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ABSTRACT

Wheat (Triticum aestivum L.), a staple crop in Pakistan and the third most cultivated
crop globally suffers yield losses of up to 60-70% due to leaf rust (Puccinia triticina).
This study explored sustainable management strategies using biocontrol agents
(Trichoderma sp. and Bacillus sp.) by seed priming across four different wheat varieties
i.e., Arooj-22, Subhani-21, Punjab-11, and Shafag-06. The experiment was conducted
using a Complete Randomized Block Design (RCBD). Morphological parameters,
including fresh and dry shoot/root weights, spike length, number and weight of seeds
per spike, yield per plant, 1000-grain weight, shoot/root length, plant height, leaf area,
peduncle length and awn length were assessed alongside physiological parameters
such as malondialdehyde (MDA), hydrogen peroxide (H,O.), glycine betaine,
chlorophyll content and free proline levels. Statistical analysis (ANOVA and LSD at 5%
probability) revealed that Subhani-21 primed with Trichoderma sp. exhibited the best
results by demonstrating reduced oxidative stress (lower MDA and H,O, levels) and
improved chlorophyll, glycine betaine, and free proline levels. These results highlighted
the potential of eco-friendly treatments to mitigate leaf rust stress and enhancement of
wheat growth and productivity.
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INTRODUCTION

Being an agricultural country, Pakistan meets the food requirements through its
crop resources. Among different crops, wheat has the pivotal position both in
terms of production and total area which is being utilized for the cultivation of this
major cereal in Pakistan (Khan et al., 2021). Wheat contains various vitamins
along with zinc and fiber (Bird et al., 2018). Pakistan produced about 27 million
tons of wheat by using 9.2 million hectares area in 2021-22 (FAO, 2022). Overall,
many strategies have been made to enhance the production of wheat, but biotic
and abiotic factors are still the main issues to achieve targeted production (Jabran
et al., 2023). Different pathogens like fungi, nematodes, and bacteria cause
severe crop losses in wheat (Martens et al., 2014), out of which fungal pathogens
dominate significantly. Leaf rust caused by Puccinia triticina is one of the most
severe fungal diseases in all wheat growing areas of Pakistan with special
reference to plain areas (Din et al., 2017). It causes 5-20% yield losses which
extend up to 50% during epidemics (Eversmeyer and Kramer, 2000; Ren et al.,
2023). In 1978 leaf and stripe (Puccinia striiformis) rusts caused historical losses
in wheat growing areas of Pakistan (Anonymous, 2000). Leaf rust is always a
major threat to wheat yield (Afzal et al., 2020) and needs to manage in an effective
way to retain wheat production level (Din et al., 2017). New pathogenic strains
have the capability to surpass natural plant resistance (Draz et al., 2019).
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On the other hand, application of fungicides has limited utilization as these synthetic chemicals have hazardous
effects on the environment. Seed priming is an effective way to improve crop performance and disease management
because it is efficient, easy to use and cost-effective. (Farooq et al., 2019). Major aspects of seed priming include,
better seedling emergence, higher yields (Singh et al., 2015) and tolerance to both biotic and abiotic stresses
(Arshad et al., 2022; Harris et al., 2007). Beneficial and environment-friendly microbial bio-control agents (BCASs)
could contribute to sustainable agriculture (Warrior, 2000; Hyde et al., 2019). In this regard, Trichoderma sp. (Vinale
et al., 2008) and Bacillus sp. (Khan et al., 2022) play an important role in the management of crop diseases in a
sustainable manner (Arshad et al., 2022). Trichoderma sp. improves soil texture and health and promotes plant
growth by reducing the stress of biotic attacks (Eman et al., 2023; Reddy, 2012). On the other hand, a wide range of
lipo-peptides and antibiotics are produced by Bacillus sp. BCAs can also induce systemic resistance in host plants
(Albayrak, 2019) and help to tolerate the abiotic stresses (Mahmood et al., 2016). They also compete for nutrients
and space in soil (Miljakovi¢ et al., 2020) and seeds also with pathogens (Mahmood et al., 2016). Therefore, seed
priming is a reliable technique to overcome pathogenic activity of plant pathogens in the field (Dubey et al., 2008). In
this regard due to environmental and human health concerns, we used BCAs (Trichoderma sp. and Bacillus sp.) and
their cultural filtrates to manage leaf rust disease in bread wheat.

MATERIALS AND METHODS

Collection of Seeds

Four different wheat varieties viz., Shafag-06, Punjab-11, Arooj-22 and Subhani-21 were collected from Wheat
Research Institute, Ayub Agriculture Research Institute (AARI), Faisalabad.

Preparation of BCAs’ culture and extraction of their filtrates

Potato Dextrose Broth (PDB) and Nutrient Broth (NB) were used to culture the Trichoderma sp. and Bacillus sp.
respectively. For Trichoderma sp. PDB was prepared and autoclaved in flask. The media was inoculated in mild
warm conditions with culture and then incubated for 5-7 days at 25°C approximately. After that, the culture was
centrifuged at 6000 rpm for 10 mins and for treatment purpose supernatant was taken as Trichoderma Filtrate (TF).
In the case of Bacillus sp., LB media was prepared in a flask and then the culture was inoculated in sterile conditions.
The inoculated media was incubated at 25-30°C for 2-3 days and then centrifuged the culture at 4000 rpm for 5 min.
After that, the supernatant was collected for treatment as Bacillus filtrate (BF).

Priming of seeds with BCAs

Seeds of all wheat varieties were incubated in BCA filtrates and cultures overnight and then dried at room
temperature for 4 hours before sowing into the field.

Sowing of collected varieties

After priming, the seeds were sown at the Experimental area of the Plant Pathology Department, University of
Agriculture, Faisalabad (UAF). Sowing was laid out in Completely Randomized Block Design (RCBD), having ten
plants in a single line with three replications.

Inoculum preparation for foliar application and scoring

The leaves infected with brown wheat rust were collected from Wheat Research Institute, AARI, Faisalabad. The
infected leaves were submerged in distilled water for 12 hours overnight. After removing leaves from the water,
spores were used for foliar application to spread disease in the field. After spraying inoculum in the field, the
screening data was collected after two weeks of inoculum application.

Data recording of morphological parameters

The data were recorded for the following different morpho-physiological characters in all varieties.

Number of tillers per plant

Before harvesting, the number of tillers in three guarded plants was counted individually.

Fresh and dry root weight (g)

Randomly 4-5 plants of all varieties were brought to the lab. After removing all the dust from roots, the weight of fresh
roots was taken with electronic weighing balance. Then these roots were kept in dry oven for 2-3 days for drying
purpose and data of dry roots was measured on electronic weighing balance.

Spike and 1000 grains weight (g)

At maturity, the spikes were cut and weighed on electronic weighing balance randomly. Then, from spikes grains
were threshed and counted up to 1000 manually and weighed.
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Number of grains per spike

The spikes were threshed to get the grain which were counted manually for each spike.

Plant height, spike, root, peduncle, awn and internode length (cm)

Plant height and lengths (spike, root, peduncle, awn and internode length) were recorded by using measuring rod.
The data were recorded from randomly selected plants and average was taken from the replicates.

Number of grains per plant

By threshing all spikes of a single plant, the collected seeds were counted. In this way per plant yield was observed.
Data recordings of physio-chemical parameters

Determination of Malondialdehyde (MDA) contents

By following the method of Cakmak and Horst, (1991) MDA content was determined. In this method, 0.5g leaves
sample was grinded in trichloro-acetic acid (TCA) solution and then was centrifuged for 10 minutes at 12000 rpm. By
removing supernatant, 0.5ml of sample was mixed with 3ml of 20% TCA and 0.5% thiobarbituric acid (TCA). After
that, this mixture was placed in water bath for 30 minutes at 95°C and readings were taken in spectrophotometer at
532nm and 600nm wavelengths.

Determination of Hydrogen Peroxide (H205)

The method described by Velikova et al. (2000) was used to compute H202. To prepare H202 solution, 0.5g fresh
leaves were grinded in TCA (5ml of 0.1% wi/v). This mixture was centrifuged at 12000 rpm for 15 minutes. After that,
0.5 ml supernatant was mixed with 0.5ml phosphate buffer (7.0 pH) and 1ml of iodide potassium (1M). UV-visible
spectrophotometer was used to record the data at 390nm vortex wavelength.

Determination of glycine betaine contents

To determine the glycine betaine contents, procedure of Grieve and Gratan, (1983) was used. Fresh leaves (0.59)
were mixed with 0.5% solution of 10ml toluene and 1ml of 2N sulphuric acid (H2SOa4). 0.5ml of this mixture was
transferred in a glass tube and mixed with 0.2ml potassium triiodide solution. After stirring the mixture was cooled for
90 minutes. After that, 2.8ml chilled distilled water and 6ml 1,2-dichloroethane were added. This mixture was
centrifuged at 1000rpm for 10 minutes and supernatant was removed. The readings were taken for lower organic
matter in spectrophotometer at 365nm.

Determination of Chlorophyll contents

In 1949, Arnon used the method to identify the contents of chlorophyll ‘a4 and chlorophyll ‘b. Fresh leaves of weight
0.5g were masturbated and 10ml acetone (80%) was added and left them at 0-4°C for overnight. Later on, the
samples were centrifuged at 10000rpm for 5 minutes and supernatant was used to take readings in
spectrophotometer at 645 and 663nm wavelengths.

Chlorophyll ‘a’ and ‘b’ contents were measured by given formulas

Chl. a=[12.7 (OD 663) -2.69 (OD 645)] x V/1000 x W

Chl. b = [22.9 (OD 645) -4.68 (OD 663)] x V/1000 x W

W = weight of the fresh leaf tissue (g)

V = volume of the extract (mL)

Determination of free proline contents

The leaf sample (0.5g) was ground in 5 ml sulfosalicylic acid (3%) and was filtered by using Whatman No. 2 filter
paper. Later 2ml of this filtrate was mixed with 2ml glacial acetic acid and 2ml acid ninhydrin. This mixture was
heated for 30 minutes at 95C in the water bath. After water bathing, 4ml of toluene was added and the supernatant
was used for data readings after vertexing for 5 seconds. At 520nm wavelength in spectrophotometer calculations
were calculated (Bates et al., 1973). Determination of proline concentration in leaf tissues was done by using
formula:

g Volume of extraction solution

Proline content = (ugﬁ) X= Concentration from standard curve X

Weight of sample (g)

Statistical analysis

All the collected data were statistically analyzed by using Statistix version 8.1 and Analysis of Variance (ANOVA) was
performed under a Randomly Complete Block Design (RCBD). Finally, the least significant difference (LSD) test at
5% level of probability was used to compare the mean values of each treatment (Steel et al., 1997). The graphs were
carried out by using Origin-Pro 2024 software. The correlation plot on wheat parameters was carried out by using
RStudio software.
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RESULTS

Effect on peduncle, intermodal, spike, awn and root lengths and plant height

Peduncle length showed maximum results in response to Trichoderma sp. in Subhani-21(Figure 1A); same treatment
performed maximum in same varieties of plant height (Figure C) and root length (Figure E). In case of internode
length (Figure B), BF (Bacillus filtrate) was with maximum results in Punjab-11 while in spike length (Figure D), Arooj-
22 revealed outstanding results in response to TF (Trichoderma filtrate). Awn length (Figure F) was observed
maximum in Subhani-21, treated with Bacillus sp. On the other hand, Punjab-11 treated with TF showed minimum
results in case of peduncle length while Bacillus sp. was with minimum effects in Subhani-21 of internode length.
Interestingly in case of plant height, all treatments in Punjab-11, Bacillus sp. in Shafaq-06 and Trichoderma sp. in
Arooj-22 exhibited almost same results with just very slight differences and BF in Arooj-22 performed the least. Same
as in spike length, all treatments in Subhani-21, TF in Punjab-11 and all treatments in Shafaq-06 (excluding
Trichoderma sp.) performed almost same with slight differences and Trichoderma sp. and BF were in Punjab-11
were minimum, compared with other treatments. In root length, along Subhani-21 treated with Trichoderma sp. was
with same results of TF in Shafaq-06 as best treatments while BF was with least output in Arooj-22. Finally in awn
length, Subhani-21 treated with BF, Punjab-11 with Trichoderma sp. and Arooj-22 with TF and BF showed almost
same outputs while BF in Punjab-11 and TF in Shafag-06 were with least results.

Fresh and dry root weight response to various seed priming

Fresh root weight (Figure A) was observed maximum in Punjab-11 in response to Trichoderma sp. treatment while
Arooj-22 was with least fresh root weight treated with BF. On the other hand, in dry root weight (Figure B), again
Punjab-11 was with great results in Trichoderma sp. treatment. BF showed minimum results in Arooj-22.

Response to seed priming against leaf rust of various yield factors

In Figure 3, all the given factors directly relate to crop yield, which includes number of tillers per plant (A), number of
grains per spike (B), 1000 grains weight (C) and number of grains per plant (D).In number of tillers per plant, we
observed maximum response in TF treatment in Shafag-06 cultivar while in Punjab-11 with treatment BF was with
least output. In case of number of grains per spike, Punjab-11 output was observed outstanding in about all
treatments as compare to other varieties. In Punjab-11 Bacillus sp. and TF showed almost similar results with a very
minor difference and other both treatments (BF and Trichoderma sp.) also exhibited significant response in same
variety respectively. In case of 1000 grains weight, controls of all varieties responded very well in compare to all
treatments but among treatments Arooj-22 gave maximum results in response to Trichoderma sp. treatment.
Trichoderma sp. also responded very well in Shafag-06 just as aligning with TF in Arooj-22. Finally, in number of
grains per spike Punjab-11 was with excellent results in case of TF treatment. In same variety with a small gap
Bacillus sp. responded well also. In same character least results were shown by Trichoderma sp. and Bacillus sp. in
Subhani-21 and Bacillus sp. and TF in Arooj-22.

Effect on Chlorophyll contents

The contents of Chl-a (A) and Chl-b (B) interaction among treatments and varieties as shown in Figure 4. Chl-a
showed the most effective response in Shafag-06 variety treated with BF. Mostly results showed significance with
each other like all treatments (excluding BF) in Subhnai-21 and TF and BF treatments in Arooj-22. On the other
hand, all treatments (excluding Bacillus sp.) in Punjab-11, TF in Shafaq-06 and Trichoderma sp., Bacillus sp. and TF
in Arooj-22 were with almost same results with very slight differences. Punjab-11 treated with Bacillus sp. and
Shafag-06 treated with Trichoderma sp. and Bacillus sp. were with least results observed in Chl-a. In case of Chl-b,
Trichoderma sp. gave maximum results in Shafag-06 while Arooj-22 treated with BF exhibited most well at second
number. In case of Chl-b many results were significant among themselves with least differences. Like Trichoderma
sp. and Bacillus sp. in Subhani-21, Bacillus sp., TF and BF in Punjab-11 and Shafaiq-06 and at the end Trichoderma
sp., Bacillus sp. and BF in Arooj-22. Least results were observed in Subhnai-21 treated with TF.

Effect on Malondialdehyde (MDA) and Hydrogen Peroxide (H20>)

Malondialdehyde (A) and Hydrogen Peroxide (B) are shown in Figure 5. MDA exhibited most efficient results in
Punjab-11 treated with BF and least results were observed in same cultivar treated with Trichoderma sp.
Interestingly, Subhani-21 treated with Bacillus sp., Punjab-11 with BF, Shafaq-06 with all treatments (except BF) and
Arooj-22 with BF showed alphabetically same significance in results with slight changes in their results among
themselves. On the other hand, in results of H202 BF showed most good results in Subhani-21. However, least
results were observed in Shafag-06 treated with Bacillus sp. As least results, Trichoderma sp. in all four varieties and
Bacillus sp. in Shafaq-06 and Arooj-22, shared same significance alphabetically.
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Figure 1. Peduncle length (A), internode length (B), plant height (C), spike length (D), root length (E) and awn length
(F) data are shown against leaf rust in response to Trichoderma sp., Bacillus sp., TF and BF. Error bars represent
the standard error of mean and alphabets are showing significance of treatments against leaf rust.
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Figure 2. Fresh root weight (A) and dry root weight (B) of different wheat varieties in response to different seed
priming treatments. Error bars are representing the standard error of mean and alphabets are showing significance of
treatments against leaf rust.
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Figure 3. Different characters such as number of tillers per plant (A), number of grains per spike (B), 1000 grain
weight (C) and number of grains per plant (D) showing their response to different wheat varieties treated with
different biocontrol agents.. Error bars are representing the standard error of mean and alphabets are showing
significance of treatments against leaf rust.
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showing significance of treatments against leaf rust.
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seed priming treatments. Error bars are representing the standard error of mean and alphabets are showing
significance of treatments against leaf rust.
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Figure 6. Proline (A) and glycine betaine (GB) of various wheat varieties in response to different seed priming
treatments. Error bars are representing the standard error of mean and alphabets are showing significance of
treatments against leaf rust.
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Effect on proline and glycine betaine (GB) contents

Most outstanding results of proline were observed in Shafaq-06 and Subhnai-21 respectively, treated with TF as
shown in Figure 6A. Arooj-22 treated with BF revealed minimum results. However, Subhani-21 treated with BF,
Punjab-11 treated with Trichoderma sp. and BF and at last Shafaq-06 and Arooj-22 treated with Bacillus sp. gave
alphabetically same results with minute variations among them. Additionally, in GB contents as shown in Figure 6B,
TF dominated with results in Arooj-22 and Shafag-06 respectively. In contrast, Arooj-22 treated with BF was with
least results. Almost all other results were alphabetically different from each other.

Correlation among various physio and morphological characters

Different physiological and morphological character associations are given in Figure 7 by using Pearson’s correlation
graph. Internode length and plant length, plant length and number of tillers and fresh root weight and 1000 grains
weight have positive correlations among themselves. Additionally, proline and MDA have also positive correlation
among them and indicate the increase of their levels, if anyone of them increases. Comparatively, awn length and
root length and fresh root weight and chl-a showed very negative correlation among them. All other remaining
characters have no or very week correlations.
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Figure 7. Pearson’s correlation for various physio and morphological parameters of wheat under leaf rust stress.
Circles in figure showing the distribution of all parameters. Abbreviations in this figure are used as follows: IL
(internode length), PL (plant length), NT (number of tillers), PH (plant height, SL (shoot length), AL (awn length), RL
(root length), 1IKGW (1000 grains weight), GPS (grains per spike), DRW (dry root weight), FRW (fresh root weight),
GPP (number of grains per plant), Chl-a (chlorophyll a), Chl-b (chlorophyll b), H.O2 (hydrogen peroxide), MDA
(malondialdehyde) and GB (glycine betaine).
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DISCUSSION

Different pathogens attack on wheat crop and cause significant yield losses from which leaf rust is one of the most
important foliar disease and causes significant yield losses (Jabran et al., 2023).The present study was aimed to
assess different biocontrol agents to manage the impact of leaf rust disease on various wheat varieties by seed
priming. Seed priming techniques have been used to increase seed germination efficacy, plant biomass and
resistance to many seed-borne diseases (Arshad et al., 2022). For that purpose, we used two different biocontrol
agents and their filtrates i.e., Trichoderma sp. and Bacillus sp. and four different wheat varieties (Shafag-06, Punjab-
11, Subhani-21 and Arooj-22).

As biocontrol agents, Trichoderma sp. helps to enhance yield and plant growth as well and Bacillus sp. has been
used to manage plant pests and diseases (Khan et al., 2020; Mir et al., 2022). This current research was conducted
to analyze the impact of different bio-control agents via seed-priming on different morpho and physiological factors in
response to P. triticina in local wheat varieties. For instance, Trichoderma sp. enhanced the plant height, peduncle
length, root length and dry root biomass in wheat which are promising with previous studies Merwad and Abdel-
Fattah (2017); Anjum et al. (2020); Tiwari et al. (2022). Enhancement of radicular and aerial growth in various field
crops has been reported by Trichoderma-induced enhancement (Moya et al., 2020; Singh et al., 2016). These factors
enhancement in wheat may possessed due to Trichoderma sp. priming by elevating the capability of nutrients
availability and growth hormone production like Indole acetic acid (IAA) (Singh et al., 2016).

Grain yield is the main output of any grain crop (Ali et al., 2009; Rajaram and Braun, 2007). In current research,
wheat seeds primed with both Trichoderma sp. and Bacillus sp. improved the yield factors significantly. Same
promising results were reported in previous studies by Nzanzaet al. (2011); Azarami et al. (2011); Lastochkina et al.
(2023). The increase in yield by seed priming of Trichoderma sp. and Bacillus sp. was probably related to the
increased establishment of plant and its growth (Cuvas, 2006; Rahman et al., 2015; Mir et al., 2022; Lastochkina et
al., 2023). Seeds without priming showed some good results of chlorophyll contents but in some cases, as compared
with treated seeds. Interestingly, primed seeds also exhibited the enhancement of chlorophyll contents as already
reported results by Tiwari et al. (2022). Increase in chlorophyll contents could enhance the photosynthetic efficacy in
plants (Jisha and Puthur, 2016).

Moreover, wheat diseased with leaf rust was evaluated to quantify the MDA content. P. triticina increased the MDA
level in non-primed seeds but only a single variety treated with Bacillus sp. exhibited more effect than control. MDA is
produced as a consequence of cell membrane lipid peroxidation leading to electrolyte leakage and eventual cell
death (Basit et al., 2022). However, in a recent study by Tiwari ef al. (2022) reported the decrease of MDA content in
primed seeds. For cell structures hydrogen peroxide (H202) generally considered to be a toxic agent but also meant
to be a vital signal molecule which triggers acclimation under stress conditions (Ellouzi et al., 2017).

Our treated seeds with bio-control agents exhibited significant decline of H2O2 content. Increased in proline content
enhances the plant ability to mitigate the pathogen activity (Vujanovic et al., 2022). In our study, all treated seeds
showed the increase in proline content in contrast to non-treated seeds. Same results have been reported in a study
by Ambreen et al. (2021). Multiple studies have reported the glycine betaine (GB) content enhancement by seed-
priming in wheat and other crop plants but in abiotic stresses (Ahmed et al., 2021; Chakraborti et al., 2022; Moradi
and Siosemardeh, 2023). Our results also demonstrated the significant growth of GB content in primed wheat seeds
and then having biotic stress of P. triticina.

CONCLUSION

This work demonstrates the importance of Trichoderma sp. seed priming as a strategy and Bacillus sp. in enhancing
wheat growth and treatment to leaf rust disease (P. triticina). In addition, seed treatment with these biocontrol agents
improved many vital traits such as plant height, root length, biomass, and yield factors, indicating that these plant
growth-promoting agents could be useful in promoting plant growth and productivity.

The higher chlorophyll content in treated seeds indicates increased photosynthetic activity, and decreases in MDA
and H,0O, content of primed seeds suggest reduced oxidative stress and better health of plants under disease
conditions. Moreover, the elevated levels of proline and glycine betaine observed in treated seeds further emphasize
their contribution to increased stress tolerance and pathogen resistance in these plants. Overall, the findings confirm
that seed priming with Trichoderma sp. and Bacillus sp. is an effective strategy for managing leaf rust disease while
improving wheat yield and stress resilience. These results pave the way for using biocontrol agents as sustainable
and eco-friendly solutions in wheat cultivation.
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