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Objective: Salinity is a major abiotic stress reducing crop yield and quality worldwide.
This review systematically evaluates the effectiveness of seed priming and coating with
humic acid (HA) as a strategy to improve germination, seedling establishment, and plant
growth under salt stress.

Method: A comprehensive literature search was conducted in major scientific databases
(Web of Science, Scopus, Google Scholar) using relevant keywords. Studies investigating
physiological, biochemical, and molecular mechanisms of HA-mediated salt tolerance
through seed priming and coating were reviewed.

Results: Seed priming and coating with humic acid significantly improved germination
percentage and rate, increased root and shoot growth, and enhanced chlorophyll content
and photosynthetic efficiency under salinity. HA reduced Na® accumulation, improved
K*/Na" ratio, and increased activity of antioxidant enzymes (SOD, CAT, POX). It also
promoted ATP production and facilitated uptake of essential nutrients (K*, Ca>*, Mg?").
Conclusions: Seed priming and coating with humic acid is an effective, low-cost, and
environmentally friendly approach to enhance salt tolerance in crops. It accelerates
seedling establishment, stimulates root growth, and reduces oxidative stress by boosting
antioxidant enzyme activity. Future research should focus on synergistic effects with other

biostimulants across different crops and salinity levels.
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Highlights

o Priming and coating seeds with humic acid boosts plant tolerance to salinity stress.
e Humic acid improves soil health and nutrient efficiency sustainably.

o Priming and coating seeds with humic acid is a cost-effective method for boosting
crop growth and yield in salt-affected soils.

Introduction

Soil salinity is one of the most critical abiotic stresses worldwide, negatively affecting seed
germination, seedling establishment, and crop productivity by causing ionic imbalance,
osmotic stress, and oxidative damage (Munns & Tester, 2008; Parihar et al., 2015).
Approximately 20% of cultivated lands and 33% of irrigated agricultural lands are affected by
salinity, and early seedling stages are particularly sensitive due to reduced chlorophyll
synthesis, limited photosynthesis, and impaired root and shoot growth (FAO, 2024;
Hasanuzzaman et al., 2018). Traditional reclamation methods such as soil leaching and
desalination are expensive and water-intensive, necessitating sustainable, low-cost, and eco-
friendly alternatives (Johnson & Puthur, 2021; Biswas et al., 2023).

Seed priming and coating with stress-alleviating substances have emerged as effective
strategies to enhance plant salt tolerance by activating physiological, biochemical, and
molecular defense mechanisms (Paparella et al., 2015; Ibrahim, 2016). Humic acid (HA), a
natural organic compound derived from decomposition of plant and animal residues,
improves soil fertility, nutrient uptake, and root growth while exhibiting hormone-like activity
(de Melo et al., 2016; Yang et al., 2021). HA priming increases antioxidant enzyme activity
(SOD, CAT, POX), maintains ionic homeostasis by improving K*/Na* ratio, reduces Na* and
CI” accumulation, enhances ATP production, and promotes chlorophyll content and
photosynthetic efficiency under salinity stress (Trevisan et al., 2010; Rashidifard et al., 2020;
Abbas et al., 2022). This review evaluates the efficiency, sustainability, and applicability of
HA-based seed priming and coating as a promising approach for sustainable agriculture in
salt-affected soils.

Method

This review was conducted as a systematic and narrative synthesis of scientific literature
on seed priming and coating with HA for salinity stress alleviation. A comprehensive
literature search was performed using major electronic databases including Web of Science,
Scopus, Google Scholar, PubMed, and the Iranian Scientific Information Database (SID)
without date restriction up to February 2026. The search strategy employed keywords and
their combinations such as "seed priming", "seed coating”", "humic acid", "salinity stress",
"salt tolerance", "germination", "antioxidant enzymes", and "ionic homeostasis" in both
English and Persian. Only original research articles, peer-reviewed reviews, and conference
papers investigating the effects of HA applied exclusively via seed priming or seed coating on

plants under salt stress were included. Studies that applied HA only as soil amendment or
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foliar spray, non-peer-reviewed reports, and articles not written in English or Persian were
excluded. After title, abstract, and full-text screening, a total of 78 relevant studies were
included. Data were extracted on plant species, salinity level, HA concentration and
application method, priming/coating duration, and measured parameters including
germination, growth, antioxidant enzyme activity, ion content, photosynthesis, and molecular
responses. The findings were qualitatively synthesized to highlight the physiological,
biochemical, and molecular mechanisms through which HA priming and coating mitigate salt
stress.

Results

The reviewed studies consistently demonstrated that seed priming and coating HA
significantly improved germination parameters and early seedling growth under salinity
stress. HA treatment increased germination percentage (20-50%), germination rate, and
uniformity compared to unprimed controls across various crops including maize, wheat,
barley, rice, and bean. Root length and shoot length were enhanced by 25-60% and 15-40%,
respectively, due to improved membrane permeability and mobilization of seed reserves
(Rashidifard et al., 2021; Abbas et al., 2022; Rady, 2012). Furthermore, HA priming
substantially boosted the activity of antioxidant enzymes, including superoxide dismutase
(SOD, 25-45% increase), catalase (CAT, 30-50% increase), and peroxidase (POX, 20-40%
increase), which reduced reactive oxygen species (ROS) accumulation and lipid peroxidation
(MDA content decreased by 25-45%). These biochemical changes led to lower electrolyte
leakage and oxidative damage in HA-primed seedlings under salt stress (Rashidifard et al.,
2020; JaroSova et al., 2016).

HA priming also improved ionic homeostasis by reducing Na* accumulation in shoots and
roots (up to 38% reduction) while increasing K*, Ca?*, and Mg?* uptake, thereby significantly
enhancing the K*/Na* ratio (30-70% increase) (Abbas et al., 2022; Azad et al., 2017).
Chlorophyll content (15-35% increase), net photosynthetic rate, stomatal conductance, and
water use efficiency were all improved by HA treatment under salinity (Chen et al., 2022;
Sheteiwy et al., 2017). At the molecular level, HA priming upregulated genes involved in
DNA repair, antioxidant enzyme synthesis (SOD, CAT, APX), ion transporters (SOSI,
HKT1, HAKS), and polyamine biosynthesis (SAMD, SPDS, SPMS), establishing a "stress
memory" that enhances tolerance to subsequent salt exposure (Biswas et al., 2023; Kubala et
al., 2015). Additionally, HA increased ATP production by stimulating mitochondrial activity
and plasma membrane H"-ATPase, while promoting accumulation of compatible solutes such
as proline, glycine betaine, and soluble sugars for osmotic adjustment (Paul et al., 2021;
Tabassum et al., 2018).

Conclusions

Seed priming and coating with HA is an effective, low-cost, and eco-friendly strategy to
improve plant salt tolerance. HA enhances germination, seedling establishment, and root
growth by boosting antioxidant enzyme activity (SOD, CAT, POX), increasing ATP
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production, maintaining ionic homeostasis (higher K*/Na® ratio), and improving
photosynthesis and chlorophyll content. These mechanisms reduce oxidative stress and
support better plant performance under salinity. However, field-scale validation and
optimization of HA concentration, priming duration, and crop-specific responses remain
needed. Future research should integrate HA with other biostimulants (e.g., microbes,
seaweed extracts, silicon) and conduct long-term field trials to develop comprehensive
management strategies for salt-affected soils.
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Fig. 1. Schematic of coated seeds (left) and uncoated seeds (right). (Paravar et al., 2023)
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Table 1. Advantages and disadvantages of seed priming (Vinayak and Pathak, 2023).
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Table 2. Advantages and disadvantages of seed coating (Zaim et al., 2023).
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Fig. 2. Schematic illustration of priming-induced relative changes in physiological and cellular characteristics
and growth traits in rice plants under saline stress. Up (red)- and down (blue)- priming arrows indicate up-
and down- changes relative to the unprimed control, respectively (Changjie et al., 2023).
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Fig. 3. Schematic representation illustrating the impacts of salt stress in crop plants and its possible alleviating
by seed priming.

NaCl-sodium chloride; ROS- reactive oxygen species; PM- plasma membrane; Na™- sodium ion; K*- potassium

ion; CI" -chloride ion; SOS1- salt overlay sensitive (Na"/H antiporter); H"/ATPase-transporter of K*; Na*! and

Na*2- genes for Na* exclusion; HAKS- high affinity K™ uptake transporter; KUP7- potassium uptake transporter
7; AKT1- Arabidopsis K* transporter 1; HKT1-high affinity K* transporter 1 (Biswas et al., 2023).
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Fig. 4. An overview of the impact of different types of seed priming on physio-biochemical, molecular and
epigenetic changes in plants exposed to salt stress (Biswas et al., 2023).
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