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Abstract

Aim  This study aims to evaluate the impact of seed
primimg with soil microorganism on the germination
and metabolism of pearl millet seeds when exposed to
the allelopathic effects of some specific weed extracts.

Methods Pearl millet seeds were categorized into five
distinct groups. Four of these groups were subjected to
priming with different soil microorganisms: Bacillus
velezensis, Pseudomonas  fluorescens, Serratia
marcescens, and Trichoderma viride. The remaining,
fifth group underwent hydropriming. Subsequently,

Responsible Editor: Beatriz Vazquez-de-Aldana.

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s11104-024-06640-8.

D. M. Naguib
Botany and Microbiology Department, Faculty of Science,
Zagazig University, Zagazig, Egypt

L. Y. A. Al Hijab - D. M. Naguib (P<))

Biology Department, Faculty of Science and Arts

in Al-Mikhwah, Al-Baha University (BU), Al-Mikhwah,
Saudi Arabia

e-mail: dmna2610science @yahoo.com

L. Y. A. Al Hijab
e-mail: Lalhejab@bu.edu.sa

A. Albogami

Biology Department, Faculty of Science, Al-Baha
University (BU), Alaqiq, Saudi Arabia

e-mail: aalbogami @bu.edu.sa

Published online: 13 April 2024

these groups were subjected to germination in the
presence of weed extracts, a process that extended over
five days. Following germination, various factors were
assessed, including germination percentage, radicle
and plumule length, and seed vigor. Furthermore,
the study encompassed the analysis of biochemical
parameters such carbohydrate and phytate hydrolysis,
oxidative stress markers, antioxidant enzyme activity,
and secondary metabolite.

Results The findings of the study revealed
that biopriming of pearl millet seeds with soil
microorganisms led to a significant enhancement in
germination, even when exposed to different weed
extract treatments. This improvement was chiefly
manifested through heightened levels of antioxidant
enzymes, which mitigate the oxidative stress induced
by the weed treatments. Moreover, the biopriming
process improved the hydrolysis in germinated seeds,
resulting in energy savings and a reduction in carbon
utilization for secondary metabolism through the
shikimic acid pathway and the phenylpropanol pathway.
This facilitated the production of defense molecules like
phenols and flavonoids.

Conclusion Seed priming with soil microorganism
ultimately bolsters the seeds’ tolerance against allelo-
chemicals originating from weed residue treatments.

Keywords Bacillus velezensis - Hydrolysis
enzymes - Pseudomonas fluorescens - Secondary
metabolism - Seed priming - Serratia marcescens -
Trichoderma Viride
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Introduction

In the modern era, the global climate change phenome-
non presents a substantial risk to food crop production.
Researchers are actively searching for stable crops that
can withstand climate change conditions while retain-
ing their high nutritional value (Vambe et al. 2023).
Among these promising crops, pearl millet stands out
due to its nutritional richness and inherent ability to
thrive in challenging environmental conditions, includ-
ing low rainfall, poor soil fertility, high temperatures,
and drought. These attributes make it a viable candi-
date to potentially replace staple crops like corn, wheat,
and rice (Singhal et al. 2022; Pandey and Bolia 2023).

Millet crops flourish during hot and humid
rainy seasons, which unfortunately create an ideal
environment for the rapid spread of weeds. These
invasive plants cause loss in the crop yield. Weeds
often compete with pearl millet for essential resources
such as water, nutrients, and sunlight. The allelopathic
chemicals released by weeds can further intensify this
competition, affecting the ability of pearl millet to
access the resources it needs for growth (Samota et al.
2022; Chinyo et al. 2023). Allelopathic compounds
released by weeds may interfere with the nutrient
uptake mechanisms of pearl millet. This can lead to
nutrient deficiencies in the soil, negatively impacting
the growth and development of the crop (Qureshi
et al. 2024). Allelopathic substances released by
weeds can have direct toxic effects on pearl millet.
These chemicals may hinder seed germination, root
development, and overall plant growth, leading to
reduced crop yields (Choudhary et al. 2023). Weed
allelopathy can also influence the composition and
activity of soil microbial communities. Changes in
the soil microbiome may impact nutrient cycling, soil
structure, and overall soil health, affecting the growth
of pearl millet (Scavo et al. 2019; Blaise et al. 2021;
Kotra et al. 2023). Millets face unique challenges
when it comes to managing weeds during their early
growth stages as they are characterized by their
wider row spacing and slower initial growth phase.
Therefore, it becomes crucial to implement effective
weed control measures early in the growth cycle to
maximize crop yields (Ajeesh et al., 2022; Gangaiah
and Yadav 2024; Yonli et al. 2024).

Weeds pose a significant threat to agricultural
production, resulting in decreased product quality and
market value. Weeds engage in fierce competition with
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crops for essential resources such as water, nutrients,
light, and space, ultimately leading to reduced crop
yields (Padu et al. 2023). Historically, farmers have
relied on chemical herbicides to manage weed growth,
but unfortunately, these chemicals have negative effects
on soil quality, plants (Kakhki et al. 2022a). Naseri et al.
(2018) reported that using herbicide increased the root
rot incidence in bean plants. Also, chemical herbicides
are toxic to humans causing various health problems
(Yates et al. 2024). Additionally, the widespread use of
chemical herbicides has led to weed resistance. Hence,
there is a growing need to develop alternative strategies
like mechanical (hand weed controlling, planting at
appropriate date and other agroecological properties
(Kakhki et al. 2022b; Naseri and Kakhki 2022; Naseri
2023), choosing resistance cultivars (Naseri and Safaee
2023), and biological methods for effective weed control
to ensure sustainable agriculture (Raza et al. 2021).

Biological control methods for weeds have gained
significant attention as safe and effective alternatives.
Bioherbicides encompass the use of plant extracts
or microorganisms such as fungi or bacteria (Verma
et al. 2020). Microbial bioherbicides contain
microorganisms like bacteria (Fang et al. 2022),
fungi (Kakhaki et al. 2017; Todero et al. 2020; Tan
et al. 2024), viruses (Charudattan 2024) or protozoa
(Marini et al. 2021) as their active components.
These bioherbicides have the potential to manage
a wide range of weeds, with each active component
exhibiting relatively specific activity against its target
weeds (Jampilek and Kralova 2022). The use of
soil microorganisms as bioherbicides relies on their
ability to detoxify allelochemicals secreted in the
soil by weeds. Moreover, these microorganisms can
be host-specific, promoting crop plant growth while
inhibiting weed growth (Bo et al. 2020; Ramesh and
Abinaya 2022; Roberts et al. 2022; Jelena et al. 2023;
Charudattan 2024; Tan et al. 2024).

Addressing the issue of weed residue is another
crucial aspect to minimize its adverse effects on crop
plant growth. Various weed control methods leave
behind weed residue in the soil, which can transport
allelochemicals to crop plants even in the absence of
actively growing weeds (Rogers 2020). Khatri et al.
(2023) reported the harmful impact of Ageratina
adenophora leaf residues on the production of two
rabi crops. Additionally, Padu et al. (2023) discovered
that the germination of seeds and nutrient uptake in
various crops significantly decreased when exposed
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to extracts from weed species such as Poa annua,
Erigeron annuus, and Stellaria media. Hence, it is
equally important to find safe strategies that enhance
crop plants’ tolerance to allelochemicals from weed
residues (Xiao et al. 2020).

From the perspective of weed residue phytotoxicity,
this study aims to assess the impact of priming pearl
millet seeds with specific soil microorganisms to
alleviate the allelopathic effects of certain weed extracts.
The investigation focuses on the effects of seed priming
with soil microorganism on pearl millet germination and
metabolic status in the presence of weed extracts.

Materials and methods
Preparation of soil microorganisms

We used Bacillus velezensis (ATCC 6051), Pseu-
domonas fluorescens (ATCC 13,525), Serratia marc-
escens (ATCC 13,880), and Trichoderma viride (ATCC
28,020) as these soil microorganisms are commonly
used as biocontrol agents against different plant dis-
eases. We acquired these strains from the American
Type Culture Collection in USA. These microorganisms
were cultured following the manufacturer’s guidelines
to create a microbial suspension at a concentration of
108 colony-forming units per milliliter (CFU/mL). This
microbial suspension served as the biopriming solution.

Preparation of weed residue extracts

We used the most common weeds that can invade the
pearl millets cultivated lands. Weed species, includ-
ing Brachiaria ramose, Cynodon dactylon, Dacty-
loctenium aegyptium, Digitaria marginata, Paspalum
paspaloides, Panicum dichotomiflorum, and Sorghum
halepense, were collected the weeds in vegetative
stage from various farms in Qilwah, Al-Baha region,
Saudi Arabia. The whole plant was (leaves, stems and
root system) were thoroughly cleaned, air-dried, and
subsequently ground into a fine powder. An extract
was prepared for each weed species by mixing 20 g
of the weed powder with 100 mL of distilled water,
followed by overnight incubation at room temperature
with periodic shaking. After incubation, the mixture
was filtered through filter paper (Whatman n°l), and
the resulting filtrate was stored in dark bottle in the
refrigerator at 1 °C for use as the weed extract.

Germination of pearl millet seeds

Pearl millet seeds were obtained from Millborn Seeds.
The seeds were subjected to surface sterilization
using 70% sodium hypochlorite for 15 min, followed
by multiple rinses with sterile distilled water. The
seeds were then divided into five groups. The first
group underwent hydropriming, while the remaining
four groups were bioprimed using the prepared
microbial suspension at a concentration of 10® CFU/
mL of B. velezensis, P. fluorescens, S. marcescens,
and T. viride. Ten seeds of each group were placed
in 10 cm-diameter Petri dishes containing a piece
of cotton saturated with either one of the prepared
weed extracts (20 mL) or water (20 mL) as a control.
The experiment included forty experimental groups
(Supplementary Table S1). The forty groups were
incubated in dark at 30 °C and 40% humidity for a
week. After incubation, the germination percentage,
radicle, and plumule length were measured, and the
seed vigor index was calculated using the formula:

Seed vigor = germination percent X seedling length

Following this, the entire seedlings were rapidly
frozen using liquid nitrogen and stored at -18 °C for
subsequent biochemical analysis.

We repeated the experiment three times succes-
sively and we collected the samples from each time and
stored — 18 °C for subsequent biochemical analysis.

Activity of hydrolysis enzymes during germination

The hydrolysis of stored organic compounds is a criti-
cal biochemical process during germination, as it pro-
vides the essential simple compounds required for the
embryo’s energy during germination (Batool et al. 2022).

Organic Phosphate Hydrolysis: Phytase activity was
determined using the K-Phytase kit 09/21 (Megazyme,
Wicklow, Ireland). One unit of the enzyme was defined
as the enzyme that liberates 1 umol of phosphate per
minute. Phytate content was determined using the
K-PHYT Phytic Acid (Phytate)/Total Phosphorus Kit
05/19 (Megazyme, Wicklow, Ireland).

Starch Hydrolysis: Amylase activity was assessed
according to the protocol provided by K-CERA 02/22
(Megazyme, Wicklow, Ireland). One unit of enzyme
activity was defined as the amount of enzyme that
releases 1 umol of reducing sugar per minute. Total
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soluble sugar was determined using the phenol-
sulfuric acid method (Nielsen 2017).

Oxidative stress markers and antioxidant enzyme activities

Oxidative stress markers Hydrogen peroxide
(H,O,) content was determined using the method
described by Alexieva et al. (2001), and lipid per-
oxidation was assessed by measuring malonyl dialde-
hyde (MDA) levels as per Li (2000).

Antioxidant enzymes Crude enzyme extracts were
obtained from the germinated seedlings by centrifuging
the homogenate of 5 g of germinated seeds in cold
phosphate buffer (pH 6.5) containing 1| mM EDTANa2
(Saroop et al. 2002). The activity of antioxidant
enzymes was measured in this crude extract.
Superoxide dismutase (SOD) activity was determined
based on the nitro blue tetrazolium (NBT) reduction
method, following the procedure of Beyer (1987).
Polyphenol oxidase (PPO) and peroxidase activities
were determined by the oxidation of pyrogallol,
following the method of Kar and Mishra (1976).

Components of secondary metabolism

Shikimic acid content The shikimic acid content
was determined in germinated seedlings according to
Zelya et al. (2011).

Phenylalanine ammonia-lyase The activity of
phenylalanine ammonia-lyase was assessed using
the method outlined by Rosler et al. (1997), which
involves measuring the formation of cinnamic acid.

Phenols and flavonoids Total phenols and total
flavonoids were extracted from sprouting seedlings,
following the methodology outlined by Campbell and
Ellis (1992). The quantification of phenolic content was
conducted using the Folin-Ciocalteu assay, while the
assessment of flavonoid content was carried out using
the AICI; assay, as described by Pallab et al. (2013).

Statistical analysis
The data from the three experiments were inputted
into SPSS (version 14), where the mean and standard

deviation were computed for each treatment based
on three replicates. The results were presented as
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mean + standard deviation (SD). To assess the sig-
nificance of the differences between treatment groups
and the control, paired T-tests were employed. A sig-
nificance level of p<0.01 was chosen to determine
statistical significance.

Results

Effect of soil microorganisms on pearl millet
germination under weed extract treatment

The results indicate that priming with soil micro-
organisms led to improved germination parameters
under weed treatment conditions (Table 1; Fig. 1).
Weed treatment significantly reduced the germination
percentage of hydroprimed seeds. The lowest germi-
nation percentage (46.667%) was observed in hydro-
primed seeds affected by B. ramose or P. dichoto-
miflorum. In contrast, under weed treatments, seeds
primed with soil microorganisms exhibited a non-sig-
nificant decrease in germination percentage compared
to the control group. Notably, S. marcescens and T.
viride demonstrated the best germination percentage
under weed treatment conditions. Under the treatment
of Cynodon dactylon, Dactyloctenium aegyptium,
and Digitaria marginata, the germination percentage
was 93.33% in the S. marcescens-primed seeds and
96.667% in T. viride-primed seeds (Table 1).

Another important parameter in healthy germination
is seed vigor, which depends on the seedling length.
Soil microorganisms priming significantly improved
the radicle and plumule length (Fig. 1) and thus the
seed vigor (Table 1) under both normal conditions
and weed treatment. Under normal conditions, the
highest seed vigor index was 1043.3 in the case of T.
viride-primed seeds, while it was 683.1 in the control
seeds. Also, under weed treatment, 7. viride-primed
seeds showed the highest vigor index, 957.0, under the
Cynodon dactylonl treatment, while the lowest seed
vigor index was recorded, 132.2, in the hydroprimed
seeds under Panicum dichotomiflorum treatment
(Table 1).

Effect of soil microorganisms on hydrolysis enzymes in
germinated pearl millet under weed extract treatment

The phytase enzyme catalyzes the hydrolysis of
organic phosphate stored in seeds, and thus, organic
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«Fig. 1 Effect of priming with soil microorganisms on plumule
and radicle length under different weeds treatments. A seeds
germinated on normal conditions (water), B seeds germinated
under Brachiaria ramose treatment, C seeds germinated under
Cynodon dactylon treatment, D seeds germinated under Dac-
tyloctenium aegyptium treatment, E seeds germinated under
Digitaria marginata treatment,F seeds germinated under Pas-
palum paspaloides treatment, G seeds germinated under Pani-
cum dichotomiflorum treatment, H seeds germinated under
Sorghum halepense treatment. Data are means of three repli-
cates. Columns followed by asterisk are significantly different
from the control according to paired T test, P < 0.01

phosphate hydrolysis depends on phytase activity.
Under weed treatment, organic phosphate hydrolysis
significantly decreased in the hydroprimed germi-
nated seeds, as phytase activity notably decreased,
leading to a significant accumulation of phytate in
the hydroprimed seeds germinated under weed treat-
ment. The lowest phytase activity recorded was 0.50
U/g fresh weight in hydroprimed seeds treated with
Panicum dichotomiflorum and Sorghum halepense.
On the other hand, priming with soil microorganisms
significantly improved organic phosphate hydrolysis
by increasing phytase activity, resulting in decreased
phytate content under both normal and weed treat-
ment conditions. The phytase activity reached
approximately 2.99 U/g fresh weight in T. viride-
primed seeds under normal conditions, and this activ-
ity decreased to about 2.70 U/g fresh weight under
weed treatments (Figs. 2 and 3).

Table 2 illustrates the changes in amylase activity
and soluble sugar content in germinated pearl mil-
let seeds subjected to weed treatment. Amylase is
the enzyme that catalyzes the conversion of storage
starch to soluble carbohydrates, thus governing carbo-
hydrate hydrolysis in germinated seeds. Under weed
treatment, hydroprimed germinated seeds exhibited a
significant decrease in carbohydrate hydrolysis, char-
acterized by a significant reduction in both amylase
activity and soluble sugar content.

The amylase activity in hydroprimed seeds ger-
minated under normal conditions was 2.40 U/g fresh
weight, and this activity dropped to 0.74 U/g fresh
weight in hydroprimed seeds under Paspalum pas-
paloides treatment. In contrast, germinated seeds
primed with soil microorganisms displayed notably
higher amylase activity than the control group, both
under normal conditions and weed treatment. Amyl-
ase activity increased from 2.40 U/g fresh weight in
hydroprimed seeds under normal conditions (control)

to 4.05 U/g fresh weight in 7. viride-primed germi-
nated seeds under normal conditions. Under weed
conditions, soil microorganisms priming protected
amylase activity, ranging from 3.33 to 3.88 U/g fresh
weight, which is significantly higher than that of the
control. Interestingly, despite the significant increase
in amylase activity in soil microorganism-primed seeds
compared to the control, there was a non-significant
difference observed in soluble sugar content between
the control group and the soil microorganism-primed
seeds under weed treatment (Table 2).

Effect of soil microorganisms on oxidative stress
markers and antioxidant enzyme activities in
germinated pearl millet under weed extract treatment

Hydrogen peroxide is one of the reactive oxygen
species that can induce peroxidation in various
biological macromolecules such as lipids, proteins,
and nucleic acids. H,O, and malonyl dialdehyde
(MDA), a product of lipid peroxidation, are recognized
as markers of oxidative stress. These oxidative stress
markers showed a significant increase in hydroprimed
germinated seeds under weed treatment. The H,O,
content escalated in hydroprimed seeds from 1.80
ug/g fresh weight under normal conditions (control)
to over 4.00 pg/g fresh weight under weed treatments.
Similarly, the MDA content in hydroprimed
germinated seeds increased from 0.48 pM/g fresh
weight under normal conditions to more than 3.80 pg/g
fresh weight under weed treatment. On the other hand,
soil microorganism priming demonstrated a significant
reduction in the content of oxidative stress markers
under normal conditions. Although the oxidative
stress markers increased under weed treatment in
soil microorganism-primed germinated seeds, their
content was not significantly different from that of the
control. Under weeds treatment H,O, content in soil
microorganism-primed seeds ranged from 1.62 to 1.76
ug/g fresh weight, which was not significantly different
from that of the control (1.80 ug/g fresh weight).
Similarly, under weed treatments, MDA content in
soil microorganism-primed seeds ranged from 0.35 to
0.44 uM/g fresh weight, which was not significantly
different from that of the control (0.48 puM/g fresh
weight) (Table 3).

Plants mitigate the oxidative stress through the
activity of the antioxidant enzymes. Results in
Figs. 4, 5 and 6 show the changes in superoxide

@ Springer



Plant Soil

235 o ©3.5 -

T 3 i * T 2 o3 *
= » * * —I—

g25 B r ‘I‘ 525 | _I_ _I_

& =

2 4 2 2

15 215 -

= z

g 1 S 14

@ Y

205 - gos I

=] =

E 0 ; i ; , ) L : : :

Phytase activity (U/g fresh weight)

Phytase activity (U/g fresh weight)

]

w
1

y
i
i

<} -

o w = wv N
T

| b

<35 4

-=

20

: 3 .
£ * * B
$25 - 1

-

o0 -

:\3 2

215 -

Phytase activi
o
o

Phytase activit

Phytase activity (U/g fresh weight)

y y (U/g fresh weight)
o = N
v O w - w N wv
[=] -

Priming treatment

Phytase activity (U/g fresh weight)
o 3 [ UH'\ N
e

w
w wv
J
*

N w
(9, w
-
*
"

Priming treatment

Fig. 2 Effect of priming with soil microorganisms on phytase
activity in seeds germinated under under different weeds treat-
ments. A seeds germinated on normal conditions (water), B
seeds germinated under Brachiaria ramose treatment, C seeds
germinated under Cynodon dactylon treatment, D seeds ger-
minated under Dactyloctenium aegyptium treatment, E seeds
germinated under Digitaria marginata treatment, F seeds ger-
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minated under Paspalum paspaloides treatment, G seeds ger-
minated under Panicum dichotomiflorum treatment, H seeds
germinated under Sorghum halepense treatment. Data are
means of three replicates. Columns followed by asterisk are
significantly different from the control according to paired T
test, P < 0.01
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Fig. 3 Effect of priming with soil microorganisms on phytate
content in seeds germinated under under different weeds treat-
ments. A seeds germinated on normal conditions (water), B
seeds germinated under Brachiaria ramose treatment, C seeds
germinated under Cynodon dactylon treatment, D: seeds ger-
minated under Dactyloctenium aegyptium treatment, E seeds
germinated under Digitaria marginata treatment, F seeds ger-

minated under Paspalum paspaloides treatment, G seeds ger-
minated under Panicum dichotomiflorum treatment, H seeds
germinated under Sorghum halepense treatment. Data are
means of three replicates. Columns followed by asterisk are
significantly different from the control according to paired T
test, P < 0.01
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Table 3 Effect of biopriming with different soil microorganisms on oxidative stress markers (H,0, content (uM g! fresh weight), Malonyl di aldehyde (MDA) (ug g™ fresh

weight)) content in pearl millet seeds germinated under different weeds extract treatment

Trichoderma viride

Serratia marcescens

Bacillus velezensis Pseudomonas fluorescens

Hydroprimed

Priming

H,0, (ngg™' MDAWMg™' H,0,(ugg™' MDAWMg™' H,0,(ugg™' MDA@Mg™' H,0,(ugg”' MDA@Mg™' H,0,(ugg™' MDAuM g™

fresh weight) fresh weight) fresh weight) fresh weight) fresh weight) fresh weight)

Weed Treatment

fresh weight) fresh weight)

fresh weight) fresh weight)

0.28 +0.035%
1.67+0.180 0.42+0.058

0.79+0.012%*

0.28 +0.024*
1.63+0.136  0.39+0.044

0.24+0.021* 0.81+0.032*
1.56+0.186 0.36+0.064

0.24+0.035*% 0.82+0.053*
0.35+0.079

1.64+0.111

1.80+0.136  0.48+0.056 0.79+0.038*
7.35+0.767* 3.84+0.396*

Non-treated (water)

1.67+0.150 0.42+0.021

0.36+0.055 1.65+0.162 0.37+0.046 1.76+0.082 0.41+0.074

3.89+0.267*

7.17+0.670*

Brachiaria ramose

1.71+0.072  0.43+0.060

0.41+0.031

1.63+0.075

1.60+0.066 0.39+0.039

0.36£0.046

1.49+0.061
1.67+0.103

4.13+0.556*

7.30+0.766%*

Cynodon dactylon

Dactyloctenium

aegyptium

0.43+0.051

1.67+0.143

1.62+0.218

0.41+0.066

1.67+0.097 0.42+0.026
1.69+0.155

1.63+0.187 0.42+0.019

1.64+0.099 0.39+0.038

1.60+0.110 0.36+0.045

1.64+0.137  0.35+0.042

4.11+0.183*

7.29+0.889%

Digitaria marginata

+ 0.42+£0.023

1.55+0.203

1.61+0.146  0.39+0.052 1.69+0.152 0.39+0.012

Paspalum paspaloides 7.52+0.494* 3.92+0.807*

+ + + + 1.64+0.152  0.39+0.049 + 0.42+0.036

7.61+£0.754*% 3.99+0.343*

Panicum dichotomi-

florum

1.66+0.145 0.39+0.051 1.68+0.144 0.39+0.055 1.64+0.142 0.40+0.036 1.66+0.218 0.44+0.034

4.40+0.175*

7.48+0.683*

Sorghum halepense

Data are means of three replicates. Data followed by asterisk are significantly different from the control according to paired T test, P <0.01

dismutase  (SOD), peroxidase (POX), and
polyphenol oxidase (PPO) activities, respectively,
in the hydroprimed and soil microorganisms primed
germinated seeds under the different treatments of
weeds extract. The priming with soil microorganisms
significantly increased the antioxidant enzymes
under weed treatments, while the hydroprimed seeds
showed non-significant changes in the antioxidant
enzymes under weed treatment except for the
superoxide dismutase, which showed a significant
increase under weed treatments (Fig. 4).

Change in secondary metabolism components

Under various stress conditions, plant cells
induce secondary metabolic pathways to produce
compounds that aid in stress resistance. Shikimic
acid and phenylalanine ammonia-lyase (PAL) are
considered pivotal in various secondary metabolic
pathways. Figures 7 and 8 present the changes
in shikimic acid content and PAL activity in the
different studied groups, respectively. In the case
of shikimic acid, soil microorganisms priming
significantly reduced the content to 3.03 ug/g fresh
weight in the control, dropping below unity under
normal conditions or weed treatment. Conversely,
hydroprimed germinated seeds showed a significant
increase in shikimic acid content under weed
treatment (Fig. 7). Phenylalanine ammonia-lyase,
acting as the gateway to secondary metabolism,
exhibited significantly higher activity in seeds
primed with soil microorganisms under weed
treatments, while its activity remained unchanged in
hydroprimed seeds under weed treatments (Fig. 8).

Phenols and flavonoids represent the primary
secondary metabolites. Under weed treatment, soil
microorganisms significantly increased total phenols
and total flavonoids. Phenol content rose from
15.42 mg/g fresh weight in the control to over 42.00
mg/g fresh weight in soil microorganisms-primed
germinated seeds under weed treatment. Flavonoid
content increased from 48.90 ug/g fresh weight in
the control to over 115.00 pg/g fresh weight in soil
microorganisms-primed germinated seeds under weed
treatment. Conversely, hydroprimed germinated seeds
under weed treatment showed non-significant changes
in total phenols and total flavonoids compared to the
control (Table 4).
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germinated under Paspalum paspaloides treatment, G seeds ger-
minated under Panicum dichotomiflorum treatment, H seeds ger-
minated under Sorghum halepense treatment. Data are means of
three replicates. Columns followed by asterisk are significantly
different from the control according to paired T test, P < 0.01
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Discussion

Soil microorganisms are very effective in improving
plant growth from germination to fruiting, besides
their positive role in improving plant tolerance
against different stress conditions (Ramandi and
Seifi 2023). Seed biopriming with rhizosphere plant
growth-promoting microorganisms is a well-reported
technique for introducing soil microorganisms to
improve plant germination and growth under different
stress conditions (Mitra et al. 2021). Our results
showed that seed priming with soil microorganisms
improved pearl millet germination under weed extract
treatments that significantly reduced the germination
percent, plumule length, radicle length, and seed
vigor in the hydroprimed seeds. The reduction of
germination through the allelopathic effect of the
weeds can be explained through the inhibition of
nutrient uptake through the reduction in gibberellin
content, which negatively affects the hydrolysis
enzyme activity, which supplies the embryo with
simple nutrients needed for energy production for
healthy germination (Choudhary et al. 2023). Zareen
et al. (2022) reported the allopathic effect of weeds
on the germination of chickpeas and wheat due to
the role of the allelochemicals in the availability of
nutrients. Similarly, Padu et al. (2023) reported the
inhibitory effect of the weeds on the germination
of Hordeum vulgare, Brassica juncea, Triticum
aestivum, and Eleusine coracana due to the effect
of the allelochemicals. Casuarina equisetifolia-L
leaf aquatic extract negatively affected the seed
germination and growth of wheat, maize, mustard, and
lentils (Ahmed et al. 2019). This allelopathic effect of
C. equisetifolia is related to 2,4-di-tert-butylphenol
(2,4-DTBP), which is the major allelochemical of the
C. equisetifolia litter exudates (Xu et al. 2022).

The present work shows that priming with soil
microorganisms improved the germination under the
weeds treatments, this in the same line with what is
reported that the soil microorganisms can mitigate the
effect of the weeds; thus, they are a candidate for safe
bioherbicide production (Neto et al. 2021). Similarly,
de Matos et al. (2019) reported that soil microorgan-
isms improved the interaction between maize and
weeds, and maize growth increased with the improve-
ment in soil microorganism activity. Also, Raza et al.
(2021) reported the effectiveness of the rhizobacte-
ria in biocontrolling the weeds in wheat agriculture.

@ Springer

Soil microorganisms can induce germination under
weed treatments by detoxifying allelochemicals.
This process aids seeds in germinating without being
adversely affected by the toxic impact of the weeds.
Alternatively, they can stimulate the production of
growth hormones such as gibberellins, which activate
hydrolytic enzymes, promoting a healthier germina-
tion process (Makhaye et al. 2021; Xiao et al. 2020).
The hydrolysis process during seed germination is
the key to all metabolic pathways in the germinated
seeds (Nautiyal et al. 2023). Carbohydrates and
phytate are the main storage materials in cereal seeds
such as rice, wheat, and pearl millet (Samtiya et al.
2020; Hassan et al. 2021). The hydrolysis of these
storage materials is the source of energy for various
metabolic activities during germination. Additionally,
they serve as a reservoir of building blocks for other
essential components required for seedling growth
and resistance against adverse conditions (Batool et al.
2022). The different stress conditions mainly affect seed
germination by disturbing the hydrolysis processes (El
Moukhtari et al. 2023). The weed residue in the soil
is one of the environmental stresses that can inhibit
the germination of the crop seeds by deactivating
the hydrolysis process (de Souza Coelho et al. 2022).
Similarly, the weed extract in the present study
significantly reduced the carbohydrate and phytate
hydrolysis by affecting the amylase and phytase activity.
This inhibition is related to the toxic allelochemicals in
the weed extract (Zareen et al. 2022). Seed priming can
mitigate the adverse effects of different environmental
stresses on seed germination (Rasheed et al. 2022).
Priming the pearl millet seeds with soil microorganisms
significantly improved the phytate and carbohydrate
hydrolysis under weed treatments. Improving
carbohydrate and organic phosphate hydrolysis and
their immobilization during germination helps the
seeds germinate under stress conditions (Wang et al.
2022). Similarly, Ghannad et al. (2022) reported that
the activation of hydrolytic enzymes improved the
germination of Dracocephalum kotschyi dormant seeds.
Trichoderma biopriming increased the germination of
soya beans through the activation of hydrolysis enzymes
and nutrient mobilization (Paul and Rakshit 2023).
Soil microorganisms priming increased the hydrolysis
enzymes activity is related to the enhancement of its
catalytic properties, and increasing its affinity to the
substrate makes it more resistant to the differences in
the surrounding conditions under stress (Al-Hazmi



Plant Soil

and Naguib 2022; Al Hijab et al. 2024). In addition,
priming with soil microorganisms induces gibberellin
synthesis, which is the main phytohormone responsible
for the activation of the hydrolysis enzymes during seed
germination (Singh et al. 2018; Makhaye et al. 2021).

Production of reactive oxygen species (ROS) under
stress conditions is a well-documented metabolic reac-
tion that induces oxidative stress if there is not suffi-
cient antioxidant machinery to antagonize the harm-
ful effect of these excess reactive oxygen species. The
excess of these ROS attacks the large molecules of
the cells, such as lipids, proteins, and nucleic acids,
causing their denaturation and deactivation. Lipid
peroxidation is one of the most common markers of
oxidative stress (Kumar et al. 2021). Weed treatments
significantly increased the oxidative stress mark-
ers, hydrogen peroxide, and lipid peroxidation, in the
hydroprimed seeds, while in the seeds primed with
soil microorganisms, there was no significant change
in the oxidative stress markers. Soln et al. (2022)
reported that allelochemicals from weeds cause a burst
of ROS in the plant cells, which results in oxidative
stress and then cell death. The seed biopriming with
soil microorganisms mitigates the toxic effect of the
excess ROS and prevents oxidative stress by improv-
ing the antioxidant enzyme activity, which detoxifies
the excess ROS (Mitra et al. 2021). Pérez-Garcia et al.
(2023) reported the ability of the seed biopriming with
soil microorganisms to up-regulate the antioxidant
enzymes in seedlings, which ceases the negative effect
of the ROS. Similarly, the present results showed that
the pearl millet priming with soil microorganisms
significantly increased the activity of the antioxidant
enzymes that save the oxidative stress marker content,
similar to the control, which means the mitigation of
the oxidative stress induced by the weed treatments.
Also, Haroon et al. (2022) reported the efficiency of
soil microorganism priming in mitigating oxidative
stress in wheat seeds germinated under stress. The
positive role of the soil microorganisms in activation
the antioxidant enzymes under stress is well reported
as soil microorganisms help in induction defense
genes which activates the antioxidant enzymes (Pérez-
Garcia et al. 2023). Beside soil microorganisms prim-
ing improve the kinetics parameters of the antioxidant
enzymes (Al Hijab et al. 2024).

Secondary metabolism is a specialized metabolic
pathway that produces specialized compounds that
help plants adapt to different environmental conditions

(Rajcevi¢ et al. 2023). These secondary metabolites
have a significant role in the defense mechanism and
tolerance against different stress conditions, improv-
ing plant growth and yield. The secondary metabo-
lites include many different compounds found in small
amounts under normal conditions, but their content
increases according to the plant’s needs under differ-
ent stress conditions. Thus, the induction of secondary
metabolism under different stress conditions is a com-
mon strategy in tolerant plant species (Chakraborty
2022). Shikimic acid is an important precursor for
many secondary metabolite syntheses (Jha and
Mohamed 2022). Its accumulation in plant tissues is
an indicator of impairment in the secondary metabo-
lism pathways (Guo et al. 2021). The pearl millet seeds
primed with soil microorganisms showed a significant
decrease in the shikimic acid content under weed treat-
ments, while the hydroprimed seeds showed accumula-
tion in the shikimic acid content under weed treatments.
The accumulation of the shikimic acids is an indicator
of the sensitivity to stress conditions, as the tolerant
species can consume the shikimic acid to synthesize
the secondary metabolites used in the defense mecha-
nism (Malalgoda et al. 2020; Sweellum and Naguib
2023). Another important component in the secondary
metabolism pathways is Phenylalanine ammonia-lyase
(PAL). PAL is a key enzyme for the gate of second-
ary metabolism in plants. PAL shares in the phenyl-
propanoids synthesis such as phenols and flavonoids.
The activity of PAL is very important for plant growth
under stress (Barros and Dixon 2020). The soil micro-
organism priming significantly increased the PAL in
pearl millet germinated seeds under weed treatments,
while for the other hydroprimed seeds, the increase
was non-significant compared to the control. Simi-
larly, Qin et al. (2022) reported that the stress-tolerant
plants have higher PAL activity than the sensitive ones.
The increase in PAL expression and activity increased
the seed vigor index and germination under different
stress conditions (Zhang et al. 2022). Plant growth-
promoting microorganisms share in the induction and
activation of phenylalanine ammonia-lyase to increase
the plant’s tolerance to different external stimuli (Sar-
raf et al. 2023). The activity of PAL is a major point
in the formation of phenols and flavonoids, which par-
ticipate in the plant’s tolerance against different stresses
(Tak et al. 2023). Liu et al. (2023) reported that the high
PAL transcription and activity in Euryale ferox resulted
in high polyphenol and flavonoid content. Similarly,

@ Springer



Plant Soil

the present results show that the significant increase in
PAL activity is accompanied by a significant increase
in phenols and flavonoid content in pearl millet seeds
primed with the soil microorganisms germinated
under weed treatments. This is in line with reports by
Lourenzi et al. (2022) that soil plant growth-promoting
microorganisms can induce the synthesis of secondary
metabolites such as phenols and flavonoids in plants
under the allelopathic effect of different weeds. Also,
Pérez-Garcia et al. (2023) reported that rhizobacteria
priming can improve the seed vigor index and germi-
nation under stress conditions through the activation of
the synthesis of bioactive compounds such as phenols
and flavonoids. Phenols and flavonoids are widespread
secondary metabolites that have an important role in
plant tolerance against different stresses. They act as
non-enzymatic antioxidants, which mitigate oxidative
stress (Kaur et al. 2023; Mishra et al. 2023). Shikimate
and Phenylalanine ammonia-lyase play a pivotal role
in phenol and other secondary metabolite biosynthesis,
bridging primary metabolism with secondary metabo-
lism (Tak et al. 2023). This bridging is very clear in
the present study, as in the pear]l millet seeds primed
with soil microorganisms; however, the amylase activ-
ity increased significantly and the soluble sugar content
remained with a non-significant change than that of
the control. This is in line with Wei et al. (2023), who
reported that starch metabolism and phenylpropanoid
biosynthesis are involved in defense responses to stress.
Seed biopriming with soil microorganisms can
mitigate the toxic effects of weed on pearl millet
growth. This provide insights into sustainable agricul-
tural practices, reducing reliance on synthetic chemi-
cals, promoting beneficial microbial communities,
integrating biological control, aligning with agroeco-
logical principles, and addressing food security chal-
lenges in specific agroecosystems. This knowledge
contributes to a more holistic and environmentally
friendly approach to weed management, supporting
the long-term sustainability of agricultural systems.

Conclusion

Biopriming pearl millet seeds with specific soil micro-
organisms significantly enhanced germination under
various weed extract treatments by optimizing seed
metabolism, increasing antioxidant enzymes, and
improving the hydrolysis process. This approach not

@ Springer

only alleviated oxidative stress induced by weeds but
also conserved energy for primary metabolism, ena-
bling resources to be redirected to secondary metabo-
lism for the formation of defense molecules. This
knowledge supports a holistic and environmentally
friendly weed management approach, contributing to
the long-term sustainability of agricultural systems.
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