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Osmotic stress is a major hurdle to the optimization of maize productivity. Limited availability of what
the decrease the maize productivity due to alteration in metabolic activities. It also decreases the uptake
of essential nutrients in the plants which resulted in limited photosynthetic activities. Such conditions
resulted in poor plant growth and productivity. To overcome this critical issue, most scientists suggest
incorporating organic amendments in the soil. These days incorporation of acidified carbon (AC) is
becoming popular for the alleviation of abiotic stresses in crops. It can not only improve soil physico-
chemical properties but also increases the bioavailability of nutrients to plants. That’s why the current
study was conducted to explore the best application rate of AC for maize under osmotic stress. There
were application rates of AC i.e., 0, 0.75, and 1.50% applied under 70, 50, and 30% field capacity (FC).
Results showed that shoot (47.14 and 82.60%) and root length (32.19 and 69.76%), shoot fresh (102.40
and 135.22%) and dry weight (77.19 and 121.51%), root fresh (82.82 and 104.42%) and dry weight
(59.17 and 80.30%) were significantly enhanced in maize by application of 0.75 and 1.50% AC under
30% FC. A significant decrease in the electrolyte leakage also validated the effectiveness of 0.75 and
1.50% AC for alleviation of osmotic stress in maize. In conclusion, 0.75 and 1.50% AC are effective in
the improvement of maize growth and yield attributes in maize. More investigations are suggested at
the field level to declare 1.50% AC as the best treatment for alleviation of osmotic stress.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Maize (Zea mays L.) is an important food, feed, and fuel crop
around the world. Its grain production has expanded more than
eightfold in the last century, reaching one billion tonnes per year
globally. It is the most widely cultivated tropical crop throughout
the world. Its origin has long been a source of contention. In terms
of area and productivity, maize (Zea mays L.) is the world’s third
most significant cereal crop after wheat and rice. It also has value
in poultry and cattle production (Shafiq-ur-Rehman et al., 2008).
Furthermore, maize provides a variety of health advantages i.e.,
B-complex vitamins, which are beneficial to the skin, hair, heart,
brain, and digestion. Because the population will grow to 9 billion
people by 2050, 70% more food will be required than is consumed
today. Maize is expected to account for more than half of the rise in
cereal demand in the future (FAO, 2009).

Tropical maize production accounts for around 30% of global
maize production, with tropically adapted germplasm accounting
for 49% of global maize planted area. Maize is cultivated on 1.11
million hectares in Pakistan, with 3.62 tons/ha average grain yield.
However, the maize crop faces several problems during its growth
period, unbalanced nutrition and less availability of irrigation are
two of the most important factors contributing to low maize yield
(Othmani et al., 2021).

Nitrogen, as an essential ingredient, is critical to crop develop-
ment and final grain output (Rafiq et al., 2010). This element’s def-
icit has been identified as one of the most significant yield-limiting
variables in cereal production. Low-rate nitrogen application low-
ered grain production by 43–74% and plant number by 33–65%
(D’Andrea et al., 2006). With an increase in nitrogen rate, yield
and protein concentration in maize seed rose. Higher plant densi-
ties boosted the efficiency of applied nitrogen to maize crops. Grain
production in maize is also increased when plant density increased
with the N rate (Toler et al., 1999).

Furthermore, limited water uptake in the plants also played a
major role in decreasing the yield of crops. Climatic models have
already predicted that the severity and intensity of osmotic stress
will be enhanced over time (IPCC, 2007). In arid areas, low rainfall
and the high evaporation of water due to high temperature are
major causes of the development of drought situation. Plants usu-
ally lose turgor under limited water uptake which resulted in the
impairment of enzymes and disturbance in phenology (Zeiger
and Taiz, 2010). It also affects the uptake of macronutrients i.e.,
N, P, and K, which usually become deficient in osmotic stress in
the plants. A significant disturbance in the biochemical attributes
of plants under osmotic stress also acts as an allied factor for the
reduction in crop production (Anjum et al., 2008).

Organic supplements (Brtnicky et al., 2021; Hashmi et al.,
2019), such as acidified carbon (AC) have recently been proposed
as a means of enhancing crop productivity in a variety of soils,
including heavy metals toxic soils. Biochar is a natural and eco-
friendly soil amendment since it is resistant to microbial break-
down and performs these functions for a longer period of time
(Hardy et al., 2019). Biochar can aid with soil acidity remediation
in a variety of ways. The carboxylic and phenolic functional groups
on the surface of biochar can aid to buffer soil pH, while the bio-
char’s intrinsic basic cations can also help to reduce soil pH
(Ahmed et al., 2022). The second effect may be transient, whereas
the former effect will grow stronger over time (Mia et al., 2017).

Acidified carbon can also promote soil microbial processes,
which aids in the acquisition of nutrients under acidic conditions
(Xu et al., 2014). In one field investigation, applying paddy
straw-derived biochar to sandy soil raised the soil pH by 4.5 units
compared to the control (El-Naggar et al., 2018). The maize crop
has a high yield potential and responds well to various
2

management approaches, such as adding AC to the soil and soil
conditioning (Iqbal et al., 2021).

With these issues in mind, the current experiment was
designed to consider maize as a test crop for providing potential
benefits to the growers. The study is covering the knowledge gap
with novelty regarding the use of AC in maize crops under osmotic
stress. The study aimed to examine the impact of acidified different
application rates on maize growth and yield under osmotic stress.
It is hypothesized that the addition of acidified carbon might have
the potential to improve the growth, yield, and nutrient concentra-
tion of maize when cultivated under osmotic stress.

2. Material and methods

2.1. Experimental site and design

A pot study was done in the research area of Pesticide Quality
Control Laboratory Multan. The design of the study was a com-
pletely randomized design (CRD). Treatments were applied in 2
factorial arrangements of treatment were made i.e., drought levels
and AC.

2.2. Acidified carbon

For the manufacturing of AC modified methods of Sultan et al.
(2020) was adopted. For pH and EC characterization of AC, deion-
ized water and AC were mixed in a 20:1 ratio (Shi et al., 2017).
Digestion of AC was done by di-acid mixture HNO3:HClO4 (2:1
ratio) at 280 �C on the hot plate. Phosphorus was assessed in AC
via the yellow colour method on a spectrophotometer (Chapman
and Pratt, 1961). Potassium, calcium and sodium were determined
in digested material by a PFP-7 flamephotometer (Donald and
Hanson, 1998). For examining total N in AC, Kjeldhal’s distillation
was carried out for (Bremner, 1996). Ash content (AC) and volatile
matter (VM) in AC were analyzed by heating at 550 �C and 450 �C
respectively in a muffle furnace (Danish et al., 2019). For fixed car-
bon Noor et al. (2012) equation was used

FixedCarbon %ð Þ ¼ 100� ð%VolatileMatterþ %AshContentÞ
The characteristic of AC is provided in Table 1.

2.3. Drought stress and soil characterization

The drought stress was maintained based on soil field capacity
(FC). For control, normal irrigation was provided at the rate of 70%
FC (70FC). Mild drought stress was applied by minimizing the irri-
gation water to maintain the FC of 50% (50FC). For severe drought
stress, 30%FC was maintained by irrigation water (Danish and
Zafar-ul-Hye, 2019).

Assessment of soil separates sand, silt and clay was made using
hydrometer. Finally, USDA textural triangle was followed for com-
putation of soil texture (Gee and Bauder, 1986). Soil EC and pH
were determined by making 1:10 and 1:1 w/v ratio mixture of soil
and deionized water. Soil organic matter was assessed via ferrous
ammonium sulfate and potassium dichromate (Sparks et al.,
1996). Soil available P was examined on spectrophotometer at
880 nm using Olsen extracting solution (Kuo, 1996). However, soil
available K was analyzed on flame photometer by using ammo-
nium acetate as extracting reagent (Donald and Hanson, 1998).

2.4. Treatment plan and NBC application

A total of nine treatments was applied with 3 replications. The
treatments include control (No AC) + normal soil irrigation (70FC),
70FC + 0.75%AC, 70FC + 1.50%AC, mild drought stress (50FC),
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50FC + 0.75AC, 50FC + 1.50AC, severe drought stress (30FC),
30FC + 0.75AC and 30FC + 1.50AC. On a w/w basis, AC was applied
in the soil as per the treatment plan manually.

2.5. Irrigation water characteristics

The characteristics of tap water were pH (7.12), EC (0.54 dS/m),
carbonates (0.00 meq./L), bicarbonates (5.17 meq./L), chlorides
(0.10 meq./L) and Ca + Mg (1.21 meq./L) (Estefan et al., 2013).

2.6. Seeds collection and sowing

Healthy maize seeds YH 1898 were selected on visual and man-
ual basis. Initially five seeds were sown in each pot. Later after ger-
mination, thinning was done and 2 seedlings were maintained per
pot.

2.7. Fertilizer application

Nitrogen was added at the rate of 227.24 kg ha�1 in three sep-
arates. At the time of sowing, phosphorus and potassium were
added at the rate of 143.26 kg ha�1 and 91.93 kg ha�1 (Saboor
et al., 2021).

2.8. Data collection

At vegetative maturity plants were harvested. Shoot and root
length, shoot fresh and dry weight, root fresh and dry weight were
examined soon after harvesting. For dry weight analysis, samples
were oven-dried at 65 �C for 48 h.

2.9. Gas exchange attributes

An IRGA (infrared gas analyzer) was utilized for the determina-
tion of photosynthetic rate (Pn), stomatal conductance (gs) and
transpiration rate (E) (Danish and Zafar-ul-Hye, 2019; Saboor
et al., 2021).

2.10. Chlorophyll contents

For analyses of chlorophyll contents, 80% acetone was used.
Final calculations were made using following equations (Arnon,
1949).

Chlorophylla mgg�1� �¼
12:7 � Absorbance663ð Þ�2:69� Absorbance645ð Þ�VolumeMade

1000�ðSampleWeightÞ

Chlorophyllb mgg�1
� �¼

22:9 � Absorbance645ð Þ�2:69� Absorbance663ð Þ�VolumeMade
1000�ðSampleWeightÞ

Total Chlorophyll ðmgg�1Þ ¼ Chlorophyll aþ Chlorophyll b
2.11. Electrolyte leakage

Electrolyte leakage (EL) was measured using the method by
Lutts et al. (1996).

Electrolyte leakage ð%Þ ¼ EC1
EC2

� �
� 100
3

2.12. Statistical analysis

All the data was sorted out using standard statistical procedures
(Steel et al., 1997). Two factorial ANOVA and Fisher’s LSD were
applied for the comparison of treatments. Origin2022Pro software
was used for making paired comparison graphs (OriginLab
Corporation, 2021).
3. Results

3.1. Shoot length and root length

Results showed that the effects of AC application rates and vari-
able levels of irrigation water were significant on the shoot length
of maize. A significant increase in shoot length was noted where
1.50AC and 0.75AC were applied under normal irrigation (70FC),
mild drought (50FC) and severe drought (30FC) compared to con-
trol (0AC). Treatment 1.50AC performance significantly better for
improvement in shoot length than 0.75AC under 70FC, 50FC and
30FC (Fig. 1A). A maximum increase of 20.65, 26.71, and 47.14%
in shoot length was noted in 0.75AC over 0AC under 70, 50, and
30FC respectively. Similarly, the addition of 1.50AC caused a max-
imum significant increase (96.13, 69.22, and 82.60%) in shoot
length than 0AC under 70, 50, and 30FC respectively. Fig. 1B is
elaborating on the interaction of variables under AC application
rates and variable levels of irrigation water for shoot length.

It was noted that the impacts of AC application rates and vari-
able levels of irrigation water were significant on the root length
of maize. A significant enhancement in root length was observed
where 1.50AC and 0.75AC were added under mild drought (50FC)
and severe drought (30FC) over control (0AC). Treatment 1.50AC
differed significantly better for increase in root length than
0.75AC under 70FC, 50FC and 30FC (Fig. 1C). The maximum
increase of 13.95, 24.39, and 32.19% in root length was noted in
0.75AC over 0AC under 70, 50, and 30FC respectively. Similarly,
the addition of 1.50AC caused a maximum significant increase
(70.09, 77.58, and 69.76%) in root length than 0AC under 70, 50,
and 30FC respectively. Fig. 1D is elaborating on the interaction of
variables under AC application rates and variable levels of irriga-
tion water for root length.

3.2. Shoot fresh and dry weight

The influence of AC application rates and variable levels of irri-
gation water was significant on the shoot fresh weight of maize. A
significant increase in shoot fresh weight was observed where
1.50AC and 0.75AC were incorporated under 70FC, 50FC, and
30FC than control (0AC). Application of 1.50AC remained signifi-
cantly better for improvement in shoot fresh weight than 0.75AC
under 70FC, 50FC, and 30FC (Fig. 2A). A maximum increase of
23.79, 46.13, and 102.40% in shoot fresh weight was noted in
0.75AC over 0AC under 70, 50, and 30FC respectively. Similarly,
the addition of 1.50AC caused a maximum significant increase
(78.46, 70.67, and 135.22%) in shoot fresh weight than 0AC under
70, 50, and 30FC respectively. Fig. 2B is elaborating on the interac-
tion of variables under AC application rates and variable levels of
irrigation water for shoot fresh weight.

A significant enhancement in shoot dry weight was noted in
1.50AC and 0.75AC under 70FC, 50FC and 30FC over control
(0AC). Application of 1.50AC was significantly better for an
increase in shoot dry weight compared to 0.75AC under 70FC,
50FC, and 30FC (Fig. 2C). A maximum increase of 26.62, 70.83,



Fig. 1. Effect of AC application rates on shoot (A) and root length (C) of maize grown under normal, mild, and severe drought stress. Bars are means of 3 replicates ± SE.
Variable letters on bars are showing significant changes (Tukey test; p � 0.05). A parallel plot is showing the interaction of variables for shoot and root length of maize grown
under normal, mild, and severe drought stress. The color scheme is showing the data range for shoot (B) and root length (D) affected by treatments. AC = acidified carbon;
FC = Field capacity; AC = acidified carbon; FC = Field capacity.
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and 77.19% in shoot dry weight was noted in 0.75AC over 0AC
under 70, 50, and 30FC respectively. Similarly, the addition of
1.50AC caused a maximum significant increase (73.92, 109.60,
and 121.51%) in shoot dry weight than 0AC under 70, 50, and
30FC respectively. Fig. 2D is elaborating on the interaction of vari-
ables under AC application rates and variable levels of irrigation
water for shoot dry weight.
3.3. Root fresh and dry weight

Significant changes in root fresh weight were noted under the
application of AC application rates and variable levels of irrigation
water. Treatments 1.50AC and 0.75AC caused significant improve-
ment in root fresh weight under 70FC, 50FC and 30FC compared to
control (0AC). Application of 1.50AC caused a significant increase
in root fresh weight compared to 0.75AC under 70FC and 50FC
(Fig. 3A). The maximum increase of 14.42, 29.29, and 82.82% in
root fresh weight was noted in 0.75AC over 0AC under 70, 50,
and 30FC respectively. Similarly, the addition of 1.50AC caused a
maximum significant increase (53.34, 49.51, and 104.42%) in root
fresh weight than 0AC under 70, 50, and 30FC respectively.
Fig. 3B is elaborating on the interaction of variables under applica-
tion rates and variable levels of irrigation water for root fresh
weight.

Significant changes in root dry weight were observed under the
application of AC application rates and variable levels of irrigation
water. Treatments 1.50AC and 0.75AC induced significant enhance-
ment in root dry weight under 70FC, 50FC and 30FC than control
4

(0AC). Application of 1.50AC caused significant enhancement in
root dry weight over 0.75AC under 70FC and 50FC (Fig. 3C). The
maximum increase of 24.53, 40.93, and 59.17% in root dry weight
was noted in 0.75AC over 0AC under 70, 50, and 30FC respectively.
Similarly, the addition of 1.50AC caused a maximum significant
increase (75.27, 66.42, and 80.30%) in root dry weight than 0AC
under 70, 50, and 30FC respectively. Fig. 3D is elaborating on the
interaction of variables under AC application rates and variable
levels of irrigation water for root dry weight.
3.4. Grains yield

The use of AC at various application rates as amendment signif-
icantly influenced grain yield under the variable level of irrigation
water. A significant enhancement in grains yield under 70FC, 50FC
and 30FC confirmed the usefulness of 1.50AC and 0.75AC than con-
trol (0AC). It was observed that 1.50AC differed significantly best
than 0.75AC and 0AC under 30FC, 50FC, and 70FC for an increase
in grain yield. Furthermore, 0.75AC also caused significant
improvement in grains yield compared to 0AC under 70FC, 50FC
and 30FC (Fig. 4A). Maximum enhancement of 10.65, 17.33, and
9.72% in grains yield was noted in 0.75AC over 0AC under 70, 50,
and 30FC respectively. Similarly, the addition of 1.50AC caused
maximum significant enhancement (18.21, 25.56, and 22.87%) in
grains yield compared to 0AC under 70, 50, and 30FC respectively.
Fig. 4B is elaborating on the interaction of variables under AC
application rates and variable levels of irrigation water for grain
yield.



Fig. 2. Effect of AC application rates on shoot fresh (A) and dry (C) weight of maize grown under normal, mild, and severe drought stress. Bars are means of 3 replicates ± SE.
Variable letters on bars are showing significant changes (Tukey test; p � 0.05). A parallel plot is showing the interaction of variables for shoot fresh (C) and dry (D) weight of
maize grown under normal, mild, and severe drought stress. The color scheme is showing the data range for shoot fresh weight affected by treatments. AC = acidified carbon;
FC = Field capacity.
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3.5. Grains nitrogen

Application of AC at different rates significantly influenced
grain’s nitrogen concentration under different levels of irrigation
water. A significant enhancement in grains nitrogen concentration
under 70FC, 50FC and 30FC confirmed the usefulness of 1.50AC
compared to control (0AC). It was also noted that 1.50AC differed
significantly best than 0.75AC and 0AC under 50FC and 70FC for
improvement in grains nitrogen concentration. Furthermore,
0.75AC also did not cause significant improvement in grains nitro-
gen concentration compared to 0AC under 70FC, 50FC and 30FC
(Fig. 5A). Maximum enhancement of 6.30, 6.15 and 3.58% in grains
nitrogen concentration was noted in 0.75AC over 0AC under 70, 50
and 30FC respectively. Similarly, addition of 1.50AC caused maxi-
mum significant enhancement (14.59, 16.31 and 21.44%) in grains
nitrogen concentration compared to 0AC under 70, 50 and 30FC
respectively. Fig. 5B is elaborating on the interaction of variables
under AC application rates and variable levels of irrigation water
for grain nitrogen concentration.

A significant increase in grains phosphorus concentration under
70FC verified the efficacy of 1.50AC compared to control (0AC).
Treatment 1.50AC differed significantly best than 0.75AC and 0AC
under 70FC for enhancement in grains phosphorus concentration.
Furthermore, 0.75AC also did not cause significant improvement
in grains phosphorus concentration over 0AC under 50FC and
30FC (Fig. 5C). Maximum enhancement of 22.66, 8.15, and 8.70%
in grains phosphorus concentration were noted in 0.75AC over
0AC under 70, 50, and 30FC respectively. Similarly, addition of
5

1.50AC caused maximum significant enhancement (46.51, 6.38
and 21.74 %) in grains phosphorus concentration compared to
0AC under 70, 50 and 30FC respectively. Fig. 5D is elaborating on
the interaction of variables under AC application rates and variable
levels of irrigation water for grain’s phosphorus concentration.

Grain’s potassium concentration was significantly higher under
30FC, 50FC, and 70FC where 1.50AC was applied compared to con-
trol (0AC). Treatment 1.50AC was significantly better from 0.75AC
and 0AC under 30FC and 50FC for increase in grains potassium con-
centration. Likewise, 0.75AC was significant for improvement in
grains potassium concentration over 0AC under 30FC, 50FC and
30FC (Fig. 5E). Maximum enhancement of 16.67, 12.70 and
15.25% in grains potassium concentration was noted in 0.75AC
over 0AC under 70, 50 and 30FC respectively. Similarly, addition
of 1.50AC caused maximum significant enhancement (21.21,
23.81 and 27.12%) in grains potassium concentration compared
to 0AC under 70, 50 and 30FC respectively. Fig. 5F is elaborating
on the interaction of variables under AC application rates and vari-
able levels of irrigation water for grain potassium concentration.

3.6. Chlorophyll and carotenoids contents

Significant changes in chlorophyll a were observed under the
addition of AC application rates and different levels of irrigation
water. Treatments 1.50AC and 0.75AC differed significantly for
enhancement in chlorophyll a under 70FC, 50FC and 30FC over
control (0AC). The addition of 1.50AC induced significant improve-
ment in chlorophyll a than 0.75AC under 70FC. However, both



Fig. 3. Effect of AC application rates on root fresh (A) and dry (C) weight of maize grown under normal, mild, and severe drought stress. Bars are means of 3 replicates ± SE.
Variable letters on bars are showing significant changes (Tukey test; p � 0.05). A parallel plot is showing the interaction of variables for root fresh weight of maize grown
under normal, mild, and severe drought stress. The color scheme is showing the data range for root fresh (C) and dry (D) weight affected by treatments. AC = acidified carbon;
FC = Field capacity.
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1.50AC and 0.75AC remained statistically similar to each other for
chlorophyll a under 50FC and 30FC (Table 2). The maximum
increase of 15.78, 57.60, and 55.78% in chlorophyll a were noted
in 0.75AC over 0AC under 70, 50, and 30FC respectively. Similarly,
the addition of 1.50AC caused a maximum significant increase
(77.78, 92.85, and 84.95%) in chlorophyll a than 0AC under 70,
50, and 30FC respectively.

Treatments 1.50AC and 0.75AC were significantly different for
increase in chlorophyll b under 70FC, 50FC and 30FC over control
(0AC). Treatment 1.50AC induced significant enhancement in
chlorophyll b over 0.75AC under 50FC and 70FC. However, both
1.50AC and 0.75AC remained statistically alike each other for
chlorophyll b under 30FC (Table 2). Maximum increase of 20.70,
62.44 and 83.15% in chlorophyll b was noted in 0.75AC over 0AC
under 70, 50 and 30FC respectively. Similarly, addition of 1.50AC
caused maximum significant increase (83.97, 102.75, 117.36%) in
chlorophyll b than 0AC under 70, 50 and 30FC respectively.

Addition of 1.50AC and 0.75AC differed significantly for
enhancement in total chlorophyll under 70FC, 50FC and 30FC over
control (0AC). Application of 1.50AC caused a significant increase
in total chlorophyll than 0.75AC under 50FC and 70FC. However,
both 1.50AC and 0.75AC did not differ significantly from each other
for total chlorophyll under 30FC (Table 2). The maximum increase
of 18.85, 58.84, and 66.76% in total chlorophyll was noted in
0.75AC over 0AC under 70, 50, and 30FC respectively. Similarly,
the addition of 1.50AC caused a maximum significant increase
(78.81, 98.34, and 93.99%) in total chlorophyll over 0AC under
70, 50, and 30FC respectively.
6

A significant enhancement in carotenoids under 70FC, 50FC and
30FC validated the effectiveness of 1.50AC and 0.75AC over control
(0AC). It was observed that 1.50AC performance was significantly
best than 0.75AC and 0AC under 50FC and 70FC. On the other hand,
0.75AC also differed significantly for an increase in carotenoids
than 0AC under 70FC, 50FC, and 30FC (Table 2). The maximum
increase of 15.61, 32.26, and 44.22% in carotenoids was noted in
0.75AC over 0AC under 70, 50, and 30FC respectively. Similarly,
the addition of 1.50AC caused a maximum significant increase
(49.97, 55.77, and 66.83%) in carotenoids over 0AC under 70, 50,
and 30FC respectively.

3.7. Gas exchange attributes and electrolyte leakage

A significant increase in photosynthetic rate (Pn) under 70FC,
50FC and 30FC confirmed the usefulness of 1.50AC and 0.75AC over
control (0AC). It was noted that 1.50AC differed significantly best
than 0.75AC and 0AC under 50FC and 70FC for enhancement in
Pn. On the other hand, 0.75AC also differed significantly for
increase in Pn than 0AC under 70FC, 50FC and 30FC (Table 3). Max-
imum increase of 9.80, 20.67 and 31.34% in Pn was noted in 0.75AC
over 0AC under 70, 50 and 30FC respectively. Similarly, addition of
1.50AC caused maximum significant increase (39.52, 29.04 and
38.42%) in Pn over 0AC under 70, 50 and 30FC respectively.

Application of AC different application rates as amendment sig-
nificantly affected transpiration rate (E) under level of irrigation
water. A significant enhancement in E under 70FC, 50FC and
30FC verified the effectiveness of 1.50AC and 0.75AC over control



Fig. 4. Effect of AC application rates on grains yield of maize leaves grown under normal, mild, and severe drought stress. Bars are means of 3 replicates ± SE. Variable letters
on bars are showing significant changes (Tukey test; p � 0.05). A parallel plot is showing the interaction of variables for grain yield of maize grown under normal, mild, and
severe drought stress. The color scheme is showing the data range for grain yield affected by treatments (B). AC = acidified carbon; FC = Field capacity.
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(0AC). It was noted that 1.50AC was significantly best over 0.75AC
and 0AC under 30FC, 50FC and 70FC for improvement in E. Further-
more, 0.75AC also remained significantly different for increase in E
than 0AC under 70FC, 50FC and 30FC (Table 3). Maximum increase
of 12.16, 17.26 and 21.38% in E was noted in 0.75AC over 0AC
under 70, 50 and 30FC respectively. Similarly, addition of 1.50AC
caused maximum significant increase (45.54, 38.29 and 39.62%)
in E over 0AC under 70, 50 and 30FC respectively.

Use of AC different application rates as amendment significantly
impacted stomatal conductance (gs) under level of irrigation
water. A significant enrichment in gs under 70FC, 50FC and 30FC
validated the efficacy of 1.50AC and 0.75AC over control (0AC). It
was noted that 1.50AC was significantly best over 0.75AC and
0AC under 70FC for improvement in gs. Furthermore, 0.75AC also
differed significantly better for improvement in gs than 0AC under
7

70FC, 50FC and 30FC (Table 3). Maximum enhancement of 7.66,
15.77 and 38.98% in gs was noted in 0.75AC over 0AC under 70,
50 and 30FC respectively. Similarly, addition of 1.50AC caused
maximum significant enhancement (30.19, 26.58 and 46.62%) in
gs over 0AC under 70, 50 and 30FC respectively.

Addition of AC different application rates significantly influ-
enced electrolyte leakage under level of irrigation water. A signifi-
cant decrease in electrolyte leakage under 70FC, 50FC and 30FC
validated the efficacy of 1.50AC and 0.75AC over control (0AC). It
was observed that 1.50AC performance was significantly best than
0.75AC and 0AC under 50FC and 70FC for decrease in electrolyte
leakage. On the other hand, 0.75AC also differed significantly for
decrease in electrolyte leakage than 0AC under 50FC and 30FC
(Table 3A). Maximum decrease of 28.92, 36.49 and 36.80% in elec-
trolyte leakage was noted in 0.75AC over 0AC under 70, 50 and



Fig. 5. Effect of AC application rates on grains nitrogen (A), phosphorus (C) and potassium (E) concentration of maize grown under normal, mild, and severe drought stress.
Bars are means of 3 replicates ± SE. Variable letters on bars are showing significant changes (Tukey test; p � 0.05). A parallel plot is showing the interaction of variables for
grains nitrogen (B), phosphorus (D) and potassium (F) concentration of maize grown under normal, mild, and severe drought stress. The color scheme is showing the data
range for grain’s nitrogen concentration affected by treatments (B). AC = acidified carbon; FC = Field capacity.
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Table 3
Effect of AC application rates on gas exchange attributes, electrolyte leakage of maize, soil pH, soil EC and soil organic matter under normal, mild, and severe drought stress.
Means are an average of 3 replicates. Variable letters in the label column are showing significant changes (Tukey test; p � 0.05).

Field Capacity Acidified Carbon Photosynthetic Rate
(lmol CO2 m�2 s�1)

Transpiration Rate
(mmol H2O m�2 s�1)

Stomatal
Conductance
(mmol CO2 m�2 s�1)

Electrolyte Leakage
(%)

Mean Label Mean Label Mean Label Mean Label

70FC 0AC 15.12 d 2.18 de 0.10 de 22.46 def
70FC 0.75AC 16.60 bc 2.45 cd 0.10 cd 31.61 cd
70FC 1.50AC 21.09 a 3.18 a 0.12 a 62.15 a
50FC 0AC 13.75 e 2.05 ef 0.09 e 20.30 ef
50FC 0.75AC 16.59 bc 2.41 cd 0.10 bcd 31.97 cd
50FC 1.50AC 17.74 b 2.84 b 0.11 b 49.60 b
30FC 0AC 12.37 f 1.90 f 0.07 f 18.58 f
30FC 0.75AC 16.25 cd 2.31 de 0.10 cd 29.39 cde
30FC 1.50AC 17.12 bc 2.66 bc 0.11 bc 38.41 c

Field Capacity Acidified Carbon Soil pH Soil EC (dS/m) Soil Organics Matter
(%)

70FC 0AC 8.55 a 3.00 b 0.42 c
70FC 0.75AC 8.36 b 3.91 a 0.92 b
70FC 1.50AC 8.18 c 3.93 a 1.13 a
50FC 0AC 8.56 a 3.02 b 0.43 c
50FC 0.75AC 8.35 b 3.88 a 0.92 b
50FC 1.50AC 8.20 c 3.98 a 1.15 a
30FC 0AC 8.54 a 3.10 b 0.45 c
30FC 0.75AC 8.33 b 3.97 a 0.95 b
30FC 1.50AC 8.23 c 3.96 a 1.15 a

AC = acidified carbon; FC = Field capacity.

Table 2
Effect of AC application rates on chlorophyll and carotenoid contents of maize under normal, mild, and severe drought stress. Means are an average of 3 replicates. Variable letters
in the label column are showing significant changes (Tukey test; p � 0.05).

Field Capacity Acidified Carbon Chlorophyll a
(mg/g)

Chlorophyll b
(mg/g)

Total Chlorophyll
(mg/g)

Carotenoids
(mg/g)

Mean Label Mean Label Mean Label Mean Label

70FC 0AC 0.58 d 0.43 d 1.02 d 0.29 ef
70FC 0.75AC 0.68 bcd 0.52 cd 1.21 cd 0.33 cd
70FC 1.50AC 1.04 a 0.79 a 1.82 a 0.43 a
50FC 0AC 0.43 e 0.32 e 0.74 e 0.26 fg
50FC 0.75AC 0.67 bcd 0.52 cd 1.17 cd 0.34 cd
50FC 1.50AC 0.82 b 0.64 b 1.47 b 0.40 ab
30FC 0AC 0.41 e 0.26 e 0.68 e 0.22 g
30FC 0.75AC 0.64 cd 0.48 cd 1.13 cd 0.32 de
30FC 1.50AC 0.75 bc 0.57 bc 1.31 bc 0.37 bc

AC = acidified carbon; FC = Field capacity.

Table 1
Characteristics of NBC and soil.

Acidified Carbon Soil

Parameters Units Values Parameters Units Normal

pH – 6.65 Sand % 30
EC dS/m 3.05 Clay % 40
VM % 13 Silt % 30
AC % 30 Texture – Clay Loam
FC % 57 pHs – 8.29
TN % 0.47 ECe dS/m 3.15
TP % 0.11 OM % 0.54
TK % 1.21 TN % 0.025
TNa % 0.10 Extractable P mg kg�1 4.21
TCa % 0.13 Extractable K mg kg�1 101

VM (volatile matter); AC (ash contents); FC (Fixed carbon); TN (total nitrogen); TP (total phosphorus); TK (total potassium); TNa (total sodium); TCa (total calcium); EC
(electrical conductivity);
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30FC respectively. Similarly, addition of 1.50AC caused maximum
significant decrease (63.85, 59.07 and 51.64 %) in electrolyte leak-
age over 0AC under 70, 50 and 30FC respectively.

3.8. Soil pH, EC, and organic matter

The effect of AC at different rates was significantly different for
soil pH under the level of irrigation water. Soil pH was significantly
lower under 30FC, 50FC, and 70FC where 1.50AC was applied com-
pared to control (0AC). Treatment 1.50AC was significantly better
from 0.75AC and 0AC under 30FC, 50FC and 70FC for decrease in soil
pH. Likewise, 0.75ACwas significant for decrease in soil pH over 0AC
under 30FC, 50FC and 30FC (Table 3). Maximum decrease of 2.18,
2.42 and 2.50% in soil pH was noted in 0.75AC over 0AC under 70,
50 and 30FC respectively. Similarly, the addition of 1.50AC caused
maximumsignificant decrease (4.29, 4.17 and3.67%) in soil pHcom-
pared to 0AC under 70, 50 and 30FC respectively.

Soil EC was significantly higher under 30FC, 50FC and 70FC
where 0.75AC and 1.50AC was applied compared to control (0AC)
(Table 3). No significant change was noted between 0.75AC and
1.50AC for soil EC under 30FC, 50FC and 70FC. Maximum enhance-
ment of 30.22, 28.73 and 28.17% in soil EC was noted in 0.75AC
over 0AC under 70, 50 and 30FC respectively. Similarly, addition
of 1.50AC caused maximum significant enhancement (31.00,
31.82 and 27.63%) in soil EC compared to 0AC under 70, 50 and
30FC respectively.

Soil OM was significantly higher under 30FC, 50FC and 70FC
where 0.75AC and 1.50AC was applied compared to control (0AC)
(Table 3). A significant change was observed between 0.75AC and
1.50AC for soil OM under 30FC, 50FC and 70FC. Maximum
enhancement of 120.00, 111.54 and 111.11% in soil OM was noted
in 0.75AC over 0AC under 70, 50 and 30FC respectively. Similarly,
addition of 1.50AC caused maximum significant enhancement
(172.00, 165.39 and 155.56%) in soil OM compared to 0AC under
70, 50 and 30FC respectively.

4. Discussion

Findings of current study cleared that osmotic stress can
decrease the maize growth and yield attributes. A significant
decrease in the shoot and root fresh weight of maize was directly
associated with limited uptake of water in the maize plants. Lim-
ited supply of water disturbed the turgor pressure in plant cells.
This alteration in turgor pressure reduced cell growth resulted in
poor plant development (Zeiger and Taiz, 2010). Interruption in
the xylem flow of water due to osmotic stress reduced the cell divi-
sion which restrict the plant height (Nonami, 1998). Similar kind of
results were also noted when maize plants were cultivated in lim-
ited supply of water (50 and 30% FC). Addition of acidified chemi-
cally produced carbon at the rate of 1.50% gave better results
regarding improvement in maize growth attributes under normal
irrigation and osmotic stress. It was noted that 0.75 and 1.50%
AC under 50 and 30% FC improved fresh and dry weight of shoot
and root in maize. Such improvement was subjected to better
water availability to the plants. Incorporation of organic carbon
enriched amendments in soil increase the microbial proliferation.
Better symbiosis caused significant improvement in root length
which facilitate the plants regarding ample uptake of water under
drought stress (Danish et al., 2020). Such improvement in the root
length of maize plants was also observed where 0.75 and 1.50% AC
was applied as amendment under 50 and 30% FC. On the other
hand, a significant decline in chlorophyll contents was also
observed as major negative impact of osmotic stress. Under abiotic
stress i.e., osmotic stress plants membrane integrity become lost
10
due to degradation of lipid as a result of stress ethylene accumula-
tion. Activation of chlorophyllase (chlase) gene due to contact of
ethylene with chloroplast is a major notorious impact which
destroy the structure of chloroplast. Eventually a significant
decline in chloroplast demonstrate the symptoms of chlorosis in
the plant leaves (Matile et al., 1997). Higher permeability of cell
membrane also enhance the electrolyte leakage in the leaves under
limited supply of water (Senaratna and McKersie, 1983). Our find-
ings are also in agreement with above arguments. A significant
decline was also noted in the chlorophyll contents where plants
were cultivated under drought stress compared to normal irriga-
tion. Furthermore, significant improvement in chlorophyll and
decrease in electrolyte leakage was also observed when AC was
applied under drought stress. This fact validated the better uptake
of water by maize plants due to AC which played crucial role in
improvement of chlorophyll contents in maize. Limited photosyn-
thetic rate and transpiration rate are allied factors which indicates
the osmotic stress in plants (Aslam et al., 2013). It was noted that
gas exchange attributes were also subjected towards improvement
due to AC application in maize plants. In addition to above,
improvement in soil chemical attributes also facilitate the plant
for their survival in the stress environment. Decrease in soil pH
of alkaline soil, causes solubilization of immobile nutrients i.e., P
and K in the soil. Better uptake of these nutrients played a vital role
in significant enhancement of crops yield (Sultan et al., 2020). Less
losses of nitrogen as volatilization and leaching by increasing soil
organic carbon is also an established fact (Esfandbod et al.,
2017). Addition of carbon rich amendments in soil enhanced nitro-
gen uptake as well in the plants which facilitate in the vegetative
growth. Similar results were also noted in the current study where
grains N, P and K were significantly improved by the addition of AC
compared to control under normal irrigation and drought stress.

5. Conclusion

It is concluded that AC has potential to improve the growth and
yield attributes of maize under osmotic stress. Addition of 1.50%
AC can alleviate the medium and severe osmotic stress in maize.
Compared to control, 0.75% AC also performed significantly better
for enhancement in growth and yield attributes ofmaize inmedium
and severe osmotic stress. Growers are suggested to incorporate
1.50% AC in soil for achievement of bettermaize productivity in nor-
mal and osmotic stress conditions.More investigation is required on
variable cereal crops for declaration of 1.50% AC as a best treatment
for mitigation of drought stress in altered agroclimatic condition.
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