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Abstract
The most significant threat to global food security is water scarcity. Despite the fact that vermicompost (an effective organic 
fertilizer rich in humic substances, macro- and micro-nutrients, earthworm excretions, beneficial soil microbes, plant growth 
hormones, enzymes) and effective microorganisms (EM; photosynthetic bacteria, lactic acid bacteria, yeasts, actinomycetes, 
fermenting fungi) have been recognized as powerful strategies for alleviating environmental stresses, their combined effect 
has not been studied. Herein, as a first investigation, we aimed to enhance wheat’s drought tolerance using an eco-friendly 
approach that combined vermicompost and EM. The study employed twelve treatments in a completely randomized design. 
The treatments included control, as well as single and combined applications of vermicompost and EM at three different irri-
gation levels (100%, 70%, and 30% of field capacity). Vermicompost and EM, applied singly or in combination, ameliorated 
drought-induced reduction in wheat growth and productivity by elevating photosynthetic pigment content, photochemical 
processes, Calvin cycle enzyme activity, net photosynthetic rate, transpiration rate, stomatal conductance, maximum quantum 
efficiency of PSII photochemistry, actual photochemical efficiency of PSII, electron transport rate, photochemical quenching 
coefficient, and effective quantum yield of PSII photochemistry. Additionally, adding vermicompost and/or EM improved 
wheat drought tolerance by increasing nutrient (nitrogen, phosphorus, potassium, iron, zinc, copper) acquisition, roots’ ATP 
content, H+-pump activity, and membrane stability index while lowering hydrogen peroxide content, lipid peroxidation, and 
electrolyte leakage. The new evidence demonstrates that combining vermicompost with EM sustains wheat drought toler-
ance by regulating photosynthetic efficiency, nutrient acquisition, root H+-pump activity, and membrane stability. Overall, 
utilizing vermicompost/EM is a novel approach to improving plant physiological responses and overcoming drought-related 
challenges.

Keywords  Effective microorganisms · Nutrient acquisition · Photosynthetic efficiency · Vermicompost · Water deficit · 
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Introduction

Drought is the most detrimental stress, significantly reduc-
ing plant growth and productivity (Talaat 2023). Previous 
studies have shown that water scarcity reduces crop yield by 
increasing oxidative damage, affecting cell membrane stabil-
ity, depressing carbon assimilation, impeding photochemical 
processes, and hampering leaf gas exchange (Wasaya et al. 
2021; Younas et al. 2021; Ahmad et al. 2022). Furthermore, 
it inhibits ion absorption and the activity of various enzymes 
(Baghbani-Arani et al. 2021; Heidarzadeh et al. 2022). Inter-
estingly, plants have an inbuilt defensive system that reduces 
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dryness’s impacts by slowing growth and increasing antioxi-
dant activity (Ebrahimi et al. 2021; Feizabadi et al. 2021).

Cost-effective and ecologically safe management tech-
niques are required to increase agricultural productivity in 
water-scarce environments. Vermicompost is an effective 
supplement that can be used in sustainable agricultural sys-
tems to maintain soil fertility and plant nutrition, protect soil 
biodiversity, and boost crop yields (Parastesh et al. 2019; 
Choudhary and Machavaram 2023). Applying vermicom-
post has been shown to improve plant growth by increasing 
soil microbial activity and enriching the soil with nutrients 
such as nitrogen, phosphorus, potassium, zinc, copper, 
manganese, and iron (Rezaei-Chiyaneh et al. 2021; Song 
et al. 2022; Boruah and Deka 2023; Rehman et al. 2023). 
Vermicompost also provides a significant amount of humic 
matter, which prevents soil erosion and nutrient leaching 
while improving soil moisture retention and acting as an 
excellent root-growing medium (Ma et al. 2022). Addition-
ally, because of its high content of vitamins and plant growth 
hormones such as auxins, gibberellins, and cytokinins, ver-
micompost can promote plant development and biomass 
(Cai et al. 2018).

Vermicompost has potential uses in water-stressed 
regions (Ebrahimi et al. 2021; Feizabadi et al. 2021; Jahan 
et al. 2023; Rehman et al. 2023). It can reduce crop water 
requirements by 30–40% because of its high-water absorp-
tion capacity (Arancon et al. 2005). Moreover, its superior 
physical characteristics including high porosity, aeration, 
drainage, and water-holding capacity, can reduce water evap-
oration by preventing soil crusting (Song et al. 2022). In line 
with its role as a growth-promoter under water stress, stud-
ies by Baghbani-Arani et al. (2021), Younas et al. (2021), 
and Ahmad et al. (2022) demonstrate that it improves plant 
nutrient uptake and photosynthetic efficiency. Application of 
vermicompost also enhanced the plant’s antioxidant capac-
ity when water was scarce (Hafez et al. 2021; Younas et al. 
2021; Ghaffari et al. 2022; Heidarzadeh et al. 2022). How-
ever, little is known regarding vermicompost’s impact on 
wheat plants grown under water stress.

In sustainable agriculture approaches, effective microor-
ganisms (EM; including photosynthetic bacteria, lactic acid 
bacteria, yeasts, actinomycetes, and fermenting fungi) are 
critical to prevent the worsening of environmental stresses 
(Talaat and Shawky 2017; Abd El-Mageed et al. 2020). 
Applying EM enhances soil microbial diversity, structure, 
and fertility while reducing the requirement for chemical 
fertilizers and pesticides (Talaat et al. 2015; Abd El-Mageed 
et al. 2022). In addition to producing bioactive substances 
like amino acids, vitamins, sugars, lactic acid, hormones, 
and enzymes, EM inhibited soil diseases, accelerated the 
breakdown of organic materials in the soil, and mitigated 
the harmful effects of stress on plants (Abd El-Mageed et al. 
2022; Abdelkhalik et al. 2023). Numerous studies have 

shown that EM improves plant stress tolerance by modu-
lating photosynthesis, protein synthesis, nutrient uptake, 
osmotic balance, and antioxidant activity (Talaat 2015; Abd 
El-Mageed et al. 2020; Abdelkhalik et al. 2023).

Wheat (Triticum aestivum L.) feeds a substantial propor-
tion of the world’s population (Shopova et al. 2021; Wasaya 
et al. 2021). Unfortunately, drought has a deleterious impact 
on its physiological and biochemical processes (Ahmad et al. 
2022; Jahan et al. 2023). Some studies have been under-
taken to determine how plants grown under stressful con-
ditions respond to a single application of vermicompost 
or EM (Abd El-Mageed et al. 2022; Ahmad et al. 2022; 
Ghaffari et al. 2022; Abdelkhalik et al. 2023). However, no 
one has investigated the effect of their combined treatment 
on wheat drought tolerance. We conducted this study, as a 
first investigation, to fill this gap by evaluating the effect 
of individual and combination treatments of vermicompost 
and EM on wheat plants grown under water deficiency. 
Consequently, it has been hypothesized that these effective 
amendments (vermicompost and EM) could lessen the dam-
aging effects of water stress on wheat growth and produc-
tion by modifying photosynthetic activity and preserving ion 
content through modulation of H+-pump activity and ATP 
content. This hypothesis was tested by measuring changes 
in photosynthetic efficiency, including photosynthetic pig-
ment concentration, photochemical reaction activity, gas 
exchange capacity, chlorophyll fluorescence system, Calvin 
cycle enzyme activity, as well as changes in nutrient (nitro-
gen, phosphorus, potassium, iron, zinc, copper) acquisition, 
roots’ ATP content, roots’ H+-pump activity, lipid peroxida-
tion, hydrogen peroxide content, membrane stability index, 
and electrolyte leakage, in wheat plants cultivated under 
both well-watered and water-stressed conditions with ver-
micompost and/or EM applications. This work provides new 
evidence that combining EM and vermicompost can mitigate 
drought-related damage to wheat plants.

Materials and methods

Plant materials and experimental design

In a greenhouse at Cairo University’s Faculty of Agricul-
ture’s Plant Physiology Department, a pot experiment was 
carried out under natural light and temperature conditions 
of 65% relative humidity and 22/16 ± 2 °C (day/night) tem-
perature. The experiment was repeated twice, on Novem-
ber 15th of 2021 and 2022. Wheat (Triticum aestivum L. 
cv. Sakha 95) grains were obtained from Egypt’s Wheat 
Research Department, Agriculture Research Centre, Min-
istry of Agriculture. The 30 cm diameter and 35 cm height 
pots were filled with 15 kg of clay loamy soil (37% sand, 
28% silt, and 35% clay). Ammonium nitrate (33.5% N), 
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calcium superphosphate (15.5% P2O5), and potassium sul-
fate (48% K2O) were applied at rates of 2.0, 2.0, and 0.5 g 
pot−1, respectively. Additionally, 30 days after planting, 
2.0 g pot−1 of ammonium nitrate was added. Fertilization 
was carried out as recommended by the Ministry of Agri-
culture. Each pot contained ten grains, which were later 
thinned to six after germination.

Before sowing, the pots were separated into three 
groups. The first group was a control [well-watered (WW; 
100% of field capacity)], while the other two were irri-
gation treatments [water deficit stress (WD1; 70% of 
field capacity) and water deficit stress (WD2; 30% of 
field capacity)]. Soil water content (SWC) % was 15.5%, 
10.8%, and 4.6%, respectively. Drought conditions were 
ensured by measuring SWC, which was calculated as 
previously described by Coombs et  al. (1987). SWC 
% = [(FW − DW)/DW] × 100, where FW was the fresh 
weight of a portion of soil taken from the internal area of 
each pot and DW was the dry weight of the soil portion 
after for 4 days of oven drying at 85 °C. All irrigation 
treatments were implemented from grain sowing to grain 
filling.

Twelve treatments were used, including three levels of 
irrigation (100%, 70%, and 30% of field capacity) and four 
treatments [control, as well as individual and combined 
applications of vermicompost and EM]. The experiment 
was set up in a completely randomized design, with two 
factors (water deficit stress and application treatments) and 
four replicates.

Preparation of vermicompost

For vermicompost production, a 5 m2 area was considered; 
then, well-rotted animal manure (rabbit + horse manure) was 
spread over a 50 m long, 1 m wide, and 40 cm thick area. To 
lessen the salt, well-rotted animal manure was washed away 
with water prior to production. After 1 day when the bed 
moisture reached 65–70%, 8–10 kg of epigeic earthworm 
species; Eisenia andrei, Eisenia fetida, Eudrilus eugeniae, 
Lumbricus rubellus, and Perionyx excavatus were added 
per ton of animal manure. Daily watering was planned to 
maintain an appropriate moisture level (60–70%). In addi-
tion, an effort was made to keep the ambient temperature at 
23 ± 3 °C. The vermicompost was stirred and aerated with 
a rake every 7–10 days to make sure there was enough air 
and oxygen inside the vermicompost, which was ready after 
3 months. Prior to harvesting, irrigation was turned off. Due 
to the moisture in the lower layers, the earthworms moved to 
the lower portion when the top layer dried. Vermicompost 
was consequently taken out of the top layers. The soil was 
thoroughly mixed with the vermicompost at a ratio of (1:4; 
vermicompost:soil) before planting.

Soil and vermicompost analysis

Using a Mettler pH FE28-Standard, the pH of soil and ver-
micompost was detected at a 1:2.5 ratio (soil/water, m/v). 
The titration with potassium dichromate was used to meas-
ure the organic matter. Total nitrogen was determined using 
the Kieldahl apparatus, total phosphorus was measured 
using the sodium hydroxide alkali fusion–molybdenum 
antimony colorimetric resistance method, total potassium 
was detected using a flame photometer (Sherwood Flame 
photometer, Model-410; Sherwood Scientifics, Ltd., Cam-
bridge UK), available nitrogen was determined using the 
alkaline hydrolysis diffusion method, available phosphorus 
was measured using the NaHCO3 extraction-molybdenum 
antimony colorimetric resistance method, and rapidly potas-
sium was detected using the NH4OAc extraction-flame pho-
tometry method (Boruah et al. 2019). Iron, zinc, and copper 
element analyses were performed using an atomic-absorp-
tion spectrophotometer (Unicam 989-AA Spectrometer-UK). 
The physio-chemical properties of the soil and vermicom-
post used in the current experiment are shown in Table 1.

Effective microorganisms’ application

Ten days after sowing, the EM treatment was applied to 
plants from each irrigation level. It was used in the EM1 
formulation developed by Egypt’s Ministry of Agriculture 
and Land Reclamation. EM1 contained 3.3 × 104 Colony 
Forming Unit (CFU) mL−1 of photosynthetic bacteria (Rho-
dopseudomonas palustrus and Rhodobacter spaeroides), 
1.3 × 107 CFU mL−1 of lactic acid bacteria (Lactobacillus 
plantarum, Lactobacillus casei, and Streptoccus lactis), 
1.3 × 104 CFU mL−1 of yeast (Saccharomyces cerevisiae 

Table 1   Physio-chemical properties of the soil and vermicompost 
used in the experiment

Values are means ± standard error (n = 4)

Characteristic Soil Vermicompost

Moisture content (%) 2.41 ± 0.09 4.33 ± 0.07
pH 7.20 ± 0.15 7.79 ± 0.11
Organic carbon (%) 0.83 ± 0.01 38.37 ± 0.97
Organic matter (%) 2.11 ± 0.06 61.98 ± 1.01
Total nitrogen (%) 0.22 ± 0.03 3.37 ± 0.10
Total phosphorus (%) 0.06 ± 0.00 2.61 ± 0.09
Total potassium (%) 0.41 ± 0.04 3.07 ± 0.11
Available nitrogen (mg Kg−1) 33.14 ± 0.66 564.98 ± 10.03
Available phosphorus (mg Kg−1) 28.27 ± 1.03 224.49 ± 6.45
Available potassium (mg Kg−1) 46.41 ± 1.29 471.48 ± 10.66
Iron (ppm) 5.90 ± 0.09 1399 ± 16.33
Zinc (ppm) 2.00 ± 0.07 150 ± 3.23
Copper (ppm) 1.10 ± 0.04 41 ± 1.14
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and Candida utilis), 105 CFU mL−1 actinomycetes (Strepto-
myces albus and Streptomyces griseus), and 105 CFU mL−1 
fermenting fungi (Aspergillus oryzae, Penicillium sp., and 
Mucor hiemalis)]. A 1:1000 (EM:water) dilution of the EM1 
stock solution was performed. During irrigation, 7 mL pot−1 
from this diluted solution was sprayed on the plant and soil 
surface as recommended by Egypt’s Ministry of Agriculture 
and Land Reclamation.

Plant growth and production measurements

In 70-day-old wheat plants, plant height, leaf number, total 
leaf area, as well as shoot and root dry weights were meas-
ured. The total leaf area was measured using a portable leaf 
area meter (LI-COR 3000, Lambda Instruments Corpo-
ration, Lincoln, Nebraska, USA). After being dried in an 
oven for 48 h at 70 °C, the shoot and root dry weights were 
calculated. Four replicates, each with six plants taken from 
the same pot, were used to collect the data. At maturity, the 
number of grains, grain yield, and 1000-grain weight were 
recorded.

In wheat plants that were 70 days old, the photosynthetic 
pigment concentration, photochemical reaction activity, 
gas exchange capacity, chlorophyll fluorescence system, 
Calvin cycle enzyme activity, roots’ ATP content, roots’ 
H+-pump activity, lipid peroxidation, hydrogen peroxide 
content, membrane stability index, and electrolyte leakage 
were identified. When the grains reached maturity, they were 
collected, and the mineral element acquuisition was deter-
mined. Four replicates, each with six plants taken from the 
same pot, were used to collect the data.

Photosynthetic pigment measurement

Photosynthetic pigments from fresh leaves were extracted 
in 80% (v/v) acetone. The concentration of chlorophyll a, 
chlorophyll b, and carotenoids was determined spectro-
photometrically using a UV-1750 spectrophotometer (Shi-
madzu, Kyoto, Japan) in accordance with the method of 
Lichtenthaler and Buschmann (2001).

Measurement of photosynthetic photochemical 
reaction activity

To isolate the chloroplast, Cerovic and Plesnicar’s (1984) 
method was followed. Tiwari et al. (1998) reported the iden-
tification of the PSII-mediated electron transport from H2O 
to p-benzoquinone. PSI-mediated electron transport was 
measured in terms of oxygen consumption using 2, 6-dichlo-
rophenol indophenols as the electron donor and methyl 
viologen as the final acceptor (Allen and Holmes 1986).

Measurement of gas exchange capacity 
and Chlorophyll fluorescence system

The Li-Cor-6400 (Li-Cor Inc., Lincoln, NE, USA) infrared 
gas analyzer was used to measure the attached leaves’ gas 
exchange between 8:30 and 11:30 am. The photosynthetic 
photon flux density was established at 1000 µmol m−2 s−1. 
The greenhouse’s air was maintained at ambient conditions 
in terms of temperature, relative humidity, and CO2 concen-
tration. Chlorophyll fluorescence was measured according 
to Pfündel et al. (2008) method in leaves after 30 min of 
dark adaptation using a Portable Chlorophyll Fluorometer 
(PAM2500; Heinz Walz, Effeltrich, Germany).

Assay of Calvin cycle enzymes

ELISA kits (Yaji Biotech, Shanghai, China) were used to 
measure the activity of Calvin cycle enzymes [ribulose 
diphosphate carboxylase/oxygenase (Rubisco), fructose 
1,6-bisphosphatase (FBPase), glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), and fructose 1,6-bisphosphate 
aldolase (FBA)] as described by Talaat and Hanafy (2023).

Determination of mineral elements

A transparent solution was produced after 8 h of boiling 
perchloric acid and hydrogen peroxide with 0.5 g of dried 
ground grain. The modified micro-Kjeldahl method was 
used to determine nitrogen concentration (Pregl 1945). 
By using the vanadomolybdophosphoric method of Kacar 
(2008), phosphorus concentration was accomplished. A 
flame photometer (ELE UK) was used to measure the con-
centration of potassium. An atomic-absorption spectropho-
tometer (Unicam 989-AA Spectrometer-UK) was used to 
determine iron, zinc, and copper concentrations.

Determination of roots’ ATP content and H+‑pump 
activity

The manufacturer’s instructions for an ATP Colorimetric/
Fluorometric Assay Kit (BioVision, Milpitas, CA, USA) 
were followed in order to extract the ATP as previously 
described by Stewart and Guinn (1969). Additionally, wheat 
roots were cut about 2 cm from the tip and washed with 
deionized water. The plasma and vacuole membranes were 
isolated using the method described by Yan et al. (2021). 
The activity of H+-ATPase and H+-PPase was measured 
using Wang and Sze (1985) method. The inorganic phos-
phate released from ATP or PP hydrolysis was measured 
using the Ohnishi et al. (1975) method.
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Quantification of hydrogen peroxide (H2O2) 
and malondialdehyde (MDA)

Following the directions on the H2O2 and MDA kits, 0.1 g 
of fresh wheat leaves were ground in a mortar with 900 µL 
of buffer to estimate H2O2 and MDA, using the procedure 
described by Nawaz et al. (2018). At 405 nm and 532 nm, 
respectively, the contents of H2O2 and MDA were measured.

Estimation of electrolyte leakage (EL) 
and membrane stability index (MSI)

The EL was measured according to the method described 
by Huo et al. (2016). Fresh leaf tissue (0.5 g) was cut into 
uniformed discs and placed in test tubes with 10 mL deion-
ized water. The EC1 value was recorded after the samples 
were kept in the dark at 25 °C for 2 h. Following autoclaving 
and cooling to 25 °C, the samples’ EC2 was determined. The 
formula for calculating EL was EL (%) = (EC2/EC1) × 100.

The MSI was determined using Maishanu and Rabe’s 
(2019) method. Wheat leaf samples (0.2 g) were placed in 
test tubes with 10 mL deionized water and incubated in a 
water bath for 30 min at 40 °C, after which the EC1 of the 
solution was determined. The solution EC2 was determined 
after heating the samples at 100 °C for 10 min. The formula 
for calculating MSI was MSI (%) = [1 − EC1/EC2] × 100.

Statistical analysis

The obtained data was analyzed using the two-way vari-
ance analysis (ANOVA). A completely randomized design 
with four replications was used. Because the results of the 
two seasons followed a similar pattern, a combined analy-
sis was performed. To determine the statistical significance 
of the means at p < 0.05, the least significant difference 
(LSD) test was used. For data analysis, the SAS software 
(SAS Inc., Cary, NC) was used. The data are presented as 
means ± standard error (SE).

Results

Effect of vermicompost and/or EM applications 
on wheat growth and productivity 
under well‑watered and water‑stressed conditions

According to the obtained data, wheat growth and produc-
tivity dropped significantly (p < 0.05) at moderate (70% 
FC) and severe (30% FC) water deficit conditions com-
pared to well-watered condition (Figs.  1A–H, 2, Table 
S). In contrast, vermicompost and/or EM applications 
dramatically improved these attributes under both non-
stressed and stressed circumstances. Under well-watered 

and water-stressed (70% and 30% FC) conditions, the com-
bined treatment significantly improved the shoot height by 
48.2%, 62.2%, and 82.4%; leaves number by 61.7%, 74.0%, 
and 82.5%; total leaf area by 62.1%, 102.5%, and 157.5%; 
shoot dry weight by 52.4%, 80.4%, and 135.7%; root dry 
weight by 59.5%, 88.3%, and 192.5%; grains number by 
50.1%, 70.7%, and 102.3%; grain yield by 70.5%, 96.0%, 
and 137.9%; and 1000-grain weight by 13.9%, 14.7%, and 
17.7%, respectively, in comparison to the untreated plants.

Effect of vermicompost and/or EM applications 
on photosynthetic pigment content 
under well‑watered and water‑stressed conditions

When compared to the well-watered plants, plants cultivated 
in a severe (30% FC) water deficit condition showed signifi-
cantly lower values of chlorophyll a (34.5%), chlorophyll b 
(55.0%), carotenoids (59.5%), and total pigments (44.8%). 
However, vermicompost and/or EM applications greatly 
raised their values under both stressed and non-stressed 
circumstances (Fig. 3A–D). Under well-watered and water-
stressed (70% and 30% FC) conditions, the combined treat-
ment significantly (p < 0.05) elevated the concentration of 
chlorophyll a by 32.5%, 45.9%, and 63.9%; chlorophyll b by 
47.7%, 74.4%, and 154.4%; carotenoids by 59.5%, 116.7%, 
and 180.0%; and total pigments by 40.9%, 62.1%, and 
100.5%, respectively, relative to the untreated plants.

Effect of vermicompost and/or EM applications 
on photosynthetic photochemical reaction activity 
under well‑watered and water‑stressed conditions

In comparison to the non-stressed plants, plants grown in a 
severe (30% FC) water deficit condition showed significantly 
lower PSI (42.0%) and PSII (66.3%) activity. Contrarily, ver-
micompost and/or EM applications considerably boosted 
their activity under both stressed and non-stressed circum-
stances (Fig. 4A, B). Under well-watered and water-stressed 
(70% and 30% FC) conditions, the combined treatment 
significantly (p < 0.05) increased PSI activity by 37.4%, 
58.9%, and 114.5% and PSII activity by 49.5%, 108.3%, and 
212.5%, respectively, in comparison to the untreated plants.

Effect of vermicompost and/or EM applications 
on gas exchange capacity under well‑watered 
and water‑stressed conditions

A significant fall in net photosynthetic rate (Pn, 53.8%), 
stomatal conductance (Gs, 67.3%), and transpiration rate 
(Tr, 57.2%) values was evident in plants grown under a 
severe (30% FC) water deficit condition relative to the 
non-stressed plants. On the contrary, vermicompost 
and/or EM applications significantly increased these 
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Fig. 1   Effect of effective microorganisms (EM), vermicompost, and 
their interaction on the: A plant height (cm), B leaves number plant−1, 
C total leaf area plant−1 (cm2), D shoot dry weight plant−1 (g), E root 
dry weight plant−1 (g), F grains number plant−1, G grain yield plant−1 
(g), and H 1000-grain weight (g) of wheat plants grown under three 

different irrigation levels [100% (WW), 70% (WD1), and 30% (WD2) 
of field capacity]. Bars represent ± standard error of the mean (n = 4) 
and the alphabets show significant difference (LSD’s test, p < 0.05) 
among treatments
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Fig. 2   Effect of effective microorganisms (EM), vermicompost, and their interaction on the growth of wheat plants grown under three different 
irrigation levels [100% (WW), 70% (WD1), and 30% (WD2) of field capacity]
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values under both non-stressed and stressed conditions 
(Table 2). Under well-watered and water-stressed (70% 
and 30% FC) conditions, the combined treatment sig-
nificantly (p < 0.05) enhanced the Pn by 32.9%, 55.1%, 
and 125.0%; Gs by 44.9%, 75.7%, and 250.0%; and Tr by 
39.4%, 53.4%, and 138.0%, respectively, compared to the 
untreated plants.

Effect of vermicompost and/or EM applications 
on chlorophyll fluorescence attributes 
under well‑watered and water‑stressed conditions

Plants cultivated under a severe (30% FC) water deficit 
condition had significantly lower maximum quantum effi-
ciency of PSII photochemistry (Fv/Fm, 58.9%), effective 
quantum yield of PSII photochemistry (Fv′/Fm’, 61.0%), 
actual photochemical efficiency of PSII (ΦPSII, 65.5%), 
electron transport rate (ETR, 63.0%), and photochemical 
quenching coefficient (qP, 50.0%) values than those in the 
well-watered plants. Drought-induced decrease in these 
attributes was significantly alleviated by vermicompost 
and/or EM applications (Table 3). Water deficit condi-
tions greatly increased the non-photochemical quench-
ing coefficients (qN) value, which was mitigated by 
vermicompost and/or EM treatments (Table 3). Under 
well-watered and water-stressed (70% and 30% FC) con-
ditions, the combined application significantly (p < 0.05) 
improved the Fv/Fm by 43.0%, 69.9%, and 179.5%; Fv′/Fm’ 
by 35.1%, 54.2%, and 146.7%; ΦPSII by 44.8%, 82.9%, 
and 215.0%; ETR by 25.3%, 57.6%, and 172.5%; and qP 
by 22.1%, 47.3%, and 126.5%, respectively, compared to 
the untreated plants.

Effect of vermicompost and/or EM applications 
on photosynthetic enzyme activity 
under well‑watered and water‑stressed conditions

When compared to the well-watered plants, plants cul-
tivated in a severe (30% FC) water deficit condition dis-
played a considerable drop in Rubisco (59.5%), FBPase 
(54.8%), GAPDH (49.5%), and FBA (41.3%) activity. In 
contrast, vermicompost and/or EM treatments decreased 
drought damage and significantly (p < 0.05) enhanced their 
activities (Fig. 5A–D). The combination treatment signifi-
cantly increased the activity of Rubisco (161.4%), FBPase 
(118.0%), GAPDH (105.0%), and FBA (72.8%) as compared 
to the untreated plants at a severe (30% FC) water stress 
condition.

Effect of vermicompost and/or EM applications 
on nutrient acquisition under well‑watered 
and water‑stressed conditions

Plants cultivated in a severe (30% FC) water deficit condi-
tion acquired significantly less nitrogen (52.6%), phospho-
rus (50.0%), potassium (49.7%), iron (46.8%), zinc (46.4%), 
and copper (53.0%) than the non-stressed plants. Contra-
rily, application of vermicompost and/or EM significantly 
reduced the negative impacts of water shortage on the con-
tent of macro- and micro-elements (Fig. 6A–F). When com-
pared to the untreated plants under a severe (30% FC) water 
stress condition, combined treatment significantly (p < 0.05) 
enhanced the concentration of nitrogen, phosphorus, potas-
sium, iron, zinc, and copper by 120.0%, 150.0%, 138.4%, 
104.1%, 97.0%, and 132.7%, respectively.

Table 2   Effect of vermicompost, effective microorganisms (EM), and their interaction on the gas exchange parameters in leaves of wheat plants 
grown under different water deficit conditions

Different letters in the same column indicate significant differences (p < 0.05) between different treatments according LSD test. Values shown are 
means ± standard error (SE) of four replicates

Water deficit conditions  + different applications Photosynthetic rate (Pn, μmol 
CO2 m−2 s−1)

Stomatal conductance (Gs, 
mol H2O m−2 s−1)

Transpiration rate (Tr, 
mmol H2O m−2 s−1)

Well-watered (WW) 17.3 ± 0.81c 0.49 ± 0.02 cd 7.01 ± 0.14ef

WW + EM 20.6 ± 0.62b 0.59 ± 0.03bc 8.64 ± 0.22c

WW + Vermicompost 21.8 ± 0.79ab 0.66 ± 0.04ab 9.41 ± 0.18b

WW + Vermicompost + EM 23.0 ± 0.92a 0.71 ± 0.04a 9.77 ± 0.20a

Water deficit stress (WD1; 70% of field capacity) 13.6 ± 0.47d 0.37 ± 0.02e 5.39 ± 0.11 h

WD1 + EM 18.5 ± 0.39c 0.50 ± 0.03 cd 6.84 ± 0.15f

WD1 + Vermicompost 20.4 ± 0.60b 0.59 ± 0.03bc 8.10 ± 0.19d

WD1 + Vermicompost + EM 21.1 ± 0.43b 0.65 ± 0.04ab 8.27 ± 0.28d

Water deficit stress (WD2; 30% of field capacity) 8.0 ± 0.28e 0.16 ± 0.02f 3.00 ± 0.17i

WD2 + EM 14.9 ± 0.40d 0.39 ± 0.03de 5.81 ± 0.19 g

WD2 + Vermicompost 18.0 ± 0.25c 0.49 ± 0.05 cd 7.10 ± 0.18e

WD2 + Vermicompost + EM 20.4 ± 0.31b 0.56 ± 0.02bc 7.14 ± 0.14e
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Effect of vermicompost and/or EM applications 
on roots’ H+‑pump activity under well‑watered 
and water‑stressed conditions

Water scarcity significantly reduced the ATP content and PM 
H+-ATPase activity in wheat roots; however, treatments with 
vermicompost and/or EM significantly raised their values 
and lessened the water stress’s inhibitory effect (Fig. 7A, B). 
In compared to the untreated plants, the combined applica-
tion of vermicompost and EM resulted in a 280.0% increase 
in ATP content and a 93.8% rise in PM H+-ATPase activity 
in the roots of wheat plants grown under a severe (30% FC) 
water stress condition. However, the vermicompost applica-
tion gave the best result and significantly improved the PM 
H+-ATPase activity by 38.5% and 52.0% when compared to 
the untreated plants under well-watered and water-stressed 
(70% FC) conditions, respectively.

Further evidence from our research showed that water 
scarcity increased VM H+-ATPase and VM H+-PPase 
activities. Additionally, vermicompost and/or EM treat-
ments increased their activities even more under drought 

conditions (Fig. 7C, D). The activity of VM H+-ATPase 
(59.4%) and VM H+-PPase (52.3%) in wheat roots was 
significantly (p < 0.05) boosted by combination treatment 
under the severe (30% FC) water stress condition com-
pared to the untreated plants.

Effect of vermicompost and/or EM applications 
on oxidative stress markers under well‑watered 
and water‑stressed conditions

In comparison to the non-stressed plants, plants grown in a 
severe (30% FC) water deficit condition showed a signifi-
cant increase in H2O2 (70.1%) and MDA (68.9%) values. 
On the contrary, the application of vermicompost and/or 
EM significantly decreased their values (Fig. 8A, B). The 
combination treatment significantly (p < 0.05) decreased 
the H2O2 content by 34.1% and 41.7% and MDA content 
by 36.2% and 43.0% under water-stressed (70% and 30% 
FC) conditions, respectively, relative to the untreated 
plants.

Table 3   Effect of vermicompost, effective microorganisms (EM), and their interaction on the chlorophyll fluorescence attributes in leaves of 
wheat plants grown under different water deficit conditions

Different letters in the same column indicate significant differences (p < 0.05) between different treatments according LSD test. Values shown are 
means ± standard error (SE) of four replicates

Water deficit condi-
tions  + different 
applications

Maximum quantum 
efficiency of PSII 
photochemistry 
(Fv/Fm)

Actual photochemi-
cal efficiency of 
PSII (ΦPSII)

Effective quan-
tum yield of PSII 
photochemistry 
(Fv′/Fm’)

Electron 
transport rate 
(ETR)

Photochemical 
quenching coef-
ficient (qP)

 Non-photochemical 
quenching coeffi-
cients (qN)

Well-watered 
(WW)

1.07 ± 0.05e 0.58 ± 0.03c 0.77 ± 0.06bcd 72.8 ± 0.70 cd 0.68 ± 0.04 cd 0.34 ± 0.02 cd

WW + EM 1.33 ± 0.04bc 0.68 ± 0.04bc 0.89 ± 0.06ab 80.9 ± 0.90b 0.75 ± 0.04abc 0.33 ± 0.02 cd

WW + Vermicom-
post

1.42 ± 0.06ab 0.77 ± 0.04ab 0.98 ± 0.08a 90.0 ± 1.11a 0.83 ± 0.05a 0.30 ± 0.01d

WW + Vermicom-
post + EM

1.53 ± 0.07a 0.84 ± 0.03a 1.04 ± 0.08a 91.2 ± 0.83a 0.83 ± 0.05 a 0.30 ± 0.02d

Water deficit stress 
(WD1; 70% of 
field capacity)

0.83 ± 0.05f 0.41 ± 0.01e 0.59 ± 0.05de 51.6 ± 0.64e 0.55 ± 0.07e 0.44 ± 0.03b

WD1 + EM 1.13 ± 0.04de 0.57 ± 0.01 cd 0.76 ± 0.07bcde 67.9 ± 0.88d 0.69 ± 0.06bcd 0.37 ± 0.03c

WD1 + Vermicom-
post

1.27 ± 0.05bcd 0.68 ± 0.04bc 0.86 ± 0.07abc 80.0 ± 1.01b 0.78 ± 0.05ab 0.33 ± 0.04 cd

WD1 + Vermicom-
post + EM

1.41 ± 0.06ab 0.75 ± 0.05ab 0.91 ± 0.06ab 81.3 ± 0.99b 0.81 ± 0.04a 0.32 ± 0.03 cd

Water deficit stress 
(WD2; 30% of 
field capacity)

0.44 ± 0.05 g 0.20 ± 0.01f 0.30 ± 0.02f 26.9 ± 0.35f 0.34 ± 0.02f 0.57 ± 0.04a

WD2 + EM 0.85 ± 0.04f 0.43 ± 0.01de 0.58 ± 0.04e 53.1 ± 0.56e 0.60 ± 0.04de 0.43 ± 0.05b

WD2 + Vermicom-
post

1.07 ± 0.05e 0.56 ± 0.02 cd 0.70 ± 0.04cde 69.9 ± 0.64d 0.70 ± 0.05bc 0.36 ± 0.05c

WD2 + Vermicom-
post + EM

1.23 ± 0.05 cd 0.71 ± 0.03b 0.74 ± 0.05bcde 73.3 ± 0.81c 0.77 ± 0.04abc 0.35 ± 0.04 cd
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Effect of vermicompost and/or EM applications 
on cell membrane stability under well‑watered 
and water‑stressed conditions

Water deficiency reduced MSI value while increasing 
EL. In contrast, vermicompost and/or EM applications 
improved wheat’s ability to withstand drought by raising 
MSI and lowering EL (Fig. 8C, D). Under a severe (30% 
FC) water stress condition, combined treatment signifi-
cantly (p < 0.05) raised MSI (110.7%) and decreased EL 
(33.3%) in wheat leaves, compared to the untreated ones.

Notably, using vermicompost alone or in combination 
with EM improved all of the tested parameters more effec-
tively than using EM alone. Furthermore, under a severe 
(30% FC) water stress condition, when combined with 
EM, vermicompost had a greater effect on modulating 
total leaf area, grain yield, Pn, Fv/Fm, ΦPSII, ETR, phos-
phorus, potassium, iron, ATP, and MSI values, as well as 
PSII, GAPDH, and PM H+-ATPase activities than either 
vermicompost or EM alone.

Discussion

Drought stress is one of the major global factors affecting 
wheat production (Chowdhury et al. 2021). Vermicompost 
(Feizabadi et al. 2021; Ahmad et al. 2022; Ma et al. 2022; 
Jahan et al. 2023; Rehman et al. 2023) and EM (Talaat et al. 
2015; Talaat and Shawky 2017; Abd El-Mageed et al. 2020, 
2022; Abdelkhalik et al. 2023) have been found to improve 
plant growth and productivity, particularly under challeng-
ing conditions. Nonetheless, no information on the effect of 
combining vermicompost with EM on wheat drought toler-
ance is currently available. The current study demonstrates 
that combining vermicompost with EM can alleviate the del-
eterious effects of water deficiency via enhancing photosyn-
thetic machinery, nutrient uptake efficiency, root H+-pump 
activity, and cell membrane stability. This study sheds new 
light on the mechanisms of water stress alleviation in wheat 
using vermicompost and EM treatments.

Drought is the most serious threat, limiting plant growth 
and productivity (Todorova et  al. 2016; Wasaya et  al. 
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Fig. 5   Effect of effective microorganisms (EM), vermicompost, and 
their interaction on the activity of: A ribulose diphosphate carboxy-
lase/oxygenase (Rubisco), B fructose 1,6-bisphosphatase (FBPase), C 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and D fruc-
tose 1,6-bisphosphate aldolase (FBA) in leaves of wheat plants grown 

under three different irrigation levels [100% (WW), 70% (WD1), and 
30% (WD2) of field capacity]. Bars represent ± standard error of the 
mean (n = 4) and the alphabets show significant difference (LSD’s 
test, p < 0.05) among treatments
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2021; Talaat 2023). Our findings manifested a significant 
depression in the growth and productivity of wheat plants 
grown in water-scarce circumstances. This decline could be 
explained by the effects of ROS buildup, which can block 
critical metabolic processes like photosynthesis, mineral 
uptake, enzyme activity, and damage to important cellular 
compartments (Talaat and Shawky 2012, 2022; Chowdhury 
et al. 2021). Our research also showed a considerable reduc-
tion in photosynthetic pigment content, photochemical pro-
cesses, Calvin cycle enzyme activity, photosynthetic rate, 

acquisition of essential nutrients, along with a significant 
damage to cell membrane structure that in turn lessens wheat 
productivity under water-stressed environments. Contrarily, 
we found that vermicompost and/or EM applications sig-
nificantly enhanced wheat growth and production under 
water-scarce conditions. This can be explained by lowering 
oxidative damage and photosynthetic pigment degradation 
while improving photosynthetic activity, nutrient acquisi-
tion, roots’ H+-pump activity, and roots’ ATP content. In 
agreement with our results, Baghbani-Arani et al. (2021), 
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Fig. 6   Effect of effective microorganisms (EM), vermicompost, and 
their interaction on the concentration of: A nitrogen (N), B phospho-
rus (P), C potassium (K), D iron (Fe), E zinc (Zn), and F copper (Cu) 
in grains of wheat plants grown under three different irrigation levels 

[100% (WW), 70% (WD1), and 30% (WD2) of field capacity]. Bars 
represent ± standard error of the mean (n = 4) and the alphabets show 
significant difference (LSD’s test, p < 0.05) among treatments
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Ebrahimi et al. (2021), Feizabadi et al. (2021), Hafez et al. 
(2021), Ahmad et al. (2022), Heidarzadeh et al. (2022), 
and Jahan et al. (2023) demonstrated that vermicompost 
significantly boosted plant growth and development under 
water scarcity. Most likely, improved soil water retention 
capacity, reduced nutrient leaching, increased nutrient avail-
ability, and the presence of phosphate-solubilizing bacteria, 
nitrogen-fixing bacteria, zinc-solubilizing bacteria, actino-
mycetes, humus, and growth hormones like cytokinins, 
auxins, and gibberellins in vermicompost are the causes of 
these restorations in vermicompost-treated plants (Mengistu 
et al. 2017; Cai et al. 2018; Rezaei-Chiyaneh et al. 2021; Ma 
et al. 2022; Song et al. 2022). Additionally, in this study, EM 
application greatly increased wheat growth and production. 
This result is consistent with those of Talaat (2015) and Abd 
El-Mageed et al. (2022), who found that EM stimulate plant 
growth and crop productivity under stressful conditions. 
Actually, under challenging conditions, EM can signifi-
cantly increase crop production by producing biologically 
active molecules (such as lactic acid, vitamins, amino acids, 
esters, sugars, enzymes, hormones, etc.), improving soil 
physical and chemical properties, accelerating organic waste 
decomposition, activating beneficial soil microorganisms, 

increasing nutrient availability, and boosting photosynthetic 
capacity (Talaat et al. 2015; Talaat and Shawky 2017; Abd 
El-Mageed et al. 2020; Abdelkhalik et al. 2023).

Water scarcity is regarded as a negative environmen-
tal stress that impairs photosynthesis (Ahmad et al. 2022; 
Talaat 2023). Our findings indicate that water stress reduces 
photosynthetic efficiency by negatively affecting the pho-
tosynthetic pigment concentration, photochemical reaction 
activity, gas exchange capacity, Calvin cycle enzyme activ-
ity, and chlorophyll fluorescence system. Our results are con-
sistent with those of Talaat (2021), Ghaffari et al. (2022), 
and Talaat and Hanafy (2023) who found that stressful con-
ditions impair photosynthesis by reducing electron trans-
fer between the two photosystems, photosynthetic pigment 
level, gas exchange and chlorophyll fluorescence proper-
ties, and photosynthetic enzyme activity. Conversely, under 
water-stressed conditions, our results showed a consider-
able improvement in photosynthetic metrics in plants treated 
with vermicompost and/or EM. These findings are consist-
ent with those reported by Abd El-Mageed et al. (2020), 
Song et al. (2022), Abdelkhalik et al. (2023), and Rehman 
et al. (2023). This improvement may have been caused by 
enhanced nutrient and water absorption (Feizabadi et al. 
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Fig. 7   Effect of effective microorganisms (EM), vermicompost, and 
their interaction on the: A ATP content, B plasma membrane (PM) 
H+-ATPase activity, C vacuole membrane (VM) H+-ATPase activity, 
and D vacuole membrane (VM) H+-PPase activity in roots of wheat 

plants grown under three different irrigation levels [100% (WW), 70% 
(WD1), and 30% (WD2) of field capacity]. Bars represent ± standard 
error of the mean (n = 4) and the alphabets show significant difference 
(LSD’s test, p < 0.05) among treatments
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2021; Wasaya et al. 2021; Younas et al. 2021; Ahmad et al. 
2022; Abdelkhalik et al. 2023; Jahan et al. 2023) as well as 
the preservation of antioxidant capacity, membrane integ-
rity, and osmolytes level (Talaat 2015; Abd El-Mageed et al. 
2020; Jahan et al. 2023; Rehman et al. 2023).

Plant nutrient uptake is often disrupted by water deficit 
(Talaat and Shawky 2017; Ahmad et al. 2022). Our data 
indicated a significant decrease in grain nutrient acquisition 
due to water scarcity. Likewise, investigations by Baghbani-
Arani et al. (2021) and Heidarzadeh et al. (2022) showed 
that nutrient availability decreased during drought stress. 
Conversely, when water was scarce, our data demonstrated 
a significant improvement in grain nutrient acquisition in 
plants treated with vermicompost and/or EM. Actually, a 
number of factors are thought to have contributed to ver-
micompost-mediated improved wheat nutrient content under 
drought conditions, including altered soil physical proper-
ties, which reduces nutrient leaching (Song et al. 2022), 
enhanced soil porosity and water retention, which increases 
nutrient availability (Coulibaly et al. 2018; Ma et al. 2022), 
improved inorganic fertilizer effectiveness, which enhances 
nutrient uptake (Rezaei-Chiyaneh et al. 2021; Song et al. 
2022), reduced oxidative damage (Ahmad et al. 2022), and 

the presence of necessary macro- and micro-nutrients, ben-
eficial microorganisms, and other bioactive compounds in 
vermicompost (Cai et al. 2018; Ma et al. 2022). Addition-
ally, our study demonstrated a significant increase in grain 
nutrient acquisition with EM treatment under water-deficit 
conditions. This improvement is most likely the result of 
increased organic matter breakdown and mineralization, 
which releases more nutrients into the soil for plant absorp-
tion (Talaat and Shawky 2017; Naik et al. 2020); improved 
tissue water content and cell membrane integrity, which 
increases plant nutrient acquisition (Talaat 2015; Abd El-
Mageed et al. 2022); and stimulated root growth, which 
increases the potential for nutrient uptake (Talaat et al. 
2015; Abd El-Mageed et al. 2020; Abdelkhalik et al. 2023). 
Remarkably, by increasing nutrient uptake, the application 
of vermicompost and/or EM significantly increased grain 
yield in terms of both quantity and quality.

Ion transfer is greatly controlled by the roots’ ATP 
content and H+-pump activity (Talaat and Hanafy 2023). 
Previous studies have shown that increased root VM 
H+-ATPase and VM H+-PPase activity confers drought 
tolerance (Vigani et al. 2019; Cheng et al. 2021). This 
implies that they could be able to maintain cell turgor 
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Fig. 8   Effect of effective microorganisms (EM), vermicompost, and 
their interaction on the: A lipid peroxidation, B hydrogen peroxide 
(H2O2) content, C membrane stability index (%), and D electrolyte 
leakage (%) in leaves of wheat plants grown under three different 

irrigation levels [100% (WW), 70% (WD1), and 30% (WD2) of field 
capacity]. Bars represent ± standard error of the mean (n = 4) and the 
alphabets show significant difference (LSD’s test, p < 0.05) among 
treatments
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Fig. 9   Co-application of vermicompost and effective microorganisms sustains wheat drought tolerance by enhancing photosynthetic efficiency, 
maintaining cellular membrane stability, and improving mineral nutrient uptake via modulating roots’ ATP content and roots’ H+-pump activity
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in plant tissues by generating a proton gradient across 
the vacuolar membrane (Gaxiola et al. 2016). Further-
more, a correlation between enhanced auxin levels and 
increased VM H+-PPase activity has been demonstrated. 
Auxin promotes cell division during organogenesis and 
results in longer root systems, improving plant perfor-
mance and nutrient uptake under drought environments 
(Park et al. 2005). According to the “acid” growth theory, 
plant growth requires acidity in the cell wall space, which 
is caused by H+ effluxes of PM H+-ATPase (Staal et al. 
2011). Surprisingly, the findings of this study revealed that 
adding vermicompost and/or EM significantly increased 
the ATP content and PM H+-ATPase, VM H+-ATPase, and 
VM H+-PPase activities in wheat roots. This could support 
the idea that these two amendments could help to main-
tain plasma membrane polarization, improving nutrient 
ion uptake and plant performance in water-stressed envi-
ronments. Moreover, our hypothesis agrees with the result 
of Canellas et al. (2019), who found that vermicompost 
increases ion channels activity like H+/ATPase, improving 
nutritional ion exchange at the root-soil interface.

Our findings also revealed the presence of oxidative 
damage in wheat-stressed plants, as evidenced by increased 
H2O2, MDA, and EL levels and reduced MSI. Similar 
results are reported by Chowdhury et al. (2021), Ahmad 
et al. (2022), and Talaat et al. (2023). Interestingly, stressed 
plants exhibited a significant decrease in H2O2 and MDA 
accumulation when treated with vermicompost and/or 
EM. Decreased MDA and H2O2 generation may account 
for the observed higher MSI and lower EL values. These 
findings align with those of Talaat (2015), Hosseinzadeh 
et al. (2018), Abd El-Mageed et al. (2020), Ghaffari et al. 
(2022), and Abdelkhalik et al. (2023), who observed that 
stressed-plants treated with vermicompost or EM exhibited 
a rise in MSI level and a fall in MDA, H2O2, and EL values. 
Actually, the enhanced carotenoids content in wheat leaves 
of stressed-treated plants is assumed to be responsible for 
the higher antioxidant capacity. In this respect, Abid et al. 
(2018) stated that carotenoid is a significant non-enzymatic 
molecule that, through lowering ROS accumulation, can 
improve wheat drought tolerance. Moreover, vermicom-
post is a highly effective antioxidant that can scavenge and 
capture ROS (Aslam et al. 2021). Furthermore, antioxidant 
enzyme activity can be increased by the presence of Zn, 
Fe, Mn, and Cu in vermicompost (Roy et al. 2010). Simi-
larly, EM supplementation increased the activity of antioxi-
dant enzymes, strengthening the ROS scavenging system 
as a potent H2O2 detoxification mechanism (Talaat 2015; 
Abd El-Mageed et al. 2022). Remarkably, the application 
of vermicompost, EM, and their combination can preserve 
normal membrane function and decrease the adverse effects 
of water-scarce conditions by avoiding EL, stabilizing mem-
branes, and keeping ROS levels within normal ranges.

Our study concludes that combining vermicompost and 
EM treatments can result in wheat plants with a favorable 
biochemical profile and a higher yield under water scarcity 
condition. This combined application improved wheat growth 
and development, yield quantity and quality, and water stress 
tolerance by triggering the machinery of photosynthesis, ROS 
burst, and nutrient absorption (Fig. 9).

Conclusion

Developing an economical, environmentally friendly, and 
effective water deficit management technique is one of the 
most important challenges. The current study’s findings 
clearly demonstrate that using co-application of vermicom-
post and EM reduces the detrimental effects of water scarcity 
on wheat growth and productivity by enhancing photosyn-
thetic efficiency through improving photosynthetic pigment 
concentration, gas exchange capacity, photochemical reac-
tion activity, chlorophyll fluorescence system, and Calvin 
cycle enzyme activity. Furthermore, by inhibiting the gener-
ation of H2O2 and MDA, the co-application treatment modi-
fies the structure of cellular membranes and reduces oxida-
tive damage. Moreover, this combined treatment improved 
nutrient acquisition by activating the roots’ H+-pump and 
increasing the ATP content. In line with the goals of sustain-
able agriculture, our findings provide novel insight on the 
use of vermicompost and EM in combination to improve 
crop stress tolerance.
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