
Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Gurjeet Singh,
Texas A and M University, United States

REVIEWED BY

Vijay Rajamanickam,
Indian Agricultural Research Institute (ICAR),
India
Archana Kumari,
YS Parmar University, Solan, India
Pooja Kanwar Shekhawat,
National Research Centre on Seed Spices
(ICAR), India

*CORRESPONDENCE

Zahid Hussain Shah

zahid.uaar578@gmail.com

RECEIVED 23 December 2024
ACCEPTED 17 February 2025

PUBLISHED 06 March 2025

CITATION

Alghabari F and Shah ZH (2025) Deciphering
salt tolerance mechanisms in synthetic
hexaploid and bread wheat under
humic acid application: physiological
and genetic perspectives.
Front. Plant Sci. 16:1545835.
doi: 10.3389/fpls.2025.1545835

COPYRIGHT

© 2025 Alghabari and Shah. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 06 March 2025

DOI 10.3389/fpls.2025.1545835
Deciphering salt tolerance
mechanisms in synthetic
hexaploid and bread wheat
under humic acid application:
physiological and
genetic perspectives
Fahad Alghabari1 and Zahid Hussain Shah2*

1Department of Arid Land Agriculture, King Abdulaziz University, Jeddah, Saudi Arabia, 2Department of
Plant Breeding and Genetics, PMAS-Arid Agriculture University, Rawalpindi, Pakistan
Salt stress is a potential constraint that perturbs plant physiological and osmolytic

processes, and induces oxidative stress. The plant biostimulant, such as humic

acid (HA) is capable to improve the wheat-tolerance to salt stress through

triggering the plant defense mechanisms and regulating the genetic

determinants. In this context the present study has comparatively evaluated

the effect of HA on salt tolerant synthetic hexaploid (SH) and salt susceptible

bread wheat (BW) genotypes. The experiment was performed in three replicates

using randomized complete block design (RCBD) having two factorial

arrangements, with HA treatment as one, while genotype as second factor. HA

treatment significantly enhanced chlorophyll (33.33%–100%) and photosynthesis

(31.25%–50%), and significantly reduced the glycine betaine (GB) (42.85%–

77.77%), proline (20%–28.57%) and Na+/K+ ratio (33.33%–50%) in salt stressed

SH and BW genotypes. Additionally, HA significantly increase the activities

superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) by 57.14%–

66.67%, 54.54%–83.33%, and 55.55%–80%, respectively in all salt stressed

genotypes. The salinity associated genes TaNHX1, TaHKT1,4, TaAKT1, TaPRX2A

TaSOD and TaCAT1 were upregulated, while TaP5CS was downregulated in SH

and BW genotypes corresponding to their regulatory traits. Furthermore, the

multivariate analysis including correlation, principal component analysis (PCA)

and heatmap dendrogram further rectified the strong impact of HA on the

strength of association and expression of stress marker traits. Overall, the SH

genotypes showed more strong response to the HA and illustrated significant

tolerance to salt stress based upon physiological, biochemical and genetic

indicators. Conclusively, the SH can serve as a bridge to transfer alien genes

associated with salt tolerance into elite bread wheat germplasm.
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1 Introduction

Wheat is an important cereal crop dominating the most of the

arable land worldwide. The stressful environment can decrease wheat

production by 6% as predicted by different climatic models (Teleubay

et al., 2024). Salt stress imposes negative impacts on 20% of world

arable land owe to anthropogenic activities and the change in climate

(El Sabagh et al., 2021). Approximately 1.4 billion hectare area of the

world is effected by salinity (FAO, 2024). The saline environment

imposes osmotic stress, ionic imbalance and toxicity, through high

Na+ influx that increases Na+/K+ ratio and retards the plant vital

processes and crucial functions (Shah et al., 2017). Besides, salt stress

brings variation in ultrastructural components of cells, damages the

membrane, perturbs the photosynthesis machinery, enhance the

oxidative stress through reactive oxygen species (ROS) which limits

the plant ultimate productivity (Sachdev et al., 2021). In depth

understanding of stress tolerance in plants with respect to

physiological mechanisms is an important breeding goal

(Chaudhary et al., 2024). Therefore, the concept of physiological,

biochemical and genetic mechanisms of wheat responses under salt

stress is inevitable. Among physiological features, the loss of

photosynthetic pigments, while among biochemical features the

accumulation of osmolytes is the focal point of plant research

particularly under salt stress (Gupta and Huang, 2014). Moreover,

plants exposed to salt stress undergo various oxidative changes like

production of reactive oxygen species (ROS), lipid-peroxidation and

plasma membrane deterioration (Hasanuzzaman et al., 2021). Being

living body plant try to retain its homeostasis through activating the

antioxidant system having enzymes such as peroxidases (PODs),

superoxide dismutases (SODs) and catalases (CATs) (Mehla et al.,

2017). Therefore, an understanding of physiological and biochemical

patterns of salinity tolerance can be used as a selection parameter for

improving the wheat adaptability in saline environment (Irshad et al.,

2022). In past many studies have proved strong link between physio-

chemical and genetic responses of wheat under different kinds of

abiotic stresses (Yang et al., 2014; El Sabagh et al., 2021; Alsamadany

et al., 2023; Alghabari and Shah, 2024). Briefly, plant behave like a

composite system to sustain their physio-chemical equilibrium

through modulating their osmotic and genetic responses when

exposed to salt stress (Shah et al., 2017). Besides, for

comprehensive elucidation of salt tolerance mechanisms in wheat,

it is important to explore the physio-chemical responses of plant in

association with their genetic determinants (Gupta and Huang,

2014). For instance, the upregulation of genes TaCAT1, TaSOD

and TaPRX2A in salt stressed wheat plants triggers the antioxidant

activities and increases the ROS scavenging via activating the

antioxidant defense system comprising the enzymes CAT, SOD

and POD (Alghabari and Shah, 2024). Similarly, TaP5CS gene

increases the proline accumulation in wheat during salt, drought

and heat stresses (Aycan et al., 2022). High affinity K+-transporters

(HKTs), and Na+ proton-exchangers (NHXs) are membrane

transporters that respectively regulate K+-influx and Na+-efflux,

therefore reducing the Na+ toxicity through decreasing Na+/K+

ratio (Hussain et al., 2021). Likewise, an inward-rectifying K+-

channel, AKT1 increases plant tolerance against osmotic-stress by
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increasing the concentration of K+ in cell as reported by Ahmad et al.

(2016). Salinity stress impairs wheat growth and yield by causing

osmotic stress, ionic imbalance, and osmotic damage (Ali et al., 2022).

HA overcomes these effects by increasing chlorophyl, photosynthesis

and antioxidant enzyme activities as reported by Tahir et al. (2022)

and Meng et al. (2023). Furthermore, it also regulates the osmolytic

level, improves the osmotic adjustments and salt tolerance (Zhang

et al., 2024). Besides, HA improves the Na+/K+ ratio in salt stressed

plants. Meng et al. (2023) reported that HA reduces the proline

accumulation in salt stressed plants, indicating that HA alleviates the

osmotic stress, hence decreasing the need of proline as an

osmoprotectant. Likewise, HA application is associated with

decrease in GB content salt stressed plants, suggesting

improvement in water status and homeostasis, thereby minimizing

the necessity of GB accumulation (Carillo et al., 2008). Various

studies in past have been conducted to elucidate the potential role

of HA in enhancing the salt tolerance of wheat (Carillo et al., 2008; Ali

et al., 2022; Tahir et al., 2022; Meng et al., 2023). The plant

biostimulants such as humic acid (HA) plays executive role in

maintaining plant physiological activities during salt stress through

increasing the production of osmoprotectants, and through

regulating the expression of genes imparting stress tolerance

(Ahmad et al., 2022; Meng et al., 2023). Reduced sodium toxicity,

osmoprotectant regulation, a decrease in the Na+/K+ ratio, and an

increase in antioxidant enzyme activity are all linked to HA-induced

salt tolerance, which in turn lowers oxidative stress levels (Shukry

et al., 2023). Although various studies have explored the aspects of

salinity tolerance by integrating the physiological, biochemical, and

genetic mechanisms, the present study aimed to elucidate the impact

of HA on synthetic hexaploid (SH) wheat as compared to bread

wheat (BW). Furthermore, this study supersedes the past researches

by not only exploring the physiological, biochemical and genetic

indices of salt tolerance but also providing a comparative analysis

between wheat types, thereby providing new perceptions into their

varying responses to HA under salt stress.
2 Materials and methods

The present experiment was performed within the glass house

situated at the research site of the King Abdulaziz University (KAU),

Jeddah, Saudi Arabia. The wheat genotypes shown in Table 1,

including salt susceptible bread wheat cultivars, Kohistan-97,

Fareed-06, A.Sattar (Irshad et al., 2022) and salt tolerant synthetic

hexaploid (Li et al., 2018) were collected from Pakistan and evaluated

for physiological, biochemical and genetic performance under saline

condition in the presence and absence of HA. The experiment was

executed in two factorial tri-replicated RCBD with HA and control

treatments as one, and genotypes as another factor.
2.1 Plant growth and treatment application

The tri-replicated experiment was optimized in glass house (25/

15 ± 2°C day/night temperature, 10 hour light-period, 60%
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humidity) using 2.5liter pots, having 30cm depth and 25 cm

diameter. The pots were filled with natural soil (loamy soil with

pH_6.5, EC 1.5 dS/m) and sown with six seeds, while each pot was

left with four plants at seedling stage. The experimental set of pots

was provided with HA (Dalian Vic Co., Ltd., Dalian, China) having

specified composition (C=55%, P=0.01%, N=4.87%, K=11.2%,

Ca=0.50%, Mg=0.22%). The HA was applied at 2 g kg−1 before

sowing of seeds (Khaled and Fawy, 2011; Canellas et al., 2015). The

pots were watered twice a week by 500 ml of 25% Hoagland nutrient

solution (Sigma-Aldrich, USA). The pot was watered with150 mM

of NaCl solution that set the EC value at 8.5 dS/m. The EC values

were monitored on daily bases using the conductivity meter.Both

control and experimental set of plants were subjected to salt stress at

tillering stage 5 (Feekes growth scale) until the symptoms of saline

stress indicators for instance leaf wilting, rolling and chlorosis.

Besides, each treatment comprised of five pots, while for data

analysis five plants were selected on random basis for each

treatment of every replicate.
2.2 Quantification of physiological and
osmolytic traits

The SPAD-502plus apparatus was used to quantify the

chlorophyll content, while the photosynthesis rate was recorded

using infra-red gas analyzer (IRGA) apparatus (ADC Bioscientific,

UK) from attached flag leaf between 9am to 10am. The Na+ and K+

content were estimated according to the procedure described by

Havre (1961). In short, the leaf samples were oven dried and

converted to fine powder. Afterward, 0.5g of each sample was

homogenized in 3ml HClO4 and 8ml Conc HNO3 and retained

for 12h. The mixture was burnt at 300°C for 3h and double distilled

water was supplemented till 50ml volume. The flame photometer

was used to record the concentrations of Na+ and K+. Before taking

measurements, the flame-photometer was standardized and
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properly calculated by using known K+ and Na+ standard

solutions prepared from high purity KCl and NaCl. With a blank

solution the instrument was set at zero, and a calibration curve was

structured by recording the emission intensities of standard

solutions. After calibration the flame photometer was used to

measure the Na+ and K+ concentrations from prepared samples,

and Na+/K+ ratio was estimated accordingly. Furthermore, the UV-

Vis spectrophotometer (N5000, Shanghai, China) was used to

record the proline concentration based on its reactivity with

ninhydrin as explained by Carillo and Gibon (2011). The glycine

betaine (GB) content was determined using the HPLC apparatus

(Shimadzu Corp, Japan) following the protocol explained by Grieve

and Grattan (1983).
2.3 Quantification of antioxidant activity

For the quantification of antioxidant enzyme activity, 2g of

frozen leaf sample was homogenized in 2mL of 0.1M Tris-HCl

(pH=7.4) at ice cold stage. The mixture was optimized at 4°C and

subjected to centrifugation for 20 minutes at 20000 g. The

supernatant attained was used to record the enzymatic activity

based on the standard protocol explained by Alici and Arabaci

(2016). The activity of superoxide dismutases (SODs) was assessed

against the standard absorption curve of 560nm based upon its

tendency to inhibit the photo-reduction of nitroblue-tetrazolium.

Moreover, the activity of peroxidases (PODs)was recorded by

spectrophotometer against the standard absorption curve of 420

nm using 4-methylcatechol as substrate. The catalases (CATs)

activity was measured using spectrophotometer at 25°C against

standard absorption curve of 240nm, using H2O2 as substrate.

Moreover, the catalytic activities of all antioxidant enzymes were

measured in enzyme units (U mg-1of protein).
2.4 Gene expression analysis

The gene expression analysis was performed when plants showed

the salt stress symptoms. The leaf samples from selected plants were

instantaneously froze in a container having liquid nitrogen and stored

at -80°C until the start of extraction process. The RNeasy kit (Qiagen,

Germany) was used for RNA extraction according to the instructions

of manufacturer. Besides, cDNA library was constructed from 2 µg

RNA using QuantiTect reverse transcription kit (Qiagen, Germany).

Furthermore, the transcript levels of salinity related genesin leaf tissue

were quantified in qRT-PCR using SYBR Green Kit (BioFACT,

Korea), while TaActin1-expressing gene was used for the

expression normalization. Each expression profile from qRT-PCR

analysis was analysed and confirmed following the procedure opted

by Ahmed et al. (2022) using each of three biological and technical

replicates. Furthermore, double-delta Ct values were used for the

calculation of relative gene expression from each sample. The list of

genes associated with salinity tolerance in wheat along with their

forward and reverse primers is indicated in Table 2.
TABLE 1 Wheat germplasm containing synthetic hexaploid (SH) and salt
susceptible bread wheat (BW) genotypes.

Genotype Pedigree

Synthetic Hexaploids (Salt tolerant)

SH1 TC870344/GU1//TEMPORALERA M 87/AGR/3/WBLL1

SH2 GPO8 KAZAKSTAN 6 WM98-99/4/KAUZ//ALTAR 84/AOS/
3/KAUZ/5//KAUZ//ALTAR 84/AOS/3/KAUZ

SH3 CROC_1/AE.SQUAROSSA (205)//BORL95/3/KENNEDY

SH4 PAM94/3/ALTAR84/AEGILOPS SQUAROSA(TAUS)//
OPATA/PASTOR

Bread Wheat (Salt suceptible)

Kohistan-97 V-1562//CHIROCA(SIB)/(SIB)HORK/3/KUFRA-I/4/
CARPINTERO(SIB)/(SIB)BLUEJAY[1964][2857]

Fareed-06 PTS/3/TOB/LFN//BB/4/BB/HD-832-5//ON

A. Sattar PRL/PASTOR//2236(V.6550/Sutlej-86
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2.5 Data analysis

The Analysis of variance (ANOVA) was carried out using a

computer-based statistics tool, Statistix ver. 8.1 (Mcgraw-Hill, 2008),

at the probability level of 5% and LSD was computed, while the

RStudio version 1.1.456 (RStudio Team, 2020) was applied to

compute correlation, to perform principal component analysis

(PCA), and to construct heatmap clusters based upon similarity

matrix. The PCA biplots were constructed using “factoextra” and

“FactoMineR”, while the “GGally” and “ggplot2” were used to form

Pearson’s correlation chart. The packages “pheatmap” and “complex

Heatmap” were used to form dendrogram.
3 Results

3.1 Chlorophyll, photosynthesis
and osmolytes

The application of HA has significantly (p ≤ 0.05) improved the

chlorophyl and photosynthesis rate (Pn) in all salt stressed wheat

genotypes as compared to no application of HA (Figure 1). The

synthetic hexaploid (SH1 to SH4) depicted superior physiological

performance under HA application compared to other bread wheat

(BW) cultivars (Kohistan-97, Fareed-06, A. Sattar). The chlorophyll

content illustrated significantly higher baseline in SH1 to SH4 and

increased 21.4%-50%, whereas Kohistan-97 showed a highly

variable response with an 80% rise in chl content. Besides,

photosynthesis rate (Pn) increased by 28%-36% in SHs (SH1 to

SH4) that revealed more stable and higher assimilation of CO2

compared to sharper and inconsistent increase (42.8%-50%) in BW

cultivars. Besides, under HA application, all salt stressed wheat

genotypes showed significant (p ≤ 0.05) decline in their proline and

glycine betaine (GB) contents as compared to set of wheat
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genotypes grown under control condition (Figure 1). Conversely

the proline accumulation declined from 28.5%-50%, while the GB

content declined from 50%-72%, in salt stressed SHs (SH1 to SH4)

due to HA as compared to control. Moreover, unlike Kohistan-97,

Fareed-06, and A. Sattar, which showed dramatic fluctuations, the

SH1 to SH4 kept higher and stable physiological responses and less

variation in osmoprotectants (proline and GB) under salt stress due

to application of HA.
3.2 Antioxidant enzymes and Na+/K+ ratio

The HA caused significant (p ≤ 0.05) reduction in Na+/K+ ratio in

all salt exposed set of plants as compared to the control set of plants

(Figure 2). The SHs (SH1 to SH4) depicted significant reduction in

Na+/K+ ratio 30% to 33.3% than BW cultivars Kohistan-97, Fareed-

06 and A.Sattar 15% to 18.1% under saline conditions due to the

application of HA, suggesting better ionic regulation and salt stress

mitigation. Additionally, HA stimulated the activity of antioxidant

enzymes catalase (CAT), superoxide dismutase (SOD), and

peroxidase (POD) in all salt stressed wheat genotypes as compared

to zero treatment of HA (Figure 2). The antioxidant enzymes

superoxide dismutase (SOD) demonstrated increased catalytic

activity by 20.8%-25%, in SH1 to SH4 as compared to 20% 26.6%

in BW cultivars, suggesting their stable antioxidant defense system.

Besides, the peroxidase (POD) activity increased by 27.2%-50% in

SHs (SH1 to SH4) indicating better ROS scavenging compared to

42.8%-60% in BW genotypes. Furthermore, the catalase activity

increased by 25%-44.4% in SH1 to SH4 explicating the better

oxidative control under salt stress due to HA. Compared to

Kohistan-97, Fareed-06, and A. Sattar, which manifested high

variation in enzymatic activities, the SHs (SH1 to SH4) kept better

Na+/K+ balance, consistent antioxidant response, and superior

adaptability against salt stress under HA application.
3.3 Multivariate analysis

The correlogram revealed significant correlation among

chlorophyll, Pn, proline, Na+/K+, GB, CAT, POD and SOD in all

salt stressed wheat genotypes (Figure 3). The proline, GB and Na+/K+

illustrated showed significant positive paired association with one

another, and showed significant negative paired association with

antioxidant enzymes (CAT, POD and SOD), chl and Pn (Figure 3).

Conversely, the antioxidant enzymes (CAT, POD and SOD), chl and

Pn varied proportionally and illustrated paired association in same

direction (Figure 3). Generally, the correlation analysis has proved

strong paired association among all traits, both under control andHA

treatments (Figure 3). Besides, correlogram further confirm the

extent of association of traits significantly changed owe to HA

application as compared to zero HA application under salt stress.

Besides, principal component analysis (PCA) further endorsed

the results from correlation analysis. The biplot of both PCAs under

HA and control treatment indicated the different orientation of trait
TABLE 2 The list of primers used in relative expression analysis of salt
stress related genes in synthetic hexaploid (SH) and bread wheat
(BW) genotypes.

Gene Primer sequence Reference

TaAKT1 CGGATAATGCCGTGAATG (F)
TTATACTATCCTCCATGCCT (R)

Zeeshan et al., 2020

TaCAT1 TCTCTCGGCCAGAAGCTCG (F)
AGGGAAGAACTTGGACGGC (R)

Al-Ashkar
et al., 2019

TaPRX2A CGTGTGTGTGATCATCAGTAAC (F)
AGGCGGAGTGTAAATTACAAGA (R)

Su et al., 2020

TaHKT1,4 AGCAAGCTGAAGTTGAGGGG (F)
AGAGTTGTGACAGAGCCGTG (R)

Dave et al., 2022

TaP5CS GAAGGCTCTTATGGGTGTACTCAA (F)
TAAAAGACCTTCAACACCCACAGG (R)

Aycan et al., 2022

TaSOD TCCTTTGACTGGCCCTAATG (F)
CTTCCACCAGCATTTCCAGT (R)

Jiang et al., 2019

TaNHX1 TGACGGAGGCAGAAGACCG (F)
CCCAAAACTCTACACAGCGT (R)

Al-Ashkar
et al., 2019
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vectors, which confirmed that association and expression of chl, Pn,

proline, GB, Na+/K+ and antioxidant enzymes changed significantly

due to HA as compared to control treatment under saline

environment (Figure 4). Furthermore, PCA confirmed the

differential response of each genotype in terms of trait association

and expression due to HA application as compared to control as

illustrated by their dispersed distribution within PCA biplot

(Figure 4). In biplot, the SH (SH1 to SH4) genotypes were

clustered at one quadrant, while salt susceptible BW genotypes

were clustered on another quadrant of biplot. This indicated clear
Frontiers in Plant Science 05
difference in the response of both groups of genotypes to HA under

saline environment in terms of trait association (Figure 4).

Furthermore, the varying impact of HA and control treatment on

trait responses were further confirmed by differential positioning of

ellipses on PCA biplot (Figure 5). The traits including Chl, Pn and

antioxidant activity (SOD, POD and CAT) were more strongly

expressed under HA treatment, while proline, GB and Na+/K+ were

more strongly expressed under control treatment (Figure 5). The

PCA biplot indicated that Dim 1 (93.8%) captured most of the

variation, isolating the HA and control treatments, while Dim2
FIGURE 1

Effect of HA and control treatment on chlorophyll, photosynthesis, proline and glycine betaine content of different wheat genotypes grown under
salt stressed environment. Chl, chlorophyll; Pn, photosynthesis; GB, glycine betaine. Graph bars represent the mean values of traits, analysed during
tri-replicated two factorial experiment at p ≤ 0.05. The bar values following the different letters are significantly different at p ≤ 0.05.
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(2.9%) contributed slightly, suggesting collectively 96.7% of total

variation. Although ellipses showed some overlap, but overall, the

treatments showed distinct biochemical responses. Similarly, the

different positioning of the ellipses representing the SH (SH1 to

SH4) and susceptible BW (Kohistan-97, Fareed-06 and A. Sattar) in

PCA biplot has further differentiated the responses of both group of

genotypes with respect to the expression of traits (Figure 6). The

PCA biplot indicated that that Dim1 (93%) captured most of the

variation, while Dim2 (3%) added a small part of variation, together
Frontiers in Plant Science 06
comprising the 96% of the total variation. Besides, the merged

ellipses of SH group indicated the analogous response of SH (SH1 to

SH4) genotypes while the merged ellipses of susceptible BW

indicated the analogous response of BW (Kohistan-97, Fareed-06

and A. Sattar) cultivars in terms of trait expression and association.

The traits including Chl, Pn and antioxidant activity (SOD, POD

andCAT) were more strongly expressed in salt tolerant SH (SH1 to

SH4), while proline, GB and Na+/K+ were more strongly expressed

in susceptible BW (Kohistan-97, Fareed-06 and A. Sattar)
FIGURE 2

Effect of HA and control treatment on the activities of antioxidant enzymes (SOD, POD, and CAT) and Na+/K+ ratio of different wheat genotypes
grown under salt stressed environment. SOD, superoxide dismutase; POD, peroxidase; CAT, catalase. Graph bars represent the mean values of traits,
analysed during tri-replicated two factorial experiment at p ≤ 0.05. The bar values following the different letters are significantly different at p ≤ 0.05.
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genotypes (Figure 6). The heatmap clustered dendrogram further

endorsed the findings from PCA (Figure 7). The SH and BW

genotypes showed varying trait response under control and HA

application as indicated by varying banding pattern. Corresponding

to the PCA results the heatmap has divided SH and susceptible BW

genotypes into two different groups.
3.4 Gene expression analysis

The gene TaP5CS significantly (p ≤ 0.05) downregulated in all

salt stressed wheat genotypes due to HA (Figure 8). Among all

genotypes, the SH (SH1 to SH4) wheat lines showed comparatively

low transcript level (1.3 to 2 fold) of TaP5CS as compared to

susceptible BW (Kohistan-97, Fareed-06 and A. Sattar) genotypes

(Figure 8). Besides, the downregulation of TaP5CS was in

accordance to the declined amount of proline in wheat genotypes

grown in saline environment under the application of HA.

The genes TaNHX1, TaHKT1,4 and TaAKT1 regulating the K+-

influx and Na+- compartmentalization were overexpressed in all salt

stressed wheat genotypes from 2 to 4.2 fold, 2.1 to 4 fold, and 1.75 to

3.1 fold respectively, due to the application of HA (Figure 8).

Overall, the SH (SH1 to SH4) wheat genotypes recorded

significantly (p ≤ 0.05) high expression of these genes, that
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imparted high influx of K+, and high efflux of Na+, as illustrated

by their low Na+/K+ ratio as compared to susceptible BW

(Kohistan-97, Fareed-06 and A. Sattar) genotypes under the

application of HA.

The HA significantly (p ≤ 0.05) triggered the expression of

TaSOD (1.75 to 2.2 fold), TaCAT1 (1.3 to 2.5 fold) and TaPRX2A

(1.2 to 1.75 fold) in all salt stressed wheat genotypes (Figure 8).

Overall, the relative expression of these genes was significantly high

in SH (SH1 to SH4) as compared to susceptible BW genotypes.

Besides, the increase in transcript level of TaSOD, TaCAT1 and

TaPRX2A was in agreement with increasing activity of antioxidant

enzymes SOD, CAT and POD.
4 Discussion

Salinity is a potential constraint restricting wheat production

throughout the world. Salt stress effect plant directly by perturbing

physiological and biochemical processes and indirectly by imposing

oxidative stress. However, plant biostimulant such as HA induces

salt tolerance in plants owe to its potential role in decreasing Na+

toxicity, enhancing osmolytic concentrations, lowering Na+/K+

ratio, and increasing ROS scavenging by speeding up the catalytic

activities of antioxidant enzymes. Salt stress significantly decreases
FIGURE 3

Correlogram showing the effect of control and HA treatment on the paired association of chlorophyll, photosynthesis, osmolytes (Proline and GB),
Na+/K+ and antioxidant enzymes (SOD, POD and CAT) in salt stressed wheat genotypes. Chl, chlorophyll; Pn, photosynthesis; GB, glycine betaine;
SOD, superoxide dismutase; POD, peroxidase; CAT, catalase. ***Significant at p ≤ 0.001, **Significant at p ≤ 0.01.
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the chlorophyll content depending upon the extent of salt tolerance.

Various studies have shown that high salt content results in

stomatal closure, restricting the CO2 fixation, reducing the

chlorophyll content which in turn decreases the rate of

photosynthesis in plants (El Sabagh et al., 2021; Irshad et al.,

2022; Alghabari and Shah, 2021). The humic substances are plant

biostimulants and regulate plant physiological processes for

sustainable growth particularly under stress (Canellas and

Olivares, 2014). Humic acid (HA) protects plant photosynthetic

apparatus under various abiotic stresses and improves the

chlorophyll and Pn as reported by Shukry et al. (2023). Similarly

present study reported an improvement in chlorophyll and Pn in

salt stressed wheat genotypes in the presence of HA, however this

improvement varied based upon the type of wheat genotype i.e less

improvement in susceptible BW, while high improvement in

diverse SH (Figure 1). Alteration in osmolytic content under salt

stress is portrayed as a plant strategical tool to counter the hazards

of salt stress (Shah et al., 2017). However, application of HA

decreases the concentration of proline, GB and Na+ in salt

stressed plant based upon their stress tolerance tendency as

explicated by Khedr et al. (2022); Shah et al. (2018) and Hamed

(2021) respectively. Likewise, Meng et al. (2023) concluded that

reduction in proline content of salt stressed plants under HA

application confirms the role of HA as a stress reliever, suggesting

that plants get rid from osmotic stress, thereby minimizing the need

of proline as an osmoprotectant. Likewise, according to Carillo et al.

(2008) the HA treatment reduced the GB content salt stressed wheat

plants through improving the water status and homeostasis, hence

minimizing the need of GB deposition. On the other hand, salt
Frontiers in Plant Science 08
stress induces different types of oxidative stresses within cellular

system owe to the production of ROS (Alghabari and Shah, 2021).

In this context, HA triggers the plant antioxidant defense system

and increases the catalytic activity of antioxidant enzymes to relieve

the plant from the damages caused by oxidative stress (Abbas et al.,

2022). Correspondingly, in current research the HA reduced the GB

and proline content in all salt stressed wheat genotypes. Besides, the

SH wheat genotypes illustrated more dramatic reduction in proline

and GB as compared to susceptible BW cultivars (Figure 1). In the

same way, HA enhanced the activity of antioxidant enzymes CAT,

POD and SOD in all salt stressed genotypes with high enhancement

in SH as compare to BW susceptible genotypes (Figure 2).

In present study the HA treatment has reduced the

accumulation of osmoprotectants such as proline and GB in salt

stressed wheat plants, primarily owe to its role in stress mitigation

and physiological stability. Plants usually synthesize these

osmolytes under salinity stress in order to alleviate osmotic

imbalance and oxidative stress. As HA improves water retention,

plant water uptake and soil structure, therefore reducing the need

for excessive accumulation of osmolytes (Canellas et al., 2015).

Besides, HA triggers the activity of antioxidant enzymes such as

SOD, POD and CAT, which significantly reduces the accumulation

of ROS, hence declining the stress induced production of GB and

proline (Aydin et al., 2012). Additionally, HA promotes ion

homeostasis and nutrient uptake, specifically by increasing Na/K

selectivity, hence alleviating the ionic toxicity and reducing the

necessity for osmoprotectant based stress adaptation (Nardi et al.,

2016). Besides, HA treatment also promotes the production of

cytokinins, auxins and gibberellins, which alters plant metabolic
FIGURE 4

The PCA biplot based upon correlation matrix, indicating the effect of humic HA and control treatment on chlorophyll, photosynthesis, osmolytes
(Proline and GB), Na+/K+ and antioxidant enzymes (SOD, POD and CAT) in salt stressed wheat genotypes. The orientations and closeness of traits
vectors differs under HA application as compared to control treatment which confirms the changing association and expression of traits with respect
to genotypes categorized into different biplot quadrants. Chl, chlorophyll; Pn, photosynthesis; GB, glycine betaine; SOD, superoxide dismutase; POD,
peroxidase; CAT, catalase.
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mode from stress tolerance to growth and development, resulting to

a fall is osmolytes deposition (Zhang et al., 2020). Furthermore, HA

triggers the chlorophyll and Pn, that further promote plant health

and decreasing the plant dependence on stress-induced proline and

GB production (Karakurt et al., 2009). As a whole, the HA tendency

to counteract osmotic-stress, increase ion-homeostasis, boost

antioxidant defense, and induce growth metabolism, explicates

the recorded decline in proline and GB concentrations in salt

stressed wheat plants.

In past, many studies recorded the potential role of HA in

accelerating the vacuolar compartmentalization of Na+ and

amplifying the influx of K+ that reduces the Na+/K+ and lowered

the risk of sodium toxicity under salinity (Mona et al., 2017; Hamed,

2021; Abbas et al., 2022). Complementary, in present study HA

lowered the Na+/K+ ratio in all salt stressed wheat SH and BW

genotypes, with maximum reduction in SH as compared to

susceptible BW genotypes (Figure 2). The physiological and

biochemical processes are interlinked and vary in unison when

plants are exposed to abiotic stresses (Shah et al., 2017). These

processes as a whole determine the plant response to the stress. The

plant biostimulants improve the response of plants against stress

through strengthening the association of physiological and

biochemical indicators of stress as confirmed by the present study

(Figure 3). Furthermore, Alsamadany (2022) recorded unanimous
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decline in proline, GB and Na+/K+ content, while a unanimous rise

in the antioxidant activity of enzymes (SOD, POD and CAT), Pn

and Chl in salt stressed genotypes due to the application of HA.

Correspondingly, current study rectified these findings in salt

stressed SH and BW genotypes due to the application of HA

(Figure 4 and 5). Besides, the salt tolerant SH genotypes had

shown the strong association among chl, Pn and the catalytic

activity of antioxidant enzymes, while the salt susceptible BW

genotype illustrated the strong association among proline, GB and

Na+/K+ratio (Figure 6) as reported by Alghabari and Shah (2024).

This may be attributed to the role of humic substances in mediating

the crosstalk between physiological and biochemical indices of

stress tolerance as reviewed by Shah et al. (2024). Moreover, the

results from PCA and heatmap further endorsed the potential role

of HA in mitigating the effect of salt stress, and high tolerance of SH

genotypes to the salt stress based upon the expression of osmolytic,

antioxidant and physiological traits (Figures 4–7). Plants show

intraspecific variation in tolerance to abiotic stresses, and

response to biostimulants owe their different genetic texture

(Shah et al., 2018). In this context, it is important to correlate the

physio-chemical mechanisms of stress tolerance to genetic

regulators. For instance, the proline producing gene TaP5CS

overexpress in all salt stressed wheat genotypes to protect the

subcellular structure from oxidative stress as reported by
FIGURE 5

The varying dispersion of ellipses in biplot indicates the strong impact of HA treatment on chlorophyll, photosynthesis and antioxidant enzymes
(SOD, POD and CAT), and strong impact of control treatment on osmolytes (Proline, andGB) and Na+/K+ in salt stressed wheat genotypes. Chl,
chlorophyll; Pn, photosynthesis; GB, glycine betaine; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase.
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FIGURE 6

The varying dispersion of ellipses representing salt tolerant SHs (SH1-SH4) and salt susceptible BW in biplot, indicates the high expression of
chlorophyll, photosynthesis and antioxidant enzymes (SOD, POD and CAT) in SH, and high expression of osmolytes (Proline, GB) and Na/K in BW
genotypes. Chl, chlorophyll; Pn, photosynthesis; GB, glycine betaine; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase.
FIGURE 7

Heatmap categorizing the salt stressed wheat genotypes in terms of the varied trait expression under humic acid and control treatment. The varying
colour pattern of bands from light to dark represent the change in the expression of trait from low to high due to the application of HA and control
treatment. Chl, chlorophyll; Pn, photosynthesis; GB, glycine betaine; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase.
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Alghabari and Shah (2024). Conversely, Meng et al. (2023) recorded

decline in relative expression of P5CS gene in salt stressed Lolium

perenne L due to HA. In parallel, current study reported

downregulation of TaP5CS along with declined production of

proline in all salt stressed wheat genotypes due to supplementation

of HA (Figure 8). Corresponding to previous results this

downregulation was more prominent in SH (SH1 to SH4)

genotypes as compared to salt susceptible BW (Kohistan-97,
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Fareed-06 and A. Sattar) genotypes. Various studies in past

rectified the potential role of HA in enhancing the activities of

SOD, POD and CAT to reverse the effects of oxidative stress

produced by salinity (Abbas et al., 2022; Meng et al., 2023). This is

attributed to signaling role of HA that triggers the expression of

TaPOD, TaSOD and TaCAT as endorsed by the present study

(Figure 8). According to Al-Ashkar et al. (2019) less cellular Na+/

K+ and detoxification of ROS are two main elements determining
FIGURE 8

Relative expression analysis of salt stress related genes in susceptible BW and SH wheat genotypes under the application of HA and
control treatment.
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plants tolerance to salt stress. Hence, the antioxidant proteins (SOD,

POD, CAT) are essential for ROS scavenging, while the transporter

proteinsHKT1 andNHX1 aremandatory for Na+ compartmentalization

(El-Hendawy et al., 2017). Besides, Zeeshan et al. (2020) and, Alghabari

and Shah (2024) explained the role of overexpressing inward-rectifying

K+ channel, TaAKT1, in speedy influx of K+ in salt stressed wheat

genotypes to lower the Na+/K+ ratio. Interestingly, in present study qRT-

PCR analysis recorded high relative expression of TaNHX1 and

TaHKT1,4, TaAKT1 along with increased influx of K+ in all salt

stressed wheat genotypes due to HA, with high expression in SH (SH1

to SH4) as compared to BW (Kohistan-97, Fareed-06 and A. Sattar)

susceptible genotypes. In fact, HA enhances the protein abundance of

HKT1, NHX1 and AKT1 in root stele that triggers the reabsorption of

Na+ from xylem vessel into neighboring cells, consequently less Na+ is

translocated to shoot and leaves (Khaleda et al., 2017).

Overall, in present study the HA triggered the physio-chemical and

genetic indicators of salinity tolerance in all salt stressed wheat

genotypes (Figure 9). In addition to role as stress reliever, the

scalability and availability of HA for agricultural purposes is

significantly important. HA is obtained from naturally occurring

humic substances present in lignite, peat, and composted organic

matter, making it globally and extensively available (Abbas et al.,

2022). However, broad-scale application in progressive and

commercial farming requires cost effective production and

standardized extraction to ensure agricultural efficacy and

sustainability (Shah et al., 2018). HA can significantly increase the soil

fertility and reduce the dependency on chemical inputs; however, it

cannot completely replace the synthetic fertilizers (Tahir et al., 2022).

Although HA helps the plants to develop better tolerance and resilience

to environmental stress, but it alone unable to provide sufficient

nitrogen, phosphorus and potassium for plant growth. Therefore, the
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best approach is an integrated nutrient management (INM), mixing HA

with organic and synthetic fertilizers, which ensure optimal plant

growth and yield. Generally, the SH (SH1 to SH4) genotypes

manifested high sensitivity to HA and showed high tolerance to salt

stress as compared to susceptible BW (Kohistan-97, Fareed-06 and A.

Sattar) genotypes based upon physio-chemical and genetic evaluations.

Synthetic hexaploid (SH) wheat has high salt tolerance as compared to

domesticated BW owe to wide genetic base inherited from its wild

progenitors and less genetic erosion. In fact, the efficient response of SH

wheat to salt stress is associated with rich genetic diversity inherited

from its least explored D genome as reported by Yang et al. (2014).
5 Conclusion

Conclusively, the SH is bridge to transfer alien traits

associated with salt tolerance from wild progenitors into elite

bread wheat germplasm. The germplasm comparatively evaluated

in current study will set a footprint for devising future breeding

strategy to impart existing wheat cultivars the tolerance against

salt stress.

While present study demonstrated the beneficial effects of HA in

mitigating the salt stress under control conditions, there is a dire need

for field level validation under varying climatic and soil conditions.

The efficiency of HA in the soil of different regions based on soil

types, temperature, pH, irrigation practices and organic matter

content. Therefore, in future field level trials across different zones

are mandatory to test the efficacy of HA in optimizing the wheat

production. Furthermore, the large-scale evaluation will provide

pragmatic insights into the long-term effects of HA on salt

tolerance mechanisms of wheat.
FIGURE 9

Schematic representation indicating the impact of HA on physiological, biochemical and molecular mechanisms imparting salt stress tolerance. Chl,
chlorophyll; Pn, photosynthesis; GB, glycine betaine; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase.
frontiersin.org

https://doi.org/10.3389/fpls.2025.1545835
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Alghabari and Shah 10.3389/fpls.2025.1545835
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding author.
Author contributions

ZS: Writing – review & editing. FA: Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. Institutional

Fund Projects under grant no. (IFPIP-692–155-1443) by theMinistry of

Education and King Abdulaziz University, DSR, Jeddah, Saudi Arabia.
Acknowledgments

This research work was funded by the institutional fund project

under grand number (IFPIP: 692-155-1443). The authors gratefully

acknowledge the financial and technical support provided by
Frontiers in Plant Science 13
Ministry of Education and King Abdulaziz University, DSR,

Jeddah, Saudi Arabia.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
Abbas, G., Rehman, S., Siddiqui, M. H., Ali, H. M., Farooq, M. A., and Chen, Y.
(2022). Potassium and humic acid synergistically increase salt tolerance and nutrient
uptake in contrasting wheat genotypes through ionic homeostasis and activation of
antioxidant enzymes. Plants 11, 263. doi: 10.3390/plants11030263

Ahmad, A., Blasco, B., and Martos, V. (2022). Combating salinity through natural
plant extracts based biostimulants: a review. Front. Plant Sci. 13, 862034. doi: 10.3389/
fpls.2022.862034

Ahmad, I., Mian, A., and Maathuis, F. J. (2016). Overexpression of the rice AKT1
potassium channel affects potassium nutrition and rice drought tolerance. J. Experim.
Bot. 67, 2689–2698. doi: 10.1093/jxb/erw103

Ahmed, K., Shabbir, G., Ahmed, M., Noor, S., Din, A. M. U., Qamar, M., et al. (2022).
Expression profiling of TaARGOS homoeologous drought responsive genes in bread
wheat. Sci. Rep. 12, 3595. doi: 10.1038/s41598-022-07637-y

Al-Ashkar, I., Alderfasi, A., El-Hendawy, S., Al-Suhaibani, N., El-Kafafi, S., and
Seleiman, M. F. (2019). Detecting salt tolerance in doubled haploid wheat lines.
Agronomy 9, 211. doi: 10.3390/agronomy9040211

Alghabari, F., and Shah, Z. H. (2024). Comparative adaptability assessment of bread wheat
and synthetic hexaploid genotypes under saline conditions using physiological, biochemical,
and genetic indices. Front. Plant Sci. 15, 1336571. doi: 10.3389/fpls.2024.1336571

Ali, S., Rizwan, M., Qayyum, M. F., Ok, Y. S., Ibrahim, M., Riaz, M., et al. (2022).
Potassium and humic acid synergistically increase salt tolerance in wheat by improving
plant growth, antioxidant defense system, and ionic homeostasis. Front. Plant Sci. 13,
8840195.

Alici, E. H., and Arabaci, G. (2016). Determination of SOD, POD, PPO and cat
enzyme activities in Rumex obtusifolius L. Ann. Res. Rev. Biol. 11, 1–7. doi: 10.9734/
ARRB/2016/29809

Alsamadany, H. (2022). Physiological, biochemical and molecular evaluation of
mungbean genotypes for agronomical yield under drought and salinity stresses in the
presence of humic acid. Saudi J. Biol. Sci. 29, 103385. doi: 10.1016/j.sjbs.2022.103385

Alsamadany, H., Alzahrani, Y., and Shah, Z. H. (2023). Physiomorphic and
molecular-based evaluation of wheat germplasm under drought and heat stress.
Front. Plant Sci. 14, 1107945. doi: 10.3389/fpls.2023.1107945

Aycan, M., Baslam, M., Mitsui, T., and Yildiz, M. (2022). The TaGSK1, TaSRG,
TaPTF1, and TaP5CS gene transcripts confirm salinity tolerance by increasing proline
production in wheat (Triticum aestivum L.). Plants 11, 3401. doi: 10.3390/
plants11233401

Aydin, A., Kant, C., and Turan, M. (2012). Humic acid application alleviates salt
stress and improves growth parameters in wheat (Triticum aestivum L.). J. Plant Nutri.
35, 567–580.

Canellas, L. P., and Olivares, F. L. (2014). Physiological responses to humic
substances as plant growth promoter. Chem. Biol. Tech. Agric. 1, 3. doi: 10.1186/
2196-5641-1-3

Canellas, L. P., Olivares, F. L., Aguiar, N. O., Jones, D. L., Nebbioso, A., Mazzei, P.,
et al. (2015). Humic and fulvic acids as biostimulants in agriculture. J. Plant Physiol.
206, 36–44.

Carillo, P., and Gibon, Y. (2011). Protocol: Extraction and determination of proline.
PrometheusWiki. 1–5.

Carillo, P., Mastrolonardo, G., Nacca, F., Parisi, D., Verlotta, A., and Fuggi, A. (2008).
Nitrogen metabolism in durum wheat under salinity: accumulation of proline and
glycine betaine. Func. Plant Biol. 35, 412–426. doi: 10.1071/FP08108

Chaudhary, D., Pal, N., Arora, A., Prashant, B. D., and Venadan, S. (2024). “Plant
functional traits in crop breeding: advancement and challenges,” in Plant Functional
Traits for Improving Productivity (Springer Nature Singapore, Singapore), 169–202.

Dave, A., Agarwal, P., and Agarwal, P. K. (2022). Mechanism of high affinity
potassium transporter (HKT) towards improved crop productivity in saline
agricultural lands. 3 Biotech. 12, 51. doi: 10.1007/s13205-021-03092-0

El-Hendawy, S., Hassan, W. M., Al-Suhaibani, N. A., Refay, Y., and Abdella, K. A.
(2017). Comparative performance of multivariable agro-physiological parameters for
detecting salt tolerance of wheat cultivars under simulated saline field growing
conditions. Front. Plant Sci. 8, 435. doi: 10.3389/fpls.2017.00435

El Sabagh, A., Islam, M. S., Skalicky, M., Ali Raza, M., Singh, K., Anwar Hossain, M.,
et al. (2021). Salinity stress in wheat (Triticum aestivum L.) in the changing climate:
Adaptation and management strategies. Front. Agron. 3, 661932.

FAO (2024) FAO launches first major global assessment of salt-affected soils in 50
years. Available at: https://www.fao.org.

Grieve, C. M., and Grattan, S. R. (1983). Rapid assay for determination of water-
soluble quaternary ammonium compounds. Plant Soil 70, 303–307. doi: 10.1007/
BF02374789
frontiersin.org

https://doi.org/10.3390/plants11030263
https://doi.org/10.3389/fpls.2022.862034
https://doi.org/10.3389/fpls.2022.862034
https://doi.org/10.1093/jxb/erw103
https://doi.org/10.1038/s41598-022-07637-y
https://doi.org/10.3390/agronomy9040211
https://doi.org/10.3389/fpls.2024.1336571
https://doi.org/10.9734/ARRB/2016/29809
https://doi.org/10.9734/ARRB/2016/29809
https://doi.org/10.1016/j.sjbs.2022.103385
https://doi.org/10.3389/fpls.2023.1107945
https://doi.org/10.3390/plants11233401
https://doi.org/10.3390/plants11233401
https://doi.org/10.1186/2196-5641-1-3
https://doi.org/10.1186/2196-5641-1-3
https://doi.org/10.1071/FP08108
https://doi.org/10.1007/s13205-021-03092-0
https://doi.org/10.3389/fpls.2017.00435
https://www.fao.org
https://doi.org/10.1007/BF02374789
https://doi.org/10.1007/BF02374789
https://doi.org/10.3389/fpls.2025.1545835
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Alghabari and Shah 10.3389/fpls.2025.1545835
Gupta, B., and Huang, B. (2014). Mechanism of salinity tolerance in plants:
physiological, biochemical, and molecular characterization. Intern. J. Genomic. 1,
701596. doi: 10.1155/2014/701596

Hamed, E. N. (2021). Effect of salicylic, humic and fulvic acids application on the
growth, productivity and elements contents of two wheat varieties grown under salt
stress. J. Soil Sci. Agric. Engin 12, 657–671.

Hasanuzzaman, M., Raihan, M. R. H., Masud, A. A. C., Rahman, K., Nowroz, F.,
Rahman, M., et al. (2021). Regulation of reactive oxygen species and antioxidant
defense in plants under salinity. Intern. J. Mol. Sci. 22, 9326. doi: 10.3390/ijms22179326

Havre, G. N. (1961). The flame photometric determination of sodium, potassium and
calcium in plant extracts with special reference to interference effects. Analytica Chim.
Acta 25, 557–566. doi: 10.1016/S0003-2670(01)81614-7

Hussain, S., Hussain, S., Ali, B., Ren, X., Chen, X., Li, Q., et al. (2021). Recent progress
in understanding salinity tolerance in plants: Story of Na+/K+ balance and beyond.
Plant Physiol. Biochem. 160, 239–256. doi: 10.1016/j.plaphy.2021.01.029

Irshad, A., Ahmed, R. I., Ur Rehman, S., Sun, G., Ahmad, F., Sher, M. A., et al. (2022).
Characterization of salt tolerant wheat genotypes by using morpho-physiological,
biochemical, and molecular analysis. Front. Plant Sci. 13, 956298. doi: 10.3389/
fpls.2022.956298

Jiang, W., Yang, L., He, Y., Zhang, H., Li, W., Chen, H., et al. (2019). Genome-wide
identification and transcriptional expression analysis of superoxide dismutase (SOD)
family in wheat (Triticum aestivum). Peer J. 19, 7e8062. doi: 10.7717/peerj.8062

Karakurt, H., Unlu, H., and Padem, H. (2009). The influence of humic acid on
nutrient content and uptake in tomato (Lycopersicon esculentum L.) under salinity
stress. J. Plant Nutr. 32, 20–30.

Khaled, H., and Fawy, H. A. (2011). Effect of different levels of humic acids on the
nutrient content, plant growth, and soil properties under conditions of salinity. Soil
Water Res. 6 (1), 21–29.

Khaleda, L., Park, H. J., Yun, D. J., Jeon, J. R., Kim, M. G., Cha, J. Y., et al. (2017).
Humic acid confers high-affinity K+ transporter 1-mediated salinity stress tolerance in
Arabidopsis. Molecules Cells 40, 966–975.

Khedr, R. A., Sorour, S. G. R., Aboukhadrah, S. H., El Shafey, N. M., Abd Elsalam, H.
E., El-Sharnouby, M. E., et al. (2022). Alleviation of salinity stress effects on agro-
physiological traits of wheat by auxin, glycine betaine, and soil additives. Saudi J. Biol.
Sci. 29, 534–540. doi: 10.1016/j.sjbs.2021.09.027

Li, A., Liu, D., Yang, W., Kishii, M., and Mao, L. (2018). Synthetic hexaploid wheat:
yesterday, today, and tomorrow. Engineering 4, 552–558. doi: 10.1016/j.eng.2018.07.001

Mcgraw-Hill, C. (2008). Statistix 8.1 (Analytical software, tallahassee, florida)
(Florida, USA: Maurice/Thomas text).

Mehla, N., Sindhi, V., Josula, D., Bisht, P., andWani, S. H. (2017). An introduction to
antioxidants and their roles in plant stress tolerance. Reactive Oxygen Species Antioxid.
Syst. Plants: Role Regul. Under Abiotic Stress, 1–23.

Meng, Q., Yan, M., Zhang, J., Zhang, Q., Zhang, X., Yang, Z., et al. (2023). Humic
acids enhance salt stress tolerance associated with pyrroline 5-carboxylate synthetase
gene expression and hormonal alteration in perennial ryegrass (Lolium perenne L.).
Front. Plant Sci. 14, 1272987. doi: 10.3389/fpls.2023.1272987
Frontiers in Plant Science 14
Mona, I. N., Gawish, S. M., Taha, T., and Mubarak, M. (2017). Response of wheat
plants to application of selenium and humic acid under salt stress conditions. Egypt. J.
Soil Sci. 57, 175–187. doi: 10.21608/ejss.2017.3715

Nardi, S., Pizzeghello, D., Schiavon, M., and Ertani, A. (2016). Plant biostimulants:
Physiological responses induced by protein hydrolyzed-based products and humic
substances in plant metabolism. Sci. Agricola 73, 18–23. doi: 10.1590/0103-9016-2015-
0006

RStudio Team. (2020). RStudio: Integrated development for r (Boston, MA: RStudio,
PBC). Available at: http://www.rstudio.com/.

Sachdev, S., Ansari, S. A., Ansari, M. I., Fujita, M., and Hasanuzzaman, M. (2021).
Abiotic stress and reactive oxygen species: Generation, signaling, and defense
mechanisms. Antioxidants 10, 277. doi: 10.3390/antiox10020277

Shah, Z. H., Rehman, H. M., Akhtar, T., Alsamadany, H., Hamooh, B. T., Mujtaba,
T., et al. (2018). Humic substances: Determining potential molecular regulatory
processes in plants. Front. Plant Sci. 9, 263. doi: 10.3389/fpls.2018.00263

Shah, Z. H., Rehman, H. M., Akhtar, T., Daur, I., Nawaz, M. A., Ahmad, M. Q., et al.
(2017). Redox and ionic homeostasis regulations against oxidative, salinity and drought
stress in wheat (a systems biology approach). Front. Genet. 8, 41. doi: 10.3389/
fgene.2017.00141

Shukry, W. M., Abu-Ria, M. E., Abo-Hamed, S. A., Anis, G. B., and Ibraheem, F.
(2023). The efficiency of humic acid for improving salinity tolerance in salt sensitive
rice (Oryza sativa): growth responses and physiological mechanisms. Gesunde Pflanzen
75, 2639–2653. doi: 10.1007/s10343-023-00885-6

Su, P., Yan, J., Li, W., Wang, L., Zhao, J., Ma, X., et al. (2020). A member of wheat
class III peroxidase gene family, TaPRX-2A, enhanced the tolerance of salt stress. BMC
Plant Biol. 20, 1–15. doi: 10.1186/s12870-020-02602-1

Tahir, M., Khurshid, M., Khan, M. Z., Abbasi, M. K., and Kazmi, M. H. (2022).
Lignite-derived humic acid effect on growth of wheat plants in different soils.
Pedosphere 22, 817–824.

Teleubay, Z., Yermekov, F., Rustembayev, A., Topayev, S., Zhabayev, A.,
Tokbergenov, I., et al. (2024). Comparison of climate change effects on wheat
production under different representative concentration pathway scenarios in North
Kazakhstan. Sustainability 16, 293.

Yang, C., Zhao, L., Zhang, H., Yang, Z., Wang, H., Wen, S., et al. (2014). Evolution of
physiological responses to salt stress in hexaploid wheat. PNAS 111, 11882–11887.
doi: 10.1073/pnas.1412839111

Zeeshan, M., Lu, M., Naz, S., Sehar, S., Cao, F., and Wu, F. (2020). Resemblance and
difference of seedling metabolic and transporter gene expression in high tolerance
wheat and barley cultivars in response to salinity stress. Plants 9, 519. doi: 10.3390/
plants9040519

Zhang, J., Meng, Q., Yang, Z., Zhang, Q., Yan, M., Hou, X., et al. (2024). Humic acid
promotes the growth of switchgrass under salt stress by improving photosynthetic
function. Agronomy 14, 1079. doi: 10.3390/agronomy14051079

Zhang, X., Wang, K., and Fang, C. (2020). Humic acid alleviates salt stress in wheat
seedlings by improving plant growth, photosynthetic efficiency, and osmotic regulation.
Plant Physiol. Biochem. 151, 53–63.
frontiersin.org

https://doi.org/10.1155/2014/701596
https://doi.org/10.3390/ijms22179326
https://doi.org/10.1016/S0003-2670(01)81614-7
https://doi.org/10.1016/j.plaphy.2021.01.029
https://doi.org/10.3389/fpls.2022.956298
https://doi.org/10.3389/fpls.2022.956298
https://doi.org/10.7717/peerj.8062
https://doi.org/10.1016/j.sjbs.2021.09.027
https://doi.org/10.1016/j.eng.2018.07.001
https://doi.org/10.3389/fpls.2023.1272987
https://doi.org/10.21608/ejss.2017.3715
https://doi.org/10.1590/0103-9016-2015-0006
https://doi.org/10.1590/0103-9016-2015-0006
http://www.rstudio.com/
https://doi.org/10.3390/antiox10020277
https://doi.org/10.3389/fpls.2018.00263
https://doi.org/10.3389/fgene.2017.00141
https://doi.org/10.3389/fgene.2017.00141
https://doi.org/10.1007/s10343-023-00885-6
https://doi.org/10.1186/s12870-020-02602-1
https://doi.org/10.1073/pnas.1412839111
https://doi.org/10.3390/plants9040519
https://doi.org/10.3390/plants9040519
https://doi.org/10.3390/agronomy14051079
https://doi.org/10.3389/fpls.2025.1545835
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Deciphering salt tolerance mechanisms in synthetic hexaploid and bread wheat under humic acid application: physiological and genetic perspectives
	1 Introduction
	2 Materials and methods
	2.1 Plant growth and treatment application
	2.2 Quantification of physiological and osmolytic traits
	2.3 Quantification of antioxidant activity
	2.4 Gene expression analysis
	2.5 Data analysis

	3 Results
	3.1 Chlorophyll, photosynthesis and osmolytes
	3.2 Antioxidant enzymes and Na+/K+ ratio
	3.3 Multivariate analysis
	3.4 Gene expression analysis

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


