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Drought is one of the major abiotic stresses impacting global agricultural productivity, and leafy vegetables 
are among the most vulnerable crops. In this study, we evaluated the effectiveness of a humic and fulvic 
acid-based biostimulant in enhancing the resilience of a widely consumed vegetable, bok choy (Brassica 
rapa subsp. chinensis) under drought condition. Humic and fulvic acid biostimulant-treated plants (AR10R1 
group) and -untreated control plants (NT10R1 group) were subjected to a simulated prolonged severe 
drought condition in greenhouse setting. Growth metrics including shoot and root growth, number and size 
of leaves, and wet and dry biomass of above and below ground parts were quantified. The survival and 
recovery rates of the experimental plants were also assessed. Our results revealed significant differences (p 
< 0.05) in nearly all plant growth metrics, as well as the survival and recovery outcomes between the two 
groups. The AR10R1 group showed superior growth, greater biomass accumulation, and substantially 
improved survival rate compared to the NT10R1 group under drought condition. Remarkably, the 
AR10R1 plants exhibited a recovery rate ten-fold higher than that of the NT10R1 plants. The 
biostimulant was applied before commencement of the drought experiment. This suggests that the 
biostimulant has a long-lasting effect, as it was able to alleviate drought-induced damage in the AR10R1 
plants, enhancing their survival throughout the prolonged severe drought condition (10% soil moisture 
level for 20 days), and subsequently their recovery during the rehydration stage. Our study provides useful 
insights into the efficacy of humic and fulvic acid biostimulants in mitigating drought-induced stress in 
bok choy. We believe the integration of humic and fulvic acid-based biostimulant in agriculture is a 
promising and sustainable strategy to mitigate drought-induced yield losses in bok choy production, and it 
can potentially be optimized to enhance resilience in other leafy crops in the face of climate change. 
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1. INTRODUCTION

Climate change intensifies the frequency and severity of drought events 
globally, particularly in tropical regions. The El Niño Southern Oscillation 
is one of the most significant drivers of annual global climate volatility. It 
causes dramatic precipitation shifts in many parts of the world leading to 
drought events in different regions, but most intensely in the tropics, 
especially South Asia and Southeast Asia, threatening food security and the 
livelihood of millions of people in the regions (World Health Organization, 
2023). Approximately 15 to 25% of Southeast Asia’s population resides in 
drought hotspots, including Malaysia (Economic and Social Commission 
for Asia and the Pacific, 2020; Luhaim et al., 2021).  

Malaysia suffers a series of severe drought events recurrently associated 
with El Niño. Between 1986 to 2016, Malaysia has experienced 12 El Niño 
events of various gravities (Khor et al., 2021). In 1997/98, the El Niño 
event brought prolonged dry conditions and reduced rainfall across the 
country, which had led to significant deficits in rice production 
necessitating the importation of over a million tons of rice to mitigate food 
shortages at the time (Amin and Alam, 2016). The oil palm plantation 
suffered notable yield losses due to strong El Niño events that happened 
in 1997/98 and 2015/16 (Khor et al., 2023). In the 2023/2024 El Niño 

incident, the dry weather caused critical water shortages and heatwave in 
Malaysia, adversely affecting the yields of rice. Consequently, paddy 
production in Malaysia fell by eight percent below the average (Food and 
Agriculture Organization of the United Nations, 2025). These events 
highlight the vulnerability of the agricultural sector to climate change, and 
the significant impact of drought on food security and economy.  

Drought stress disrupts essential biological processes, and elicits negative 
morphological and physiological changes in plants (Seleiman et al., 2021). 
Agricultural drought is typically caused by meteorological drought, which 
results in inadequate precipitation. The lack of rainfall leads to dry soil, 
crop damage, and water shortages. Consequently, it reduces plant growth, 
crop productivity and agricultural yields (Adunya and Benti, 2020). Water 
constitutes 80-95% of plant biomass and plays vital roles in numerous 
physiological processes crucial for plant growth, development, and 
metabolism (Brodersen et al., 2019). Hence, water availability and plant’s 
ability to uptake water are fundamentally important for its survival, 
particularly under drought conditions. Furthermore, the capacity of plants 
to mitigate drought-induced oxidative stress or damage is essential for 
their survival and subsequent recovery. 

Many approaches have been used to reduce the effects of drought on 
agricultural crops, which include the adoption of water-saving irrigation 
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and management such drip irrigation and water harvesting, 
implementation of soil conservation practice such as cover crops and 
minimum tillage, and the development of drought-tolerant varieties or 
planting of drought-tolerant species. In recent years, there has been a 
growing interest in improving plant growth and drought resilience 
sustainably through the application of biostimulants (Franzoni et al., 
2022; Papa et al., 2022). According to the European Biostimulants 
Industry Council (2019), biostimulants are generally defined as 
substances and/or microorganisms that can enhance nutrient uptake 
efficiency, abiotic and biotic stress tolerances, and quality of crops, 
regardless of their nutrient content. They are typically classified into two 
types, microbial and non-microbial. A microbial plant biostimulant 
encompasses a single microorganism or a consortium of microorganisms 
(Castiglione et al., 2021); while non-microbial biostimulants include 
humic and fulvic acids, protein hydrolysate, seaweed extract, biopolymers, 
and inorganic compounds (Francesca et al., 2021; Jacomassi et al., 2022). 

Humic and fulvic acids provide many agronomic benefits by improving soil 
health, stimulating root growth and enhancing nutrient uptake in plants. 
Studies have demonstrated positive correlations between plant growth 
and the application of humic and fulvic acids in crops such as barley, 
broccoli  and yarrow (Alsudays et al., 2024; Ibrahim et al., 2024; Bayat et 
al., 2021). In addition, studies have also reported the potential of humic 
acid and fulvic acid in supporting plant growth under drought conditions, 
including in tomato, foxtail millet and tea tree (Aytaç et al., 2024; Shen et 
al., 2020; Sun et al., 2020). These studies highlight the potential of humic 
acid and fulvic acids to enhance plant resilience. However, there is still a 
paucity of scientific evidence concerning its effects on leafy crops, which 
are highly vulnerable to drought conditions.  

In this study, we investigated the effects of a humic and fulvic acid-based 
biostimulant in sustaining growth and enhancing resilience of bok choy 
(Brassica rapa subsp. chinensis L.) exposed to a simulated prolonged 
severe drought condition in a greenhouse setting. We report the effects of 
humic and fulvic acid-based biostimulant on the above- and below ground 
growth metrics of bok choy including shoot growth, root growth and plant 
biomass. We also evaluated the survival of the plants during and after 
drought. We further accessed the recovery rate of drought-stressed plants 
following a rehydration treatment.  

2. MATERIAL AND METHODS 

2.1 Experiment Location and Condition 

The greenhouse pot experiment was conducted at the Department of 
Biology, Faculty of Science, Universiti Putra Malaysia (3°00'05.0N, 
101°42'17.8E) from May 4, 2023 to July 29, 2023. The temperatures in the 
greenhouse were dependent on the ambient conditions, which fluctuated 
between 26.0 – 36.0 °C throughout the experiment period. Radiation was 
provided by sunlight with an average daylight of 12 hours. The experiment 
was conducted in a greenhouse setting to facilitate precise controlling of 
soil moisture levels to simulate prolonged and severe drought condition 
during study. 

2.2 Materials, Seed Germination and Plant Cultivation 

The Brassica rapa subsp. chinensis seeds (i.e. variety Alicious-211 F1A) 
and a commercial biostimulant (i.e. Axtra Roots) used in this study were 
obtained from Advansia Seeds and Biotech Pte Ltd (Malaysia). The 
biostimulant contains high quality humic acids (13.20% w/v) and fulvic 
acids (3.30% w/v).  The seeds were imbibed in water for two hours prior 
to germination in a medium containing mixture of compost soil and peat 
moss (1:3). The seedlings were grown in germination trays for seven days 
and watered daily before being transplanted into experimental planting 
pots containing 1.5 kg of compost soil and peat moss (3:1). The water-
holding capacity of the planting medium was determined to be 
approximately 60.0 ±1.0%. Watering was performed manually and all 
plants in the pots were well watered before the drought assay. The normal 
soil moisture level was set at 30.0 ± 2% and monitored daily using a YY-
1000 soil moisture meter. A total of 60 plants were cultivated for 48 days 
under normal moisture level prior to the drought assay.  

2.3 Grouping of Plants and Treatments  

The plants were divided into two groups, a control group (i.e. NT10R1, 
n=20), which was not treated with Axtra Roots Humic and Fulvic acid 
biostimulant (ARHFB), and a treatment group (i.e. AR10R1, n=20), which 
was treated with ARHFB. For the application of ARHFB, the Axtra Roots 
stock solution was diluted with tap water to a concentration of 0.40% 
(v/v) following manufacturer’s instruction, and 30ml was applied directly 
to the soil of each AR10R1 plant once on days 40, 42, 44, 46 and 48 prior 
to the drought experiment. To ensure the consistency of plant’s responses 
to the treatment, ARHFB was applied consistently at 9.00 in the morning 

across the five treatment days. The ARHFB treatment was halted once 
drought experiment started on day 49. The average cost of ARHFB 
application for one plant is approximately US$0.004 (detailed cost 
calculation is provided in Appendix A). A separate set of 20 plants grown 
under normal watering and without Axtra Roots application were 
included in this experiment to ensure the variations observed in the 
growth parameters and drought responses of the control and treatment 
groups were not caused by condition in the greenhouse. All the plants 
were arranged in randomized block design to minimize uncontrolled 
variability that could obscure treatment effects. 

2.4 Drought Stress Experiment 

To evaluate the growth, survival rate and the recovery rate of the plants 
under drought stress, the experiment was divided into two phases, (a) a 
drought phase and (b) a rehydration phase. During the drought phase, all 
40 plants were subjected to a simulated drought condition by lowering 
and maintaining the soil moisture content at 10.0 ± 2.0% for a consecutive 
of 20 days (from day 49 to 68). A soil moisture content of 10% is 
categorized as severe drought (Aliarab et al., 2020), while a persistent and 
prolonged drought is generally defined by 20 consecutive days of 
inadequate rainfall and irregular precipitation (Liu et al., 2021). Watering 
was carried out manually, and the moisture level of the soil in all 
experimental pots was monitored daily using the YY-1000 soil moisture 
meter. The data of above-ground growth parameters, including plant 
height, leaf length, leaf width, number of green leaves and number of 
surviving plants were recorded daily throughout the drought phase. At the 
end of the drought experiment, three surviving plants from each group 
were selected randomly for the observation of below-ground morphology 
(i.e. root). The root wet weight was measured using a Mettler Toledo 
laboratory balance; while the dry weight was determined by oven-drying 
the sample at 70˚C for approximately 34 hours or until a constant dry 
weight was reached (Coves et al., 2023). 

2.5 Post-Drought Rehydration Experiment 

The remaining surviving plants were subsequently subjected to a 15-day 
rehydration phase (days 69 - 83) by restoring the soil moisture to a normal 
level (30 ± 2%). The inclusion of a post-drought rehydration phase in the 
experimental design allowed the comparison of plant recovery rates 
between the treatment (AR10R1) and control (NT10R1) groups. All 
surviving plants were harvested after the rehydration phase was 
complete. The data of plant growth metrics including plant height, leaf 
length, leaf width, number of leaves, number of wilted leaves, number of 
surviving plants, plant weight, shoot weight, root weight, and longest root 
length were recorded. The dry weights of all harvested plants were 
determined by oven-drying method. 

2.6 Statistical Analysis 

An independent t-test (P < 0.05) was performed to compare the mean 
values of each growth parameter between the treatment group (AR10R1) 
and the control group (NT10R1), following confirmation of normality 
(Shapiro-Wilk test) and homogeneity of variance (Levene’s test). The non-
parametric test (Mann-Whitney U test) was used to compare the 
distributions of the two groups when data deviated from a normal 
distribution (Perme et al., 2018). The plant survival and recovery rates of 
each group were calculated after the drought phase and rehydration 
phase, respectively (formulas are provided in Appendix B).  

3. RESULT AND DISCUSSION 

3.1 Comparison of Plant Growth Between the AR10R1 and NT10R1 
Groups Under a Simulated Drought Condition 

Our results demonstrate significant positive effects of ARHFB application 
on bok choy plants exposed to prolonged severe drought condition. The 
treatment group (AR10R1) outperformed the control group (NT10R1) in 
all aerial plant growth metrics including the height, leaf width and 
length, and number of green leaves (Figure 1, Supplementary Table 
1). The NT10R1 group suffered more substantial reduction in plant 
growth. For instance, between Day-1 and Day-20 of drought phase, the 
mean heights of NT10R1 and AR10R1 plants decreased by 
55.3% and 44.2%, respectively, indicating greater loss of 
turgidity and more severe retardation in the NT10R1 plants. 
Statistical analysis showed significant differences (p < 0.05) in 
growth reduction between the two groups (Supplementary Table 
2), confirming the positive effect of ARHFB application in 
sustaining the above ground growth of AR10R1 plants during 
drought. The complete datasets of plant height, leaf length and width, 
and number of leaves recorded from each individual plant throughout 
the drought phase are provided in Supplementary Table 3.  
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Figure 1: Comparison of aerial plant growth performances between the AR10R1 and NT10R1 groups throughout the 20-day drought phase. 

At the end of the 20 days drought experiment, both groups had the same 
number of surviving plants (n=19) remained. Nonetheless, substantial 
differences in morphology and overall health conditions were evident 
between the two groups. Despite having the same number of surviving 
plants, the NT10R1 group showed more noticeable drought-induced 
injuries, such as browning of leaves and stems, more severe wilting and 
smaller leaves, and shorter stature (Figure 2(A) and Supplementary Table  

1). The NT10R1 group also displayed a significantly higher (p-value = 
0.018) average count of wilted leaves (n=14), in contrast to AR10R1 group 
(n=11) on the final day of the drought experiment. The AR10R1 plants 
were affected by the drought-induced stress to a lesser extent and 
exhibited better overall health, less browning, having more green leaves 
and taller stature relatively (Figure 2(B) and Supplementary Table 1).  

Figure 2: Morphological conditions of NT10R1 (control) and AR10R1 (treatment) plants on the final day of the 20-day drought experiment. (A) NT10R1 
plants (left panel) and (B) AR10R1 plants (right panel), showed pronounced differences in appearance and overall health status. 

Out of the 19 surviving plants in each group, three plants were randomly 
selected and deracinated at the end of the drought experiment to compare 
the root growth. Morphological observations on the root organs of the two 
groups revealed a denser network of lateral roots in the AR10R1 group 
(Figure 3(A)) compared to the NT10R1 group (Figure 3(B)). The AR10R1 
group exhibited a more developed lateral root system, with the heaviest 

root wet weight weighing 5.6 g compared to 2.8 g in the NT10R1 group. 
The AR10R1 plants also displayed a thicker primary root than the NT10R1 
group (based on crude observation). These results suggest that the 
application of ARHFB prior to drought assay might have stimulated root 
development in AR10R1 group. However, there were no significant 
statistical differences in the root dry weights. 

Figure 3: Root organs of AR10R1 (A) and NT10R1(B) plants after the 20-day drought experiment, showing the root network, primary root (PR) and the 
lateral root (LR). 

Humic and fulvic acids are the key components of soils and organic 
materials that can promote plant growth by improving cell membrane 
permeability, photosynthesis, and nutrient uptake (Shen et al., 2020; 
Mindari et al., 2024). Acting as exogenous growth hormones, they mimic 

the action of auxins to regulate plant growth by stimulating plasma 
membrane (PM) H+-ATPase and nitric oxide (NO) production, both of 
which are essential for promoting growth (Nardi, 2021; Moura et al., 
2023). As evidenced in our study, the AR10R1 plants were able to maintain 
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better growth than the NT10R1 plants throughout the 20-day 
drought phase. Drought stress, often manifests as browning and severe 
wilting of leaves due to chlorophyll degradation, can 
significantly disrupt photosynthesis, a vital process for plant survival. 
Chlorophyll degradation reduces photosynthetic efficiency and 
compromises chloroplast function (Anjum et al., 2011; Shen et al., 2020). 
In addition, drought can alter the chlorophyll a/b ratio and deplete 
carotenoids, further hindering photosynthesis and transpiration due 
to limited carbon dioxide uptake and stomatal closure (Yang et al., 
2021). Previous studies have revealed the potential roles of humic 
and fulvic acids in preserving chlorophyll content in some crops under 
drought such as millet (Shen et al., 2020). Humic acids was also 
demonstrated to be effective in mitigating the adverse effects of 
drought on chlorophyll content, as shown by its ability to increase the 
chlorophyll content in both maize and sorghum plants under  drought 
(Ria et al., 2024). On the other hand, fulvic acids can increase chlorophyll 
concentration and enhance drought resilience by promoting 
photosynthesis and boosting antioxidant defences, as shown in crops 
such as in tea plants and maize (Qiu et al., 2021; Anjum et al., 2011). 
These mechanisms likely contributed to the healthier status and more 
number of green leaves in the AR10R1 plants than the NT10R1 plants 
during the drought phase. 

Drought-induced oxidative stress caused by the accumulation of reactive 
oxygen species (ROS) can damage cellular components such as 
the nucleus, proteins, and cell membranes (Rehman et al., 2022). Humic 
acids help to mitigate this stress by activating antioxidants that 
neutralize ROS and reduce cellular damage. Humic acid can also 
improve soil nutrient availability, soil fertility and structure, and 
aids in water retention (Cordeiro et al., 2011; Campos, 2021). 
Similarly, fulvic acid alleviates drought symptoms by increasing leaf 
water content, enhancing the activity of antioxidant enzymes, 
reducing ROS accumulation, preserving chloroplast and mesophyll 
cell integrity, and increasing the expression of drought-tolerance genes,

thereby mitigating the adverse effects of drought on plants (Fang et 
al., 2020). These mechanisms might have diminished drought-
induced damage and enhanced the survival of the AR10R1 plants 
throughout the drought phase in this study. 

3.2 Comparison of Plant Growth Parameters Between the AR10R1 
and NT10R1 Groups During and After a 15-Day Rehydration Phase 

The AR10R1 plants and NT10R1 plants displayed remarkable differences 
in their recovery rates after a 15-day of rehydration treatment. At the end 
of the rehydration phase, only one plant (6.25%) out of 16 NT10R1 
plants survived, while 10 plants (62.5%) in the AR10R1 group recovered 
successfully (Figure 4). This represents a ten-fold improvement 
in recovery for the treated group. Statistical analysis revealed a 
significantly higher recovery rate in the AR10R1 group (p<0.001) 
compared to the NT10R1 group. Majority of the NT10R1 plants failed to 
recover even after the soil moisture was restored to normal level (30.0 
± 2%) for 15 days, suggesting that the drought-induced damage was 
irreparable in most NT10R1 plants without the ARHFB treatment.  

The median survival values further exemplify the disparity between the 
two groups. The NT10R1 group had a median survival of two plants, 
while the AR10R1 group had a median survival of 13 plants. In terms of 
temporal patterns, it was observed during the early phase (Days 1-5), the 
NT10R1 group suffered a steep decline from 16 to 6 plants, whereas the 
AR10R1 group experienced minimal loss, retaining 14 plants. During 
the mid-phase (Days 6-10), the NT10R1 group continued to decline 
with only 2 plants surviving on Day-10; while the AR10R1 group 
exhibited a gradual reduction retaining 12 plants. By the late phase 
(Days 11-15), the NT10R1 group reduced to a single surviving plant on 
Day-11; whereas the AR10R1 group stabilized at 10 plants on Day-12 
demonstrating enhanced recovery from drought-induced damage. These 
findings highlight a strong positive influence of the humic and fulvic 
acids biostimulant application on the recovery of bok choy following a 
prolonged severe drought condition.  

Figure 4: The number of surviving plants in the AR10R1 and NT10R1 groups throughout the 15-day rehydration phase. The NT10R1 plants show a more 
drastic decrease in the number of surviving plants compared to the AR10R1 plants. 

Statistical analysis revealed significant differences (p<0.05) in all 
above-ground growth parameters of the surviving plants (NT10R1, n=1; 
AR10R1, n=10) in the two groups after a 15-day of rehydration 
(Table 1). Notable differences in the plant heights, leaf sizes, wet and dry 
shoot weights between the two groups indicate greater turgidity 
and biomass recovery in the AR10R1 plants compared to the NT10R1 
plant. For instance, the shoot mean wet and dry weights of the AR10R1 
plants were 11x and three times heavier than that of the NT10R1 plant, 
respectively. The AR10R1 plants were also more than twice as tall as the 
NT10R1 plant. In addition, plants in the AR10R1 group exhibited 
better morphology condition compared to the NT10R1 plant (Figure 
5). The NT10R1 plant showed poor recovery with nearly all wilted and 
brownish colour leaves (Figure 5(A)); while the AR10R1 plant showed 

satisfactory recovery and appeared healthier with greener and larger 
leaves (Figure 5(B)). The recovery of crops after drought stress is an 
aspect that has been largely overlooked in previous studies, but our 
study has demonstrated a direct correlation between the ARHFB 
treatment and post-drought recovery in bok choy. Furthermore, since 
the ARHFB was only applied to the experimental plants prior to the 
drought assay, this demonstrated that the biostimulant has a long-
lasting effect as it enhanced survival of the plants during the 20-day 
drought phase and their recovery during the 15-day rehydration phase. 
The complete set of plant height, leaf length and width, and number of 
leaves data collected from each individual plant throughout the 
rehydration phase is provided in Supplementary Table 3. 

Table 1: The mean values of above-ground growth data for NT10R1 and AR10R1 plants after 15 days of rehydration phase, and the corresponding P-
values. 

Group 
Plant Height 

(cm) 
Leaf Length (cm) 

Leaf Width 
(cm) 

Number of leaves 
Shoot Wet 
Weight (g) 

Shoot Dry 
Weight (g) 

NT10R1 

(n=1) 
7.50 5.50 2.50 19 1.25 0.435 
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Table 1 (cont): The mean values of above-ground growth data for NT10R1 and AR10R1 plants after 15 days of rehydration phase, and the 
corresponding P-values. 

AR10R1 

(n=10) 
16.13 9.69 6.06 24 14.00 1.506 

P-value <0.001 0.009 0.003 0.026 0.020 0.004 

Note: n = The number of surviving plants in each group 

Figure 5: Comparison of plant conditions between the NT10R1 and AR10R1 groups after 15 days of rehydration phase: (A) the sole surviving NT10R1 
plant in pot and the whole plant after uprooting, and (B) one representative of surviving AR10R1 plants in pot and the whole plant after uprooting. 

Minimal disparity was observed in the longest root length and root dry 
weight between the two groups (Table 2). Both parameters showed no 
significant differences statistically. Nonetheless, qualitative observation 
revealed that the AR10R1 plants (Figure 6B and 6D) displayed a noticeably 
denser root network compared to the NT10R1 plant (Figure 6A and 6C). 
This observation was supported by the root wet weight measurements, 

where AR10R1 plants displayed a mean root wet weight approximately 
four times heavier than the NT10R1 plant thought it was not significant 
statistically. This finding suggests that the application of ARHFB 
stimulated roots proliferation and increased the root biomass in the 
AR10R1 plants, which might have enhanced their recovery during the 
rehydration phase. 

Table 2: The mean values of root length, root wet and dry weights of the NT10R1 and AR10R1 groups after 15 days of rehydration phase. 

Group Mean Longest Root Length (cm) 

Mean Root Weight (g) 

Dry Wet 

NT10R1 (n=1) 5.80 0.030 0.090 

AR10R1 (n=10) 6.60 0.097 0.400 

P-Value 0.712 0.067 0.023 

Note: n = The number of surviving plants in each group 
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Figure 6: The wet and dry root biomass of NT10R1 and AR10R1 plants after 15 days of rehydration, showing the primary root (PR) and lateral root (LR). 
Root organs of NT10R1(A) and AR10R1(B), before drying; Dried root biomass of NT10R1(C) and AR10R1 (D), after drying. 

Plant resilience to drought involves not only surviving during drought but 
also effective recovery after drought. Drought-induced oxidative stress is 
characterized by the accumulation of ROS such as O2−, H2O2 and -OH 
radicals, which causes membrane damage, increased lipid peroxidation, 
enzyme deactivation and nucleic acid damage, leading to cell death (Anjum 
et al., 2011; Zykova et al., 2018). The AR10R1 plants displayed a 
significantly higher recovery rate than the NT10R1 group, accentuating 
the effectiveness of humic and fulvic acid-based application in enhancing 
the recovery of leafy vegetables after drought. In contrast, the 
NT10R1 group, which suffered greater damage during drought had a 
significantly lower recovery rate. We speculate that the 
application of ARHFB efficiently reduced the severity of drought-
induced damages in the AR10R1 plants by improving their ROS 
scavenging capacity, and acting as antioxidants to neutralize excessive 
ROS, thus substantially increased their recovery. Humic acids act as 
electron donors or acceptors can increase peroxidase activity and cell 
proline levels, and decrease H2O2 levels, thereby maintaining redox 
homeostasis and preventing oxidative damage (Silva et al., 2023). While, 
fulvic acids improve the scavenging capacity of ROS in plants and serve 
as antioxidants to neutralize excessive ROS accumulation and/or act 
as signaling molecules to promote the production of endogenous 
antioxidants (Wang et al., 2019, Fang et al., 2020). 

The health and survival of plants are closely linked to their root system, 
which plays a crucial role in nutrient and water uptake (Kalra, 2023). 
Roots are the most drought-sensitive plant organ that respond directly to 
changes in soil conditions. Drought impedes root growth, causing 
symptoms such as abnormal root elongation, thinning of lateral roots, 
shortening of root life span, and increased cell death, which directly 
impairing the plant’s ability to uptake water (Xiao et al., 2020; Kang, 2022). 
This is evidenced in the thinner root mass observed in the NT10R1 plants 
in our study. Well-developed roots improve a plant's ability to absorb and 
utilize water from the soil, thus improving its resilience to drought stress 
(Gowda et al., 2011). Humic and fulvic acids can stimulate 
the development of roots indirectly by improving the mineral supply in 
soil (Shah et al., 2018). Humic acids were found to stimulate lateral root 
formation and overall root development by modulating auxin 
and cytokinin biosynthesis, resulting in an increase in root length, 
surface area and mass in wheat (Rathor et al., 2024). Humic acids can 
also improve nutrient transfer, increase antioxidant levels and 
promotes root growth under limited water conditions (Zhang et 
al., 2021). While Yu et al. (2023) revealed that fulvic acids stimulate 
root elongation and optimize root morphology, which improves nitrogen 
uptake in apple trees. Fulvic acids also promote root growth in 
germinated seeds and increase both the root length and number of 
lateral root tips in hydroponic tomato plants (Zhang et al., 2021). 
Consistent with previous findings, the increase in root biomass in our 
study is likely one of the key factors that enhanced the survival and 
recovery of the AR10R1 plants during drought and rehydration phases. 

The ten-fold improvement of post-rehydration recovery rate observed in 
AR10R1 plants signifies successful mitigation of drought-induced yield 
losses in bok choy.  

Leafy vegetables are highly susceptible to drought due to their large 
surface area, leading to high transpiration rate and water loss. They 
require significant amount of water intake to maintain large leaf 
structures for optimal photosynthesis activity. Consequently, 
drought stress can impact the development and function of leaves, 
reduced photosynthetic efficiency and yield in leafy vegetables (Abbas et 
al., 2023; Li et al., 2023). Hence, innovative solutions are necessary to 
enhance the resilience of leafy vegetables, particularly under 
prolonged and severe drought stress. However, not only the 
enhancement of drought resilience in leafy crops that requires 
immediate attention, the sustainability of the proposed solutions 
must also be emphasized to minimize the negative impact of 
agriculture on the environment facing climate change. In this 
regard, humic and fulvic acids-based plant biostimulant is a 
potential sustainable solution to enhance leafy crop resilience to 
abiotic stress.  

4. CONCLUSIONS 

The application of humic and fulvic acids-based biostimulants 
significantly enhanced the survival, recovery and resilience of bok choy 
under prolonged severe drought. The higher post-drought and post-
rehydration overall above- and below-ground biomass observed in the 
AR10R1 plants compared to the NT10R1 plants supports benefits to the 
entire plant. Our findings support the adoption of humic and fulvic acid 
biostimulant is a useful strategy to tackle drought-related 
challenges in leafy crop cultivation. We believe the integration of 
humic and fulvic acids-based biostimulant in agriculture is a 
practical, affordable and sustainable adaptive agronomic strategy to 
enhance resilience and ensure long-term yield stability of leafy 
vegetables under drought stress. Nonetheless, field trial is necessary to 
validate their effectiveness, and studies to understand the molecular 
and physiological changes that drive these positive responses need to be 
conducted.  
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