leading to poor crop stand, and high temperature stress at reproductive
stage that affects grain development, causing reduction in final yield [6]. Several researchers have reported the inhibitory
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effect of late sowing on germination, plant height, number of spikelets and grains per spike, number of leaves, leaf area,
fertility ratio, harvest index, biochemical activity, biological yield, and economical yield of wheat [7, 8].

To mitigate the adverse effects of late sowing, several genetic [9] and agronomic strategies have been recommended
[10]. Suggested agronomic practices include increased seed rate, efficient use of macro [11] and micro nutrients [12],
use of plant growth regulators [13], and different planting methods [5]. Both plant growth regulators (PGRs) and micro-
nutrients help plants to combat oxidative stress under stress conditions. PGRs such as thiourea, salicylic acid [14], and
gibberellic acid [13] have been reported to alleviate the adverse effects of late sowing by increasing antioxidant activity.
Proline is also a PGR produced by plants and helps them adjust to osmotic stress. Exogenous application of proline in
the form of seed priming can improve wheat germination [15] under late-sown conditions by improving stress tolerance
at the early plant developmental stage. Application of micronutrients like Zinc (Zn) also boosts antioxidant activity in
late-sown wheat to increase stress tolerance and yield. Zn is primarily applied in foliar form or incorporated in soil;
however, seed priming with Zn can improve germination and antioxidant activity [16].

Besides seed priming, thermal seed treatments can also be used to improve wheat performance mitigate the effects of
late sowing. Controlled exposure of seeds to heat or low temperature has been proposed to induce acclimation related
responses that may improve endurance against stress tolerance. Although heat and cold treatment of seeds have
helped improve stress tolerance, yet very limited studies have been conducted on its effects and causes [17, 18].
Therefore, this field experiment was conducted at two locations with aim of evaluating the potential of low cost and
easily accessible priming and seed treatment techniques in mitigating the adverse effects of late sowing. We
hypothesized that thermal seed treatment and seed priming would improve wheat performance under delayed sowing
by improving germination, growth, yield, and biochemical activity.

2. Methods
Experiments were conducted in Bahawalpur and Multan to evaluate the potential of physiological enhancements for the
productivity of late-sown wheat. The experimental locations and experiment layout are given in Fig. 1. In Bahawalpur, the
experiment was conducted at the Arid Zone Research Institute, while the research area of Bahauddin Zakariya University
was selected for the experiment in Multan. An RCBD split-plot design was used, with two sowing dates (normal and late)
in the main plots and five treatments in the subplots. Normal sowing at both locations was performed on 15 November,
and late sowing on 15 December. Five treatments included heat and cold-treated seeds, zinc and proline-primed seeds,
and control plants grown under normal and late sowing conditions. The dimensions of each experimental unit were 5 m
× 4 m with a 25 cm R × R distance. The experiment was replicated three times.

In experiment, Triticum aestivum L. cv. Galaxy (source: AZRI, Bahawalpur) was used at both locations. Seeds were
divided into five groups of heat-treated (exposed to 40°C for 24 hours [18]), cold-treated (exposed to -20 ± 2°C for 24
hours [18]), zinc primed (priming with 0.5 M ZnSO4 for 12 hours [19]), proline-primed (priming with a solution of 2 mM
proline for 12 hours [20]) and control (untreated). Sowing was performed at a rate of 125 kg ha-1 using a single-row
man-pulled drill on pre-determined dates. All recommended agronomic practices (fertilization, irrigation, weeding, and
pest control) were performed to ensure healthy environment. Meteorological data during growth period were obtained
from the Department of Environmental Sciences, BZU, Multan, and AZRI, Bahawalpur (Fig. 2).

2.1. Data collection
Data of interest included germination, physiological, yield, and biochemical parameters. Mean germination time (MGT)
and germination index (GI) were calculated by using equations 1 and 2, respectively.

 [1]MGT = �Dn/�n
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Where n = total number of seeds germinated, D = total number of days taken for complete germination

 [2]

Where, DAG = days after first seeds germination, GDAG1 = seeds germinated on 1 DAG, GDAG2 = seeds germinated on 2
DAG, GDAGn = seeds germinated on final DAG

Physiological data included growth and yield data. At physiological maturity, plants were harvested from an area of 1 m2

per replication. Plant height (cm) and spike length (cm), spikelet count per spike, and grain count per spike were
recorded. Fertility ratio (FR) and harvest index (HI) were calculated using equations 3 and 4, respectively. Biological yield
and grain yield were measured in (g m− 2) and then converted to t ha− 1 using Eq. 5.

FR=
[3]

HI=
[4]

Yield (t ha− 1)=
[5]

2.2. Biochemical analysis
Leaf samples for biochemical analysis were collected at booting stage. Bradford assay [21] was used to determine total
soluble protein. Collected leaf samples (500 mg) were extracted in 50 mM phosphate buffer (pH 7.2), then centrifuged
at 12000 rpm for 5 min, and the supernatant was used to measure TSP. Coomassie Brilliant Blue G-250 dye, distilled
water, and bovine serum albumin (reaction mixture) were used to construct the standard curve. Spectrophotometer (UV-
4000, O.R.I., Germany) was used to measure absorbance of the reaction mixture and the sample at 595 nm [22] (Fig. 3a).
500 mg of leaf was homogenized in 80% acetone, followed by centrifugation to collect the supernatant. The absorbance
of supernatant was recorded at 663 nm and 645 nm using a spectrophotometer (Fig. 3b) to quantify chlorophyll content
using the equation described by Arnon [23].

Leaf sample (500 mg) was ground in the presence of phosphate buffer (5 ml). The ground material was centrifuged at
room temperature (15,000 rpm for 20 minutes). The supernatant, hereafter referred to as the enzyme extract, was used
to measure antioxidant activity (SOD, CAT) (Fig. 3c).

SOD activity was determined by using method described by Giannopolitis and Ries [24]. The reaction mixture consisted
of 75 mM EDTA (500 µL), 50 µM NBT (1 mL), 1.3 µM riboflavin (1 mL), 50 mM phosphate buffer (950 µL), and 13 mM
methionine (500 µL). Glass test tubes with reaction mixture were placed under a 30 W fluorescent lamp for 5 minutes,
followed by absorbance measurement at 560 nm using a Spectrophotometer (UV-4000, O.R.I., Germany). The glass test
tubes containing only the reaction mixture were used as blanks (ABSblank), while the glass tube containing the reaction
mixture and the enzyme extract was used to measure the sample absorbance (ABSsample). Eq. 6 was used to calculate
SOD activity (Fig. 3d).

Method described by Maehly [25] was used to measure catalase activity. The absorbance at 240 nm of the reaction
mixture (5.9 mM H2O2 (900 µL), and 50 mM phosphate buffer (2 mL)) was used as a blank, and the enzyme extract + 

reaction mixture was used to measure sample absorbance. Ten readings were taken in a span of 5 minutes (30 seconds
apart), and Eq. 7 was used to measure catalase activity (Fig. 3e).

GI = ( ) + ( ) + ⋯ + ( )
GDAG1

DAG

GDAG2

DAG

GDAGn

DAG

Numbersofgrainperspike/Numbersofspikeletperspike × 100

Grainyield/BiologicalY ield × 100

Y ield (gm−2) /100
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 [6]

 [7]

Where: Ablank is Abs at 560 nm of blank, Asample is Abs at 560 nm of sample, Vtotal is total reaction volume (4 mL), D = 
Dilution factor, P = Protein concentration (mg/mL), and ∆A240 is change in absorption of sample at 240 nm.

2.3. Statistical analysis
Statistical analyses were performed using SPSS version 18.0 (SPSS Inc., Chicago, IL, USA). Data were first tested for
normality using the Shapiro–Wilk test and for homogeneity of variances using Levene’s test. Because environmental
conditions and treatment responses differed markedly between the experimental sites, data were analyzed separately
for each location using a two-factor split-plot ANOVA with sowing date and seed treatment as fixed factors. When
significant differences were detected, means were separated using Tukey’s honestly significant difference (HSD) post
hoc test. Statistical significance was considered at p < 0.05. Data are presented as mean ± standard error (SE). Graphical
presentation and Pearson correlation analysis were performed using Python 3.11.15 with pandas, NumPy, SciPy, and
Matplotlib packages.

3. Results

3.1. Individual effects of late sowing and treatments on
germination, growth, and yield of wheat
Analysis of variance for Bahawalpur and Multan are presented in Table 1 and Table 2 respectively. It revealed that late
sowing significantly affected wheat germination, growth, and yield. At both experimental locations, germination index
(GI) was significantly affected by late sowing; however, mean germination time (MGT) significantly differed between
sowing dates only at Multan (EL2), whereas no significant difference was observed at Bahawalpur (EL1). In the control
treatment (T5), GI under recommended sowing at EL2 was 28.02, whereas late sowing reduced GI to 20.80, representing
a 25.8% decline. Similarly, at EL1, GI in the control treatment decreased from 32.84 under recommended sowing to
25.80 under late sowing, corresponding to a 21.44% reduction.

Late sowing significantly affected plant growth at EL2, where plant height in the control treatment decreased from 105.3
cm under recommended sowing to 72.0 cm under late sowing, representing a 31.64% reduction. In comparison, no
significant effect of late sowing was observed on plant height at EL1. However, spike length was reduced by 11.4% and
11.2% at EL1 and EL2, respectively, under late sowing. At EL1, control plants under recommended sowing produced 12.2
cm long spikes, with 52.8 spikelets and 43.4 grains per spike. Under late sowing, these values declined to 10.8 cm spike
length, 40.8 spikelets per spike, and 30.2 grains per spike, corresponding to reductions of 11.4%, 22.7%, and 30.2%,
respectively. At EL2, spike length in the control treatment was 12.01 cm under recommended sowing, with 52.06
spikelets and 41.9 grains per spike. Under late sowing, these values decreased to 10.67 cm, 50.26 spikelets per spike,
and 36.8 grains per spike, corresponding to reductions of 11.2%, 3.5%, and 12.25%, respectively. Fertility ratio was also
reduced under late sowing, with reductions of 10.11% and 8.8% observed at EL1 and EL2, respectively.

Besides germination and growth, biological yield and grain yield were severely affected by late sowing. In the control
treatment, biological yield under recommended sowing was 17.08 t ha⁻¹ and 9.20 t ha⁻¹ at EL1 and EL2, respectively.
Under late sowing, biological yield declined to 11.89 t ha⁻¹ at EL1 and 3.53 t ha⁻¹ at EL2, corresponding to reductions of
30.37% and 61.59%, respectively. Similarly, grain yield under recommended sowing was 6.82 t ha⁻¹ and 2.99 t ha⁻¹ at EL1

SOD =
(Absblank − Abssample ) × VTotal × D

0.5 × Absblank× Venzyme× Protein conc.

CAT =
Δ A240 × 1000

43.6 × Protein conc.

Page 5/25



and EL2, respectively, whereas late sowing reduced grain yield to 4.19 t ha⁻¹ and 0.97 t ha⁻¹ at EL1 and EL2, respectively.
These reductions corresponded to 38.56% at EL1 and 67.48% at EL2.

Table 1
Variance analysis and mean comparison of germination, growth, and yield parameters of wheat affected by sowing

dates, treatments, and their interaction at Bahawalpur location
RS MGT GI PH SL SC GC BY GY FR HI

10.6a 26.9a 80.0a 13.24a 59.64a 49.28a 1560.9a 623.96a 82.44a 40.50a

LS 9.9a 31.4b 79.0a 11.82b 45.64b 35.96b 1119.7b 433.53b 78.53b 38.81a

SE 0.622 1.69* 3.59 0.30** 3.10** 2.95** 79.27** 20.67** 1.56* 1.25

T1 11.32a 31.24ab 77.66a 12.26bc 52.96a 42.80a 1466.8a 580.00a 80.49a 39.63a

T2 11.42a 25.76b 76.50a 13.10ab 55.13a 44.63a 1050.0b 445.40c 80.81a 41.93a

T3 10.03ab 25.75b 76.50a 13.33a 54.90a 45.63a 1302.0ab 496.50bc 82.25a 38.30a

T4 8.9b 33.75a 80.50a 12.46a-c 53.33a 43.20a 1434.5a 571.33a 80.83a 39.76a

T5 9.8ab 29.31ab 86.33a 11.50c 46.86a 36.83a 1448.3a 550.50ab 78.06a 38.64a

SE 0.98 2.68* 5.67 0.47** 4.90 4.66 125.34* 32.67** 2.48 1.97

T*S 1.39** 3.79** 8.03 0.67 6.93 6.59 177.26 46.213 3.50 2.79

Values represent mean comparisons for sowing date and seed treatments. Within each factor, means followed by the
same letter in a column are not significantly different according to Tukey’s HSD test at p < 0.05. RS indicates
recommended sowing date, and LS indicates late sowing. T1, T2, T3, T4, and T5 indicate heat seed treatment, cold seed
treatment, zinc priming, proline priming, and control, respectively. SE indicates standard error, and S × T indicates the
interaction between sowing date and treatment. * and ** indicate significance at the 5% and 1% probability levels,
respectively. MGT, mean germination time; GI, germination index; PH, plant height; SL, spike length; SC, spikelet count
per spike; GC, grain count per spike; BY, biological yield; GY, grain yield; FR, fertility ratio; HI, harvest index

Seed-treatment effects were evaluated separately at each location and differed among the measured traits. At EL1,
treatment effects were significant for GI, spike length, biological yield, and grain yield, whereas other traits showed non-
significant differences among treatments. Proline-primed seeds produced the highest GI at both experimental locations.
At EL2, proline priming resulted in the highest spike length, number of spikelets per spike, and number of grains per
spike. Zinc-primed seeds produced the highest grain yield and harvest index at EL2, while fertility ratio was statistically
similar among most treatments except cold seed treatment. At EL1, zinc priming produced the maximum spike length,
whereas heat-treated seeds produced the highest biological and grain yields and were statistically comparable with
proline priming and the control treatment.
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Table 2
Variance analysis and mean comparison of germination, growth, and yield parameters of wheat affected by sowing

dates, treatments, and their interaction at Multan location
RS MGT GI PH SL SC GC BY GY FR HI

12.2a 26.37a 102.47a 11.54a 48.88a 39.43a 725.33a 293.73a 80.55a 41.41a

LS 7.2b 19.24b 60.53b 8.45b 37.025b 25.80b 290.67b 117.11b 56.49b 33.13b

SE 0.71** 1.88** 2.54** 0.26** 1.58** 1.42** 51.57** 18.86** 3.86** 1.26**

T1 12.50a 23.06b 89.83a 10.33c 41.60c 29.50c 510.0ab 181.33bc 71.69a 35.36c

T2 7.44c 10.67c 51.67b 5.44d 22.03d 19.0d 366.67b 155.17c 43.26b 21.16e

T3 10.49ab 21.60b 88.83a 10.75bc 46.23bc 34.36b 486.67ab 256.93a 75.62a 56.93a

T4 9.41bc 34.30a 88.50a 12.13a 53.73a 40.83a 540.0a 235.33ab 74.76a 42.65b

T5 8.94bc 24.41b 88.66a 11.34ab 51.16ab 39.36a 636.67a 198.33a-
c

77.24a 30.22d

SE 1.12** 2.97** 4.02** 0.41** 2.50** 2.24** 81.54 29.82* 6.10** 1.99**

S
×
T

1.58** 4.20** 5.69** 0.58** 3.54** 3.16** 115.32* 41.18** 8.63** 2.81**

Values represent mean comparisons for sowing date and seed treatments. Within each factor, means followed by the
same letter in a column are not significantly different according to Tukey’s HSD test at p < 0.05. RS indicates
recommended sowing date, and LS indicates late sowing. T1, T2, T3, T4, and T5 indicate heat seed treatment, cold seed
treatment, zinc priming, proline priming, and control, respectively. SE indicates standard error, and S × T indicates the
interaction between sowing date and treatment. * and ** indicate significance at the 5% and 1% probability levels,
respectively. MGT, mean germination time; GI, germination index; PH, plant height; SL, spike length; SC, spikelet count
per spike; GC, grain count per spike; BY, biological yield; GY, grain yield; FR, fertility ratio; HI, harvest index

3.2. Interactive effects of late sowing and treatments on
germination, growth, and yield of wheat
Sowing date × treatment significantly affected wheat germination at both ELs. The lowest mean germination time in
RSW and LSW at both ELs was observed for proline-primed seeds, which were statistically at par with the control
treatment. The highest germination index was observed for proline-primed seeds in RSW and heat-treated seeds in LSW.
Cold-treated seeds showed poor germination in LSW at EL2, with only a few plants germinating and reaching maturity
(Fig. 4).

The tallest plants under late sowing conditions at EL1 were observed for proline-primed seeds, while at EL2 for heat-
treated seeds. For both sowing dates, zinc-primed seeds produced the tallest spikes at EL1 and proline-primed seeds at
EL2. Maximum spikelet count and grain count per spike at EL1 were observed for proline-primed seeds in RSW and for
zinc-primed seeds in LSW. Similar results were observed for RSW at EL2; however, control plants produced maximum
spikelet and grain count per spike in LSW (Fig. 5).

Under normal sowing conditions, control plants produced the highest biological yield; however, under late sowing
conditions, heat-treated seeds produced the highest biological yield at both ELs, followed by proline-primed seeds.
Maximum grain yield for both sowing dates at EL1 was observed for proline-primed seeds. At EL2, proline-primed seeds
produced the highest grain yield under normal sowing conditions, while zinc-primed seeds produced the highest grain
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yield under late sowing conditions. A significantly higher harvest index was also observed for zinc-primed seeds in late
sown wheat at EL2 (Fig. 6).

3.3. Interactive effects of late sowing and treatments on
biochemical and antioxidant activity of wheat
Sowing dates, treatments, and their interaction also significantly affected the antioxidant activity in wheat plants at both
experimental locations. At EL1, all seed treatments produced significantly higher SOD and CAT activity than the control
under late-sowing conditions; however, at EL2, only heat-treated and zinc-primed seeds showed significantly higher SOD
and CAT activity under stressed conditions. Zinc-primed seeds also produced significantly higher protein content under
late-sowing conditions at EL1, while at EL2, it was statistically at par with the control treatment. Proline-primed seeds
produced significantly higher protein content than control in late sown wheat at EL2, while the two treatments were
statistically at par under late sowing conditions at EL1 for protein production. Zinc and proline-primed seeds also
produced non-significantly higher chlorophyll content than the control under late sowing conditions at both Els (Fig. 7).

3.4. Correlation analysis among germination, growth, and yield-
related traits
Pearson correlation analysis showed positive associations among most germination, growth, and yield-related traits
(Fig. 8). Grain yield was very strongly correlated with biological yield (r = 0.96, p < 0.001), indicating that yield
improvement was closely associated with biomass accumulation. Grain yield also showed significant positive
correlations with number of grains per spike (r = 0.67, p < 0.001), spike length (r = 0.62, p < 0.001), number of spikelets
per spike (r = 0.58, p < 0.001), and fertility ratio (r = 0.56, p < 0.001). Spike-related traits were strongly interrelated,
particularly number of spikelets per spike and number of grains per spike (r = 0.95, p < 0.001), and spike length was
strongly associated with spikelets per spike (r = 0.90, p < 0.001), grains per spike (r = 0.88, p < 0.001), and fertility ratio (r 
= 0.89, p < 0.001). Germination index was positively associated with several growth and yield traits, including spike
length, plant height, biological yield, and grain yield, whereas mean germination time showed a weak non-significant
correlation with germination index.

4. Discussion
Wheat is among the most produced crops in the world, mainly rotated with rice or cotton. Delay in harvesting of rice and
cotton pushes the sowing date of wheat, exposing its monocots to cold stress at germination. A poor crop stand is the
first step toward a decrease in yield, followed by shortened growing season and terminal heat stress at the reproductive
stage. Reduction in the yield of one of the most widely produced crops in the world poses a serious threat to global food
security. Pakistan is a major wheat producer, and delayed sowing is an inevitable problem in its wheat-producing
regions. Current study showed that late sowing significantly affected wheat germination at both locations. Seed
germination is temperature-dependent, and optimum temperature for wheat seed germination is 20–22�C [26]. Mean air
temperature at both locations was in favorable range for recommended sown wheat. However, a 5 �C drop in
temperature significantly affected germination of late-sown wheat at both locations. A decrease in temperature reduces
amylase activity, thereby reducing seed storage degradation and leading to poor germination [27, 28]. Germination of
late-sown wheat was severely affected. The germination index of the untreated control decreased by 25.8% at Multan
and 21.4% at Bahawalpur. Bahawalpur had more favorable meteorological conditions (17 �C temperature and 60%
humidity) than Multan (15 �C temperature and 67% humidity). Therefore, late-sown wheat showed better germination
(mean germination time and germination index) at Bahawalpur than at Multan. Heat-treated seeds mitigated the
adverse effect of late sowing by significantly improving the germination index at both locations. Pre-sowing exposure of
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seeds to heat improves the production of small heat shock proteins [29], which helps plants tolerate abiotic stress
during germination [30]. Therefore, heat treatment appears promising for improving the establishment of late-sown
wheat, whereas cold treatment should be used carefully under colder sowing conditions and it should be validated
across additional seasons and cultivars.

Although cold-treated seeds improved germination index in late-sown wheat at Bahawalpur by imparting stress memory,
in Multan, germination of cold-treated late-sown wheat was severely affected, producing few plants only. Based on these
observations, heat-treatment of seeds showed high potential to mitigate the adverse effects of late sowing and improve
germination. However, cold-treatment should be applied cautiously under colder field conditions and verified across
various seasons and cultivars particularly when the temperature falls below 17°C. Delay in sowing also significantly
affected the biological yield of wheat at both locations. Biological yield positively correlated with germination index,
plant height, and spike length. Therefore, any decrease in germination directly affected biomass production. Delay in
sowing reduced the key phenological phases, leading to reduced biomass production [31]. We observed a significant
decrease in plant height and spike length of late-sown wheat at both locations. Antioxidant activity also significantly
decreased in late-sown wheat at both locations. Under stress conditions, reactive oxygen species (ROS) are produced in
mitochondria, chloroplasts, apoplasts, and peroxisomes. Overaccumulation of ROS causes osmotic stress and protein
inactivation that affects plant normal growth [32]. Plants combat ROS by producing enzymatic and non-enzymatic
antioxidants. In this study, we observed a significant increase in antioxidant activity in treated seeds (zinc-primed,
proline-primed, and heat-treated) of late-sown wheat at both locations compared with the control. Increased antioxidant
activity helps plants to cope with stress by scavenging ROS [33]. An increase in antioxidant activity translated into higher
biological and grain yields in zinc-primed and heat-treated seeds of late-sown wheat. Ali et al. [34] also reported similar
results where zinc priming significantly improved biological and grain yield of wheat.

Grain (kernel) is the economic part of wheat, and its yield is of the highest importance. Late sowing significantly reduced
grain yield at both locations. Grain yield positively correlated with germination index, plant height, biological yield,
spikelets, and grain count per spike. Besides germination and biological yield, late-sowing significantly affected spikelet
count per spike and grain count per spike. Late-sowing is reported to reduce spikelet count by delaying the initiation of
spikelet primordia and shortening the vegetative phase [35]. Spikelet count per spike decreases proportionally with the
delay in sowing [31]. Late-sowing also exposed wheat plants to terminal heat stress at the grain-filling stage, which
increases oxidative damage, accelerates maturity, and reduces grain yield [7]. The effects of terminal heat stress were
evident by a decrease in grain count per spike. Overall, the results indicate that poor establishment, reduced vegetative
growth, shortened crop duration, and adverse conditions during grain filling collectively contributed to the grain-yield
penalty under delayed sowing.

Pre-sowing seed treatments improved the grain yield of late-sown wheat, although their effectiveness differed between
locations. At Bahawalpur, the highest grain yield in late-sown wheat was recorded for heat-treated seeds, followed by
proline-primed seeds. Heat-treated seeds improved grain yield under stress conditions by mitigating cold stress at
germination, thereby improving the germination index, and by mitigating oxidative stress through improved antioxidant
activity. Grain yield positively correlated with germination index, biological yield, and grain count. Proline-priming also
improved germination, biological yield, and grain count in late-sown wheat at Bahawalpur, which translated into higher
yield. Seed priming with proline improves mean germination time by reducing lag time of imbibition and improving
biochemical modification, like enzyme activation and hydrolysis, to improve germination [36]. Proline-priming also
improves the defense mechanism of plants by scavenging ROS under stress conditions [15]. Similar results were
observed in the present study, leading to improved biological and grain yield. In Multan, zinc-primed seeds significantly
improved the grain yield of late-sown wheat by improving germination and higher SOD and CAT activities than the
untreated control. Zinc-priming has been reported to improve 31–47% grain yield in maize [37] by improving antioxidant
activity and nitrogen absorption [38].
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The present study confirmed that late sowing significantly reduced wheat yield at both locations. It is highly dependent
on the optimal temperature for crop establishment. Delay in sowing shortens the growth period of wheat and exposes it
to multiple stresses, including cold-stress at germination, terminal heat stress at grain filling, and oxidative stress.
Physiological enhancements were successful in mitigating the adverse effects of cold stress at germination and
oxidative stress; however, a shortened life cycle and terminal heat stress during grain filling also affected the yield of
treated plants. The results support that wheat germination was more favorable when temperatures were closer to the
reported optimum range of 20–22°C, whereas lower temperatures under delayed sowing reduced germination and
subsequent yield performance. Heat-treatment of seeds and priming with zinc or proline therefore appear promising for
late sown wheat, although their effectiveness should be evaluated for multiple-locations and multiple-season. Moreover,
a combination of seed treatment and foliar application of plant growth regulators or micronutrients should be studied to
mitigate the effect of late-sowing on germination and grain filling stage to produce higher yield in cases where timely
sowing of wheat is not possible.

5. Conclusion
Late-sowing significantly affects wheat germination, growth, and yield. Delay in sowing results in cold stress at
germination, a shortened growing period, terminal heat stress during grain filling, and oxidative stress. 20–22 �C is the
optimal temperature for wheat germination; 15–20 �C negatively affects germination, with severe effects observed at ≤ 
15 �C. Heat seed treatment, zinc priming, and proline priming improved germination; antioxidant enzyme, growth, yield
traits, although their effectiveness differed between locations. However, the shortened crop duration continued to limit
biomass production and grain yield. Therefore, timely sowing remains the most reliable strategy for maintaining wheat
productivity, while heat treatment and zinc or proline priming may provide practical options where delayed sowing is
unavoidable. The longer the delay in sowing, the shorter the growth period for wheat, which consequently has a greater
impact on wheat yield. Therefore, wheat should be sown on recommended time (Temp. 20–22 �C). Heat seed treatment,
zinc-priming, and proline priming are recommended to improve germination, growth, and yield of wheat in areas where
late-sowing is inevitable. Moreover, a combination of pre-sowing seed treatment and foliar application at the
reproductive stage should be explored to further enhance wheat production under late-sowing conditions.
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Figure 1

Study area and experimental layout. (a) Map of Pakistan showing Punjab province, (b) map of Punjab showing the
experimental locations Bahawalpur and Multan, and (c) schematic representation of the randomized complete block
design used for treatment arrangement. The same experimental layout was followed under normal and late sowing
conditions at both locations
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Figure 2

Monthly weather conditions at Bahawalpur and Multan during the experimental period. Panels show (a) mean
temperature, (b) total rainfall, (c) relative humidity, and (d) sunshine duration from November 2021 to May 2022
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Figure 3

Schematic workflow for biochemical and enzymatic assays performed on leaf samples. The figure summarizes
methods to measure (a) total soluble protein, (b) chlorophyll content, (c) enzyme extraction for antioxidant
measurement, (d) SOD activity, and (e) catalase activity (created using (BioRender)

Figure 4
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Effects of sowing time and treatment application on germination traits at Bahawalpur and Multan. Panels show (a)
mean germination time and (b) germination index. Bars represent mean ± SE. Different letters above bars indicate
significant differences among treatment combinations according to the applied post hoc test at p < 0.05. T1, T2, T3, T4,
and T5 indicate heat seed treatment, cold seed treatment, zinc priming, proline priming, and control, respectively. Zero
values indicate negligible or no measurable germination response and were retained as observed values
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Figure 5

Effects of sowing time and treatment application on plant growth traits at Bahawalpur and Multan. Panels show (a)
plant height, (b) spike length, (c) number of spikelets per spike, and (d) number of grains per spike. Bars represent mean
± SE. Different letters above bars indicate significant differences among treatment combinations at p< 0.05. T1, T2, T3,
T4, and T5 indicate heat seed treatment, cold seed treatment, zinc priming, proline priming, and control, respectively.
Zero values indicate negligible or no measurable growth and were retained as observed values
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plant height, (b) spike length, (c) number of spikelets per spike, and (d) number of grains per spike. Bars represent mean
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Figure 6

Effects of sowing time and treatment application on yield-related traits at Bahawalpur and Multan. Panels show (a)
biological yield, (b) grain yield, (c) fertility ratio, and (d) harvest index. Bars represent mean ± SE. Different letters above
bars indicate significant differences among treatment combinations at p < 0.05. T1, T2, T3, T4, and T5 indicate heat
seed treatment, cold seed treatment, zinc priming, proline priming, and control, respectively. Zero values indicate
negligible or no measurable yield response and were retained as observed values.
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Figure 7

Effects of sowing time and seed treatments on biochemical and antioxidant-related traits at Bahawalpur and Multan.
Panels show (a) superoxide dismutase activity, (b) catalase activity, (c) protein content, and (d) chlorophyll content. Bars
represent mean ± SE. Different letters above bars indicate significant differences among treatment combinations
according to Tukey’s HSD test at p < 0.05. T1, T2, T3, T4, and T5 indicate heat seed treatment, cold seed treatment, zinc
priming, proline priming, and control, respectively
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Figure 8

Pearson correlation heatmap among germination, growth, and yield-related traits across locations, sowing times,
treatments, and replications. Values inside cells represent Pearson correlation coefficients. Asterisks indicate
significance levels: p < 0.05, p< 0.01, and p < 0.001. MGT, mean germination time; GI, germination index; PH, plant height;
SL, spike length; SPS, spikelets per spike; GPS, grains per spike; BY, biological yield; GY, grain yield; FR, fertility ratio; HI,
harvest index
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