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Abstract
Maize cultivated for dry grain covers approximately 197 million hectares globally, securing its position as the 
second most widely grown crop worldwide after wheat. Although spermidine and biochar individually showed 
positive impacts on maize production in existing literature, their combined effects on maize growth, physiology, 
nutrient uptake remain unclear and require further in-depth investigation. That’s why a pot experiment was 
conducted on maize with spermidine and potassium enriched biochar (KBC) as treatments in Multan, Pakistan, 
during the year 2022. Four levels of spermidine (0, 0.15, 0.30, and 0.45mM) and two levels of potassium KBC 
(0 and 0.50%) were applied in completely randomized design (CRD). Results showed that 0.45 mM spermidine 
under 0.50% KBC caused significant enhancement in maize shoot length (11.30%), shoot fresh weight (25.78%), 
shoot dry weight (17.45%), root length (27.95%), root fresh weight (26.80%), and root dry weight (20.86%) over 
control. A significant increase in maize chlorophyll a (50.00%), chlorophyll b (40.40%), total chlorophyll (47.00%), 
photosynthetic rate (34.91%), transpiration rate (6.51%), and stomatal conductance (15.99%) compared to control 
under 0.50%KBC validate the potential of 0.45 mM spermidine. An increase in N, P, and K concentration in the root 
and shoot while decrease in electrolyte leakage and antioxidants also confirmed that the 0.45 mM spermidine 
performed more effectively with 0.50%KBC. In conclusion, 0.45 mM spermidine with 0.50%KBC is recommended for 
enhancing maize growth.
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Introduction
Maize, cultivated for its dry grain, extends across about 
197 million hectares worldwide, firmly establishing itself 
as the second most extensively grown crop globally, fol-
lowing only wheat [1]. Maize, an essential staple cereal 
crop [2–4], supports the ever-increasing human popula-
tion directly as foodstuff or indirectly as a feed for live-
stock [5]. It is the third most important crop after rice 
and wheat [6]. However, poor soil organic matter [7–9] 
and low beneficial microbes [10, 11] proliferations are 
one of the growths limiting factor for maize.

Biochar is a multi-functional carbon-rich material, a 
relative form of charcoal commonly produced from a 
wide range of biomass, including woody material, live-
stock material, crop straw, and organic waste [9, 12–14]. 
Its properties mainly depend upon the type of biomass 
pyrolysis temperature and residence time [15]. It is a 
promising ameliorant that can improve crop growth by 
modulating soil conditions due to its unique character-
istics, such as large surface area, abundant oxygen-con-
taining functional groups, rich pore structure, and high 
cation exchange capacity (CEC) [16, 17].

Spermidine belongs to the polyamines group; poly-
amines are small aliphatic amines commonly present 
in plants, animals, and microorganisms [18]. Literature 
reports polyamines act as a second messenger and play a 
key role in plant growth, germination, enzyme activation, 
and stress tolerance [19]. Considerable research reports 
exhibit that exogenous source polyamines mitigate the 
adverse effects of stress by regulating ROS production 
and activating tolerance mechanisms; spermidine is 
widely used [20].

However, limited studies are present on the interac-
tive effect of potassium-rich biochar and spermidine in 
enhancing the growth and yield of crop plants. There-
fore, the present study aims to investigate the synergistic 
impact of potassium-rich biochar and spermidine on the 
growth on nutrients uptake, growth, and physiology of 
maize crop.

Materials and methods
Experimental site
The pot experiment was conducted in Faculty of Agri-
cultural Sciences and Technology, Bahauddin Zakariya 
University, Multan, Pakistan, during spring 2022. The cli-
matic data of the experimental site is provided in Fig. 1.

A total of 10 individual soil samples were collected and 
combined to create a composite sample for the initial soil 
characterization. The soil texture analysis used a hydrom-
eter with the USDA textural triangle [21]. A pre-cali-
brated pH meter and electrical conductivity (EC) meter 
were utilized to determine soil pH and EC. This involved 
preparing soil: deionized water mixtures in ratios of 1:1 
and 1:10, respectively [22, 23]. The soil organic matter 

content analysis was conducted following the potassium 
dichromate methodology. The final values were deter-
mined through titration with ferrous ammonium sulfate 
[24]. Total soil nitrogen content was assessed using Kjel-
dahl’s distillation method [25].

Additionally, available phosphorus and potassium were 
evaluated using Olsen and ammonium acetate extract-
ing reagents, respectively [26, 27]. The final values for 
phosphorus were obtained by measuring the absor-
bance at 880 nm wavelength using a spectrophotometer, 
while potassium levels were determined using a flame 
photometer.

Preparation and characterization of biochar
Local manufactured Kiln was used to prepare biochar. 
The temperature was maintained at 350 oC for 3 h. Cot-
ton sticks were used as the primary raw material to pro-
duce biochar, which was then subjected to pyrolysis at 
a temperature of 440  °C. After cooling, the biochar was 
grinded and passed from 2 mm sieve. Finally, biochar was 
stored in powder form for upcoming uses. For character-
ization [21], a 1:10 mixture of biochar and distilled water 
was made, and samples were then examined to determine 
the pH [28] and electrical conductivity (EC) [29]. The 
biochar samples were digested and then distilled using 
the Kjeldahl distillation apparatus to determine nitrogen 
(N) [30]. Using a combination of HNO3 and HClO4 (in 
2:1 ratio), digestion of biochar was performed. After that 
digested material was used for analysis of phosphorus (P) 
and potassium (K+) on spectrophotometer (ammonium 
vanadate-ammonium molybdate) and flamephotometer 
[27, 31]. Pre-experimental soil characteristics are pro-
vided in Table 1.

Potassium enriches biochar
To make the potassium enriched biochar  (KBC), the 
biochar was soaked in a potassium-rich solution (25% 
K) which was made using potassium sulfate. After 72  h 
incubation, the material was dried in an oven at 65  °C 
for 72 h. The final powder was sieved again from a 2 mm 
sieve and used for further experiments.

Spermidine
Spermidine was purchased from a certified dealer of 
SIGMA in the vicinity of Multan. The product with 
identification number S0266, bearing batch number 
BCCK9651 and branded as SIGMA, corresponds to CAS 
Number 124-20-9 with the chemical formula C7H19N3 
and a formula weight of 145.25 g/mol.

Treatments plan
The KBC was mixed in soil during pot filling. There 
were 2 levels of KBC i.e., 0 and 0.5% w/w. Four levels of 
spermidine were applied as foliar i.e., 0, 0.15, 0.30 and 
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Table 1 Pre-experimental soil, irrigation water and biochar characteristics
Soil Water Biochar
Sand (%) 50 pH 7.02 pH 8.06
Silt (%) 40 TDS (ppm) 313 EC (mS/cm) 4.56
Clay (%) 10 CO3

− 2 (meq./L) 0.00 Ash content (%) 12.40
Texture Loam HCO3

− 1 (meq./L) 5.18 Volatile matter (%) 16.50
pHs 8.01 Cl− 1 (meq./L) 0.05 Fixed Carbon (%) 71.10
ECe (dS/m) 2.03 Na+ 1 (meq./L) 2.01 Total N (%) 0.025
Organic Matter (%) 0.40 Ca+ 2+Mg+ 2 (meq./L) 3.11 Total P (%) 0.61
Available P (µg/g) 5.31 SAR 1.61 Total K (%) 0.33
Extractable K (µg/g) 189 RSC (meq./L) 2.07 Total Ca (%) 1.62

Fig. 1 The minimum (min.t), maximum (max.t), and average temperature (ave.t) on the experiment site during year 2022)
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0.45mM. The treatments include control (0mM spermi-
dine + 0KBC), 0.15mM spermidine, 0.30mM spermidine, 
0.45mM spermidine, 0.50% potassium enriched biochar 
(0.5KBC), 0.15mM spermidine + 0.50KBC, 0.30mM sper-
midine + 0.50KBC and 0.45mM spermidine + 0.50KBC. 
All the treatments were applied following completely 
randomized design (CRD). A total of 3 foliar applications 
of spermidine were done at early growth (1st = 10 days 
after sowing), 2nd = at 25 days of sowing and 3rd at 45 
days after sowing.

Fertilizer
To meet the nutritional needs of maize, nitrogen (N), 
phosphorus (P) and potassium (K) were added in soil 
at the rate of 200 (1.0 g/10kg soil), 150 (0.75/10kg soil), 
and 100 (0.50/10 kg soil) kg ha− 1, respectively. Urea 
was employed as the N source, and single superphos-
phate was utilized for P and K based on the specified 
requirements.

Maize seeds sterilization
The Cimmyt-Pak (variety of maize) seeds used in this 
experiment were purchased from a licensed seed seller in 
Multan, Punjab, Pakistan. Before the sowing phase, a sur-
face sterilization procedure was followed. This entailed 
subjecting the seeds to a 5% sodium hypochlorite solu-
tion, succeeded by three consecutive rinses employing 
95% ethanol. Subsequently, the seeds underwent three 
additional rinses with sterilized deionized water to elimi-
nate any remnants of the sterilizing agents [32].

Pots dimensions and sowing
The experiment utilized plastic pots with a diameter of 
10 inches and depth of 16 inches. Each pot containing 
10 kg of soil was initially sown with 10 seeds. Following 
germination, a careful thinning process was carried out, 
resulting in maintenance of 2 healthy seedlings in each 
pot.

Irrigation
Throughout the experiment the soil moisture was main-
tained at 70% field capacity by using soil moisture meter 
(Cubilan 4 in 1 Soil Moisture Meter).

Data collection and harvesting
After 60 days following the sowing, the samples were 
collected to collect the necessary data. Data collection 
involved measuring the shoot length and root length 
using a measuring scale. Additionally, leaves were gath-
ered from each replication, and the fresh weight of leaves 
was recorded. Subsequently, the fresh weights of the 
shoots and roots were measured upon harvest. To ascer-
tain the dry weights of the roots and shoots, samples 

were subjected to drying in an oven set at 65 ± 3  °C for 
72 h, ensuring that a consistent weight was achieved.

Chlorophyll contents and carotenoids
We followed Arnon procedure to measure the chloro-
phyll a, b, & total chlorophyll in maize leaves [33]. We 
evaluated absorbance at three different wavelengths 
throughout the purification process: 663  nm for chlo-
rophyll a, 645  nm for chlorophyll b, and 480  nm for 
carotenoids.

 
Chlorophyll a

(
mg
g

)
=

(12.7 × A663) − (2.69 × A645) × V
1000 × W

 
Chlorophyll b

(
mg
g

)
=

(22.9 × A645) − (4.68 × A645) × V
1000 × W

 
Total Chlorophyll

(
mg
g

)
= 20.2 (OD645) + 8.02 (OD663) × V/1000 (W)

 
Carotenoids

(
mg
g

)
= OD480 + 0.114 (OD663) − 0.638 (OD645)

Gas exchange attributes
An infrared gas analyzer (CID, Inc. USA-produced 
CI-340) was used to measure the stomatal conductance, 
photosynthetic rate, and gas exchange attributes in maize 
leaves. The analysis were done in a sunny day between 
10:30 and 11:30 AM [34].

Antioxidants
To prepare the enzyme extract for antioxidants, 0.5 g of 
leaves material was ground with 10 cm3 of chilled buf-
fer in a pre-chilled mortar and pestle. For superoxide 
dismutase (SOD) and catalase (CAT), the extraction 
medium consisted of 0.1  M potassium phosphate buf-
fer (pH 7.5) containing 0.5 mM EDTA. In the case of 
ascorbate peroxidase (APx), the extraction utilized 0.1 M 
phosphate buffer (pH 7) containing 1 mM ascorbic acid. 
The resulting slurry was filtered through cheesecloth and 
the filtrate was centrifuged for 15 min, yielding the super-
natant referred to as the enzyme extract. The inhibition 
of nitro blue tetrazolium (NBT) decrease in the presence 
of riboflavin was studied to ascertain SOD activity. The 
resulting mixture, which included riboflavin, phosphate 
buffer, NBT, and enzyme extract, was lighted while the 
change in absorbance at 560 nm was observed [35]. Mon-
itoring the oxidation of a suitable substrate, such as guai-
acol or o-dianisidine, was used to measure peroxidase 
activity. At a specific wavelength, the rise in absorbance 
carried on by substrate oxidation was observed [36]. 
Monitoring the breakdown of hydrogen peroxide (H2O2) 
by the catalase enzyme was used to measure its activ-
ity. It was tested how much H2O2 breakdown reduced 
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the absorbance at 240  nm [37]. Ascorbate oxidation in 
the presence of H2O2 is observed for APX activity [38]. 
Over time, it was possible to detect a reduction in absor-
bance at a particular wavelength. The amount of MDA, a 
marker of lipid peroxidation, was measured by forming 
a colored complex by reacting the sample extract with 
thiobarbituric acid (TBA). The complex’s absorbance was 
determined, and the MDA content was determined.

Electrolyte leakage
Before the analysis, the leaves were washed with deion-
ized water to remove any exterior contaminants. Then, 
using a steel cylinder with a 1 cm diameter, we obtained 
leaves sections of uniform size & weight, each weighing 
around one gram. After that, each leaf ’s part was put into 
a different test tube with 20  ml of deionized water. To 
encourage the diffusion of electrolytes from the leaf ’s tis-
sues into the surrounding water, the test tubes were incu-
bated at 25 °C for 24 h. We then used a pre-calibrated EC 
meter to determine the water solution’s baseline electri-
cal conductivity (EC1). Applying the procedure described 
by [39], the test tubes were then heated in a water bath at 
120 °C for 20 min to measure the second electrical con-
ductivity (EC2).

 
Electrolyte Leakage (%) =

(
EC1
EC2

)
× 100

Shoot and root N, P, and K
A customized micro-kjeldahl technique was employed to 
assess the nitrogen levels [40]. A flame photometer built 
into continuous-flow systems (the Italian microflow auto-
mated continuous-flow analyzer III) was used to measure 
the potassium levels. A spectrophotometer was simulta-
neously used to detect the amount of phosphorus using 
the yellow color technique at 420 nm [41].

Statistical analysis
The assessment of treatment significance used a two-way 
ANOVA using OriginPro Program. The Tukey test was 
used for the paired comparison for the treatment with 
a p-value of 0.05. Using the OriginPro program, convex 
hull cluster plots, hierarchical cluster plots, and Pearson 
correlation were carried out.

Results
Shoot length, fresh and dry weight
Shoot length increased by 12.19%, 24.40%, and 33.23% 
with 0.15, 0.30, and 0.45 mM spermidine with 0 KBC 
compared to the control. In the case of the 0.50KBC 
treatment, the control group had a shoot length of 
50.36  cm. With 0.15 mM spermidine with 0.50KBC, 
there was a 2.95% increase in shoot length, and treatment 

with 0.30 mM spermidine resulted in a 6.78% increase. 
The highest increase of 11.30% was observed with 0.45 
mM spermidine with 0.50KBC in shoot length compared 
to the control (Fig. 2A).

The 0.45 mM spermidine treatment with OKBC 
showed a 26.11% rise in shoot fresh weight contrasted to 
the control treatment. In the 0.50KBC treatment group, 
the control had a shoot fresh weight of 178.80 cm. When 
0.15 mM spermidine was added with 0.50KBC, there was 
a 6.43% increase in shoot fresh weight, and the applica-
tion of 0.30 mM spermidine resulted in a significant 
15.62% increase. The 0.45 mM spermidine treatment 
with 0.50KBC showed a remarkable 25.78% increase in 
shoot fresh weight compared to the control (Fig. 2B).

In the absence of KBC (0KBC), applying 0.15 mM 
spermidine led to a 33.24% increase in shoot dry weight 
compared to the control. This effect intensified with 
higher spermidine concentrations, resulting in a 52.89% 
increase at 0.30 mM and a remarkable 67.33% increase at 
0.45 mM at 0KNC over the control treatment. At the 0.50 
KBC level, the control exhibited a baseline value, with 
subsequent increases in shoot dry weight as spermidine 
concentrations rose. These increases were more signifi-
cant with 0.50 KBC, resulting in a 3.36% rise at 0.15 mM 
spermidine, a 9.10% increase at 0.30 mM spermidine, and 
a more substantial 17.45% increase at 0.45 mM spermi-
dine related to the control (Fig. 2C).

Root length, fresh and dry weight
The spermidine 0.30 mM showed a 34.92% rise paral-
leled to the control, and 0.45 mM spermidine showed an 
41.72% increase at 0KBC levels. When the KBC level was 
increased to 0.50KBC, the control group showed a root 
length of 24.15  cm. Adding 0.15 mM spermidine with 
0.50KBC treatment led to a modest 7.42% rise contrasted 
to the control. Increasing the spermidine concentra-
tion to 0.30 mM in the 0.50KBC treatment resulted in a 
notable 20.46% increase evaluated to the control and the 
highest spermidine concentration in the 0.50KBC treat-
ment, 0.45 mM, indicating a 27.95% increase (Fig. 3A).

In the 0KBC group, 0.15 mM spermidine led to an 
8.27% increase in root fresh weight; with 0.30 mM sper-
midine, a 17.90% increase was observed, and the most 
remarkable effect occurred at 0.45 mM spermidine, with 
a 27.06% increase over the control. For the 0.50KBC 
group, the control had a mean root fresh weight of 
28.77 g. The 0.15 mM spermidine with 0.50KBC resulted 
in a 5.76% rise, while 0.30 mM spermidine showed a 
14.72% improvement in root fresh weight in contrast 
to the control. The most significant effect was recorded 
at 0.45 mM spermidine with 0.50KBC, which showed 
a 26.80% increase in root fresh weight than the control 
(Fig. 3B).
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In 0 KBC level, the control group showed a mean 
root dry weight of 4.91  g. In comparison, when treated 
with 0.15 mM spermidine at 0KBC level, the root fresh 
weight increased by 11.11%, and the application of 0.30 
mM spermidine resulted in a 26.95% increase. The high-
est spermidine concentration (0.45 mM) led to a 35.56% 
increase at 0KBC levels over the control. At 0.50KBC 
biochar level, the control group showed a root dry weight 
of 7.71 g. When treated with 0.15 mM spermidine with 
0.50KBC, there was an 8.50% increase, and applying 
0.30 mM spermidine led to a 15.05% increase in root dry 
weight (Fig. 3C).

Number of leaves, leaves fresh and dry weight
For the Biochar level 0KBC, the control group had an 
average number of leaves of 8.31. Adding 0.15 mM 

spermidine resulted in a modest 3.49% increase, and 
when the concentration of spermidine was improved to 
0.30 mM, there was a more pronounced 6.89% increase 
in the number of leaves at 0KBC levels over the control. 
In biochar level 0.50 KBC, the control group had an ini-
tial mean of 9.87 leaves. Adding 0.15 mM spermidine led 
to a 5.47% increase, and the spermidine concentration 
was increased to 0.30 mM; there was a substantial 10.69% 
increase in the number of leaves at 0.50KBC contrasted 
to the control. In comparison, the most remarkable 
response was 0.45 mM spermidine at 0.50KBC, result-
ing in a substantial 14.39% increase in leaves number 
(Fig. 4A).

At 0 KBC level, the application of 0.15 mM spermidine 
showed a 19.43% increase over the control, and the appli-
cation of 0.30 mM spermidine exhibited a significant 

Fig. 2 Effect of treatments on shoot length (A), shoot fresh weight (B), and shoot dry weight (C) of maize cultivated under 0KBC and 0.50KBC. The means 
of four replications are represented by the bars, with standard error. Tukey test results that used different letters on bars indicated significant differences 
at p ≤ 0.05
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28.14% rise in leaves fresh weight. In contrast, the 0.45 
mM spermidine produced the most significant effect, 
leading to a remarkable 38.54% increase in leaves fresh 
weight than the control. When 0.50KBC (0.50% bio-
char) was applied with 0.15 mM spermidine, it resulted 
in a modest 8.39% increase in leaves fresh weight, and 
the application of 0.30 mM spermidine showed a 19.66% 
increase evaluated to the control. Finally, the high-
est spermidine concentration (0.45 mM) with 0.50KBC 
yielded the showed a 28.00% increase from the control 
(Fig. 4B).

In the 0 KBC group, using 0.15 mM spermidine led to 
an 18.24% increase in leaves DW, while 0.30 mM spermi-
dine resulted in a more substantial 34.64% increase than 
the control. The highest increase was observed with 0.45 
mM spermidine, where leaves DW exhibited a remark-
able 72.42% increase evaluated to the control in the 

0KBC treatment. In the 0.50KBC group, a modest 5.49% 
increase in leaves DW was measured with 0.15 mM sper-
midine, followed by a 10.59% increase with 0.30 mM 
spermidine, and a 15.47% increase with 0.45 mM spermi-
dine over the control (Fig. 4C).

Chlorophyll and carotenoids contents
The highest concentration of spermidine at 0.45 mM 
resulted in a remarkable 90.74% increase in chlorophyll 
content compared to the control. For the 0.50KBC treat-
ment, the control had a baseline chlorophyll a content of 
0.83 mg/g. Adding 0.15 mM spermidine led to a 13.86% 
increase, and when 0.30 mM spermidine was applied, 
there was a notable 35.24% increase in chlorophyll a con-
tent over the control at 0.05 KBC levels (Fig. 5A).

In contrast to the control at 0KBC, when 0.15 mM 
spermidine treatment was applied, there was a 17.17% 

Fig. 3 Effect of treatments on root length (A), root fresh weight (B), and root dry weight (C) of maize cultivated under 0KBC and 0.50KBC. The means of 
four replications are represented by the bars, with standard error. Tukey test results that used different letters on bars indicated significant differences at 
p ≤ 0.05
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increase in Chlorophyll b content; with 0.30 mM sper-
midine, the Chlorophyll b content increased by 24.24%. 
The highest increase was observed in the 0.45 mM sper-
midine treatment at 0KBC group, with a 35.35% rise in 
Chlorophyll b content evaluated to the control. In the 
0.50KBC treatment group contrast to the control, treat-
ment 0.15 mM Spermidine showed an 11.92% increase 
in Chlorophyll b content and 0.30 mM spermidine, the 
Chlorophyll b content increased by 22.52%. The most sig-
nificant increase was observed in the 0.45 mM spermi-
dine treatment group, with a 40.40% rise in Chlorophyll b 
content in 0.50 KBC (Fig. 5B).

The total chlorophyll content in the 0 KBC control 
group was 0.65  mg/g, and when treated with 0.15 mM 
spermidine, it increased by approximately 30.27%. With 

the application of 0.30 mM spermidine, the total chlo-
rophyll content in the 0KBC group showed a substantial 
increase of approximately 51.34%, and at 0.45 mM sper-
midine treatment, the chlorophyll content increased by 
69.35% over the control. When subjected to 0.15 mM 
spermidine, there was a 13.25% increase, and the applica-
tion of 0.30 mM spermidine in the 0.50KBC group con-
ducted to a significant rise of 31.47% in total chlorophyll 
content as opposed to the control. The highest increase 
was observed when 0.45 mM spermidine was used, 
with a remarkable 47.00% rise in chlorophyll content at 
0.50KBC over the control (Fig. 5C).

The carotenoids content in the control group was 
0.44  mg/g at 0KBC. When treated with 0.15 mM sper-
midine, the carotenoids content increased by 18.86%, 

Fig. 4 Effect of treatments on number of leaves (A), leave fresh weight (B), and leave dry weight (C) of maize cultivated under 0KBC and 0.50KBC. The 
means of four replications are represented by the bars, with standard error. Tukey test results that used different letters on bars indicated significant dif-
ferences at p ≤ 0.05
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and the higher spermidine concentration of 0.30 mM 
resulted in a 33.71% increase in carotenoids content at 
0KNC level. The most significant increase was observed 
at 0.45 mM spermidine at 0KBC, with a 53.14% rise in 
carotenoids compared to the control. In the 0.50KBC 
group, the control carotenoids content was 0.73 mg/g. In 
contrast, adding 0.15 mM spermidine resulted in a 7.53% 
increase, and when treated with 0.30 mM spermidine 
at 0.50KBC, carotenoids content increased by 15.07% 
(Fig. 5D).

Gass exchange attributes
Without biochar (0KBC), the control group exhibited a 
photosynthetic rate of 8.98 µmol CO2/m2/s. In compari-
son, when treated with 0.15 mM spermidine, the pho-
tosynthetic rate increased by 33.23%, and at 0.30 mM 
spermidine treatment, the photosynthetic rate rose by 

63.43%. The highest enhancement in photosynthetic rate 
within the 0KBC group was observed with 0.45 mM sper-
midine treatment, which showed an 83.48% rise from the 
control. The application of 0.30 mM spermidine resulted 
in a 27.55% increase in photosynthetic rate, and the addi-
tion of 0.45 mM spermidine treatment marked a 34.91% 
increase relative to the control (Fig. 6A).

Under the 0 KBC condition, the control group exhib-
ited a transpiration rate of 1.51 mmol H2O/m2/s. When 
treated with 0.15 mM spermidine at 0 KBC, there was a 
4.32% increase in transpiration rate. Applying 0.30 mM 
spermidine led to a 7.81% increase over the control, and 
the highest increase in transpiration rate was recorded 
with 0.45 mM spermidine treatment, which showed a 
9.97% increase. In the 0.50KBC treatment group, the 
control exhibited a transpiration rate of 1.69 mmol 
H2O/m2/s. When subjected to 0.15 mM spermidine, 

Fig. 5 Effect of treatments on chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), and carotenoid (D) of maize cultivated under 0KBC and 0.50KBC. 
The means of four replications are represented by the bars, with standard error. Tukey test results that used different letters on bars indicated significant 
differences at p ≤ 0.05
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the transpiration rate increased by 2.66% compared to 
the control. Applying 0.30 mM spermidine resulted in 
a 4.73% increase in transpiration rate, and the high-
est percentage over the control was measured with 0.45 
mM spermidine, which demonstrated a 6.51% increase 
(Fig. 6B).

In the absence of biochar (0 KBC), the addition of 0.15 
mM spermidine resulted in an 8.87% increase in stoma-
tal conductance, which further increased to 17.61% and 
27.32% when the spermidine concentration was raised 
to 0.30 mM and 0.45 mM, respectively in contrast to the 
control. Conversely, when biochar was introduced at 0.50 
KBC, stomatal conductance increased by 8.57% with 0.15 
mM spermidine, 12.96% with 0.30 mM spermidine, and 
15.99% with 0.45 mM spermidine, in comparison to the 
control under the 0.50 KBC level in comparison to the 
control (Fig. 6C).

Electrolyte leakage, H2O2, and MDA
In the presence of 0.50KBC, the control group exhibited a 
lower baseline electrolyte leakage of 43.06%. Adding 0.15 
mM spermidine resulted in a 12.72% decrease from the 
control at 0.50KBC. The most significant decrease was 
observed with 0.45 mM spermidine, showing a remark-
able 40.68% reduction in electrolyte leakage than the 
control (Fig. 7A).

The most significant reduction in H2O2 levels occurred 
with 0.45 mM spermidine at 0KBC, showing a 49.48% 
decrease correlated to the control. At 0.50KBC level, 
applying 0.15 mM spermidine resulted in a 28.51% 
reduction in H2O2 levels, and treatment with 0.30 mM 
spermidine led to a substantial 55.64% decrease in H2O2 
levels. With 0.45 mM spermidine, an incredible 120.09% 
reduction in H2O2 levels was detected within 0.05KBC 
level compared to the control (Fig. 7B).

Fig. 6 Effect of treatments on photosynthetic rate (A), transpiration rate (B), and stomatal conductance (C) of maize cultivated under 0KBC and 0.50KBC. 
The means of four replications are represented by the bars, with standard error. Tukey test results that used different letters on bars indicated significant 
differences at p ≤ 0.05

 



Page 11 of 18Huang et al. BMC Plant Biology           (2024) 24:36 

The 0.15 mM spermidine resulted in a 17.12% decrease 
of MDA at 0KBC than the control. Furthermore, when 
the spermidine concentration was increased to 0.30 mM 
at 0KBC, a more significant reduction of 31.88% in MDA 
levels was observed. At 0.45 mM spermidine, there was a 
remarkable 52.23% decrease in MDA levels related to the 
control at 0KBC. In the presence of 0.50KBC, adding 0.15 
mM spermidine resulted in a 31.36% decrease in MDA 
levels, with 0.30 mM spermidine resulting in a 79.50% 
reduction in MDA levels. At 0.45 mM spermidine, the 
MDA levels showed a remarkable 136.89% decrease at 
0.50KBC levels over the control (Fig. 7C).

POD, SOD, CAT, and APX activity
The 0.15 mM spermidine at 0KBC, the POD activity 
decreased by 5.10%-, and 0.30-mM spermidine treatment 

resulted in a 10.53% reduction in the POD activity. The 
most significant decrease was observed at 0.45 mM 
spermidine treatment, where the POD activity dropped 
by 28.11% compared to the control with 0KBC. In the 
presence of 0.50% KBC, the control group had a lower 
POD activity level of 28.52 U/mg Protein. Adding 0.15 
mM spermidine resulted in a 17.81% decrease, and a 
more substantial 30.35% reduction in POD activity was 
observed with 0.30 mM spermidine over the control. The 
most pronounced decrease of 48.89% was noted when 
treated with 0.45 mM spermidine at 0.50KBC evaluated 
to the control (Fig. 8A).

The SOD (Superoxide Dismutase) enzyme activity was 
decreased by 12.84% and 22.18% when treated with 0.15 
mM and 0.30 mM spermidine evaluated to the control 
at 0KBC level. The 0.45 mM spermidine treatment led 

Fig. 7 Effect of treatments on electrolyte leakage (A), H2O2 (B), and MDA (Malondialdehyde) (C) of maize cultivated under 0KBC and 0.50KBC. The means 
of four replications are represented by the bars, with standard error. Tukey test results that used different letters on bars indicated significant differences 
at p ≤ 0.05
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to the most significant reduction in SOD activity, with a 
31.25% decrease relative to the control at 0KBC. Treat-
ment of 0.15 mM spermidine with 0.50KBC resulted in 
a 23.98% decrease in SOD activity, and the application of 
0.30 mM spermidine under 0.50KBC conditions further 
reduced SOD activity by 37.82% (Fig. 8B).

The 0.15 mM spermidine at 0KBC showed a slight 
decrease of 3.46% in CAT activity. When spermidine con-
centration was increased to 0.30 mM, there was a more 
significant reduction in CAT activity, showing a 9.68% 
decrease compared to the control, and the highest con-
centration of spermidine (0.45 mM) caused a substantial 
drop-in CAT activity, with a remarkable 19.91% decrease 
related to the control. In the case of the 0.50KBC group, 
treatment 0.15 mM spermidine was added, resulting in a 
noticeable decrease of 14.59% in CAT activity. The most 
significant impact on CAT activity was observed with 
0.30 mM spermidine, leading to a remarkable 43.24% 

decrease compared to the control, and the addition of 
0.45 mM spermidine in the 0.50KBC group resulted in a 
substantial 72.52% decrease (Fig. 8C).

In the absence of potassium-rich biochar (0KBC), 0.15 
mM spermidine resulted in a 10.29% decrease, 0.30 mM 
spermidine caused a 29.29% decrease, and 0.45 mM sper-
midine led to a 48.23% decrease in APX activity over 
the control. When 0.50KBC was introduced, 0.15 mM 
spermidine caused a 10.88% decrease, 0.30 mM spermi-
dine led to a 21.76% decrease, and 0.45 mM spermidine 
resulted in a substantial 65.19% decrease in APX activity 
contrasted to the control treatment (Fig. 8D).

Leave nitrogen, phosphorus, and potassium
In the absence of KBC (0KBC), the application of 0.15 
mM spermidine resulted in a 3.68% increase, while 0.30 
mM spermidine led to a 6.63% increase, and 0.45 mM 
spermidine led to a 9.30% increase in leave N (%) when 

Fig. 8 Effect of treatments on POD (Peroxidase) (A), SOD (Superoxidase) (B), CAT (Catalase) and APX (Ascorbate Peroxidase) (C) of maize cultivated under 
0KBC and 0.50KBC. The means of four replications are represented by the bars, with standard error. Tukey test results that used different letters on bars 
indicated significant differences at p ≤ 0.05
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compared to the control. When KBC was applied at a 
concentration of 0.50 KBC, the addition of 0.15 mM 
spermidine resulted in an 8.05% increase, 0.30 mM sper-
midine led to an 11.30% increase, and 0.45 mM spermi-
dine resulted in a substantial 13.27% increase in Leave N 
(%) when related to the control (Table 2).

At 0 KBC, adding 0.15 mM spermidine caused a 9.06% 
increase in leave P. In comparison, 0.30 mM spermidine 
resulted in a more substantial 14.69% increase, and the 
highest increase was observed with 0.45 mM spermidine, 
which caused a significant 25.63% rise compared to the 
control. On the other hand, at 0.50KBC, the application 
of 0.15 mM spermidine resulted in a 7.73% increase, 0.30 
mM spermidine caused a noTable  25.39% increase, and 
the most substantial increase was observed when 0.45 
mM spermidine was applied, leading to a remarkable 
48.12% increase related to the control (Table 2).

The application of 0.15 mM spermidine resulted in 
a 49.44% increase in leave K content over the control 
in 0KBC. A more substantial increase of 110.76% was 
observed when 0.30 mM spermidine was applied, and 
the application of 0.45 mM spermidine yielded the high-
est increase at 135.78% with 0KBC in contrast to the con-
trol. When biochar at the 0.50KBC level was applied, the 
control group displayed a leave K content of 0.91%. Add-
ing 0.15 mM spermidine resulted in a 20.56% increase in 
leave K content. A more significant boost of 39.84% was 
observed with the application of 0.30 mM spermidine, 
and the highest increase of 49.33% was achieved with 
0.45 mM spermidine over the control under 0.50KBC 
(Table 2).

Root nitrogen, phosphorus, and potassium
The 0.30 mM spermidine treatment resulted in a more 
substantial increase of 26.29% in root N, reaching 0.034%, 
and treatment 0.45 mM spermidine, representing a sig-
nificant 41.73% increase over the control in the 0KBC 
level. Moving on to the 0.50KBC treatments, the control 
group had a root N of 0.040%. The 0.30 mM spermidine 

treatment for 0.50KBC exhibited an 18.05% increase, 
and the highest root N% in this group was observed at 
0.45 mM spermidine, where the percentage increase 
was 25.45% evaluated to the control at 0.50KBC level 
(Table 3).

At 0 KBC, the control had a root P of 0.075, while add-
ing 0.15 mM spermidine led to a 25.08% increase. The 
0.30 mM spermidine treatment resulted in a more sub-
stantial 59.53% increase, and the highest concentration of 
spermidine at 0.45 mM caused an even more significant 
78.26% increase in contrast to the control. In the pres-
ence of 0.50 KBC, the control had a root P of 0.156. Add-
ing 0.15 mM spermidine led to a 9.15% increase in root P 
over the control, while 0.30 mM spermidine resulted in 
an 18.46% increase, and 0.45 mM spermidine yielded a 
29.70% increase (Table 3).

In 0KBC, the control exhibited a root K of 0.44, while 
adding 0.15 mM spermidine led to a 10.28% increase. A 
higher concentration of 0.30 mM spermidine resulted 
in a 22.27% increase in contrast to the control, and the 
maximum improvement was observed with 0.45 mM 
spermidine, yielding a 27.53% increase. When biochar 
was present at a level of 0.50KBC, the control had a root 
K of 0.58 (Table 3).

Convex hull and hierarchical cluster analysis
The convex hull analysis assessed the distribution and 
grouping of data points in a two-dimensional space rep-
resented by principal component 1 (PC1) and principal 
omponent 2 (PC2). The analysis revealed distinct clus-
ters of data points corresponding to different treatments, 
which provided insights into the treatment effects on 
the variables under investigation. The data points in the 
first cluster, labeled as Control, showed a relatively tight 
grouping, indicating that plants subjected to the control 
conditions had similar responses. This tight clustering 
suggested a consistent pattern in the PC1 and PC2 scores 
for the control treatment. The second cluster, associated 

Table 2 Effect of treatment on shoot N, P and K concentration 
of maize
Spermidine
(mM)

Shoot N (%) Shoot P (%) Shoot K (%)
0KBC 0KBC 0KBC

Control 0.14 ± 0.01f 0.08 ± 0.01f 0.29 ± 0.03f
0.15 mM 0.15 ± 0.01ef 0.09 ± 0.01ef 0.44 ± 0.05e
0.30 mM 0.15 ± 0.01de 0.09 ± 0.01de 0.62 ± 0.04d
0.45 mM 0.15 ± 0.01d 0.1 ± 0.01d 0.69 ± 0.03d

0.50KBC 0.50KBC 0.50KBC
Control 0.16 ± 0.01c 0.11 ± 0.01c 0.91 ± 0.05c
0.15 mM 0.18 ± 0.01b 0.12 ± 0.01c 1.1 ± 0.08fb
0.30 mM 0.18 ± 0.01ab 0.14 ± 0.01ba 1.28 ± 0.06a
0.45 mM 0.19 ± 0.01a 0.17 ± 0.01a 1.37 ± 0.01a
The results are an average of four replicates. At p ≤ 0.05, certain letters revealed 
significant variations, Tukey Test

Table 3 Effect of treatment on root N, P and K concentration of 
maize
Spermidine
(mM)

Root N (%) Root P (%) Root K (%)
0KBC 0KBC 0KBC

Control 0.03 ± 0.01e 0.07 ± 0.01f 0.44 ± 0.01f
0.15 mM 0.03 ± 0.01e 0.09 ± 0.01e 0.48 ± 0.01e
0.30 mM 0.03 ± 0.01d 0.12 ± 0.01d 0.54 ± 0.01d
0.45 mM 0.04 ± 0.01c 0.13 ± 0.01d 0.56 ± 

0.01 cd
Spermidine (mM) 0.50KBC 0.50KBC 0.50KBC
Control 0.04 ± 0.01bc 0.16 ± 0.01c 0.58 ± 0.01c
0.15 mM 0.04 ± 0.01b 0.17 ± 0.01bc 0.63 ± 0.01b
0.30 mM 0.05 ± 0.01a 0.18 ± 0.01b 0.65 ± 0.01b
0.45 mM 0.05 ± 0.01a 0.2 ± 0.01a 0.73 ± 0.02a
The results are an average of four replicates. At p ≤ 0.05, certain letters revealed 
significant variations, Tukey Test
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with 0.15 mM spermidine treatment, exhibited a dis-
persion of data points along PC1 and PC2. This disper-
sion suggested that this treatment led to a more varied 
response among the samples, with some plants showing 
distinct responses while others were more like the con-
trol group. The third cluster, 0.30 mM spermidine, also 
showed a spread of data points, implying variability in 
how plants responded to this specific treatment. The dis-
tribution of data points indicated that this treatment had 
a more diverse effect on the variables represented by PC1 
and PC2. The fourth cluster, representing 0.45 mM sper-
midine treatment, displayed a pattern like the previous 
clusters. The data points formed a dispersed grouping, 
signifying varying responses among the samples treated 
with 0.45 mM spermidine (Fig. 9A).

The convex hull analysis, based on the principal com-
ponents PC1 and PC2, unveiled distinct groupings of 
data points associated with different biochar treat-
ments. These results provided valuable insights into how 
various biochar treatments impacted the plant samples 

and how they could be categorized. One main cluster, 
often referred to as the 0KBC Cluster, was character-
ized by data points displaying a pronounced affinity to 
the 0KBC biochar treatment. These data points con-
sistently reflected the effects of the 0KBC treatment, as 
indicated by their PC1 and PC2 scores. Conversely, the 
second cluster, the 0.50KBC cluster, comprised data 
points closely associated with the 0.50KBC biochar treat-
ment. Like the first cluster, these data points PC1 and 
PC2 scores portrayed a distinct response to the 0.50KBC 
treatment (Fig. 9B).

In the hierarchical cluster analysis conducted in this 
study, a comprehensive examination of various plant 
variables was performed to understand their patterns 
of variation and the relationships between them. The 
analysis results revealed insights into the similarities and 
groupings among these variables. First, it was observed 
that variables associated with chlorophyll content, 
namely chlorophyll a (mg/g) and total chlorophyll (mg/g), 
exhibited a high degree of similarity, indicating that they 

Fig. 9 Convex hull cluster plots for treatments (A), KBC (B), and hierarchical cluster plots for the studied attributes (C)
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shared common patterns of variation. This suggests 
a strong relationship between these variables regard-
ing how they respond to different factors or treatments. 
Furthermore, variables related to plant growth, such as 
root dry weight (g/plant) and leaves K (%), showed a sig-
nificant level of similarity. This suggests that changes in 
these two variables are closely linked and could be influ-
enced by similar factors.

Similarly, shoot fresh weight (g) and root fresh weight 
(g/plant) were closely related, indicating that they share 
common patterns in response to varying conditions. 
Variables associated with oxidative stress, such as SOD 
(U/mg Protein) and MDA (nmol/mg Protein), exhibited 
a strong relationship. This suggests that these variables 
are affected similarly by the presence of oxidative stress-
inducing factors. The analysis also unveiled relationships 
between leaves characteristics and plant performance 
variables, like stomatal conductance (mol H2O/m2/s) and 
root P (%). These variables were found to have shared 
patterns of variation (Fig. 9C).

Pearson correlation analysis
The Pearson correlation analysis conducted in this study 
aimed to explore the relationships and associations 
between various plant variables with origin Software. The 

results revealed several interesting findings regarding 
the degree of correlation between these variables. First, 
strong positive correlations were observed between sev-
eral pairs of variables. Notably, shoot length (cm) exhib-
ited a strong positive correlation (p < 0.05) with shoot 
fresh weight (g), shoot dry weight (g/plant), root fresh 
weight (g/plant), root dry weight (g/plant), root length 
(cm), number of leaves, leaves fresh weight (g/plant), and 
leaves dry weight (g/plant). These findings suggest that 
these variables increase or decrease together, indicating 
vigorous plant growth and characteristics interdepen-
dence. Additionally, variables related to photosynthetic 
activity, such as photosynthetic rate (µmol CO2/m2/s), 
transpiration rate (mmol H2O/m2/s), and stomatal con-
ductance (mol H2O/m2/s), also displayed strong positive 
correlations among themselves, further highlighting their 
interconnectedness. Furthermore, chlorophyll-related 
variables, namely chlorophyll a (mg/g), chlorophyll b 
(mg/g), and total chlorophyll (mg/g), exhibited high 
positive correlations, indicating a consistent pattern in 
response to certain treatments or conditions. However, 
it’s worth noting that several variables showed negative 
correlations, particularly electrolyte leakage (%), POD 
(U/mg Protein), SOD (U/mg Protein), CAT (U/mg Pro-
tein), APX (U/mg Protein), Carotenoid (mg/g), H2O2 

Fig. 10 Pearson correlation for studied attributes. The color indicates the intensity of correlation among the parameters
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(n mol/g FW), MDA (nmol/mg Protein), leaves N (%), 
leaves P (%), leave K (%), root N (%), root P (%), and root 
K (%). These negative correlations suggest that variations 
in one of these variables are associated with opposite 
changes in the other (Fig. 10).

Discussion
Application of spermidine led to elevated concentrations 
of nitrogen, phosphorus, and potassium in both shoot 
and root tissues, as compared to the control (Tables  2 
and 3). Additionally, spermidine demonstrated height-
ened values for shoot length, fresh root weight, and shoot 
dry weight (Fig. 2). This observed enhancement is attrib-
uted to spermidine potential to stimulate cell elongation 
and division, contributing to the elongation of roots and 
shoots. Existing literature supports the idea that sper-
midine plays a pivotal role in enhancing nutrient uptake 
and translocation, particularly in terms of root fresh and 
dry weight [42]. This enhancement is linked to improved 
permeability in root cell membranes [43], facilitating 
nutrient translocation within the plant, ultimately result-
ing in increased root biomass. Spermidine ability to aug-
ment cation exchange capacity in roots proves beneficial 
for various physiological processes in plants, promoting 
nutrient uptake by leaves and roots through its influence 
on root growth, nutrient transporters, and ion exchange 
[18]. Biochar present in the soil could also help in the 
enhancement of the nutrient uptake by the maize crop by 
increasing the water and nutrient holding capacity [44, 
45].

Under KBC, spermidine application resulted in an 
increased number of leaves, leaves fresh weight, and 
leaves dry weight (Fig.  4). Higher concentrations of 
spermidine correlated with greater increases in these 
parameters [46]. This effect is attributed to spermidine’s 
facilitation of chloroplast development and enhancement 
of photosynthetic activity, contributing to increased 
leaves biomass [43]. The elevated dry weight is linked 
to improved cellular structures, including increased cell 
wall thickness, driven by spermidine impact on cell divi-
sion and expansion. Application of biochar increased the 
impact of spermidine on leave number and fresh weight, 
which might be due to improvement in soil health condi-
tions and availability of water conditions [47, 48].

Further observations revealed increased chlorophyll a, 
b, and total content, photosynthetic rate, transpiration, 
and stomatal conductance with spermidine application 
under biochar conditions (Figs. 5 and 6). The concentra-
tion-dependent increase in these parameters is attributed 
to spermidine ability to enhance photosynthesis through 
improved chloroplast development and efficiency [49]. 
Spermidine plays a protective role in stress responses 
by stabilizing photosynthetic pigments and stimulat-
ing chlorophyll synthesis, ultimately contributing to 

increased light absorption and enhanced photosynthesis 
[50].

Electrolyte leakage, peroxidase, superoxide dismutase, 
catalase, and ascorbate peroxidase levels were higher 
in the control group without spermidine application, 
and even higher values were observed in the absence 
of biochar (Figs. 8 and 9). Spermidine’s impact on these 
parameters indicates its role in maintaining membrane 
integrity, quenching reactive oxygen species, and reduc-
ing oxidative stress [51]. The concentration-dependent 
effects of spermidine on antioxidant enzyme activity 
highlight a delicate balance between reactive oxygen spe-
cies scavenging and production regulation, crucial for 
optimizing antioxidant function without inducing oxida-
tive stress. In addition, the proposition that the applica-
tion of biochar can enhance water availability and uptake 
by porous structure inherent in biochar. The inherent 
porosity and notable water-holding capacity of biochar 
have the potential to impact soil water dynamics posi-
tively. The porous structure enables biochar to function 
as a reservoir for water, mitigating drainage and pro-
moting increased water retention in the soil [52]. Con-
sequently, this structural characteristic of biochar may 
contribute to elevated water availability for plant uptake 
[53], concurrently leading to reduced production of 
antioxidants in conditions where biochar is applied. The 
application of biochar to various soils enhanced the pres-
ence of proteobacteria. Proteobacteria encompass most 
ammonia-oxidizing bacteria, including nitrogen-fixing 
bacteria, ammonia-oxidizing bacteria, cellulose-decom-
posing bacteria, nitrifying bacteria, and denitrifying bac-
teria. This microbial group plays a crucial role in nitrogen 
recycling, contributing to the overall well-being of plants 
by positively influencing growth, yield, and the quality of 
fruits and seeds [54].

Conclusion
In conclusion, the utilization of 0.45 mM spermidine in 
conjunction with 0.50% KBC presents a promising strat-
egy to enhance maize growth. The combined application 
of 0.45 mM spermidine with 0.50% KBC demonstrates 
the capability to augment both root and shoot nutrient 
uptake, especially in essential elements such as phos-
phorus (P), nitrogen (N), and potassium (K), crucial for 
fostering robust maize growth. Moreover, the treatment 
involving 0.45 mM spermidine with 0.50% KBC displays 
effective regulation of antioxidant mechanisms. To assess 
the effectiveness of the 0.45  mM spermidine treatment 
and 0.50KBC as an optimal solution for promoting maize 
growth.
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