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ABSTRACT

This study investigated the ameliorative role of composted Azolla (CA) as a microbial biostimulant to improve
maize growth, soil fertility, and resilience under water-limited conditions. A composted Azolla was developed,
which is mainly composed of microbial consortium, Paenibacillus polymyxa DSM 36 and Trichoderma asperel-
lum NBRC 30498. Maize (Zea mays) seedlings were grown under two irrigation regimes (normal and deficit)
with CA, autoclavable composted Azolla (ACA) and commercial fertilizer (CF), respectively. At the vegetative
stage, the deficit irrigation was performed by withholding the water for 14 days before morphophysiological and
biochemical parameters were assessed. Results revealed that CA significantly enhanced shoot and root growth,
biomass production, and drought recovery compared to CF and ACA. Under deficit irrigation, CA-treated plants
achieved greater shoot length (60.33 + 3.33 cm) and dry weight (0.59 £ 0.31 g), along with thicker cortical
roots and larger xylem vessels. Soil amended with CA exhibited higher nitrogen (2.75 £ 0.04%), carbon (23.76 £
0.39%), microbial abundance (9.88 x 10® cfu/mL), and moisture retention. Biochemical assays showed improved
chlorophyll content (188.69 ng g! FW) and elevated proline levels, signifying enhanced photosynthetic stability
and osmotic adjustment. This result demonstrated an ameliorative role of composted Azolla in mitigating drought-
induced stress while improving soil health and physiological performance of maize production.

Keywords: Azolla pinnata, biostimulant, compost, deficit irrigation, drought stress mitigation, Zea mays.

INTRODUCTION

Globally, 80% of arable land is under rain-
fed agriculture while, in Malaysia, the depletion
of stream flow and El-Nino Southern Oscillation
(ENSO) has contributed to the risk of drought
stress events [Mahmud and Osawa, 2025]. Hence,
facing this climate uncertainty by applying water-
saving technologies is critical to sustain food pro-
ductivity to support the global population in the
next 30 years.

Many approaches have been suggested in
reducing the risk of growing food crops under
drought-stress conditions such as the restricted
water-saving irrigation and the high-cost setup of

remote sensing applications [Balota et al., 2024;
Zgallai et al., 2024]. Unfortunately, such strate-
gies as developing drought-tolerant transgenic
plants through genetic engineering are very labo-
rious and time-consuming. Historically, the ap-
plication of organic waste materials with minimal
environmental impact has been advocated alter-
natively by farmers as the means of composting,
which helps to reduce plant stress while increas-
ing the yield. In this regard, the incorporation of
composted-crop residues has been demonstrated
to decrease soil evaporation and increase soil wa-
ter retention. Noteworthy examples include the
use of assemblages of mycorrhizal fungi with
green waste compost to enhance drought stress
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in carob, biochar-compost mixture for rice re-
silience to drought, compost for Nigella sativa
and microbial compost for pistachio [Boutasknit
et al., 2021; Hazman et al., 2023; Abdou et al.,
2023; Paymaneh et al., 2023]. All these composts
exhibit beneficial features linked to their ability
to prevent ion leakage, promote membrane fluid-
ity, reduce stress-related oxidative damages, and
accelerate the accumulation of osmoprotectants
such as proline and trehalose. Additionally, the
application of compost has been proven to in-
crease water retention of amended soils and re-
lieve the suppressant effect of irrigation deficit
on plant productivity [Kranz et al., 2020]. To a
certain extent, efforts have been made to compost
green waste biomass, owing to the greater nutri-
ents in the composted materials and the presence
of water-holding capacity [Nguyen et al., 2012;
Alotaibi et al., 2023]. In particular, this water-
holding capacity is more pronounced in improv-
ing soil aggregation during the onset of drought
periods [El-Mageed et al., 2019].

In general, maize (Zea mays) is an economi-
cally important crop cultivated extensively world-
wide and is more often prone to drought stress due
to being known as a rain-fed crop [Sah et al., 2020].
Maize has been of particular interest in terms of a
source of starch and protein, rich in essential vita-
mins, and abundant in antioxidant properties and
phytochemicals of pharmacological significance
[Revilla et al., 2022; Swati et al., 2024]. While
Malaysia is heavily reliant on food imports, ef-
forts are underway to aggressively promote maize
cultivation to fulfill the increasing domestic de-
mand, particularly in animal feed industries [Ya-
zid et al., 2021]. Drought is the greatest abiotic
stress, not only reducing maize yield but also de-
grading the physiological and nutritional qualities.
Not only yield reduction, the availability, absorp-
tion and transport of nutrients are disrupted under
water-deficient conditions, resulting in delayed
flowering. Studies have demonstrated that maize
showed drought tolerance mechanisms, possibly
by having various assimilations such as altering
their deeper morphological root architecture, pho-
tosynthetic rate change, and increasing cellular
reactive oxygen species (ROS) at the molecular
metabolism [Han et al., 2024]. Interestingly, stud-
ies have potentially exhibited that maize plants
possess memory behaviour following prolonged
periodic episodes of drought, enabling them to re-
cover their physiological functions [Walter et al.,
2011; Qi et al., 2021]. Even though maize crops
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systemically respond through a series of events
after perceiving those drought-stress signals, crop
resilience for its survival following rehydration
is still not discussed adequately. In light of maize
worldwide annual loss as a result of drought, the
development of cost-effective agronomical prac-
tices through composting together with alternate
wetting-drying techniques by enabling plants to
cope with deficit irrigation conditions is the most
viable practical [Schmitt et al., 2010]. Drying-
rewetting cycles under compost application have
been proven to help in reducing water use up to
30% while increasing the soil mineralization rate
by 78% [Novair et al., 2020]. However, the ac-
ceptability of these approaches relies on their suc-
cess in terms of maximizing the yield with mini-
mal water use.

Back in 1960, Azolla had been used for cen-
turies by Chinese and Vietnamese farmers and
was further expanding the use of Azolla under
government-funded projects for crop cultiva-
tion research (Prabakaran et al.,, 2021). Given
to symbiotic association with blue-green algae
(Anabaena azollae) in providing both resource
complementarities, Azolla potentially can fix up
to 1.1 tonnes of nitrogen/ha/year [Kollah et al.,
2016]. For this reason, conversion of Azolla bio-
mass into a spectrum of bio-based products is cur-
rently gaining interest in the context of its vital
essentiality in chemical-based fertilizer substi-
tution. Jumadi et al. (2014) has also studied the
composted Azolla application extensively due to
its high nitrogen content. Accordingly, Bharali
et al. [2021] observed an application of Azolla
compost minimize the detrimental effect of CH,
transformation by 36% through the enhancement
of porosity and recalcitrant carbon fractions in
soils. In this concern, Brouwer et al. [2018] re-
ported that CO, sequestration by A4zolla accounts
for 97.2 kg dry weight/ha/day, which was close to
the ‘maximum theoretical algal productivity’ val-
ue. In fact, Azolla is considered one of the fastest
aquatic plants ever recorded and it was reported
that an initial spreading 500 kg of Azolla can lead
to up to 20,000 kg/ha within 2 weeks, indicating
their rapid ability to sequester CO, in the form of
biomass [Hamdan and Houri, 2022]. Considering
these facts, treating crops with composted Azolla
that is enhanced by microbial inoculants could be
a sustainable and cost-effective effort, providing
immediate economic and environmental benefits
while controlling the Azolla-dense mat formation
[Parmanoan et al., 2025]. While numerous studies
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have investigated the rationale of composted ma-
terials derived from green waste on agronomic
properties, little is known about the actions of
composted Azolla on maize drought tolerance.

Therefore, keeping the above in view, we
aimed to assess the response of maize seedlings
when compost was present in the soil mixture
under drought stress. Owing to considerable evi-
dence of the influences of compost on maintain-
ing soil moisture, it was hypothesized that the ad-
dition of microbially composted Azolla to the soil
mixtures may practically increase the resilience
of maize seedlings toward drought stress. Nev-
ertheless, most of them largely depended on the
properties of composted materials as well as culti-
vation conditions specific to each region of study.
On these grounds, the model plant Zea mays was
grown under the presence of composted Azolla,
treated as a microbial biostimulant, and chemi-
cal fertilizer, to evaluate these treatments on plant
drought tolerance response. With this objective,
we examined various morphophysiological and
biochemical parameters including (i) vegetative-
reviving features after drying-wetting conditions,
(i1) root anatomical traits observation, and (iii)
photosynthetic pigment and several biochemical
changes including osmoprotectants, to deduce
microbially compost-mediated drought tolerance
mechanisms in maize.

METHODOLOGY

Plant materials and experimental conditions

Zea mays seeds were used for drought ex-
periments in this study. The seeds were surface-
sterilized with 10% ethanol for 10 min, then with
50% commercial bleaching agent (2.5% NaOCI)
for 30 min, then washed 3 times thoroughly with
distilled water. Surface-sterilized seeds were pre-
germinated on solid Murashige-Skoog (MS) salts
medium with 0.8% agar.

Paenibacillus polymyxa DSM 36 and Tricho-
derma asperellum NBRC 30498 were provided by
German Collection of Microorganisms and Cell
Culture (DSMZ, Germany) and NITE Biologi-
cal Resource Center (NBRC, Japan). The original
strains were kept at -80 °C with 50% glycerol. For
consortia inoculant preparation, these two strains
were streaked on Nutrient Agar (NA) and Potato
Dextrose Agar (PDA), respectively. A 48-h DSM
36 suspension culture was prepared to 1 x 108

cfu mL!, whereas spore suspension from 7-day-
old NBRC 30498 was adjusted to 1 x 10° spores
mL'. This Pesta granules formulation based on
kaolin-wheat flour mixture was formulated ac-
cording to Wong et al. [2021]. An equal volume
of DSM 36 and NBRC 30498 approximately 200
mL of suspension each was mixed aseptically into
the dough-formed formulations. The mixture was
air-dried then ground to pass through a sieve to
obtain a uniform granule size.

The pots were 20 cm in height, 18 cm in di-
ameter, and were filled with 700 g of sandy loam
soil (which comprised % clay, % silt, and %
sand). The soil was autoclaved before use in or-
der to reduce the initial microbial load and avoid
soil physicochemical effect variation. The physi-
cochemical properties of the soil were character-
ized as follows with pH, electrical conductivity,
organic content and available phosphorus content
of the weight of soil.

Microbially composted Azolla preparation

Azolla plant (Azolla pinnata) was collected
from the catchment tanks located at Universiti
Teknologi Malaysia (UTM) Pagoh. The plants
were grown in a 360 L container covered with
insect-proof net cloth, with natural photoperiod
and at 28-32 °C. Collected Azolla plants were
rinsed with distilled water before being dried at
50 °C to constant weight. The dried Azolla plants
were used as the main nitrogenous component in
the compost preparation, together with rice bran
and sawdust. To compost Azolla, a mixture of all
these components and molasses was used at a 2:1
of total weight, respectively. The aforementioned
granular microbial formulation was added at a
level of 2.5% on a dry weight basis of the com-
posting mix. The compost mixtures were packed
into a 45 L custom-made composting barrels with
dimensions of 40 x 123 x 47 cm (length x height
x width). Water was added regularly to maintain
the initial moisture content in the compost mix-
tures at 60% respectively. The composting pro-
cess lasted around 45 days. Once matured with
dark brownish and constant temperature, total N,
P, K, Mg of the microbially composted Azolla
were measured before using as a soil amendment.
The pH, EC, total N and total P&K were deter-
mined as described previously [Mohd Din et al.,
2017]. Total carbon (C) was determined by mea-
suring the loss on ignition at 550 °C until a con-
stant weight was achieved in a furnace. The C:N
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ratio was calculated using the total C and total N
obtained from the analyses. Some properties of
composted material are shown in Table 1.

Pot-grown experiments with drought

Three 10-day-old germinated seedlings were
transplanted in a drained hole pot (3 seeds each
pot), containing approximately 100 g of sterile
soil before placing in the growth chamber with
150 pmol m? s! light intensity, 65% humid-
ity, 12/12 h light dark photoperiod and 28 °C
temperature. The experiment was laid out in a
randomized complete block design with facto-
rial arrangement with five replicate pots for three
treatments (60 pots altogether). The treatments
included three amendments with two kinds of
drought stress. The treatments were: amendment
with composted Azolla (CA), chemical fertilizer

Table 1. Chemical properties of the fresh Azolla and
composted Azolla

Parameter? Fre_sh Azolla Microbially
biomass composted Azolla
pH 6.76 7.43
EC (us/cm) 54.89 14.39
N (%) 3.91 4.31
P (%) 1.53 6.08
K (%) 8.19 4.05
Mg (%) 0.59 1.25
C:N ratio 20.78 13.35

Note: *EC — electrical conductivity; N — nitrogen; P —
phosphorus; K — potassium; Mg — magnesium.

(CF), and autoclavable composted Azolla (ACA)
as a negative control. Each of these treatments
was equally added about 100 g of amendment
materials to each respective pot. Two irrigation
regimes were employed for each treatment: nor-
mal irrigation (150 mL daily) corresponding to
the full water requirement and deficit irrigation
(50% of normal irrigation volume). Each pot was
watered regularly about 150 mL daily. The irri-
gation regime was withheld to initiate the water
deficit condition for After two-week intervals.
All plants then exposed to drought were resumed
to normal watering/rewetting for another 7 days.
After 7 days, the percentage of plant revival from
drought treatment was recorded to assess the
plant drought tolerance (Figure 1). At the end of
the experiment, all plants were harvested for mor-
phophysiological and biochemical changes.

Biochemical assays

Leaf samples were ground in 80% acetone with
sand to extract the chlorophyll. The extracts were
centrifuged at 10 000 x g at 4 °C for 10 min to re-
move any residual materials, and the absorbance of
the supernatant was measured at wavelengths 645
and 663 nm using UV-VIS spectrophotometers.
The total chlorophyll concentration was determined
according to Arnon [1949] using Equation 1:

Total chlorophyll content (ug g' FW) =
=(20.2 x Abs_, ) + (8.02 x Abs__) x (v/1000 x w) (1)

645 663

where: Abs — absorbance; v — final volume of so-
lution and w — weight of sample.

@ j
i ; S
GCC
Normal irrigation

: Transplanting and
Seeding fertilizer treatment
/@H\\
Deficit irrigation
Day 0 Day 10 Day 14 Day 28 Day 35

Figure 1. Schematic diagram of the experimental timeline on maize seedlings response to normal and deficit
irrigation regimes after treated with microbially composted Azolla together with chemical fertilizer
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Proline content in the root samples was mea-
sured according to Bates [1973]. A 100 mg dried-
ground root sample was homogenised in 3%
(w/v) of sulfosalicyclic acid and centrifuged at 10
000 xg for 15 min at 4 °C. A volume of 2 mL su-
pernatant was added to 2 mL acid ninhydrin (1.25
g ninhydrin in 30 ml glacial acetic acid and 20 mL
6M phosphoric acid) and 2 ml of glacial acetic
acid, followed by incubation at boiling water bath
for 1 h and further cooled for 2 min. A volume of
4 mL toluene was added and the mixture was vig-
orously agitated for 1 min. The extract was mea-
sured at 520 nm using toluene as a blank.

Root and agronomic growth assessment

Agronomic attributes like shoot and root length
were measured. Fresh weight was weighed using
analytical balance. Samples were oven-dried at 65
°C for 72 h to achieve constant dry weight.

Root anatomical traits observation

To view the root anatomical in response to
drought treatment, the root systems were washed
using tap water to remove any possible particles
of soil before storing at 4 °C in 70% ethanol. Root
segments were hand-sectioned and stained with
1.5% Toluidin Blue O for 5 min before washing
with distilled water. The cross-sectioned roots
were observed by compound microscope [Hazman
and Brown, 2018].

Statistical analysis

All the biological measurements were per-
formed in triplicate. The data obtained from
biological replicates was statistically analyzed
by one-way analysis of variance (ANOVA and

presented as means + standard deviation (SD).
The means were calculated and compared us-
ing the least significant difference at p < 0.05.
All the statistical analyses were conducted using
SPSS. Graphs were fitted using Microsoft Office
(Excel 2013).

RESULTS AND DISCUSSION

Agronomic growth, biomass production and
yield attributes of maize

Results regarding effects of microbially com-
posted Azolla, autoclavable composted Azolla
and chemical fertilizer on agronomic traits un-
der varying irrigation conditions are depicted
in Table 2 and Figure 3. It was noticeable that
deficit irrigation had a significant effect on agro-
nomic attributes, particularly on the shoot. Table
2 showed that the irrigation regime and treatment
type significantly influenced the shoot growth
of maize seedlings. Under deficit irrigation, the
maize seedlings treated with composted Azolla
(CA) produced the highest shoot fresh weight,
dry weight and shoot length with 5.47 + 2.40 g
and 0.59 £ 0.31 g and 60.33 £ 3.33 cm, respec-
tively. These values were significantly higher
(p<0.05) than those other treatments. A similar
pattern of agronomic traits for seedlings fertil-
ized with composted Azolla was observed under
normal irrigation. The shoot dry weight became
heavier under deficit irrigation conditions. The
comparative morphology of maize seedlings,
as shown in Figure 2, further confirmed these
quantitative findings. Plants amended with CA
appeared to be more vigorous with greener
shoots and dense fibrous roots, whereas ACA
and CF seedlings showed reduced shoot growth

Table 2. Effect of different irrigation regimes on shoot agronomic traits of maize seedlings

Treatments Shoot fresh weight (g) Shoot dry weight (g) Shoot length (cm)
Deficit irrigation
CA 5.47 £ 2.40° 0.59 £ 0.31° 60.33 + 3.332
ACA 2.94 +£0.79° 0.26 £ 0.10° 49.10 £ 7.28°
CF 273 +1.11° 0.17 £ 0.04° 4217 £ 6.45°
Normal irrigation
CA 5.63 £ 2.722 0.43 £ 0.242 57.33 £2.082
ACA 1.88 £ 0.47° 0.13£0.02° 45.20 + 3.54°
CF 2.66 £0.27° 0.22 £0.01° 42.77 + 4.37°

Note: data are means = SD. The mean values in the same column followed by letters are not significantly differed

at 0.05 probability level.
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Figure 2. Morphophysiological differences of total maize seedlings in response to drought stress
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Figure 3. Effect of different irrigation conditions on (a) root fresh weight (b) root dry weight (c) root length and
(d) root to shoot ratio in maize seedlings amended with microbially composted 4zolla and chemical fertilizer.
Vertical bars represent the mean of each treatment (n = 3) and the error bars indicate standard deviation.
Different letters in each bars indicate significantly different treatments. (e¢) Digitally stained images of the cross-
section of the lateral root under deficit irrigation conditions. Horizontal bars represent 100 pm

398



Ecological Engineering & Environmental Technology 2025, 26(12), 393-403

and sparse root systems. This clearly illustrated
the revival potential of CA-treated seedlings af-
ter drying-wetting cycles, suggesting superior
drought resilience mediated by compost and
possession of recovery memory behaviour fol-
lowing prolonged periodic episodes of drought.
These results were in line with Zarei et al. [2016]
findings that recorded the ameliorative effect of
organic fertilizer on plant productivity, leading to
the proliferation of root hairs. In addition, this
might be due to Trichoderma and Paenibacil-
lus inoculations on Azolla that contributed to the
compost formulation [Tchameni et al., 2011].
The positive effect of CA might be attributed to
improved soil moisture retention and enhanced
overall crop physiological development. Our re-
sults were in concurrence with those reported by
Li et al. [2019], who noticed that organic amend-
ment was responsible for enhancing root activ-
ity, which directly led to elongation and whole
vegetative growth under water-deficit conditions.

The root fresh and dry weight increased more
in response to CA as compared to others. In this
case, there was a significant difference between
CA and CF seedlings with respect to drought
stress conditions (Figure 3A and B). The root-to-
shoot ratio was higher in ACA-inoculated maize
plants in both normal and deficit irrigation condi-
tions, indicating an adaptive resource allocation
strategy to optimize water uptake. Interestingly,
the unfavorable effect of drought on these agro-
nomic traits was declined by the application of
microbially composted Azolla. The present study
examined several root anatomical differences
among treatments under deficit irrigation con-
ditions as shown in Figure 3E. The CA-treated
roots exhibited thicker corticol layers and larger
xylem vessels, demonstrating improved hydrau-
lic conductivity. On the other hand, thicker roots
have been associated with better soil penetra-
tion ability, which was important for root growth
under drought conditions [Hazman and Brown,
2018]. In contrast, the ACA root showed reduced
xylem development and looser tissue organiza-
tion, characteristics commonly associated with
impaired water transport efficiency. Moreover,
Li et al. [2020] also observed a similar anatomi-
cal adaptation pattern with xylem expansion
in maize roots under water deficit, improving
drought adaptation. Kondo et al. [2000] sug-
gested that thickening of the corticol layer could
play an imperative role in root structural support
when exposed to drying soil.

Soil physicochemical properties status

CA applied to the soil showed noticeable im-
pacts on its physicochemical properties in both
conditions. Results in Table 3 showed an over-
all increase (2.75 + 0.04%) in soil N concentra-
tion due to the application of CA-based amend-
ments and deficit irrigation regimes. This could
be attributed to the mineralization of N in the soil
coming from composted material. The general
tendency of decreased P contents during water
deficit was more pronounced in the case of chem-
ically-treated soils. Interestingly, K levels did not
differ significantly among treatments, suggesting
that potassium availability was less affected by
irrigation regime and microbial activity, possibly
due to its mineral-bound nature in the soil matrix.
However, higher carbon (C) content observed in
CA-treated soils (23.76 + 0.39%) indicates en-
hanced organic carbon sequestration, which can
improve soil structure, cation exchange capac-
ity, and water retention. On the other hand, re-
sults showed that the variation of soil moisture
was influenced by the applied treatment and ir-
rigation supply conditions. Throughout the ex-
periment, a higher soil moisture was consistently
observed when ACA was applied with 18.59 +
0.13%. Nevertheless, non-significant drops in soil
moisture content were noticed in deficit-irrigated
conditions under CA treatment as compared to
commercial CF-treated soils. The CF treatment,
despite providing initial mineral nutrients, failed
to maintain microbial viability and nutrient sta-
bility under stress, highlighting the limitations
of purely chemical approaches in drought-prone
systems. The elevated soil moisture in CA-treated
soil accelerated the recovery of stressed seedlings
rapidly. Accordingly, soil amendment with micro-
bially composted material improved soil water
retention. Also, upon rewetting after drought, the
total bacterial population (9.88 x 108 cfu/mL) was
spotted higher in enumeration abundantly in CA-
treated soil, followed by ACA (6.66 x 107 cfu/mL)
and CF (1.01 x 10° cfu/mL). It has been demon-
strated that compost could induce soil physical
properties, therefore making more water avail-
able for rhizospheric microorganism proliferation
[Shin et al., 2022]. Moreover, it was recorded that
applying Azolla compost could increase soil mi-
crobe activity, leading to nutrient recycling in the
soil [Razavipour et al., 2018]. Overall, the results
indicate that CA treatment effectively enhances
both soil nutrient status and microbial activity
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Table 3. Result of different irrigation conditions on the mineral content and microbiological analysis

Treatments N (%) P (%) K (%) C (%) Moisture (%) Tmé;f,iflt_‘?”""
Deficit irrigation
CA 275:004° | 369+£003° | 1.31+008 | 2376+0.39° | 1583%010° | 9.88x10°
ACA 268+004 | 445+013° | 113+010° | 2256+053 | 16.66+0.18° | 6.66x 107
CF 148+026° | 176+008 | 173:005 | 19.11+029° | 1571031 1.01 x 10°
Normal irrigation
CA 248+004 | 426+013 | 119+005 | 21.95+031° | 16.67+015 | 6.64x 10°
ACA 251+007° | 433+018 | 089+0.14° | 2240+030° | 1859 0.13° 1.01 x 107
CF 1284005 | 224+029° | 158+006a | 1862%0.26° | 14.86+0.16° | 8.04x10°

Note: data are means = SD. The mean values in the same column followed by letters are not significantly differed

at 0.05 probability level.

across irrigation regimes. By sustaining higher N,
P, and C levels along with dense bacterial popu-
lations, CA contributes to better nutrient uptake,
root development and physiological resilience of
maize under drought.

Biochemical responses under different
irrigation regimes

Chlorophyll content of maize seedlings was
significantly influenced by both irrigation regime
and soil treatment (Figure 4A). Under drought
conditions, chlorophyll content was highest in
plants treated with chemical fertilizer (CF, 198.95
ug g' FW), followed by composted Azolla (CA,
188.69 pg g' FW), while the ACA) recorded
the lowest value (124.12 pg g' FW). Under
normal irrigation, chlorophyll content increased
markedly across all treatments, reaching 282.22
pg g FWin CF, 235.95 pg g' FW in CA, and
151.35 pg g' FW in ACA. The pattern observed
in line with findings where Azolla-based compost

improved photosynthetic activity and chlorophyll
stability under semi-arid rice cultivation [Selei-
man et al., 2022]. Proline accumulation, a hall-
mark of osmotic adjustment in drought physiol-
ogy, also showed significant variation among
treatments (Figure 4B). Under deficit irrigation,
CA and CF treatments recorded markedly higher
proline levels than ACA, suggesting enhanced
osmotic regulation and stress adaptation. Un-
der normal irrigation, proline content decreased
across treatments, yet CA and CF maintained
slightly elevated levels compared with ACA. The
increased proline content in CA-treated seedlings
implies that composted Azolla stimulated the ac-
tivation of osmoprotective pathways and compat-
ible solute biosynthesis to preserve cellular hy-
dration and membrane integrity [Eswaran et al.,
2024]. Overall, the findings reinforce that Azolla-
based compost can act as an eco-friendly strategy
to enhance photosynthetic and osmoprotective
capacity in maize, supporting climate-resilient
crop production systems.

300 100 S
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2 & 20
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Deficit Normal  Deficit Normal
irrigation irigation irrigation irrigation

Figure 4. Biochemical changes of (a) chlorophyll and (b) proline in drought and normal affected irrigation of
maize seedlings. Vertical bars represent the mean of each treatment (n = 3) and the error bars indicate standard
deviation. Different letters in each bars indicate significantly different treatments
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CONCLUSIONS

The application of microbially composted
Azolla under drought conditions enhanced maize
growth, physiological performance, and soil
health without substantial decreases in agronom-
ic traits of maize plants. CA treatment attenuated
water stress effect by retaining soil moisture and
improving root anatomy. In this regard, the com-
post derived from Azolla appeared to be a viable
substitute to increase soil nitrogen, carbon con-
tent and microbial abundance, indicating active
nutrient mineralization. Biochemically, CA-treat-
ed seedlings maintained higher chlorophyll levels
and accumulated more proline under drought, re-
flecting stronger photosynthetic capacity and os-
motic regulation. Collectively, these results con-
firm that composted Azolla functions effectively
as a microbial biostimulant, promoting ameliora-
tive effects in the maize-deficient irrigated con-
dition while offering a sustainable alternative to
chemical fertilizers.
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