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Editorial on the Research Topic

The adaptation strategies of plants to alleviate important environmen-
tal stresses
Agriculture, the backbone of global food security, is constantly challenged by various

environmental stresses such as drought, temperature fluctuations, soil pollution, and

changing rainfall patterns. Researchers have been exploring innovative strategies and

technologies to address these challenges and ensure sustainable crop production (Kumar

and Dubey, 2020). Over the years, complex arrays of plant responses to various

environmental pressures have been documented. However, a clear mechanistic

foundation is often missing from these studies, making it difficult to consider them as

the basis for plant development and tolerance pathways (Figure 1). Our Research topic

comprises 13 original research articles contributed by more than 80 authors (total

downloads: 3272; total views: 15k). With this Research topic, we aimed to covers various

stress responses, precipitation variability, biochar applications, metal toxicity, alleviation of

terminal drought stress and various agricultural practices that help the plants to adapt and

mitigate different environmental stresses.

Drought stress severely impacts cereal crop growth and yields, making it a top concern

for farmers worldwide. The paper titled “Foliar application of putrescine alleviates terminal

drought stress in wheat” by Wasaya et al. explores the use of putrescine as a potential

solution. The research reveals that foliar application of putrescine at a concentration of 1.0

PPM significantly improved wheat’s water status, membrane stability, and yield-related

traits under terminal drought stress. This finding offers a promising approach to mitigate

drought-related yield losses in wheat cultivation. In water-scarce regions, efficient irrigation

methods are essential for cotton cultivation. A study of Singh et al. compares sub-surface

drip fertigation (SSDF) with traditional irrigation methods in India. The research

highlights the potential of SSDF to save irrigation water, enhance cotton productivity,

and improve farmers’ returns, offering a water-savvy concept for sustainable

cotton production.
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Understanding historical precipitation patterns is crucial for

crop management in regions with variable precipitation. The work

conducted by Fang et al. on characteristics of historical precipitation

for winter wheat cropping analyzes two decades of climate data in a

semi-arid and semi-humid area of China. The study characterizes

rainfall distribution during key growth stages of winter wheat,

providing valuable insights for managing waterlogging and

drought risks. In their group, Qin et al. investigated the water use

strategies of Ferula bungeana in the Badain Jaran Desert. The study

reveals that the plant adapts to extreme drought conditions by

adjusting its water absorption sources, water potential, hydraulic

conductivity, and water use efficiency. Water availability plays a

significant role in regulating these strategies. The investigation of

Veenstra et al. explores the role of tillering in stabilizing corn yield

components under sub-optimal plant densities. It suggests that

optimizing plant density to maximize the main stalk primary ears

is desirable for maximizing yields. However, tiller expression offers

an avenue to reduce dependence on variable optimum plant

densities. It suggests that optimizing plant density to maximize

the main stalk primary ears is desirable for maximizing yields, but

tiller expression offers an avenue to reduce dependence on variable

optimum plant densities.

Among environmental stresses, heavy metals are of significant

interest in the research related to the impact on plant growth, quality

and mitigation of the hard impact of this stress together with the

adaptation potential of plants. For example, Wang et al. investigate

low-level cadmium exposure in peppermint, this research identifies

genes and pathways associated with hormetic responses. Low-level

cadmium exposure consistently enhances antioxidant activity in

peppermint plants, aiding in their resistance to oxidative damage.

This hormetic effect could have implications for peppermint

cultivation in contaminated environments.

The study by Abeed et al. titled “Mitigating cadmium stress in

sunflower with microorganisms” explores the use of Trichoderma
Frontiers in Plant Science 026
harzianum and plant growth-promoting bacteria to alleviate

cadmium (Cd) stress in sunflower plants. These microorganisms

play a vital role in helping sunflower plants adapt to Cd stress by

regulating various physiological and biochemical processes,

reducing stress markers, and improving water use efficiency. This

approach holds promise for enhancing sunflower resilience against

Cd-induced damage. Research by Chen into how zinc (Zn)

alleviates cadmium (Cd) toxicity in mangrove plants reveals that

low-dose Zn treatment positively influences biomass, phenolic acid

metabolism-related enzymes, antioxidant capacity, and chlorophyll

content. These effects help mitigate Cd toxicity in mangrove plants,

indicating a potential strategy for managing heavy metal stress.

Biochar, derived from biomass, has attracted attention for its

potential to enhance soil fertility and crop productivity. The study by

Wan et al. explores the impact of biochar, specifically wheat-straw

biochar, on maize plants under reduced irrigation. Biochar addition

significantly increases root parameters, soil nutrient availability, and

plant biomass. It suggests combining wheat-straw biochar with

partial root-zone drying can improve maize growth and nutrient

uptake, particularly in water-limited conditions. Another biochar

study by Farhangi-Abriz and Ghasemmi-Golezani examines the

impact of chemically modified biochars on mint plants exposed to

fluoride and cadmium toxicities. Modified biochars effectively reduce

fluoride and cadmium levels in plant leaves, improve soil properties,

and enhance plant growth and nutrient uptake. They are more

efficient at protecting plants from soil pollutants than solid biochar.

Soybean, widely used in intercropping systems, must adapt to

varying light conditions. Wu et al. explore how soybean seedlings

adjust to shade. The study reveals that soybean seedlings adapt by

altering morphological and physiological traits, highlighting the

plant’s plasticity in response to environmental stressors.

The research findings reported in this Research Topic offer

promising solutions for mitigating issues such as drought, heavy

metal exposure, and variable precipitation patterns. Strategies
FIGURE 1

Common plant adaptation strategies against environmental stresses.
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include the uses of putrescine for drought-tolerant wheat, water-

efficient cotton cultivation methods, and optimizing plant density

for corn yields. Additionally, studies highlight plant adaptability in

response to environmental stressors and the potential of

microorganisms and biochar to combat heavy metal stress and

enhance soil fertility. These findings hold significant promise for

sustainable and resilient agriculture.
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Soybean (Glycinemax) is a legume species that is widely used in intercropping.

Quantitative analyses of plasticity and genetic differences in soybean would

improve the selection and breeding of soybean in intercropping. Here, we

used data of 20 varieties from one year artificial shading experiment and

one year intercropping experiment to characterize the morphological and

physiological traits of soybean seedlings grown under shade and full sun light

conditions. Our results showed that shade significantly decreased biomass,

leaf area, stem diameter, fraction of dry mass in petiole, leaf mass per unit area,

chlorophyll a/b ratio, net photosynthetic rate per unit area at PAR of 500 µmol

m−2 s−1 and 1,200 µmol m−2 s−1 of soybean seedling, but significantly

increased plant height, fraction of dry mass in stem and chlorophyll content.

Light × variety interaction was significant for all measured traits, light effect

contributed more than variety effect. The biomass of soybean seedlings was

positively correlated with leaf area and stem diameter under both shade

and full sunlight conditions, but not correlated with plant height and net

photosynthetic rate. The top five (62.75% variation explained) most important

explanatory variables of plasticity of biomass were that the plasticity of leaf

area, leaf area ratio, leaflet area, plant height and chlorophyll content, whose

total weight were 1, 0.9, 0.3, 0.2, 0.19, respectively. The plasticity of biomass

was positively correlated with plasticity of leaf area and leaflet area but

significant negative correlated with plasticity of plant height. The principal

component one account for 42.45% variation explain. A cluster analysis further

indicated that soybean cultivars were classified into three groups and cultivars;

Jiandebaimaodou, Gongdou 2, and Guixia 3 with the maximum plasticity of

biomass. These results suggest that for soybean seedlings grown under shade

increasing the capacity for light interception by larger leaf area is more vital

than light searching (plant height) and light conversion (photosynthetic rate).

KEYWORDS

shade, soybean, plasticity, morphological, physiological
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Introduction

Intercropping, defined as the cultivation of two or more
crop species simultaneously in the same field (Willey, 1979;
Francis, 1989), is widely practiced by smallholder farmers
across the world, and is attracting attention in the context
of ecological intensification of agriculture (Vandermeer, 2011;
Brooker et al., 2015; Tanveer et al., 2017). Compared with sole
cropping, intercropping often leads to higher yield because
of the full use of time, space, and resources (Willey, 1990;
Keating and Carberry, 1993; Szumigalski and Van Acker, 2006;
Malézieux et al., 2009; Raza et al., 2021). Adaptive plant
morphological and physiological responses to intercropping
environments are likely to contribute to the yield advantage
(Li et al., 2021; Wang et al., 2021). It has been shown that
plasticity of the shoot traits of wheat contribute significantly
to the enhanced light capture in wheat-maize intercropping
systems (Zhu et al., 2015, 2016). This suggests that phenotypic
plasticity, which is defined as the ability of a genotype to alter its
expressed trait values in response to environmental conditions
(Bradshaw, 1965; Valladares et al., 2007; Sultan, 2010), may
improve crop performance in intercropping systems. However,
detailed information about the genetic differences in phenotypic
plasticity in the context of intercropping is still lacking. Such
information can be used as a guide in variety selection and
breeding to optimize the benefits of intercropping systems (Zhu
et al., 2016).

The cereal-legume system is one of the most common types
of intercropping systems (Yu et al., 2015), and soybean is one of
the most widely used legumes in these systems, which include
maize–soybean (Wu et al., 2021) and sorghum–soybean (Ghosh
et al., 2009). Due to the shorter plant height and late sowing
time than maize and sorghum, soybean plants are often grown
under shade conditions in these intercropping systems (Wu
et al., 2022). Plants adapt to shade through either shade tolerance
(Yang et al., 2018) or shade avoidance mechanisms (Valladares
et al., 2007; Valladares and Niinemets, 2008; Niinemets, 2010).
Shade tolerance mechanisms, which can help plants survive
under low light conditions, increase light harvesting or light
use efficiency. These mechanisms include increasing chlorophyll
(Chl) content, increasing specific leaf area, and reducing the
Chl a/b ratio (Givnish, 1988; Valladares and Niinemets, 2008;
Niinemets, 2010). Shade avoidance mechanisms, which can
help plants escape from shade and likely increase light capture,
include responses such as enhanced stem and petiole elongation,
higher dry mass allocation to the stem than to the leaf and
root, and develop a small leaf angles (Ballaré, 1999; Smith, 2000;
Franklin and Whitelam, 2005; Vandenbussche et al., 2005; Casal,
2012; de Wit et al., 2012).

Phenotypic plasticity plays a remarkable role in the
ecological distribution and evolutionary diversification of plants
(Enbody et al., 2021). The degrees of plasticity differ among
species or populations from contrasting habitats. It has been
reported that shade-grown Impatiens capensis possesses longer

stems and internodes than its counterparts grown under full
sunshine and that I. capensis populations originating from
open habitats are more sensitive to shade than those from
shade habitats (Dudley and Schmitt, 1995; Anten et al., 2009).
Other studies comparing the plasticity of morphological and
physiological variables in different species found that shade-
intolerant species from light habitats are more sensitive to
light and exhibit a greater degree of plasticity than shade-
tolerant species from shade habitats (Valladares et al., 2000a,b;
Portsmuth and Niinemets, 2007). Comparisons of the plasticity
of different functional traits revealed that shade-intolerant
species have relatively higher plasticity for physiological traits,
but lower plasticity for morphological traits than shade-tolerant
species (Valladares et al., 2000b; Li et al., 2012; Naseer et al.,
2022). It has been pointed out that light-favoring plants
have enhanced physiological plasticity for variables related to
photosynthesis, while shade tolerant species rely on enhanced
plasticity in light-harvesting traits (Valladares et al., 2002;
Poorter et al., 2019).

It has been shown that soybean plants display a suite of
shade-avoidance responses when co-grown with maize; these
responses result in a lower photosynthetic capacity, an elongated
stem, reduced branching, a higher lodging rate and lower yield
(Yan et al., 2010; Su et al., 2014; Yang et al., 2014; Wu et al.,
2022). Previously, we showed that there are genetic differences
in the shade responses of two soybean varieties (Gong et al.,
2015). However, it remains unclear how these responses reflect
the inherent strategies for coping with shade, and which traits
should be displayed in the ideotype for breeding soybean
varieties with better performance in intercropping. The aim
of this study was: (1) to characterize the phenotypic variation
in morphological and physiological traits of soybean grown
under both shade and full-light conditions; (2) to quantify the
relationship between the biomass of soybean and morphological
and physiological traits under the different light conditions; and
(3) to develop approaches to establish an ideotype contributing
to higher biomass accumulation under shade based on plasticity
in morphological and physiological traits.

Materials and methods

Experimental design and field
management

Experiment 1:Experiment 1 was conducted in 2014 under
field conditions at the Teaching and Experimental Farm of
Sichuan Agricultural University in Ya’an (29◦59’N, 103◦00’E),
which is located at the western border of the Sichuan Basin.
The soil of the experimental field is a purple clay loam (pH 7.5).
On June 19th, the seeds of 20 soybean varieties (names refer to
Supplementary Table 1) were sown, each varieties were sown in
one plot with a row spacing of 0.5 m and a row length of 2.5 m,
and three rows of each variety were planted for each condition.
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The shade and full sun light treatments were started immediately
after sowing. The shade treatment was achieved by installing
green shading nets above the experimental field at a height of
2 m, ∼40% transmittance, PAR was around 500 µmol m−2 s−1,
average daily temperature was 30.7 ◦C, average daily humidity
was 71.9%. The average daily temperature and humidity of full
sun light treatment was 32.9 ◦C and 64.5% (Yang et al., 2014;
Wu et al., 2017b; Figures 1A,B). After the first trifoliolate leaves
expanded, soybean seedlings were thinned to 0.1 m between
plants in each row.

Experiment 2:In order to further verify the shade response
of soybean and variety performance of 2014 in a real
intercropping shade environment, we conducted Experiment 2
in 2015 at the same field of 2014, so the soil of the experimental
field is a purple clay loam (pH 7.5). It was conducted by a split-
plot experiment design with three replications. The planting
pattern was set as main plot with two levels: maize-soybean relay
strip intercropping (shade) and soybean monoculture (full sun
light) (Figures 1C,D). 14 soybean varieties (in order to reduce
the field work, we only selected 14 varieties with large difference
in growth in shade) were used in sub plot based on the results of
2014 (Supplementary Table 1). The field arrangement of relay
intercropping was carried out as follows. Briefly, For the full
sun light treatment in sole cropping, soybeans were planted as
solid rows with a 0.5-m row spacing. For the shade treatment
in intercropping, soybean and maize were planted as alternating
strips, and every soybean strip was relay intercropped between
the maize strips. Each plot contained two maize and two soybean
strips, and each soybean strip and maize strip consisted of
two soybean and two maize rows. The strip spacing (distance
between maize and soybean rows), soybean row spacing and
maize row spacing were all 0.5 m (Wu et al., 2017b). Each plot
was 6 m long. The maize cultivar, Zhenghong 505, was sown on 9
April and harvested on 9 August, the soybeans were sown on 20
June and harvested on 23 October. When soybean was planted,
maize was 2.5 meters high and reduced the light interception
rate of soybean by 66%, the average daily temperature and
humidity of intercropping treatment was 30.1 ◦C and 68.6%. The
weather condition (rainfall and temperature) of two years are
shown in Supplementary Figure 1.

Measurements

In Experiment 1, three individual plants grown in the
middle section of the middle row were tagged on August
5th, 2014 (47 days after sowing); these plants were used for
all measurements and each individual plant was a biological
replicate. Photosynthetic indexes were mearsured on on the
47 days after sowing, and the middle leaflets of the latest
fully expanded trifoliolate leaves were used for measurements.
Photosynthesis was measured using a portable photosynthesis
system (LI-6400XT, Li-Cor Inc., USA) equipped with an LED

Light Source (6400-02B). Net photosynthetic rate per unit
area was measured under light intensities of 500 (PN500)
and 1,200 (PN1200) µmol m−2 s−1, a CO2 concentration of
380 µmol mol−1 sample, an air flow rate of 500 ml min−1,
60–75% relative humidity and a temperature of 30◦C. The
net photosynthetic rate value was taken when the range is
between 0.1 and 0.2 after 1–2 min. After the measurement of
photosynthesis, the same trifoliolate leaves were collected in
white ziplock bag, and put in a ice box and brought to the
laboratory no more than 30 min. First, leaves were scanned using
a flatbed scanner (CanoScan LiDE 200, Canon Inc., Japan), and
the captured images were used for later analysis of the leaflet
area in ImageJ 1.45s. Second, two leaf discs (diameter = 1 cm)
from the middle leaflet were punched out, and extracted in a
centrifuge tube with 80% aqueous acetone solvent for 24 h in a
dark environment with 20 ◦C indoor temperature, and then used
spectrophotometer to determine the total Chl concentration and
the Chl a/b ratio (Lichtenthaler, 1987). The remaining leaves
were oven-dried and weighed to calculate the leaf mass per unit
area and the Chl concentration per unit dry mass. Dried leaves
were finally ground into a fine powder for the measurement of
nitrogen (N) and carbon (C) concentration using an elemental
analyzer (CE-440 Elemental Analyzer, Exeter Analytical Inc.,
USA). N concentrations were expressed based on unit content
per unit area.

On August 6th, 2014 (48 days after sowing), the
aboveground parts of the tagged plants were sampled and
brought back to the laboratory to measure biomass and
morphological traits. Plants were divided into three parts:
stem, lamina and petiole. Laminas were scanned, and then the
total leaf area per plant was determined using ImageJ. Plant
height and stem diameter (measured at the middle point of
the first internode) were also measured. The separate parts of
the leaf were oven-dried at 70◦C to a constant weight (∼72 h).
Biomass, fraction of dry mass in the stem, fraction of dry mass
in the lamina, and fraction of dry mass in the petiole were
then calculated.

In Experiment 2, all sampling and measurement were
conducted on July 27th, 2015 (37 days after sowing). First,
PN1200 was measured on five newly expanded leaves in five
individual plants grown in the middle section of the middle
row per plot, other parameters were maintained as described
in experiment 1. Second, the measured plant for photosynthetic
rates were sampled and brought to laboratory, leaf area, plant
height, stem diameter, biomass were measured as described in
experiment 1. The mean value per plot were calculated and
used for statistics.

Data processing and analysis

The plasticity of plants in response to shade was calculated
as the dimensionless slope of norm of reaction as previously
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FIGURE 1

Photographes of the experiment. (a) Shade treatment in 2014; (b) full sun light treatment in 2014; (c) maize-soybean relay strip intercropping in
2015; (d) soybean monoculture in 2015.

reported (Sadras et al., 2009). Briefly, Plasticity = (Ti_shade-
Ti_fulllight)/(shade-fulllight), where Ti is the value of one trait
(e.g., biomass) of the ith variety, and is the mean value of
the trait across all varieties. Thus, slope = 1 indicates average
plasticity over the two light environments, slope > 1 indicates
above-average plasticity, and slope < 1 indicates below-average
plasticity (Sadras et al., 2009).

Two-way ANOVA was used to test for the effects of light and
variety on the measured traits. Light was set as a fixed factor, and
variety was set as a random factor. Before analysis, trait values
were transformed by taking the natural logarithm. Correlation
and regression analysis were used to explore associations
between traits and plasticity (Supplementary Tables 2, 3 and
Supplementary Figures 3, 4). Analyses were performed using
SPSS 19.0 software (SPSS, Chicago, USA).

R version 4.0.5 was used to reveal the quantitative
relationships between the plasticity of biomass and the plasticity
of morphological and physiological traits. Features selection
was performed with the train function in R package caret
v6.0-91. Then, features importance was obtained with varImp
function in R package caret v6.0-91 (Figure 2). The critical
features (p < 0.05) were selected, and correlation analysis was
performed with ggpairs function in R package GGally v2.1.2
(Figure 3). Similarly, the critical features were performed with
principle component analysis with the PCA function in R
package FactoMineR package v1.34. The results of PCA were
visualized with the fviz_pca_biplot function in R factoextra
package v1.0.7 (Figure 6A). Meanwhile, hierarchical cluster
analysis (Figure 6B) was performed with the hclust function and
visualized with the fviz_dend function in R package factoextra.

Results

Plant biomass and biomass allocation

In 2014, shade significantly reduced biomass, the mean
biomass of soybean seedlings grown under shade across all
varieties was 6.6 g per plant, which was 37.8% less than that of

seedlings grown under full light (10.6 g per plant) (Figure 2A).
Similar variations trend were observed in 2015 when soybean
plants grown under shade in intercropping and under full light
in sole cropping. The mean biomass of soybean seedling was
1.5 g per plant, the corresponding grown under full light was
7.6 g per plant (Figure 2A). Significant interactions between
light and variety were found for biomass. Partitioning of total
sum of squares (SS) indicated that the light effect was the major
contributor (Table 1).

In 2014, the mean fraction of dry mass in stem increased
from 31.7% under full light to 36.4% under shade. Meanwhile,
the mean fraction of dry mass in petiole decreased from 18.3%
under full light to 12.5% under shade (Figure 2B). There was no
difference in fraction of dry mass in leaf between plants grown
under the two treatments. Significant varietal differences and
interactions between light and variety were found in fraction of
dry mass. The total SS indicated that the variety effect was the
major contributor for stem and leaf, while petiole variation was
caused by light (Table 1). In 2015, Similar variations trend of
fraction of dry mass in stem and petiole were observed. While
the mean fraction of dry mass in leaf decreased from 58% under
full light to 45% under shade.

Morphological traits

In 2014, plant height greatly increased under shade
conditions, while stem diameter decreased. The mean plant
height of soybean seedlings grown under shade across all
varieties was 79 cm, which was 71.5% higher than that for
seedlings grown under full light (46 cm), while the mean stem
diameter reduced from 6.1 mm in full light to 4.5 mm in shade
(Figures 2D,E). leaf area was significantly reduced in shade. The
mean value of leaf area across all varieties grown under shade
was 1,171.1 cm2, which was 33.3% less than that under full light
(1,755.4 cm2) (Figure 2F). In 2015, when grown under shade
in intercropping, morphological traits significantly varied. Mean
plant height of soybean seedling was 71.3 cm, but the value
of seedlings grown under full light was 33.3 cm (Figure 2D).
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FIGURE 2

Biomass (A), fractions of dry mass in stem, petiole and leaf (B,C), plant height (D), stem diameter (E) and leaf area (F) of different soybean
varieties grown under shade and the control conditions in 2014–2015. Traits were expressed as mean ± standard errors from 20 cultivars in
2014 and 14 cultivars in 2015. ** represent significant difference at 0.01 level.

TABLE 1 The sum of squares (SS) and mean squares (MS) of two-way ANOVAs of the effects of light and variety on morphological traits.

Year ANOVA d.f. BMS fs fp fl LA PHT DMT

SS MS SS MS SS MS SS MS SS MS SS MS SS MS

2014 Light 1 6.57 6.57** 0.56 0.56** 4.45 4.45** 0.01 0.01 4.93 4.93** 9.01 9.01** 3.00 3.00**

Variety 19 2.75 0.14** 0.91 0.05** 0.90 0.05** 0.36 0.02** 3.39 0.18* 4.47 0.24** 0.05* 0.05*

Light*Variety 19 0.92 0.05** 0.11 0.01** 0.15 0.01* 0.06 0.00** 1.23 0.06** 0.7 0.04** 0.02** 0.02**

2015 Light 1 56.93 56.93** ∼ ∼ ∼ ∼ ∼ ∼ 32.42 32.42** 12.31 12.31** 16.42 16.42**

Variety 13 1.84 0.14 ∼ ∼ ∼ ∼ ∼ ∼ 1.69 0.13 1.947 0.15* 0.61 0.04

Light*Variety 13 1.68 0.12** ∼ ∼ ∼ ∼ ∼ ∼ 1.47 0.11** 0.56 0.04** 0.39 0.03**

*, ** represent significant difference at 0.05 and 0.01 levels, respectively. BMS, biomass; fs , fraction of dry mass in stem; fp , fraction of dry mass in petiole; fl , fraction of dry mass in lamina;
LA, leaf area per plant; PHT, plant height; DMT, diameter of the first node.

Meanwhile, the leaf area of soybean seedlings reduced from
1,278.4 cm2 in full light to 379.9 cm2 in shade, and the stem
diameter reduced from 5.84 mm in full light to 2.42 mm in shade
(Figures 2E,F). Significant interaction between light and variety
were found for those traits in both two years, the partition of
the total SS revealed that the major percentage was attributable
to light (Table 1). The yields of the 14 soybean varieties in two
treatments are also shown in Supplementary Table 4.

Physiological traits

Leaf physiological traits related to light use efficiency were
affected by shade. Leaf mass per unit area, PN500, PN1200 and
the Chl a/b ratio decreased under the shade condition, while
Chl content increased (Figure 3). Leaf mass per unit area and

Chl content differed between varieties, while PN500, PN1200 and
leaf nitrogen content did not. The interactions between light and
variety for leaf mass per unit area, PN500, PN1200, Chl content,
Chl a/b ratio and N content were significant. ANOVA results
revealed that light effect was the major contributor for Leaf mass
per unit area, PN500, PN1200, Chl a/b ratio and nitrogen content,
while Chl content variation was caused by variety (Table 2).

Relationships between the biomass
and the morphological and
physiological traits

In 2014, the biomass of soybean seedlings was positively
correlated with leaf area (Supplementary Figure 3A), as well
as with the stem diameter under both shade and full light
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FIGURE 3

Net photosynthetic rates at 500 µmol m–2 s–1 (PN500) and 1,200 µmol m–2 s–1 (PN1200) (A), chlorophyll concentration (Chl) and Chl a/b ratio
(Chl a/b) (B), nitrogen (N) concentration and leaf mass per unit area (LMA) (C) of 20 soybean varieties grown under shade and the control
conditions in 2014. Traits were expressed as mean ± standard errors from 20 cultivars in 2014 and 14 cultivars in 2015. ** represent significant
difference at 0.01 level.

TABLE 2 The sum of squares (SS) and mean squares (MS) of two-way ANOVAs of the effects of light and variety on physiological traits.

Year ANOVA d.f. LMA Pn500 Pn1200 Chl Chl a/b N

SS MS SS MS SS MS SS MS SS MS SS MS

2014 Light 1 1.10 1.10** 2.29 2.29** 8.09 8.09** 1.23 1.23** 0.23 0.23** 0.00 0.00

Variety 19 0.73 0.04* 0.54 0.03 0.33 0.02 1.59 0.08* 0.14 0.01** 0.39 0.02

Light*Variety 19 0.32 0.02** 0.28 0.01 0.26 0.01** 0.58 0.03** 0.03 0.00* 0.33 0.02**

*, ** represent significant difference at 0.05 and 0.01 levels, respectively. LMA, leaf mass per unit area; Pn500 , net photosynthetic rate per unit area at 500 µmol m−−2 s−−1 ; Pn1200 , net
photosynthetic rate per unit area at 1,200 µmol m−−2 s−−1 ; Chl, chlorophyll content per unit dry mass; Chl a/b, chlorophyll a/b ratio; N, nitrogen content per unit area.

conditions (Supplementary Figure 3B). But biomass was not
correlated with plant height (Supplementary Figure 3C),
PN500 (Supplementary Figure 3E) and PN1200 (Supplementary
Figure 3F). Plant height was positively correlated with fS
under both shade and full light conditions (Supplementary
Table 2). Interestingly, leaf mass per unit area was negatively
correlated with biomass only under the shade condition
(Supplementary Figure 3D).

In 2015, for the variation between shade in intercropping
and full light in sole cropping, biomass of soybean seedlings
positively correlated with leaf area (Supplementary Figure 4A).
For the relationship between biomass and plant height,
negative correlations were found only in shade conditions
(Supplementary Figure 4B).

Quantitative relationships between the
plasticity of biomass and the plasticity
of morphological and physiological
traits

A multi-variable analysis and features selection were
conducted to evaluate the relative importance of plasticity
variables of biomass. Results indicated that the plasticity of leaf
area, leaf area ratio, leaflet area, plant height, and Chl content
were the top five explanatory variables, which significantly
affected the plasticity of biomass (Figure 4). A further pearson
correlations between the plasticity of biomass and the plasticity

of the top five explanatory variables indicated that only leaf
area, leaflet area, and plant height were significantly positively
correlated with biomass (Figure 5). However, leaf area and
leaflet area were significant positive correlated with biomass,
plant height was significant negative correlated with the
biomass (Figure 5). Results of principal component analysis
(PCA) showed that the relationships between soybean cultivars’
biomass and explanatory variables, i.e., leaf area, leaflet area,
Chl content, leaf area ratio, and plant height. A total of
62.7% variation explained by the explanatory variables and
the principal component one account for 42.5% variation
explain (Figure 6A), this was constant with the results of
features selection (Figure 4) and correlation analysis (Figure 5).
On the basis of the top five explanatory variables, cluster
analysis indicated that soybean cultivars were classified into
three groups (Figure 6B). Cluster one, including cultivars 3
(Jiandebaimaodou), 13 (Gongdou 2), and 20 (Guixia), with the
maximum plasticity of biomass.

Discussion

Soybean seedling responses to shade

Compared with seedlings grown in full light, shade-
grown soybean seedlings showed increased plant height,
internode length and fraction of dry mass in stem and
reduced leaf area, leaflet area and leaflet number (Figure 2).
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FIGURE 4

Relative importance of the plasticity of morphological and
physiological variables that affect the plasticity of biomass in
shade. LA, leaf area per plant; LAR, leaf area ratio; LLA, leaflet
area; LN, leaflet number; PHT, plant height; Chl, chlorophyll
content per unit dry mass; Chl a/b, chlorophyll a/b ratio; LMA,
leaf mass per unit area; Pn500, net photosynthetic rate per unit
area at 500 µmol m–2 s–1; Pn1200, net photosynthetic rate per
unit area at 1,200 µmol m–2 s–1; N, nitrogen content per unit
area; LN, leaflet number; C, carbon content per unit area; DMT1,
diameter of the first node; DMT2, diameter of the second node;
fS, fraction of dry mass in stem; fP, fraction of dry mass in
petiole; fLr, fraction of dry mass in lamina; L1, first internode
length; L2, second internode length; L3, third internode length.

These phenotypes are typical shade avoidance symptoms that
allow plants to search for light and escape from shade
(Franklin, 2008). The presence of these symptoms indicates
that soybean seedlings escape from shade by increasing stem
elongation at the cost of reduced leaf expansion (Valladares
et al., 2011). We also found that plant height was positively
correlated with fraction of dry mass in stem under both light
treatments and that fraction of dry mass in stem was inversely
related to fraction of dry mass in lamina (Supplementary
Table 2). These results indicate a trade-off between increased
plant height which allows plants to search for light, and
leaf expansion which increases light capture and utilization.
Under shading this trade-off was balanced toward light
searching.

Other findings in this study were that biomass was positively
correlated with stem diameter under both light conditions
(Supplementary Figures 3B and Supplementary Table 2) and
that the plasticity of biomass was correlated with the plasticity
of stem diameter under shading net (Supplementary Table 3).
In addition, the stem diameter was positively correlated with

leaf area under both light conditions, but it was negatively
correlated with the length of the first internode under shade.
Because the measurement of stem diameter was taken at the
middle point of the first internode, these results indicate that
the growth in the horizontal direction led to an increase in
internode length in seedling development, which was consistent
with Zhang et al. (2020). As the trifoliolate leaves of soybean
develop at the apex of stem, a wider stem might lead to bigger
leaf primordia due to the presence of more cells produced
by cell division (Reinhardt et al., 2005; Wu et al., 2017a).
Whether the thicker stem could produce larger leaf and the
stem diameter of seedling grown under shade could be used
to predict the leaf area still need to be testified in future
studies.

Besides avoiding shade via stem elongation, plants often
cope with shade by increasing light use efficiency via a shade
tolerance strategy (Gong et al., 2015). We found that a reduced
Chl a/b, a lower leaf mass per unit area and a higher Chl
concentration were beneficial for photosynthesis under low light
conditions, consistent with previous studies (Hussain et al.,
2020; Tan et al., 2022). A higher Chl concentration indicates
that there are more pigment-binding proteins for photons
captured by photosystem II per unit N content. As the light-
harvesting complex of photosystem II contains mostly Chl b,
increased accumulation of the light-harvesting complex under
shade causes a decline in the Chl a/b ratio (Boardman, 1977;
Anderson, 1986; Evans, 1989).

Leaf mass per unit area reflects the trade-off between the
functions of the leaf lamina in light radiation interception and
conversion. A decline in leaf mass per unit area is beneficial
for receiving more light per unit of leaf mass; however, low
leaf mass per unit area negatively affects carboxylation because
the reduced thickness of the palisade mesophyll resulting in
less area for CO2 exchange (Terashima et al., 2001, 2006,
2011). Leaf mass per unit area is also strongly correlated with
leaf thickness (especially palisade thickness) and the chemical
composition of the leaf (i.e., N content and Chl concentration)
(Poorter et al., 2009). In this study, leaf mass per unit area
was positively correlated with PN1200 (r = 0.572∗∗) under full
light, indicating that a thicker leaf mesophyll layer leads to
increased CO2 exchange as discussed above. But, we did not
find a relationship between leaf mass per unit area and PN500

when soybean was grown under the shade treatment, which
suggesting that when leaf mass per unit area was reduced,
photosynthetic rate of all soybean genotypes declined to the
similar levels. It is notable that the biomass of shade-grown
soybean was negatively correlated with leaf mass per unit
area (Supplementary Figure 3D), suggesting that soybean
seedlings respond to shade by increasing leaf mass per unit
area, which increases light interception at the cost of light
conversion.

Although the plasticity of plant morphological and leaf
physiological traits were helpful for acclimating to shade, the
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FIGURE 5

Correlations between the plasticity of biomass and the plasticity of top five most important explanatory variables. BMS, biomass;LA, leaf area;
LAR, leaf area ratio; LLA, leaflet area; PHT, plant height; Chl, Chl content. *, **, *** represent significant difference at 0.05, 0.01, and 0.001 levels,
respectively.

biomass of soybean seedlings was still severely reduced under
the shade treatment (Figure 2A). The plasticity of biomass
was positively correlated with the plasticity in leaf area and
stem diameter under both light treatments (Supplementary
Table 3), although leaf area and stem diameter were significantly
reduced under the shade condition (Figures 2E,F). However,
the plasticity of biomass was not correlated with plant height,
PN500, PN1200, or Chl concentration in the present study. Thus,
the increase in plant height and Chl concentration, as well as
the decrease in Chl a/b ratio could not offset the light deficit.
Based on these findings, we speculate that the formation of a
canopy that increases light interception is more important than

increasing light conversion for soybean seedlings that cannot
escape from shade.

Phenotypic plasticity in response to light is the remarkable
ability of plants to adjust morphology and physiology under
different light conditions (Delagrange et al., 2004; Valladares
and Niinemets, 2008). Previous studies have found that mean
plasticity in morphological traits in response to light (e.g.,
elongation of the stem and internodes) is lower for shade-
tolerant plants than for shade-intolerant plants (Dudley and
Schmitt, 1995; Valladares et al., 2000b; Sánchez-Gómez et al.,
2006; Portsmuth and Niinemets, 2007). Most plants from open
habitats show shade avoidance responses, such as searching for
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FIGURE 6

Principal component analysis (PCA) of the plasticity of biomass and the plasticity of top five most important explanatory variables (A), and
clustering analysis of the soybean cultivars (B). BMS, biomass; LA, leaf area; LAR, leaf area ratio; LLA, leaflet area; PHT, plant height; Chl, Chl
content. The numbers in panel (B) represent cultivars.

light and escaping shade, when grown under shade (Gommers
et al., 2013). Therefore, plasticity in plant height and internode
length could be explained as the capacity for light searching.
In this study, all soybean varieties showed the capacity for
light searching via stem elongation. However, the plasticity
of biomass was negative correlated to the plasticity of plant
height (Supplementary Table 3). This is probably because
soybean seedlings could not escape from shade in our shading
net treatment or intercropping. Thus, the elongation of the
stem could not enhance light interception. It can be inferred

that under intercropping conditions where there is a large
companion crop, e.g., maize, a strategy that enhances leaf area
and allows more light to be captured, would be more beneficial
than escaping shade through stem elongation.

Leaves are involved in both shade avoidance and tolerance
strategies, as the leaf lamina directly captures light and converts
the light into carbohydrates. Leaf area as the most important
factor that affect plasticity of biomass and has strong positive
relationship between plasticity of biomass, suggesting that light
capture by the leaf determines light utilization, rather than the
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light search by elongating the stem. The abundance of climbing
plants in deep shade was found to be directly related to their
ability to intercept light efficiently but not to their ability to
increase carbon fixation by increasing leaf area (Valladares et al.,
2011). Hence, these findings suggest that capacity for light
capture and absorption by the leaf is different from the ability
to search for light by elongating the stem under deep shade,
although both strategies might help increase light capture.

Phenotypic plasticity of light searching,
capturing, and conversion and their
relationships to agronomic practices

Soybean is a light-favoring crop and is usually grown in a
sole cropping system without shade from other plants. Soybean
seedlings display a suite of architectural and physiological
changes in response to shade, and there are genetic differences
in these responses as shown in this study. In the maize-soybean
relay strip intercropping system, soybean grew under shade
environment during the seedling stages and the morphological
traits were more plastic. Our previous study pointed out that
most of the genetic differences in morphological traits are only
expressed during the seedling stages (Hussain et al., 2020).
So, we infer that plant seedlings have higher plasticity in
architectural and morphological traits than in leaf physiological
traits. It has been reported that plasticity in architectural traits
leads to increased light interception and a yield advantage in
intercropping systems (Zhu et al., 2015, 2016; Li et al., 2021),but
it depends on the planting configurations (Li et al., 2020).
This previous finding, combined with our results, indicates that
the performance of component crops in intercropping systems
might be based on light capture rather than photosynthesis and
that increasing light capture might be a more feasible approach
for increasing the total light intercepted in field production.

Plasticity in leaf physiological traits, such as photosynthetic
rates and Chl concentration, is associated with changes in the
capacity for photosynthesis in the leaf mesophyll. However,
the plasticity of leaf physiological traits were not correlated
with plasticity of biomass. Among the 20 varieties that we
investigated in experiment 1, there was less variation in
photosynthetic rate, Chl content and Chl a/b ratio compared
with morphological traits, consistent with the findings of our
previous study on two soybean varieties (Gong et al., 2015;
Wu et al., 2022). These findings suggest that the capacity to
adjust photosynthetic rate seems to be a conserved resource
use strategy (Valladares et al., 2000a); thus, the soybean
genotypes with contrasting capacities for light conversion in the
mesophyll did not differ in their ability to accumulate biomass.
Therefore, the selection of soybean varieties possessing higher
photosynthesis rates might have little effect on improving shade
tolerance.

The evolution of crops is not only driven by natural forces
but also by selection by humans to meet the demand for food;
crops became less shade tolerant over the past few thousands
of years when grown in sole cropping systems, and fewer
studies have focused on the genotypic differences in the shade
tolerance of crops. It had been reported that shade reduced
tillering in maize (Rotili et al., 2021), leaf size and morphology
in tomato (Chitwood et al., 2015) and also negatively affected
biomass in grasses (Warnasooriya and Brutnell, 2014). Many
shade avoidance on crops focused on discovery and validation of
molecular function. Cultivated soybean was domesticated from
its wild progenitor Glycine soja, which is a typical climbing
species that usually grows in shade environments. It is obvious
that cultivated soybean was domesticated by humans to grow
in high-light conditions. However, the capacities for light
searching, light capture and light conversion were maintained
in soybean. When modern soybean is grown under shade
conditions such as those found in intercropping systems,
elongation of the main stem seems to be an atavism.

The responses of the investigated traits in this study can
be classified into three functional strategies: light searching,
light capture and light conversion. Among these strategies,
increasing light searching via elongation of the stem easily led
to lodging (Liu et al., 2016), and increasing light conversion
by increasing Chl content and photosynthesis in the mesophyll
could not offset the light limitation and seems to be a conserved
response among genotypes (Gong et al., 2015). The strategy
of searching for light via stem elongation might increase the
opportunity to escape from shade or to intercept more light;
however, this trait is probably not acceptable in agriculture
for several reasons. Firstly, it is hard for soybean plants to
escape from shading in intercropping systems due to the
presence of a tall companion crop, e.g., maize (Fan et al., 2018).
Thus, enhanced stem elongation will not contribute to biomass
accumulation. Secondly, over-elongated plants have increased
rates of lodging (Liu et al., 2015, 2016). Soybean varieties with
less stem elongation have a lower capacity to search for light.
As we found negative correlation between the plasticity of
biomass and plasticity of plant height, soybean varieties with low
stem elongation plasticity might perform better in intercropping
systems. A previous study of climbing plants grown under deep
shade found that those plants with a higher capacity to intercept
light were more abundant (Valladares et al., 2011), consistent
with our finding that light capture contributed more to growth
when soybeans could not escape from shade. In wheat/maize
and wheat/cotton intercropping, although the leaf area of
intercropped wheat and maize was lower compared with that
of wheat and maize grown as single crops, the productivity of
the intercrops was still increased by increased light interception
(Zhang et al., 2008; Gou et al., 2017). In short, when selecting
soybean varieties for intercropping, the focus should be on those
traits related to light capture, such as leaf area per plant and
leaflet area.
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Conclusion

A suite of shade responses for soybean varieties was
documented. The biomass of soybean seedlings was positively
correlated with leaf area per plant and stem diameter under
both shade and full-light conditions. Although plant height
increased significantly under shade, it was unrelated to the
changes of biomass in this study. The top three most important
explanatory variables of plasticity of biomass were leaf area, leaf
area ratio and leaflet area. Plasticity of biomass was positively
correlated with plasticity of leaf area and leaflet area and
negatively correlated with plasticity of plant height, but it was
not associated with plasticity of photosynthetic rate. These
results suggest that increasing the capacity to capture light by
increasing leaf area, rather than increasing the capacity to search
for light by elongating the stem or by increasing light conversion
in the leaf mesophyll, was more vital for light utilization by
soybean seedlings grown under shade. Increasing light capture
via the production of larger leaves gave rise to higher biomass
accumulation in seedlings under shade. Therefore, selection and
breeding of soybean varieties for future intercropping systems
should focus on traits contributing to light capture, such as the
production of more and larger leaves.
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Induction of resilience
strategies against biochemical
deteriorations prompted
by severe cadmium stress
in sunflower plant when
Trichoderma and bacterial
inoculation were used
as biofertilizers

Amany H. A. Abeed1*†, Rasha E. Mahdy 2*, Dikhnah Alshehri3,
Inès Hammami4, Mamdouh A. Eissa5,
Arafat Abdel Hamed Abdel Latef6* and
Ghada Abd-Elmonsef Mahmoud1†

1Botany and Microbiology Department, Faculty of Science, Assiut University, Assiut, Egypt,
2Agronomy Department, Faculty of Agriculture, Assiut University, Assiut, Egypt, 3Department of
Biology, Faculty of Science, Tabuk University, Tabuk, Saudi Arabia, 4Department of Biology, College
of Science, Imam Abdulrahman Bin Faisal University, Dammam, Saudi Arabia, 5Department of Soils
and Water, Faculty of Agriculture, Assiut University, Assiut, Egypt, 6Department of Botany and
Microbiology, Faculty of Science, South Valley University, Qena, Egypt
Background: Cadmium (Cd) is a highly toxic heavy metal. Its emission is

suspected to be further increased due to the dramatic application of ash to

agricultural soils and newly reclaimed ones. Thereby, Cd stress encountered by

plants will exacerbate. Acute and chronic exposure to Cd can upset plant

growth and development and ultimately causes plant death. Microorganisms as

agriculturally important biofertilizers have constantly been arising as eco-

friendly practices owing to their ability to built-in durability and adaptability

mechanisms of plants. However, applying microbes as a biofertilizer agent

necessitates the elucidation of the different mechanisms of microbe protection

and stabilization of plants against toxic elements in the soil. A greenhouse

experiment was performed using Trichoderma harzianum and plant growth-

promoting (PGP) bacteria (Azotobacter chroococcum and Bacillus subtilis)

individually and integrally to differentiate their potentiality in underpinning

various resilience mechanisms versus various Cd levels (0, 50, 100, and 150

mg/kg of soil). Microorganisms were analyzed for Cd tolerance and biosorption

capacity, indoleacetic acid production, and phosphate and potassium

solubilization in vitro. Plant growth parameters, water relations, physiological

and biochemical analysis, stress markers and membrane damage traits, and

nutritional composition were estimated.
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Results: Unequivocal inversion from a state of downregulation to upregulation

was distinct under microbial inoculations. Inoculating soil with T. harzianum

and PGPB markedly enhanced the plant parameters under Cd stress (150 mg/

kg) compared with control plants by 4.9% and 13.9%, 5.6% and 11.1%, 55.6% and

5.7%, and 9.1% and 4.6% for plant fresh weight, dry weight, net assimilation rate,

and transpiration rate, respectively; by 2.3% and 34.9%, 26.3% and 69.0%, 26.3%

and 232.4%, 135.3% and 446.2%, 500% and 95.6%, and 60% and 300% for some

metabolites such as starch, amino acids, phenolics, flavonoids, anthocyanin,

and proline, respectively; by 134.0% and 604.6% for antioxidants including

reduced glutathione; and by 64.8% and 91.2%, 21.9% and 72.7%, and 76.7% and

166.7% for enzymes activity including ascorbate peroxidase, glutathione

peroxidase, and phenylalanine ammonia-lyase, respectively. Whereas a

hampering effect mediated by PGP bacterial inoculation was registered on

levels of superoxide anion, hydroxyl radical, electrolyte leakage, and

polyphenol oxidase activity, with a decrease of 0.53%, 14.12%, 2.70%, and

5.70%, respectively, under a highest Cd level (150 mg/kg) compared with

control plants. The available soil and plant Cd concentrations were

decreased by 11.5% and 47.5%, and 3.8% and 45.0% with T. harzianum and

PGP bacterial inoculation, respectively, compared with non-inoculated Cd-

stressed plants. Whereas, non-significant alternation in antioxidant capacity of

sunflower mediated by T. harzianum action even with elevated soil Cd

concentrations indicates stable oxidative status. The uptake of nutrients, viz.,

K, Ca, Mg, Fe, nitrate, and phosphorus, was interestingly increased (34.0, 4.4,

3.3, 9.2, 30.0, and 1.0 mg/g dry weight, respectively) owing to the synergic

inoculation in the presence of 150 mg of Cd/kg.

Conclusions: However, strategies of microbe-induced resilience are largely

exclusive and divergent. Biofertilizing potential of T. harzianum showed that,

owing to its Cd biosorption capability, a resilience strategy was induced via

reducing Cd bioavailability to be in the range that turned its effect from toxicity

to essentiality posing well-known low-dose stimulation phenomena (hormetic

effect), whereas using Azotobacter chroococcum and Bacillus subtilis, owing to

their PGP traits, manifested a resilience strategy by neutralizing the potential

side effects of Cd toxicity. The synergistic use of fungi and bacteria proved the

highest efficiency in imparting sunflower adaptability under Cd stress.
KEYWORDS

adaptability, biofertilizers, growth-promoting bacteria, Trichoderma harzianum,
Bacillus subtilis
Abbreviations: PGP, plant growth promoting; HMT, heavy metal tolerant; IAA, indole-3-acetic acid;

Fwt, fresh weight; Dwt, dry weight; PH, plant height; LSA, specific leaf area; NAR, net assimilation rate;

Sc, stomatal conductance; Tr, transpiration rate; WUE, water use efficiency; RWC, relative water

content; TN, total nitrogen content; NR, nitrate reductase; MDA, malondialdehyde; LOX, lipoxygenase;

EL, electrolyte leakage; ROS, reactive oxygen species; H2O2, hydrogen peroxide; •OH, hydroxyl radical;

O·−
2 , superoxide anion; PCs, phytochelatin; GSH, reduced glutathione; ASA, ascorbic acid; CAT, catalase;

SOD, superoxide dismutase; POD, guaiacol peroxidase; APX, ascorbate peroxidase; GPX, glutathione

peroxide; GST, glutathione-S-transferase; PAL, phenylalanine ammonia-lyase; PPO, polyphenol oxidase.
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Introduction

The exceptional change in the environmental conditions due

to population explosion, amplified air and soil pollution,

ecosystem heavy metal (HM) contamination, depletion of soil

quality, and global climate change has considerably impacted the

capability of plants to adapt to changing climactic conditions

(Dimkpa et al., 2009). These changes make agricultural

production systems liable to altering environmental

conditions. Such suboptimal environmental conditions can

prompt damaging the physiological changes which occur

within the plants, called stresses (Raza et al., 2020). Abiotic

stresses such as high temperature, metal toxicity, drought,

salinity, and nutrient imbalance are those environmental

stresses that restrict crop growth and production below the

threshold level.

The sunflower (Helianthus annuus L.) ranks the fourth most

important oilseed crop, following soybean, palm seeds, and

canola seeds as a significant source of oil used in various food

products worldwide (USDA, FAO, 2008). It is a protein source of

great interest for human nutrition, especially due to its sensory,

nutritional, and functional properties (Zorzi et al., 2020). In

Egypt, the shortage of edible oil represents a huge problem due

to the rise in human growth rate with limited oilseed cultivated

area at the same time. Therefore, the government is earnestly

seeking to increase oilseed crop production, which could be

achieved in two ways: horizontal expansion through the

cultivation of large newly reclaimed areas or vertical expansion

by increasing plant growth rates and production by plant

regulators and antioxidants (Hayat et al., 2020). Newly

reclaimed soil is likely to explore numerous environmental

stress situations, such as nutrient deprivation, low water

availability, temperature fluctuations, saline water and soil,

high irradiances, and HM contamination.

Available information on the contamination of urban

agricultural areas and newly reclaimed ones in Egypt by metals

is now widespread (Naggar et al., 2014). According to Lu et al.

(2019) and Singh and Steinnes (2020), the maximum allowable

concentration for Cd is 0.3 mg/kg, and the toxic soil for plants

contains 3–8 mg/kg. However, Naggar et al. (2014) have shown

that many agricultural soils in Egypt exceeded the maximum Cd

allowable concentrations and reached about 30 mg/kg of soil.

This was suspected to be further increased due to the dramatic

application of ash to agricultural soils and newly reclaimed ones.

Using these agricultural soil types for cultivation will exacerbate

the Cd stress encountered by plants; thus, the yield of crops

decreases and the quality of field products gets degraded (Abdel

Latef, 2013; Hakla et al., 2021; Yaashikaa et al., 2022). Acute and

chronic exposure to Cd can induce more damage including

severe disturbance and downregulation in the physiological

processes of plants, such as increased reactive oxygen and

nitrogen species in the cells, which, in turn, act as deleterious

molecules mediating an oxidative/nitrosative burst that could
Frontiers in Plant Science 03
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cause growth inhibition, accelerated senescence, and mostly

cause plant death (Noor et al., 2022). To survive severe Cd

stress, the built-in durability and adaptability mechanisms of

plants to withstand metal stress conditions are used to improve

plant resistance against metal stress, furthermore enhancing the

natural role of microorganisms as biofertilizers that will be

beneficial in improving soil health and plant productivity

(Ortiz and Sansinenea, 2022).

Toward a sustainable agricultural vision and fulfilling HM

stress tolerance and better nutritional value, agricultural

practitioners are looking increasingly for environmentally

friendly inputs such as biofertilizers to manage their crops and

cropping systems. Biofertilizers are defined as substances

containing living organisms that, when applied to seeds, plant

surfaces, or soil, colonize the rhizosphere or the interior of the

plant and promote growth by increasing the supply or

availability of primary nutrients to the host (Dimkpa et al.,

2009). Biofertilizer also refers to the different inoculations of

agriculturally beneficial microorganisms (bacteria/fungi) with

certain desirable physiological and behavioral characteristics

that are utilized for crop nutrition management programs

(Zainab et al., 2021). Rhizosphere microorganisms have been

used to underpin resilience strategies against abiotic stress in

many plants, such as Solanum nigrum, Brassica napus, tomato,

and maize (Dell'Amico et al., 2008; Sheng et al., 2008; Chen et al.,

2010; Dourado et al., 2013) mainly achieved by increasing the

bioavailability of phosphorus (P) and nitrogen (N) and other soil

trace elements essential to plant growth. Moreover, the presence

of the symbiotic association also helps to increase plant water

uptake; encompasses the adverse effects of phytopathogens;

modifies plant growth hormone production; and diminishes

the impact of abiotic stresses like drought, salinity, and HM

toxicity (Ortiz and Sansinenea, 2022). Their significant role in

HM stress management is substantially by eliminating the

negative effects of metal on yield quantity and quality (Basu

et al., 2017; Ding et al., 2021). They can also accumulate,

transform, or detoxify HM.

Consequently, the use of microorganisms that primarily

colonizes the rhizosphere/endorhizosphere of plants and hence

favors growth directly or indirectly is gaining priority in stress

management (Ding et al., 2021). Adaptation and acclimatization

of plants for survival under stress conditions due to

microorganism inoculations induced physical and chemical

changes, wherein the term Induced Systemic Tolerance (IST)

has been coined (Basu et al., 2017). This matter catapults them as

natural biofertilizers and bioprotection agents (Ortiz and

Sansinenea, 2022). However, the underlying strategies of

microbe-induced resilience are not well understood, and the

modes of action largely remain elusive and microbe

species-dependent.

Plant growth-promoting bacteria (PGPB) represent a group

of significant microorganisms characterized by plant growth

promotion by secreting important compounds such as
frontiersin.org
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phytohormones (Gupta et al., 2022) or by increasing nutrient

availability of plants (mineralization) (Etesami and Adl, 2020).

There is great potential for use of PGPB as biofertilizer agents for

a wide variety of crop plants in a wide range of climatic and

edaphic conditions. Currently, an array of bacterial inoculates

are commercially available for use as biofertilizers or

bioprotection against abiotic/biotic stresses (Dasgupta et al.,

2021; Kumar et al., 2022). Substantial progress has been

exerted in exploring the molecular, physiological, and

morphological mechanisms underlying bacterially mediated

tolerance to abiotic stresses (Dimkpa et al., 2009; Khan et al.,

2021). Azotobacter and Bacillus species were common plant

growth-promoting (PGP) bacteria (Sheng and Xia, 2006; Abdel-

Hakeem et al., 2019). A single PGP bacterium often has multiple

uses and modes of action (Rojas-Solis et al., 2020). They impart

plant stress tolerance by facilitating the needing resources like

fixing N, P, calcium (Ca), potassium (K), and other essential

mineral solubilizations and altering plant hormone uptake.

Their presence can contribute to the reduction in metal stress

on plants when applied to them as single bioinoculants (Wani

and Khan, 2010).

The free-living N-fixing bacterium Azotobacter secretes

biologically active compounds that promote plant growth,

such as pantothenic acid, nicotinic acid, B vitamins, biotin,

and gibberellin (Patil et al., 2020). Azotobacter could promote

the growth of plant roots, accelerate the intake of minerals, and

compete with other pathogenic microbes (Aasfar et al., 2021). In

addition, these are effective phosphate- and K-solubilizing

bacteria (Diep and Hieu, 2013); according to Hafez et al.

(2016), Azotobacter solubilized up to 43% of Egyptian

phosphate rock. Singh et al. (2010) stated that Azotobacter

species can enhance K uptake by plants. Another PGP

characteristic of Azotobacter is auxin production, which helps

the plants for longer roots and increases root hair number and

lateral roots, cell division, elongation, and fruit development

(Grossmann, 2010; Phillips et al., 2011). In addition, Bacillus

subtilis has the capacity to solubilize soil P, improve N fixation,

and create siderophores that support its growth while inhibiting

that of pathogens (Kuan et al., 2016). By promoting the

expression of stress-response genes, phytohormones, and

stress-related metabolites in their plant hosts, Bacillus subtilis

improves the tolerance of those hosts to stress (Hashem et al.,

2019). According to Kang et al. (2015), Bacillus species secrete

phosphatases and organic acids that help turn inorganic phosphate

into free phosphate by acidifying the environment. Bacillus spp.

produce chemicals that encourage plant growth, such as indole-3-

acetic acid (IAA), gibberellins, cytokinins, and spermidines, and

these compounds enhance root and shoot cell division and

elongation (Radhakrishnan and Lee, 2016). Bacillus species can

be introduced to soil that has been contaminated with HMs to

lessen the metals’ detrimental effects on plant development and

help plants grow by boosting water absorption and lowering

electrolyte leaks to lessen Cd stress (Ahmad et al., 2014).
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Trichoderma has been proven as a potential biofertilization

agent to enhance rice plant growth, physiological traits, nutrient

uptake, and yield under controlled greenhouse conditions (Doni

et al., 2018) when used in the form of a suspension of fungal cells

applied to rice seeds or seedlings. They are presently marketed as

biopesticides, biofertilizers, growth and yield enhancers, nutrient

solubilizers, and organic matter decomposers as well as

phytohormones producers, such as IAA, cytokinin, zeatin, and

gibberellin. Trichoderma species tolerate or detoxify various

HMs, especially those microbes from metal-contaminated sites

(Zafar et al., 2007). Moreover, it has a high aggregation capability

of numerous metals simultaneously, giving it the advantage in

use during the bioremediation of soil contaminated with metals

(Errasquin and Vazquez, 2003).

Researchers have determined that Trichoderma species are

important fungi in the reduction of Cd ions. Bazrafshan et al.

(2016) and Nongmaithem et al. (2016) confirmed that

Trichoderma fungus biosorption of Cd (II) ions was

spontaneous and endothermic in nature, and Trichoderma

isolates IBT-I and UBT-18 can tolerant up to 200 ppm.

Trichoderma asperellum demonstrated a 76.17% effectiveness

in removing Cd as recorded by Mohsenzade and Shahrokhi

(2014). Cd translocation, tolerance, and absorption in barley

have all been linked to T. harzianum. It lessens the detrimental

effects of Cd pollution and decreases Cd uptake in plants that

have received an inoculation of T. harzianum (Ghasemkheili

et al., 2022). Herliana et al. (2018) found that the highest dry

weight of spinach under Cd contamination was recorded in

Trichoderma-treated plants. According to Marchel et al. (2018),

Trichoderma inoculation enhanced plant biomass. In addition,

Li et al. (2019) stated that plant inoculation with Trichoderma

improved loofah roots dry weight to 67% comparing with

control plants.

Trichoderma harzianum represents the most common

species of Trichoderma that is genetically special, establishes

many rhizosphere soils, and could survive in stress conditions

for several months (Kubicek et al., 2003). It represents a strong

antagonist genus with high soil colonization on the target site

and suppresses the other population of pathogenic

microorganisms as a biocontrol agent (Hermosa et al., 2012).

This study applied the aspects and mechanisms of HM

action of HM-tolerant (HMT) and PGP microbes in ensuring

sunflower plant survival and growth in highly Cd-contaminated

soils. Using these microbes and studying their interaction with

plants in reducing accumulated Cd in plants grown in heavily

HM-loaded soil can be the approach for a healthy future. We

ascertain the effectiveness of PGPB (Azotobacter chroococcum

and Bacillus subtilis), HMT fungus Trichoderma harzianum, and

consortium (Mix) treatment on sunflower resurrection, growth,

and mitigation of severe Cd stress in agricultural soil. In

addition, we assessed the physiological and biochemical

sunflower plant responses to the interaction between severe

toxic Cd levels and microbe inoculation on accumulated Cd
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and the performances of a sensitive sunflower cultivar. Thus,

knowledge generated from studies on resilience strategies against

Cd stress will be very useful in decoding signaling cascades

induced by microbial fertilizing agents, resulting in enhanced

tolerance and combat versus HM stress.
Materials and methods

Plant growth-promoting bacteria

Two bacterial microbes were used in this study. Azotobacter

chroococcum 14346 and Bacillus subtilis 642 were kindly

supplemented from Agriculture Research Center, Egypt. The

cultures were maintained on nutrient agar (NA) medium (Atlas,

1993) aerobically, stored at 4°C ± 1°C, and subcultured every 4

weeks. The microbes were tested for antagonistic effect on NA

plates before use (no antagonistic effect was detected). Prior to

the experiments, the bacteria were grown on NA medium at 28°

C ± 1°C for 24 h with rotary shaking (200 rpm) until OD660.

After that, the bacterial mass was harvested, centrifuged at

6,000×g for 15 min, washed, and suspended in new sterilized

water saline with 1 × 106 colony-forming units (CFU)/ml.
In vitro tests for plant growth-promoting
bacteria

IAA production was estimated in a mineral broth medium

fortified with L-tryptophan (0.2 g/L; Mahmoud and Mostafa,

2017). The sterilized medium was inoculated with bacterial

inoculum and incubated for 120 h at 28°C ± 1°C in a rotary

shaking incubator at 200 rpm. After that, bacterial cultures were

harvested and centrifuged at 6,000×g for 15 min; 1.5 ml of

bacterial culture supernatant was mixed with 1 ml of Salkowski

reagent pink to red color, which will appear after 30 min

according to the IAA concentration (Chrastil, 1976). The

developed color was measured using a T60UV split-beam

spectrophotometer with wavelength (190–1,100 nm) at 535

nm against free blank and calculated in micrograms per

milliliter through the standard curve of pure IAA (1–100 µg/

ml). For testing the bacterial ability for phosphate solubilization,

Pikovskaya’s agar medium in sterilized petri dishes was

inoculated with the microbes and incubated for 120 h at 28°C

± 1°C (Pande et al., 2017). Phosphate solubilization was

calculated as the formation of the clear zone (mm) around the

bacterial colony, and this diameter was measured every 12 h. For

testing the bacterial ability for K solubilization, Aleksandrov’s

agar medium in sterilized petri dishes was inoculated with the

microbes and incubated for 120 h at 28°C ± 1°C. K solubilization

was calculated as the formation of the clear zone (millimeters)

around the bacterial colony, and this diameter was measured
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every 12 h. (Khanghahi et al., 2018). Azotobacter chroococcum

N-fixing ability was tested on a N-free medium. The microbe

was grown on N-free medium plates for 1 week at 28°C ± 1°C

incubation temperature; the growth indicated N-fixation

capacity (Doroshenko et al., 2007).
In vitro tests for cadmium-resistant fungi

Trichoderma harzianum was isolated from HM-

contaminated soil on Czapek’s dextrose agar medium

supplemented with 50 ppm Cd chloride, identified according

to its macroscopic and microscopic properties, preserved

aerobically on Czapek’s dextrose agar medium in low

temperature at 4°C ± 1°C until use, and subcultured every 3

weeks. For screening the ability of T. harzianum to grow on

different concentrations of Cd, the agar dilution plate method

was used (Ibrahim et al., 2020). Different concentrations of Cd

chloride including 0, 50, 100, 150, 200, 250, and 300 ppm were

mixed with Czapek’s dextrose agar medium in sterilized petri

dishes and left to solidify. Trichoderma harzianum 6-mm disc of

3 days growing fungus inoculated on the medium center of the

plate and incubated at the moderate temperature at 28°C ± 1°C

for a week, and the growth area of the fungus was detected by

measuring the colony diameter in millimeters with three

replicates. For biosorption activity, T. harzianum was grown

on Czapek’s dextrose agar medium for 3 days at moderate

temperature (28°C ± 1°C); the spores were harvested from the

plate surface, mixed with sterilized 0.1% Triton X-100, and

diluted to 3 × 106 CFU/ml. Czapek’s dextrose broth medium

supplemented with the same Cd concentrations was inoculated

with 1% of the fungal spores and incubated at 28°C ± 1°C for 1

week after the fungal broth was used to measure the Cd

concentration via the Atomic Absorption Spectrophotometer

(Buck model 210 VGP, USA) (Mahmoud et al., 2020).
Experimental design

A greenhouse experiment was performed through a

completely randomized design (CRD) with a 6 × 4 factorial

plan. Six sunflower plant treatments [with or without PGPB, T.

harzianum, and consortium (Mix) inoculation] and four Cd soil

concentrations with a range of 0–150 mg/kg of soil were used.

Four replicates were assessed through each treatment. Each

replicate included four plants. Plants exposed to Cd

concentrations (50, 100, and 150 mg of Cd/kg of soil) without

microbe inoculation underwent severe toxic Cd symptoms

ultimately death occurring within 3 days after Cd treatments.

Thus, the experiment was completed with plants introduced to

interaction between microbe inoculation and the various Cd

levels (0, 50, 100, and 150 mg of Cd/kg of soil) only.
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Plant and the microbial treatments

Sunflower (Helianthus annuus L) seeds were supplied from

the Agronomy Department, Faculty of Agriculture, Assiut

University, Egypt. The seeds were sterilized as follows: they

were put in 70% ethanol for 2 min and then in 1% NaClO for

10 min, then washed three times with sterilized distilled water,

and transferred for germination on sterilized wet filter paper at

low temperature (4°C) for 48 h for the synchronized

germination; 1-week-old seedlings were further transplanted

for the investigation. Microbial inoculums were prepared as s

follows: 2-day-old bacterial cells were cultivated in nutrient

broth medium, collected by centrifugation at 6,000×g for

15 min, and washed and suspended in new sterilized water

saline with 2 × 108 CFU/ml for use. Four-day-old T. harzianum

cultivated in Czapek’s agar medium was scratched and

suspended in sterilized water saline with 3 × 106 CFU/ml

inoculum for use. PGPB (Azotobacter chroococcum and

Bacillus subtilis) treatment, T. harzianum treatment, and the

consortium (Mix) were used for enhancing the growth rate of

the sunflower plant under different concentrations of Cd stress

(0, 50, 100, and 150 mg of Cd/kg of soil).
Soil accommodation

Mixed soil samples from 0- to 25-cm depth of sandy loam

type were prepared from the surface soil horizon of Assiut

University farm; then, the physicochemical properties of the

soil were assessed, as shown in Table 1. The collected soil was

dried in the open air, sieved through 2-mm sieve pores for

removing inconstant particles, and autoclaved three times at

121°C for 20 min for 3 consecutive days to remove the native

microorganisms. Four Cd concentrations (0, 50, 100, and 150

mg/kg of soil) as Cd dichloride (CdCl2) were mixed into the

soil as a water solution, and samples were incubated at 20°C for

30 days for Cd distribution and stabilization through the

soil layers.
Planting and growth conditions

Pots were then transferred into a greenhouse at 28°C ± 2°C/

18°C ± 2°C day/night cycle, 60%–70% relative humidity, and a

photoperiod of 14 h. The experimental pots were watered using

deionized water once every 3 days to near-field capacity. After

35 days of transplanting, the sunflower plants (42 days old)

were harvested by cutting the shoots at the soil surface, and the

roots were carefully separated from the soil. The shoots and

roots were rinsed with distilled water and wiped with

tissue paper.
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Plant growth parameters

Shoot and root length, fresh shoot, and root weight were

estimated. For dry shoot and root values, harvested plants were

oven-dried at 60°C for 2 days. The leaf area and the net

assimilation values were estimated using the adopted methods

(Dawood et al., 2019).
Water relations

Relative water content (RWC) was calculated following the

equation adopted by Silveira et al. (2009): RWC = [(FW − DW)/

(TW − DW)] × 100, where FW is the fresh weight, TW is the

turgid weight measured after 24 h of saturation on deionized

water at 4°C in the dark, and DW is the dry weight. The

transpiration rate was measured as specified by Bozcuk (1975).

Leaf stomatal conductance was estimated by adopting the

equation recommended by Dawood and Abeed (2020), in

which stomatal conductance is expressed as the reverse of the

stomatal resistance. The stomatal resistance was measured from

the equation displayed by Holmgren et al. (1965) and as

modified by Slatyer and Markus (1968). The water use

efficiency (WUE) according to Larcher (2003) was determined

as follows: WUE (g/kg) = biomass (g/plant)/water use rate

(kg/plant).
Physiological and biochemical analysis

Chlorophyll a, chlorophyll b, and carotenoids were

estimated at 663, 644, and 452 nm following the method by

Lichtenthaler (1987). Carbon metabolism is evaluated through

the detection of glucose and fructose (mg/g DW) as described by

Halhoul and Kleinberg (1972), sucrose (mg/g DW) by Van

Handel (1968), and starch quantification (mg/g DW) by Fales

(1951) and Schlegel (1956). N metabolism was detected by

measuring total N, nitrate reductase (NR) activity, amino

acids, and proteins following Moore and Stein (1948); Lang

(1958); Downs et al. (1993), and Lowry et al. (1951), respectively.

Other metabolic molecules were measured as phenolics,

flavonoids, anthocyanin, and proline following the methods by

Krizek et al. (1993); Kofalvi and Nassuth (1995); Khyade and

Vaikos (2009), and Bates et al. (1973), respectively.
Stress markers and membrane
damage traits

Oxidative stress was monitored by determining stress

markers such as superoxide anion (mg/g FW, O·−
2 ), hydroxyl
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radical (mmol/g FW, •OH), and hydrogen peroxide (mmol/g FW,

H2O2) level in sunflowers leaves, which was quantified as reported

by Mukherjee and Choudhuri (1983). Lipid peroxidation was

assessed as malondialdehyde (MDA) (mmol/g FW) using the

method by Madhava Rao and Sresty (2000). Lipoxygenase (LOX)

activity (LOX/EC.1.13.11.1) was assessed at 234 nm according to

themethod byMinguez-Mosquera et al. (1993). Electrolyte leakage

(EL) was estimated by conduct meter (YSI model 35 Yellow

Springs, OH, USA) as described by Silveira et al. (2009).
Non-enzymatic and enzymatic
antioxidant capacities

Non-enzymatic antioxidants such as ascorbic acid (ASA) and

reduced glutathione (GSH) were assessed following the methods

applied by Jagota andDani (1982) and Ellman (1959), respectively.

Phytochelatins (PCs) are determined by the protocols by Ellman

(1959) and Nahar et al. (2016). The enzymatic potential of leaves

was detected by screening the activities of superoxide dismutase

(SOD/EC.1.15.1.1), catalase (CAT/EC 1.11.1.6), ascorbate

peroxidase (APX/EC1.11.1.11), glutathione peroxidase (GPX/

EC.1.11.1.9), polyphenol oxidase (PPO/EC 1.10.3.1), guaiacol

peroxidase (POD/EC 1.11.1.7), phenylalanine ammonia-lyase

(PAL/EC 4.3.1.5), and glutathione-S-transferase (GST/EC

2.5.1.18) using the adopted methods by Misra and Fridovich

(1972); Nakano and Asada (1981); Kumar and Khan (1983); Aebi

(1984); Flohé andGünzler (1984); Tatiana et al. (1999); Sykłowska-
Baranek et al. (2012), and Ghelfi et al. (2011), respectively.
Element composition of the plants

Sodium and K were determined by the flame emission

technique (Carl-Zeiss DR LANGE M7D flame photometer)

(Havre, 1961). The contents of Ca, Mg, Fe, and Cd were

determined with atomic absorption (Shimadzu, model AA-630-

02). Nitrate contentwas quantified by the protocol by Cataldo et al.

(1975). P content was estimated spectrophotometrically following

the methods by Fogg and Wilkinson (1958).
Statistical analysis

A CRD was utilized for the pot experiments. Obtained data

were expressed as means ± SE. SPSS 10.0 software program was
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used for performing the statistical analysis. Comparisons

between control and treatments were assessed by one-way

ANOVA using the least significant difference (LSD) test.

Difference from control was counted significant at the

probability levels of 0.05 or very significant at the probability

levels of 0.01.
Experimental results

Plant growth-promoting bacteria

Both bacterial strains (Azotobacter chroococcum and Bacillus

subtilis) showed no antagonistic properties with plant growth

promotion capabilities through the production of IAA,

phosphate, and K solubilization (Figures 1, 2). IAA production

starts after 12 h in low quantities for both bacteria and then

increased. By increasing the bacterial growth time, IAA

production increased in harmony until 96 h and then

decreased for both bacteria, giving 78.8 ± 0.98 µg/ml for A.

chroococcum and 84.27 ± 2.7 µg/ml for B. subtilis. However, the

maximum CFU for them was 4.79 ± 0.1 × 107 CFU for A.

chroococcum and 4.36 ± 0.03 ×107 CFU for B. subtilis after 96

and 84 h, respectively (Figures 1A, B). Both bacterial strains

showed high phosphate-solubilizing activities after 24 h of

growth and reached their highest values after 120 h with

phosphate-solubilizing clear zone of 17.33 ± 0.46 mm for A.

chroococcum and of 23.3 ± 1.24 mm for B. subtilis (Figure 2A). K

solubilization also takes the same direction as phosphate

solubilization, reaching its highest values after 120 h with K

solubilizing clear zone of 13.7 ± 0.5 mm for A. chroococcum and

of 20 ± 0.82 mm for B. subtilis (Figure 2B). A. chroococcum was

confirmed as N-fixing bacteria through its growth on a specific

N-free medium; both microbes showed no antagonistic

properties between each other on NA.
Cadmium-resistant Trichoderma

Trichoderma harzianum showed the ability to grow on

different Cd concentrations in the range of 0–300 ppm as high

resistance (Figures 3A, B). The growth of T. harzianum on

Czapek’s agar plates with different Cd concentrations showed

that the fungus is slightly affected after 50 ppm and highly

affected after 200 ppm. At 50 ppm, the fungus showed complete

growth, such as at 0 ppm (90 mm); at 100 ppm, the fungus was
TABLE 1 Physical and chemical characteristics of the used soil.

pH (1:1) ECdS/m (1:1) Soluble cations (ppm) Soluble anions (meq/L) Particle size distribution (%)

Ca++ Mg++ Na+ K+ CO−
3 + HCO−

3 Cl–

7.1 2.25 574 344 186 47 1525 887 Sand 12.4% Silt 30.9% Clay 56.7%
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slightly affected (89 ± 1.4 mm), and at 200 ppm, it had a growth

of 80 ± 0.82 mm. The highest Cd concentration (300 ppm)

decreased the growth to 67.3 ± 1.2 mm (Figure 3A). The

biosorption pattern of T. harzianum is indicated in Figure 3B;

at 50 ppm, the biosorption percentage was 90.32% ± 0.1%, at 100

ppm was 89.54% ± 0.44%, at 150 ppm was 81.35% ± 0.28%, and

at 300 ppm was 32.17% ± 1.1%.
Plant growth and leaf biochemical
characteristics derived from cadmium
treatments and microbe–soil
inoculations interactions

Influence of Cd and microbe–soil interaction
on morphological and growth attributes of
sunflower plant

All Cd concentrations exposure caused fatal damage to

plants accompanied by toxic symptoms appearance, including

yellowing, chlorosis, stem necrosis, stunting, and wilting.

Chlorosis started to appear on leaves after 3 days of Cd

exposure and progressed until the end of the treatment,

resulting in plant death rather than growth or metabolic

retardation, suggesting that plant detoxification processes are

insufficient to cope with these lethal concentrations; thus, plants

failed to survive the exposure duration. Therefore, the

physiological data were obtained from survivor plants in the

remaining 13 treatments. Soil microbe inoculations presented a

successful approach to reverted plants from distressing to

aliveness, thus performing comparably to unstressed plants

even at elevated soil Cd levels (up to 150 mg/kg of soil). An

initial characterization of the effect of inoculation with microbes

was attempted by measuring growth parameters. The resultant

plant death due to Cd exposure can effectively be held up by

microbe inoculation. Data in Table 2 showed that the

stimulatory effect on plant growth parameters in terms of

plant fresh and dry weights (Fwt and Dwt), plant height (PH),

and leaf-specific area (LSA) induced by PGPB was more

pronounced in non–Cd-stressed plants. Cd stress reduces the

beneficial effect of PGPB; however, values of growth parameters

registered slight percentages of increase amounted as by 13.9%

and 11.1% for plant fresh and dry weights compared with the

levels determined for the non-inoculated plants grown on Cd-

unpolluted soils. Soil inoculation with T. harzianum did not

show a stimulatory impact on of non–Cd-stressed plants;

however, all detected growth parameters in terms of Fwt, Dwt,

PH, and LSA were significantly stimulated by the interaction

between T. harzianum inoculation and Cd soil existence,

particularly in the initial Cd concentration (50 mg/kg of soil).

The elevated Cd concentration slightly reduced growth

parameters levels compared with those of 50 mg/kg of soil

contaminated plants; however, they were still in an acceptable

range compared with the control and by percentages of increase
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amounted as by 4.9% and 5.6% for plant fresh and dry weights.

The beneficial effect of soil microbe inoculation was maximized

when microbes were in consortium; hence, the highest growth

parameters were recorded in the absence or presence of Cd.
Influence of Cd and microbe–soil interaction
on water relations attributes of sunflower plant

Alleviated Cd toxicity along with soil inoculations can be

assessed by analyzing plant–water relation–related factors

(Table 2). The exhibited trend among the various treatments

regarding net assimilation rate (NAR) was increased in food

factory units (LSAs). NAR was stimulated by soil inoculated with

PGPB in non–Cd-stressed conditions, whereas soil inoculation

with T. harzianum exhibited stimulatory impact when only Cd

existed. Whatever elevated Cd levels were encountered by plants,

NAR values were maintained near the levels determined for the

non-inoculated plants grown on Cd-unpolluted soils by soil

inoculation. The synergistic use of fungi and bacteria in a

consortium proved the highest efficiency in enhancing NAR of

sunflower plants. Visual toxic appearance including severe

wilting resulted in plant death indicated lethal doses

encountered by non-inoculated plants. Inoculated soil with

PGPB, T. harzianum, or in consortium markedly re-stabilized

cell water status in terms of RWC (RWC%) that was

accompanied by normal transpiration rate and stomatal

conductance; thus, efficient water economy in terms of WUE

even under elevated Cd levels in the soil indicated effectiveness

action of the used microbes under severe Cd stress condition.
Influence of Cd and microbe–soil interaction
on pigment content and primary and
secondary metabolites of sunflower plant

Cd-induced inhibitory effect on photosynthetic machinery

via depletion of chlorophyll synthesis advocated by apparent

chlorosis was significantly ameliorated by the microbe’s

inoculation. Microbes’ inoculations reverted chlorophyll

contents to those measured for the non-inoculated control

even under elevated Cd concentrations (Table 3). PGPB-

inoculated plants exhibited significant photosynthetic pigment

increase under non-Cd stress conditions, whereas the

stimulatory effect of T. harzianum–inoculated soil was attained

by the interaction between T. harzianum inoculation and Cd soil

existence. Inoculated soil with microbes in consortium posed the

highest increase in the level of the photosynthetic pigment in

both Cd absence and existence. Carbon metabolism analyzed by

quantification of glucose, fructose, and starch was significantly

prompted by soil inoculation with PGPB and microbe

consortium by increasing the foliar content of glucose,

fructose, and starch in both Cd-stressed or non-stressed plants

compared with non-inoculated control plants (Table 3).

Whereas T. harzianum–inoculated soil was able to maintain

the levels comparable to those determined for non-inoculated
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B

A

FIGURE 1

Bacterial growth curve (CFU × 107) (A) and indoleacetic acid (IAA) time course production (µg/ml) (B) of plant growth-promoting Azotobacter
chroococcum and Bacillus subtilis on nutrient broth medium.
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FIGURE 2

Phosphate solubilization time course as growth diameter (mm) on Pikovskaya’s agar (A) and K solubilization on Aleksandrov’s agar (B) mediums
by the plant growth-promoting (PGP bacteria) Azotobacter chroococcum and Bacillus subtilis.
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FIGURE 3

Growth (mm) (A) and biosorption percentage (%) (B) of cadmium resistance Trichoderma harzianum on different concentrations of Czapek’s
cadmium medium with cadmium concentrations range from 0 to 300 ppm.
Frontiers in Plant Science frontiersin.org11
31

https://doi.org/10.3389/fpls.2022.1004173
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Abeed et al. 10.3389/fpls.2022.1004173
control whatever elevated Cd concentrations. Visual Cd toxic

symptoms such as necrosis are due to depletion in N uptake in

non-inoculated Cd-stressed plants. Plants inoculated with PGPB

and consortium registered well-furnished metabolizable N to

their body in terms of augmented levels of protein and amino

acid as well as enhanced NR activity. However, plants inoculated

with T. harzianum kept these parameters near the levels of

control under Cd-stressed or non-stressed conditions. Low–

molecular weight molecules, viz., phenolics, flavonoids,

anthocyanin, and proline, were significantly increased by the

interaction between Cd stress and microbe inoculation

individually or in consortium indicating their role in cellular

damage restriction under Cd stress (Table 3). The percent of

increase accounted as 26.3% and 232.4%, 135.3% and 446.2%,

500% and 95.6%, and 60% and 300%, in the levels of phenolics,

flavonoids, anthocyanin, and proline for T. harzianum and

PGPB, respectively.

Influence of Cd and microbe–soil interaction
on oxidative injury and non-enzymatic and
enzymatic antioxidants of sunflower plant

The data of reactive oxygen species (ROS) denoted in Table 4

revealed a decline in superoxide anion and hydroxyl radical by

soil microbe inoculation individually or in the consortium,

whereas hydrogen peroxide (H2O2) quietly prompted whatever

the dose of Cd applied by PGPB or in the consortium. For

example, the decrese is approximately 0.53%, 14.12%, 2.70%,

and 5.70% for the levels of superoxide anion ( O·−
2 ), hydroxyl

radical (•OH), EL, and PPO activities, respectively, by the action

of PGPB. Non-significant alternation in H2O2 level was

mediated by T. harzianum action even with elevated soil Cd

concentrations. The oxidative burst of ROS to cellular

membranes was assessed via lipid peroxidation in terms of

MDA content and LOX, as well as membrane leakage assay of

microbe-inoculated Cd-stressed plants, which were found to be

similar to the control plants and within the range ensured

healthy growth. The upregulation effect of microbe inoculation

against Cd stress appeared from low–molecular weight

antioxidant metabolism as represented in Table 4, where the

exacerbation of PCs, ASA, and GSH along with elevated Cd

levels in addition to activation of secondary metabolites pathway

is illustrated by the overproduction of phenolics, flavonoids, and

anthocyanin contents, owing to microbes application. The

maintenance of cell oxidative status by enzymatic antioxidants

may be due to the increase of superoxide radical dismutation

enzyme and SOD, in addition to the prompting of hydrogen

peroxide quenching enzymes such as CAT, POD, GPX, APX,

and GST, where the maximal activity of these antioxidant

enzymes was manifested for plants inoculated with PGPB and

in the consortium (Table 4). Whereas all antioxidant enzyme

activities in leaves of Cd-exposed plants and inoculated with T.

harzianum exhibited a similar pattern in response to Cd stress

and generally showed no significant difference versus the control
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at 50 and 100 mg/kg, they were slightly stimulated by the highest

Cd level (150 mg/kg) in the soil. Plants vastly elicited secondary

metabolite-activating enzyme and PAL with microbe

inoculation individually or in the consortium by percent

increase of 76.7% and 166.7% for T. harzianum and PGPB,

respectively (Table 4). On the other hand, PPO was highly

significantly reduced (Table 4) for PGPB and in consortium-

inoculated plants and non-significantly for T. harzianum–

inoculated plants relative to non-inoculated control plants.

Influence of Cd and microbe–soil interaction
on leaf nutrient content of sunflower plant

Cd in the nutrient medium was deleterious to nutrient

uptake, viz., K, Ca, Mg, Fe, nitrate, and P; however, data

illustrated in Table 5 showed that microbe inoculation, even in

the presence of Cd, increased all of these parameters to be more

than or very close to those of the control.

Influence of Cd and microbe–soil interaction
on Cd concentrations in soil and sunflower
plant

Data depicted in Table 6 showed that, by increasing the Cd

concentration, the available soil and plant Cd increase. However,

microbial fortification decreases the Cd soil and plant availability

compared with control samples (free from applied

microorganisms) by 11.5% and 47.5%, and 3.8% and 45.0%

with T. harzianum and PGP bacterial inoculation, respectively,

compared with non-inoculated Cd-stressed plants. The

microbial consortium was the most efficient treatment that

decreases Cd availability in soil.
Discussion

The potential of PGPB (Azotobacter chroococcum and

Bacillus subtilis) and Trichoderma harzianum was investigated

individually or synergistically for the first time regarding their

capability to impart tolerance in sunflower plant for

withstanding and survival to severe Cd dose up to 150 mg of

Cd/kg of soil. Excessive concentrations of HMs upset various

biochemical pathways in plants, such as inhibition of

chlorophyl l synthesis , photosynthes is , respirat ion,

transpiration rates, N metabolism, uptake of nutrient elements,

cell elongation, changes in photoassimilates translocation,

hormone balance via a diminution of the endogenous level of

growth-promoting hormone auxin, which happened due to

boosted activity of the auxin-degrading enzyme, and alteration

of water relations, which further enhance the metal-induced

growth reduction; consequently, plant death was the result

(Kumar and Trivedi, 2016; Eissa and Abeed, 2019; Zhu et al.,

2020). Evidence indicates the fatal stress imposed by the applied

doses upon sunflower plant resulted in plant death rather than

limited growth or even reduced cell performance. Pretreatment
frontiersin.org
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of soil with microbes lessen the applied dose toxicity and enables

sunflower plant to adjust its metabolism to overcome the fatal

stress, manifesting evident plant liveliness, and prompted safely

leaf characteristics (e.g., aliveness, greenness, and moisture

profile) and also neutralized all growth and physiological

parameters, leading to values comparable with those of the

control. A trend of Azotobacter chroococcum– and Bacillus

subtilis–inoculated soil submitted higher improving impact on

sunflower plant than Trichoderma harzianum–inoculated soil

under Cd-stressed or non-stressed conditions, whereas

consortium treatment assures the highest improving impact

along with elevated Cd doses. However, the imparted tolerance

mechanism mediated by the two different inoculations (PGPB

and HMT fungus) was distinct from each other according to

their PGR traits and Cd biosorption capacities, whereas the

consortium exhibited dual benefits.
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The current findings revealed that the tolerance mechanism

mediated by Azotobacter chroococcum and Bacillus subtilis was

due to PGR traits. PGR traits regarding growth hormone (IAA)

production and their high ability to solubilize P and K,

displaying growth enrichment and intensified 1ry and 2ry

metabolite production that was pronounced in the presence

and absence of Cd. The high production level of IAA was

actively maintained during Cd exposure as a responded

hormone in Azotobacter chroococcum and Bacillus subtilis.

This accomplished a continuous supply of IAA to sunflower

along with elevated Cd doses that promoted photosynthetic

pigments and plant biomass acquisition in terms of dry/fresh

weights, PH, LSA, and NAR in sunflower plants under Cd stress.

Consistent with our findings, Azotobacter and Bacillus species

proved their ability to enhance plant growth by producing

significant compounds such as IAA (Ahmad et al., 2008).
TABLE 2 Average values of Fwt, g/plant; Dwt, g/plant; PH, cm; LSA, cm2; NAR, µg/cm2/d; Sc, mol/m2/s; Tr, water loss/leaf area; WUE, g DW/kg
H2O; RWC, % of sunflower inoculated and non-inoculated with PGP bacteria, T. harzianum, and Consortium and affected by different levels of Cd
(0, 50, 100, and 150 mg/kg dry soil).

Cd dose (mg/
kg)

Inoculation with
microbes

Fwt Dwt PH LSA NAR Sc Tr WUE RWC

0 Non-inoculated 1.44 ± 0.03 0.36 ± 0.001 29.5 ± 1.1 93.33 ± 3.1 0.018 ±
0.002

1.1 ± 0.02 0.022 ±
0.003

3.4 ± 0.4 84 ± 2.1

PGP bacteria 2.7 ±
0.04d**

0.58 ±
0.001c**

39 ± 1.5c** 110.1 ±
9.1c**

0.032 ±
0.002c**

1.8 ±
0.01c*

0.034 ±
0.002c**

4.5 ±
0.3c**

89 ±
1.9b**

T. harzianum 1.38 ±
0.02a

0.38 ±
0.003a

31.5 ± 2.3a 95.21 ± 5.5a 0.016 ±
0.002a

1.2 ±
0.02a

0.021 ±
0.004a

3.1 ±
0.2a

84 ±
3.1a

Consortium 2.04 ±
0.03c**

0.46 ±
0.004b*

37 ±
3.3cb**

101.03 ±
11b*

0.044 ±
0.003d**

1.6 ±
0.02b*

0.027 ±
0.005b*

4 ± 0.3b* 90 ±
2.2b**

50 Non-inoculated — — — — — — — — —

PGP bacteria 2.17 ±
0.02c**

0.49 ±
0.001b**

37 ±
1.5cb**

98.67 ±
7.5ab*

0.025 ±
0.001b*

1.6 ±
0.02b*

0.027 ±
0.004b*

4.2 ±
0.2b*

87 ±
5.1ab*

T. harzianum 1.86 ±
0.02b*

0.46 ±
0.003b*

35 ± 1.4b* 100.91 ±
10.5b*

0.030 ±
0.003c**

1.7 ±
0.02bc*

0.031 ±
0.006cb*

4.1 ±
0.3b*

86 ±
3.4ab*

Consortium 2.50 ±
0.01d**

0.51 ±
0.002cb**

39 ± 2.1c* 107.11 ±
11c**

0.041 ±
0.004d**

2.0 ±
0.03d**

0.034 ±
0.005c**

4.6 ±
0.2c**

90 ±
4.3b**

100 Non-inoculated — — — — — — — — —

PGP bacteria 1.95 ±
0.01b*

0.48 ±
0.001b*

36 ±
1.5b**

95.66 ± 8.7a 0.022 ±
0.002b*

1.4 ±
0.01ab*

0.027 ±
0.003b*

3.9 ±
0.4b*

86 ±
1.7ab*

T. harzianum 1.82 ±
0.01b*

0.42 ±
0.002ab*

31 ± 1.3a 99.03 ±
10.4ab*

0.027 ±
0.003b*

1.5 ±
0.01b*

0.028 ±
0.004b*

3.8 ±
0.3b*

86 ±
2.5ab*

Consortium 2.24 ±
0.03c**

0.50 ±
0.003cb**

37.5 ±
2.2cb**

100.12 ±
10.3b*

0.037 ±
0.004c**

1.8 ±
0.02c*

0.03 ±
0.005cb*

4.4 ±
0.1cb*

89 ±
2.3b**

150 Non-inoculated — — — — — — — — —

PGP bacteria 1.64 ±
0.02ab

0.40 ±
0.005a

29.5 ± 2.5a 93.11 ± 6.4a 0.019 ±
0.001a

1.1 ±
0.00a

0.023 ±
0.005a

3.2 ±
0.1a

85 ±
3.7a

T. harzianum 1.51 ±
0.03ab

0.38 ±
0.004a

29.7 ± 0.9a 94.56 ± 7.7a 0.028 ±
0.002b*

1.3 ±
0.01ab*

0.024 ±
0.003a

3.3 ±
0.1a

84 ±
4.2a

Consortium 1.95 ±
0.01b*

0.47 ±
0.002b*

34 ± 3.0b* 97.84 ±
6.6a*

0.025 ±
0.004b*

1.5 ±
0.01b*

0.026 ±
0.003b*

4.2 ±
0.2b*

86 ±
1.1ab*
fronti
Fwt,fresh weight; Dwt:dry weight; PH,plant height; LSA,specific leaf area; NAR,net assimilation; Sc,stomatal conductance; Tr,transpiration rate; WUE,water use efficiency rate; RWC,
relative water content. Each value represents an average value of three replicates ± SE and averages were compared by LSD at p ≤ 0.05. * and ** denote the difference significantly from the
control (0 Cd and non-inoculated) at the probability levels of 0.05 and 0.01,respectively. abc,different letters within columns denote significant differences (P ≤ 0.05) between inoculations
with PGP bacteria,T. harzianum, or Consortium in each external Cd level.
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TABLE 3 Average values of photosynthetic pigments (Chl a, Chl b, and carotenoids; mg/g FW); sugar metabolism (glucose, sucrose, and starch; mg/g DW); nitrogen metabolism (TN, total nitrogen,
mg/g DW; NR, nitrate reductase, mmolNO2/g/h; amino acids, mg/g DW; and proteins, mg/g DW) and metabolic molecules (phenolics, mg/g; FW, flavonoids, mg/g FW; anthocyanin, mg/g FW; and
proline, mg/g DW) of sunflower inoculated and non-inoculated with PGP bacteria, T. harzianum, and Consortium and affected by different levels of Cd (0, 50, 100, and 150 mg/kg dry soil).

n metabolism Secondary metabolite molecules

Amino
acids

Proteins Phenolics Flavonoids Anthocyanin Proline

.2 22.86 ± 119 ± 7 3.4 ± 0.7 1.3 ± 0.06 0.45 ± 0.003 2.5 ± 0.3

±
*

58.41 ±
2.1d**

134.02 ±
5b*

7.1 ± 0.9d* 2.5 ± 0.03b* 0.55 ± 0.005b* 4 ± 0.3c*

± 25.02 ±
1.4a

122 ± 6a 3.6 ± 0.5a 1.7 ± 0.05a 0.43 ± 0.004a 2.1 ±
0.2a

*
42.33 ±
2.1c*

134.89 ±
8b*

4.7 ± 0.4b* 2.4 ± 0.08b* 0.51 ± 0.008b* 3.7 ±
0.2b*

— — — — — —

±
*

50.70 ±
2.2d*

139 ± 8b* 7.8 ±
0.6ed**

4.9 ± 0.1d* 0.57 ± 0.008b* 6 ±
0.3e**

±
*

33.46 ±
1.5b*

128 ± 5ab 5.6 ± 0.5c* 3.5 ± 0.08c* 0.870.009e** 2.5 ±
0.1a

*
47.12 ±
1.2c*

136 ± 3b* 5.1 ± 0.7c* 2.5 ± 0.07b* 0.61 ± 0.006c* 4.4 ±
0.1c*

— — — — — —

*
44.09 ±
1.4c*

148 ± 7c** 9.31 ± 0.6f** 5.53 ± 0.07e* 0.67 ± 0.007c* 7.6 ±
0.2f**

*
32.77 ±
1.7b*

130 ± 5b* 6.6 ± 0.4d** 3.9 ± 0.06c** 1.9 ± 0.06f** 2.9 ±
0.2a

*
48.05 ±
1.5c*

135 ± 3b* 5.5 ± 0.6c* 2.7 ± 0.05b* 0.68 ± 0.005c* 5.3 ±
0.1d*

— — — — — —

*
38.64 ±
1.9b*

162 ± 8d** 11.3 ±
0.9g**

7.1 ± 0.2f** 0.88 ± 0.007e** 10.1 ±
0.5g**

.3a 28.87 ±
1.8a

118 ± 2a 8 ± 0.6e** 4.2 ± 0.05d** 2.7 ± 0.07g** 4 ± 0.2c*

45.32 ±
1.5c*

130 ± 3b* 6.7 ± 0.5d** 3.6 ± 0.06c* 0.76 ± 0.006d* 6.1 ±
0.3e**

from the control (0 Cd and non-inoculated) at the probability levels of 0.05 and 0.01,respectively. abc,
external Cd level.
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Cd dose
(mg/kg)

Inoculation with
microbes

Photosynthetic pigments Sugar metabolism Nitroge

Chl a Chl b Caro Glucose Sucrose Starch Total
nitrogen

NR

0 Non-inoculated 0.54 ±
0.02

0.11 ±
0.007

0.66 ±
0.02

17 ± 1.3 51.12 ±
2.5

86 ± 6 30 ± 1.4 60 ±

PGP bacteria 0.89 ±
0.03d**

0.28 ±
0.004d*

1.42 ±
0.1e**

25 ± 1.7b* 78.76 ±
4.5c*

130 ±
9b**

58 ± 1.5d* 110
5.6e

T. harzianum 0.50 ±
0.02a

0.13 ±
0.008a

0.76 ±
0.03b

15 ± 1.1a 55.09 ±
3.3a

89 ± 7.7a 31 ± 0.9a 67.09
1.2

Consortium 0.71 ±
0.02cb*

0.24 ±
0.009c*

0.95 ±
0.05d*

20 ±
1.8ab*

69.65 ±
2.4b*

150 ±
11.1c**

46 ± 1.1c* 88
1.6c

50 Non-inoculated — — — — — — — —

PGP bacteria 0.79 ±
0.01c*

0.28 ±
0.01d*

1.22 ±
0.2ed**

23 ± 2.1b* 74.23 ±
3.2c*

122 ±
10ab**

50 ± 0.9d* 86.77
2.2c

T. harzianum 0.65 ±
0.01b

0.19 ±
0.006b

0.95 ±
0.05d*

16.03 ±
2.1a

57.12 ±
2.6a

99 ±
6.6a*

40 ± 1.7c* 76.76
1.8b

Consortium 0.87 ±
0.02d*

0.31 ±
0.008d*

0.99 ±
0.06d*

26 ± 2.2b* 77.33 ±
4.1c**

220 ±
12.6d**

66 ± 2.2e* 95
1.7d

100 Non-inoculated — — — — — — — —

PGP bacteria 0.68 ±
0.02b

0.20 ±
0.009b*

0.86 ±
0.05c*

21 ± 1.5b* 70.21 ±
3.1c*

116 ±
10.6a*

44 ± 1.4c* 80
3.2c

T. harzianum 0.55 ±
0.01a

0.16 ±
0.007ab

0.77 ±
0.04b

18 ± 1.1a 63.95 ±
2.6b**

132 ±
10.1b*

34 ± 0.8ab 72
1.7b

Consortium 0.79 ±
0.01c*

0.28 ±
0.008d*

0.89 ±
0.05c*

28 ±
2.2cb*

75.11 ±
2.5c

181 ±
11d*

52 ± 1.7d* 89
1.7c

150 Non-inoculated — — — — — — — —

PGP bacteria 0.56 ±
0.005a

0.16 ±
0.009ab

0.73 ±
0.04b

18 ±
2.3ab

61 ±
4.4b*

96 ±
5.5a*

36 ± 0.7b 76
2.1b

T. harzianum 0.51 ±
0.006a

0.12 ±
0.008a

0.65 ±
0.03a

16.76 ±
1.1a

50 ± 2.6a 88 ± 5.7a 31 ± 1.1a 64 ± 1

Consortium 0.74 ±
0.01c*

0.20 ±
0.001b*

0.81 ±
0.05c*

30 ±
3.4c**

66 ±
3.7b*

140 ±
7.5cb**

41 ± 0.8c* 81 ±
3.4c*

Each value represents an average value of three replicates ± SE,and averages were compared by LSD at p ≤ 0.05. * and ** denote the difference significantl
different letters within columns denote significant differences (P ≤ 0.05) between inoculations with PGP bacteria, T. harzianum ,or Consortium in eac
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Khan et al. (2009) and Kumar et al. (2001) revealed that

Azotobacter chroococcum can solubilize phosphate and

produce phytohormones as kinetin, gibberellin, and IAA P

solubilization. Zaidi et al. (2006) stated that Bacillus subtilis

produces IAA in addition to its ability to mineralize the

unavailable phosphate in the soil. Most Azotobacter species

can convert the state of atmospheric N to plant-usable

(ammonia) through biological N fixation (Kim and Rees,

1994). A marked increase in plant germination, length, and

weight was achieved by applying phosphate-solubilizing and N-

fixing Azotobacter species (Widawati, 2018). Soil application

with Azotobacter chroococcum increased cotton seed yield by

21% and PH by 5% (Anjum et al., 2007), in addition to

protecting Brassica juncea from HM toxicity by increasing

plant growth (Wu et al., 2006). Fortification of soil by PGP

Bacillus species significantly boosted chickpea plant growth,

chlorophyll, and yield and reduced metal uptake (Wani and

Khan, 2010). Bacillus subtilis increased tomato biomass by 31%,

okra by 36%, and spinach by 83% (Adesemoye et al., 2008).

On the other hand, Trichoderma harzianum has the

unequivocal capacity to bind Cd (efficient Cd biosorption)

counted for about 81.35% ± 0.28% at the highest Cd soil

existence (150 mg of Cd/kg of soil; Figure 3B). Metal

bioavailability is an important factor for metal uptake in

plants. Reducing Cd bioavailability percentage in the rooting

portion via the retention of HMs by fungal mycelia involves

adsorption to cell walls or immobilizing them by insoluble metal

oxalate formation or chelation on melanin-like polymers (Khan

et al., 2017). Consequently, a minor amount of exposed Cd will

be encountered by the plant, thus minimizing metal root uptake

and low translocation level to the shoots. This hypothesis was

corroborated by Kapoor and Bhatnagar (2007), who

demonstrated that fungal mycelia had a high metal sorption

capacity. Mycelia attenuate the toxic effect of metals via retaining

them in the fungal structure with the subsequent restriction of

metal transfer to the plant (Joner et al., 2000). Biosorption

includes surface adsorption, ion chelation, ion exchange, and

micro-precipitation (Lim et al., 2008). Fungal cell surfaces

contain functional groups like carboxyl, amino, hydroxyl, and

phosphate, which play a critical role in Cd ion uptake (Lim et al.,

2008). Mohsenzade and Shahrokhi (2014)found that T.

harzianum could adsorb Cd from 1 to 100 mg/L. T.

harzianum could grow on different Cd concentrations (0–300

ppm) with huge tolerance, especially in high concentrations; in

addition, it can absorb high quantities of Cd to reach 90%

removal efficiency. Consistent with our results, Lima et al. (2011)

demonstrated the T. harzianum potentiality of Cd removal,

which increased by increasing the Cd concentration from 1 to

3 mM. The tolerance of Trichoderma to HMs can be explained

by biosorption or bioaccumulation processes (Mahmoud, 2021)

and metal binding to microbial biomass (Nair et al., 2008).

Hence, T. harzianum application alleviated the toxic effects of

Cd by accumulating and/or immobilizing most Cd in their
Frontiers in Plant Science 15
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biomass extracellularly, resulting in developing trace soil Cd

concentration that remains free and available for plant roots

after T. harzianum action witnessed in our study by the reduced

total amount of Cd accumulated per plant (Table 6). Therefore,

the bioprotective effect of T. harzianum on sunflower growth

was due to a reduced amount of Cd uptake owing to biosorption

property rather than the PGP traits; hence, the promoter effect of

T. harzianum was sounded only in the presence of Cd in soil

medium. Here, the positive effect on plant growth could be due

to the low bioavailable Cd concentration, posing well-known

low-dose stimulation phenomena (hormetic effect) .

Documented promoted growth was shown because of 10 mg

of Cd/kg of soil (Jia et al., 2012; Jia et al., 2015) and 125 mg of

Cd/kg of soil (Liu et al., 2012) in Lonicera japonica. This

significant stimulating effect on growth parameters regarding

PH, fresh and dry weights, and the specific leaf area after T.

harzianum action was realized up to 150 mg of Cd/kg of soil

(Table 2), indicating the ability of T. harzianum to tolerate Cd

and acting actively even at lethal doses for the plant

(Nongmaithem et al., 2016; Hoseinzadeh et al., 2017). A

positive effect on plant growth at low Cd concentration has

also been registered in plants, such as barley (Wu et al., 2003),

miscanthus (Arduini et al., 2004), soybean (Sobkowiak and

Deckert, 2003), and rice (Aina et al., 2007).

In the presence of Cd, chlorosis symptom appearance

indicating chlorophyll degradation and plant death was

registered in our study. Moreover, necrosis might have been

caused by ROS production and membrane dysfunction, which

eventually results in programmed cell death. Moreover, the

enhanced chlorophyll content and function in inoculated Cd-

stressed plants witnessed by high photoassimilates content and

subsequent Cd stress recovery indicated that Cd stress tolerance

herein may be attained through chlorophyll restoration against

elevated Cd supplementation, which could be a promising

mechanism to trigger sunflower tolerance against severe Cd

stress mediated by microbe inoculation, and the main

sensitivity criterion of the current tested sunflower cultivar was

photosynthetic depletion under Cd stress and enhanced

chlorophyll function and composition linked with a reversed

plant from distressed to aliveness. This might be attributed to

adequate Mg uptake due to the link between chlorophyll content

and Mg uptake as an important part of the chlorophyll molecule

(Sheng et al., 2008). Thus, for enhanced Chl a and b contents in

PGPB- and T. harzianum–inoculated plants, the subsequent

recovery of Cd-stressed plants could be accounted for by the

effect of these microbes on Mg uptake (Shahabivand et al., 2017).

Jia et al. (2015) reported that the stimulating effect of Cd (10 mg/

kg) on plant biomass could be ascribed to the increment

recorded in photosynthetic carbon assimilation, and the low

doses of Cd induced some beneficial effects on the

photosynthetic system and increased pigment contents,

demonstrating that low doses of Cd induced some beneficial

effects on the photosynthetic apparatus. Moreover, Zhou and
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https://doi.org/10.3389/fpls.2022.1004173
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


TABLE 4 Average values of some biochemical indices of sunflower inoculated and non-inoculated with PGP bacteria, T. harzianum, and Consortium and affected by different levels of Cd (0, 50, 100,
and 150 mg/kg of soil).

tioxi- Enzymatic antioxidant capacities

GSH SOD CAT POD APX GPX GST PAL PPO

4 ± 0.8 30 ±
0.9

66 ±
1.4

90 ± 4.4 91 ± 3.4 132 ±
10

110 ± 5.9 30 ±
2.1

35 ±
1.9

±
7**

44 ±
1.8*

80 ±
3.1*

147 ±
7.7*

114 ±
4.4*

159 ±
10*

100 ± 6.5 55 ±
4.3*

20 ±
1.1*

± 1.3 33 ±
1.1

67 ±
2.5

89 ± 4.3 88 ± 5.6 130 ±
11

108 ± 6.9 28 ±
1.4

32 ±
1.2

±
3**

40 ±
1.7*

85 ±
2.6*

100 ±
7.7*

94 ± 6.4 164 ±
9*

111 ± 10 46 ±
2.2*

18 ±
0.9*

— — — — — — — —

±
4**

48 ±
2.1*

89 ±
4.3*

160 ±
8.5*

133 ±
9.9*

179 ±
10*

170 ±
12.4**

59 ±
3.1*

23 ±
1.3*

± 1.8 32 ±
1.7

66 ±
2.1

90 ± 5.5 87 ± 6.4 131 ±
9

100 ± 7.9 35 ±
2.1

25 ±
1.8*

±
1**

50 ±
2.4*

87 ±
2.3*

102 ±
6.1*

96 ± 5.7 166 ±
11*

155 ±
9.4*

61 ±
4.3*

16 ±
0.9*

— — — — — — — —

.98 ±
3**

52 ±
2.3*

97 ±
4.3*

161 ±
5.4*

153 ±
10.9*

194 ±
11*

190 ±
11.1**

68 ±
4.1*

29 ±
1.7

± 1.5 33 ±
1.1

67 ±
3.5

88 ± 3.3 80 ± 5.5 133 ±
9

117 ±
10.9

34 ±
3.0

28 ±
1.9

±
7**

54 ±
1.3*

92 ±
3.5*

100 ±
9.9*

99 ± 6.4 157 ±
10*

179 ±
12**

69 ±
4.0*

20 ±
1.1*

— — — — — — — —

.23 ±
4**

61 ±
2.8*

126 ±
5.3*

188 ±
12.2*

174 ±
11*

228 ±
12*

233 ±
14**

80 ±
5.0*

33 ±
2.1

±
2**

39 ±
1.3

78 ±
2.3*

100 ±
8.7*

150 ±
6.8*

161 ±
10*

140 ±
11*

53 ±
4.1*

34 ±
1.5

±
1**

59 ±
2.5*

90 ±
3.3*

123 ±
10.1*

110 ±
9.9

170 ±
11*

181 ±
12**

76 ±
5.0*

23 ±
1.2*

; GSH,reduced glutathione; ASA,ascorbic acid; CAT,catalase; SOD,superoxide dismutase; POD,
enol oxidase. Each value represents an average value of three replicates ± SE,and averages were
,respectively. abc,different letters within columns denote significant differences (P ≤ 0.05) between
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Cd dose
(mg/kg)

Inoculation with
microbes

Membrane integrity
traits

Reactive oxygen species Non- enzymatic an
dant

MDA LOX EL H2O2
•OH O·−

2 PCs ASA

0 Non-inoculated 53.97 ±
2.3

4.53 ± 0.2 32.91 ±
1.2

170.08 ±
10.1

10.98 ±
0.9

39.44 ±
2.2

20.06 ±
1.1

35 ± 1.1 9

PGP bacteria 40.54 ±
2.1*

1.89 ±
0.09**

20.75 ±
1.1*

115.13 ±
9.8*

6.51 ±
0.8*

22.12 ±
2.3*

18.67 ±
1.2

49 ± 2.1* 2
1

T. harzianum 51.33 ±
1.4

4.09 ± 0.1 30.23 ±
2.0

165.43 ±
12.2

9.56 ±
0.8

33.06 ±
3.3

23.12 ±
1.4

37 ± 2.4 1

Consortium 43.22 ±
1.1*

2.57 ±
0.2*

22.07 ±
1.2*

120.12 ±
13.1*

5.64 ±
0.4*

21.23 ±
1.3*

20.43 ±
1.1

43 ± 2.4* 2
2

50 Non-inoculated — — — — — — — — —

PGP bacteria 51.76 ±
1.2

2.66 ±
0.1*

29.11 ±
1.1

190 ±
13.1*

7.43 ±
0.5*

32.21 ±
1.4

40.56 ±
2.2*

56.77 ±
2.1*

4
3

T. harzianum 41.21 ±
2.4*

2.01 ±
0.1*

21.43 ±
1.1*

173 ± 12.1 9.32 ±
0.6

37.65 ±
2.1

19.65 ±
1.3

44 ± 1.9* 1

Consortium 40.43 ±
2.2*

4.04 ± 0.1 25.76 ±
1.3*

120 ± 9.3* 5.43 ±
0.3*

20.32 ±
1.1*

22.21 ±
1.5

49 ± 1.8* 3
2

100 Non-inoculated — — — — — — — — —

PGP bacteria 53.32 ±
1.5

3.87 ± 0.1 30.09 ±
2.2

185 ±
13.1*

9.65 ±
0.8

37.65 ±
2.1

52.33 ±
2.1**

67.98 ±
3.2**

5
2

T. harzianum 47.65 ±
1.4

4.32 ± 0.8 22.65 ±
1.1

173 ± 11.1 9.98 ±
0.9

25.44 ±
1.5*

20.24 ±
1.1

46 ± 1.8* 1

Consortium 44.56 ±
1.1*

3.87 ± 0.2 27.33 ±
2.1

144 ± 9.7* 6.02 ±
0.7*

22.76 ±
1.1*

30.11 ± 55 ± 2.3* 3
1

150 Non-inoculated — — — — — — — — —

PGP bacteria 54.45 ±
1.5

4.65 ± 0.9 32.01 ±
1.1

223 ±
17.9*

9.43 ±
0.6

39.23 ±
2.3

58.97 ±
1.9**

87.55 ±
4.3**

6
2

T. harzianum 58.22 ±
1.7

4.08 ± 0.8 34.98 ±
1.7

192 ±
11.4*

10.15 ±
0.8

41.05 ±
2.2

40.12 ±
2.1**

53 ± 2.5* 2
1

Consortium 46.56 ±
1.3

3.77 ± 0.5 29.11 ±
2.1

166 ± 10.9 6.99 ±
0.4*

26.65 ±
1.1*

25.66 ±
1.1

50 ± 1.9* 3
2

MDA,malondialdehyde; LOX,lipoxygenase; EL,electrolyte leakage; H2O2,hydrogen peroxide; OH,hydroxyl radical; O2,superoxide anion; PCs,phytochelati
guaiacol peroxidase; APX,ascorbate peroxidase; GPX,glutathione peroxide; GST,glutathione-S-transferase; PAL,phenylalanine ammonia-lyase; PPO,polyph
compared by LSD at p ≤ 0.05. * and ** denote the difference significantly from the control (0 Cd and non-inoculated) at the probability levels of 0.05 and 0.01
inoculations with PGP bacteria,T. harzianum,or Consortium in each external Cd levels.
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Qiu (2005) manifested the main explanation of the increase in

chlorophyll content at a low Cd level due to a Cd-induced

increase in Fe uptake. The other mechanism that may be

mediated by T. harzianum inoculation as a biofertilizer to

confer metal stress tolerance herein is via an increase in

nutrient uptake under Cd stress. On the other hand, Bashri

and Prasad (2015) reported that IAA liberated by PGPB could

prompt the downregulation of pigment degradation, causing

substantial preservation of pigment content (Abeed et al., 2020;

Li et al., 2021).

Stomatal conductance and transpiration rate displayed

adequate levels and comparable values of control due to T.

harzianum that has high Cd-binding capacity, resulting in low

available soil Cd. Similar results were submitted for corn plants

exposed to 25 mM Cd (Chaneva et al., 2010). Furthermore, the

adequate NAR along with Cd treatments submitted by T.

harzianum inoculation could be ascribed to a high net

photosynthetic rate. Ying et al. (2010) cited that increased

photosynthesis could be due to elevated Rubisco content at low

levels of Cd treatment, evidencing the positive effect of Cd by T.

harzianum interaction. Moreover, data from water relations

indicated that the concentration of HMs in inoculated soil was

efficiently lowered to reach a level that causes no osmotic

disturbances in plants. Thus, adequate soil–water relation leads

to improved water uptake and economic use of water evidenced by

adequate water status of the cell regarding RWC and high value of

WUE. In different way and apart from T. harzianum, the
Frontiers in Plant Science 17
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IAAproducing microbe, enhanced root systems, including root

hairs, are the most common phenotypic phenomena observed

related to the secretion of phytohormones by PGP microbes. Thus,

IAA enhanced the capability of plants to exploit the water from the

soil in the highest concentration of soil Cd. Consequently,

enhanced root growth and performance lead to improved water

uptake and economic water use evidenced by adequate water status

of the cell regarding RWC and high value of WUE.

Carbon and N resource use and photoassimilate production

can be assessed by adopting some carbon and N metabolites and

their related enzymes. In the current study, microbe’s soil

inoculations manifested adequate carbon and N metabolism

that was reflected in starch and protein contents. As sucrose is

the famous exported form of organic carbon transport from the

photosynthetic source to sink organ in turn, high accumulation

of starch indicated high efficiency of using carbon resources and

photoassimilate production in favor of plant architecture, and

this process is crucial for survival and healthiness as submitted in

current investigated plants (Koch, 2004). NR is one of the

coordinative enzymes that regulated the level of N in plants.

The activity of this enzyme is downregulated by the presence of

Cd (Gouia et al., 2000) as evident herein by minimized inducible

rate (Table 3), resulting in an alternation in protein metabolism

that negatively affected plant architecture witnessed by stunted

plants (Table 2). Inoculated with PGPB, T. harzianum,

individually and in the consortium, can significantly increase

N metabolism as evidenced by the increased total N in shoots
TABLE 5 Average values of Leaf Nutrient content (K, Mg, Ca, Fe, nitrate, and phosphorus) of sunflower inoculated and non-inoculated with PGP
bacteria, T. harzianum, and Consortium and affected by different levels of Cd (0, 50, 100, and 150 mg/kg dry soil).

Cd doses (mg/kg) Inoculation with microbes Leaf Nutrient content (mg/g DW)

K Ca Mg Fe Nitrate Phosphorus

0 Non-inoculated 22 ± 1.9 4.0 ± 0.2 3.3 ± 0.1 9 ± 0.6 29 ± 2.5 0.81 ± 0.02

PGP bacteria 45 ± 3.3d** 7.8 ± 0.5e** 4 ± 0.1b* 12 ± 0.8g* 34 ± 2.4f* 1.6 ± 0.08b**

T. harzianum 33 ± 2.6b* 5.1 ± 0.4c 2.9 ± 0.1a 6 ± 0.5a* 28 ± 1.8a 0.95 ± 0.03a*

Consortium 39 ± 1.5c** 5.9 ± 0.3c* 3.8 ± 0.3b 9.3 ± 0.5d 33 ± 3.5e* 2 ± 0.1c**

50 Non-inoculated — — — — — —

PGP bacteria 41 ± 1.1cd** 5 ± 0.1c 4 ± 0.2b* 11 ± 0.8f* 32 ± 1.9d* 1.5 ± 0.08b**

T. harzianum 34 ± 2.1b* 6.5 ± 0.2d** 3.5 ± 0.1ab 7.5 ± 0.6b* 33 ± 1.3e* 1.2 ± 0.06ab*

Consortium 43± 1.7d** 5.5 ± 0.2c* 4.4 ± 0.2b* 10 ± 0.9e 32 ± 2.4d* 1.9 ± 0.09cb**

100 Non-inoculated — — — — — —

PGP bacteria 39 ± 1.7c** 4 ± 0.1b 5 ± 0.3c** 9 ± 0.5d 29 ± 1.5a 1 ± 0.08a*

T. harzianum 37 ± 1.3c** 6.8 ± 0.1d** 3.1 ± 0.1a 10 ± 0.6e 31 ± 1.7c* 0.92 ± 0.05a*

Consortium 40 ± 2.3cd** 5 ± 0.1c 4 ± 0.1b* 9 ± 0.4d 30 ± 1.7b 2.2 ± 0.1c**

150 Non-inoculated — — — — — —

PGP bacteria 40 ± 2.6cd** 3 ± 0.2a 3 ± 0.2a 8.2 ± 0.5c 31 ± 1.1c* 0.82 ± 0.04a

T. harzianum 44 ± 2.7d** 7.2 ± 0.1 e** 5.3 ± 0.3 c** 12 ± 0.6 g* 34 ± 1.4 f* 1.2 ± 0.06 a*

Consortium 34 ± 2.1b* 4.4 ± 0.2b 3.3 ± 0.2a 9.2 ± 0.5 d 30 ± 1.0 b 1. 0 ± 0.06 a*
Each value represents an average value of three replicates ± SE,and averages were compared by LSD at p ≤ 0.05. * and ** denote the difference significantly from the control (0 Cd and non-
inoculated) at the probability levels of 0.05 and 0.01,respectively. abc,different letters within columns denote significant differences (P ≤ 0.05) between inoculations PGP bacteria, T.
harzianum,or Consortium in each external Cd levels. * and ** denote the difference significantly from the control (0 Cd and non-inoculated) at the probability levels of 0.05 and 0.01,
respectively. abc,different letters within columns indicate significant differences (P ≤ 0.05) between inoculations PGP bacteria, T. harzianum,or Consortium in each external Cd levels.
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reflected in the total N yield of inoculated plants because all fixed

N is incorporated into the plants, resulting in high protein

content as N is an integral part of proteins in Cd-stressed and

non-stressed plant. In well-adapted plants, enhanced primary

metabolism goes along with secondary metabolism

augmentation. In the current study, the activation of the

secondary metabolite pathway, as proved by the exacerbation

of phenolics, flavonoids, and anthocyanin, was a significant

feature of tolerance mechanism and adaptation in sunflower

plant attained by microbe inoculations, hence providing

powerful free-radical quenching antioxidants and larger

antioxidant defense pools to restraint ROS toxicity, thereby no

membrane dysfunction. The upregulation of the main

biosynthetic pathways of these antioxidants was joined with

the enhanced activity of secondary metabolites, regulating

enzymes and PAL, and this was vastly sounded by microbe

inoculation rather than non-inoculated control plants.

The correlation of proline in Cd stress tolerance is a major

biochemical adaptation, membrane stabilization, and ROS

scavenging involved in the chelation of Cd (Ahmad et al.,

2016). The mediation inoculation with microbes remarkably

increased proline content in sunflowers. In the current study, the

exacerbation of proline was accompanied by the increment of

amino acids and soluble protein production. This obvious

proline accumulation was certainly to be profitable, not due to

a harmful impact. Thus, it could be concluded that proline

accumulation was a plant response associated with conferring

metal tolerance, not a reaction to high Cd exposure, confirming
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the protective effect of microbe inoculation in neutralizing toxic

ROS, therefore contributing to better growth under Cd exposure.

Similar to our results, Hui et al. (2015) also recorded an increase

in proline accumulation in Nicotiana tabacum due to P. indica

inoculation under Cd stress conditions.

One vital strategy of avoidance of Cd-induced oxidative

stress is via Cd complexation either by glutathione or PCs.

They dropped the free availability of Cd in the cytosol, causing

significant tolerance against Cd toxicity (Yamazaki et al., 2018).

This was efficiently mediated by IAA-producing microbes. IAA

enhanced the level of PCs in the cytosol as reported by Khare

et al. (2022). Moreover, the improved nutritional status that

was registered by improving Fe uptake after bacterial

inoculation indicates possible action of PGPB in Cd

deposition out of important metabolic processes (in

vacuoles), which may clarify the reduction of Cd phytotoxic

impact despite the increased Cd accumulation; hence, the total

amount of Cd accumulated per plant in PGPB-inoculated

plants was significantly higher than that in T. harzianum–

inoculated plants (Table 6); however, no phytotoxic

appearance was recorded. The Fe-dependent transporters

that are responsible for transporting PC-Cd-S complex to

vacuoles (Hall and Williams, 2003) are adequately available

herein owing to improving Fe uptake due to PGP bacteria

application. Furthermore, the abundance in PC biosynthesis

can be explained by abundant glutathione as registered in the

current study because glutathione is the substrate for PC

biosynthesis (Yamazaki et al., 2018).
TABLE 6 Cadmium concentrations in soil and sunflower plants inoculated and non-inoculated with PGP bacteria, T. harzianum, and Consortium
after being affected by different doses of Cd (0, 50, 100, and 150 mg/kg of soil).

Cd dose (mg/kg) Inoculation with microbes Available Cd concentration (mg/kg)

Soil Plant

0 Non-inoculated 0.05 ± 0.001a 0.42 ± 0.01c

PGP bacteria 0.06 ± 0.001a 0.32 ± 0.01b

T. harzianum 0.03 ± 0.000a 0.24 ± 0.02a

Consortium 0.04 ± 0.001a 0.20 ± 0.02a

50 Non-inoculated 4.5 ± 0.06c 20 ± 0.21d

PGP bacteria 3.6 ± 0.08b 16 ± 0.22c

T. harzianum 3.0 ± 0.07a 10 ± 0.12b

Consortium 3.2 ± 0.08a 6 ± 0.16a

100 Non-inoculated 10.2 ± 0.21d 27 ± 0.62c

PGP bacteria 8.4 ± 0.11b 18 ± 0.22b

T. harzianum 7.4 ± 0.23a 14 ± 0.24a

Consortium 9 ± 0.22c 13 ± 0.33a

150 Non-inoculated 13.3 ± 0.12c 40 ± 0.67c

PGP bacteria 12.5 ± 0.13bc 22 ± 0.87b

T. harzianum 11.5 ± 0.11b 21 ± 0.55b

Consortium 10.2 ± 0.11a 13 ± 0.64a
Each value represents an average value of three replicates ± SE,and averages were compared by LSD at p ≤ 0.05. abc,different letters within columns indicate significant differences (P ≤ 0.05)
between inoculations PGP bacteria, T. harzianum ,or Consortium in each external Cd level.
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The abatement of both ROS and their toxic byproducts

(oxidized proteins and lipid hydroperoxides) is a prerequisite for

the survival of plants in the existence of toxic metals. The

produced IAA by PGPB was demonstrated to alleviate H2O2

and O·−
2 under Cd stress; hence, decreased lipid peroxidation

(protection of cell membrane) was observed (Bashri and Prasad,

2015). This was postulated by elevated antioxidant enzyme

activities joined with abatement of H2O2,
•OH, and O·−

2

contents, indicating an IAA-induced ameliorating effect

inducing the expression of stress-responsive genes and

enhanced the antioxidant levels (Khare et al., 2022). The

strong activation of GST in the case of PGPB-inoculated

plants advocates the crucial role of PGPB in the Cd-induced

stress response, in which IAA might play an important signaling

role in participating in the activation of GST. Previously, it has

been shown that the expression of many GSTs is strongly

activated by IAA (Boč ová et al., 2013). The increment of

proteins and free amino acids due to PGPB-inoculated soil

may be attributed to the activation of stress proteins that

include several antioxidant enzymes (Lamhamdi et al., 2011)

witnessed by elevated activity of ROS-metabolizing enzymes

under either Cd-stressed or non-stressed plants; thus,

stimulating the defense system machinery helped the plant to

orchestrate itself from damage up to threshold; in addition,

eliciting the expression of low–molecular weight proteins

comprised the metal ion homeostasis that is assumed to

shoulder role in their detoxification, viz., ASA, GSH (acting as

a substrate of APX and GPX, respectively), and tocopherol (Patel

et al., 2012). PPO is related to stress conditions and involves the

cell wall cross-linking and lignification process resulting in a

reduction in cell wall extensibility, which restricts cell growth,

revealing exhausted plant tissues (Bruce and West, 1989; Abeed

and Salama, 2022). PPO oxidatively breaks up phenolic

compounds included in the synthesis of quinines and ROS;

thus, the promotion of PPO activity exacerbates oxidative stress.

In the current investigation, fortunately, the data for the PPO

activity were divergent from the other antioxidant enzymes.

PPO, an oxidizer of phenolic compounds (Queiroz et al., 2008;

Abeed et al., 2021), is not induced by IAA-producing microbe

inoculation but rather dropped in its content compared with

non-inoculated control plants; thus, the upregulation of PPO

due to soil inoculation under Cd stress diminishes PPO activity

in sunflower plant that offered to promote resistance to abiotic

stress (Sánchez-Rodrı́ guez et al., 2011).
On the other hand, regarding T. harzianum action, much

more sensitive parameters, such as biochemical parameters,

should be analyzed to evaluate the stimulatory effect induced

by the developed low Cd concentration by soil inoculation with

Trichoderma harzianum. As no quantity or quality of toxic

symptoms was noticed, what was the mechanism of the

corresponding alterations in redox status in the inoculated

plants? The stress causative agents (free radical components)

were progressively decreased in the available soil Cd
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concentration by T. harzianum action (Table 4), indicating

that no oxidative stress was imposed by the remaining

concentrations of Cd in the soil (counted by about 14%

reduction from non-inoculated control plant, Figure 3B) due

to T. harzianum action that advocated by low MDA content and

LOX activity that reflected on membrane stability and integrity

evidenced by low electric leakage value. Similar findings were

detected by Lin et al. (2007) and Maksymiec et al. (2007).

Consequently, well-functional membranes with adequate

integrity and tight controlled permeability can be maintained,

thus efficiently reducing water loss and providing high turgidity

and firmness and optimum water status for metabolic activities

that are evidenced by values of WUE and RWC comparable with

that of control (Table 2). Furthermore, no changes in ROS

quenching enzymes activities, viz., SOD, CAT, POD, APX,

GPX, and GST activities under the developed low Cd

concentrations, displayed similar responses to Cd treatments,

probably due to their co-regulation, indicating no excess

accumulation of ROS in sunflower plants inoculated by T.

harzianum because their activity is mediated by generated

ROS level. Somashekaraiah et al. (1992) documented that the

SOD activity mediated by superoxide level exhibited a slight

drop or no change linked with no excess accumulation of

superoxide anion in mung bean seedlings under low levels of

Cd stress. Wu et al. (2003) also found a slight decrease in

antioxidant capacities accompanied by a decrement in barley

lipid peroxidation products with a low-level Cd dose. The

abatement of H2O2 and
•OH and stabilization of O·−

2 production

in the Cd stress plant inoculated with T. harzianum reflected that

the Cd levels remained in the soil owing toT. harzianum action are

in an acceptable extent that harmfully impact plants. Thismay also

suggest that the stimulatory effects of low concentrations of Cd on

the growth of sunflower plantsmay be joined with a limited degree

of free radical accumulation and restricted oxidative stress (Lin

et al., 2007). However, when organisms are subjected to low Cd

concentrations, their intrinsic GSH might be rapidly consumed

because of a high cellular prerequisite for SH compounds to resist

stress by prompting PC synthesis (Yamazaki et al., 2018), which

may explain the increasing PCs content in our study owing to T.

harzianum action. On the basis of the results of the current study

regarding oxidative status corresponding to the available Cd

concentration (mg/kg) in soil and plant, we propose that the

toxic critical value of soil Cd in inducing oxidative stress in

sunflower plant is 10.2 and 13 mg/kg for soil and plant (Table 6),

respectively. This was efficiently achieved by soil supplementation

withmicrobes. Similar resultswere registered forwheat seedlingsby

Lin et al. (2007).

The enhanced nutritional status of sunflower plant due to T.

harzianum inoculation can be explained by the observation of

Liu et al. (2011), who demonstrated that there is a synergistic

interaction in accumulation and translocation between Cd and

Fe, Zn, Mn, and Mg uptake in L. japonica plant. They have been

improved at low Cd concentrations. The competition for the same
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uptake systems between Cd and other divalent ions required for

plant development is minimized in low Cd soil existence (Liu et al.,

2011). However, the nourishment of the nutrient content of plant

leaves due to PGP inoculation could be ascribed to the IAA

generated by PGPB that modifies membrane permeability (Mir

et al., 2022),which, in turn,might have facilitated theuptakeofN,P,

Mg, Zn, and Fe, resulting in the exacerbation of their levels, even in

the plants exposed to Cd stress.
Conclusions

Applying microbes as a biofertilizer agent necessitates the

elucidation of the different mechanisms of microbe protection

and stabilization of plants against toxic elements in the soil that

may be varied according to their PGR traits and/or Cd-binding

capacities.Overall, ourfindings indicate that the twomicrobeshave

differentially established andmaintained healthy physiological and

biochemical properties of plants cultivated in severe Cd doses

(divergent imparted upregulation mechanisms displayed by the

twomicrobes used on sunflower plant adaptation). The high ability

of PGPB toproduce IAA,whichwas activelymaintained duringCd

exposure as a responded hormone, accomplished a continuous

supply of IAA to sunflower alongwith elevated Cd doses (extended

for 5 days giving values of 78.8 µg/ml forAzotobacter chroococcum

andof 84.27 µg/ml forBacillus subtilis) that subsequentlypromoted

photosynthetic pigments and plant biomass acquisition in terms of

dry/freshweights, PH, LSA, andNAR aswell as improved the other

assessed physiological traits in sunflower plants under Cd stress.

Thus, the resilience strategymediated by PGPB was via recovering

the potential side effects of Cd toxicity. Whereas, the highly Cd-

tolerant Trichoderma harzianum with high Cd biosorption

capacity (counted as 81.35% at the highest Cd soil existence)

induced a resilience strategy via reducing Cd bioavailability to be

in the range that turned its effect from toxicity to essentiality (the

available soil and plant Cd concentrations were decreased by 11.5%

and 47.5%, respectively), posing well-known low-dose stimulation

phenomena (hormetic effect). However, the consortium exhibited

dual benefits, achieving the highest efficiency in the resurrection of

sunflower under severe Cd levels.
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Sub-surface drip fertigation
improves seed cotton yield
and monetary returns

Kulvir Singh1*, Prabhsimran Singh1, Manpreet Singh2,
Sudhir Kumar Mishra1, Rashid Iqbal3, Ibrahim Al-Ashkar4,
Muhammad Habib-ur-Rahman5 and Ayman El Sabagh6*

1Regional Research Station, Punjab Agricultural University, Faridkot, Punjab, India, 2Punjab
Agricultural University, Regional Research Station, Abohar, Punjab, India, 3Department of
Agronomy, Faculty of Agriculture and Environment, The Islamia University of Bahawalpur,
Bahawalpur, Pakistan, 4Department of Plant Production, College of Food and Agriculture, King Saud
University, Riyadh, Saudi Arabia, 5Crop Science, Institute of Crop Science and Resource
Conservation (INRES), University of Bonn, Bonn, Germany, 6Department of Agronomy, Faculty of
Agriculture, Kafrelsheikh University, Kafrelsheikh, Egypt
Surface flood (SF) method is used to irrigate cotton in India, which results in

huge wastage of water besides leaching of nutrients. This necessitates the

adoption of efficient management strategies to save scarce water without

compromising the yield. Therefore, a 2-year field investigation was conducted

under two climatic regimes (Faridkot and Abohar) to study the effect of sub-

surface drip fertigation (SSDF) on seed cotton yield (SCY), water productivity,

nitrogen use efficiency (NUE), and economic parameters in comparison with SF

and surface drip fertigation (SDF). The field experiment had a total of eight

treatments arranged in a randomized complete block design. Three levels of

sub-surface drip irrigation [(SSDI); i.e., 60%, 80%, and 100% of crop

evapotranspiration (ETc)] and two N fertigation levels [100% recommended

dose of nitrogen (RDN; i.e., 112.5 kg N ha-1) and 75% RDN] made up six

treatments, while SF (Control 1) and SDF at 80% ETc (Control 2), both with

100% of RDN, served as the controls. Among irrigation regimes, the SSDI levels

of 80% ETc and 100% ETc recorded 18.7% (3,240 kg ha-1) and 21.1% (3,305 kg

ha-1) higher SCY compared with SF (2,728 kg ha-1). Water use efficiency under

SF (57.0%) was reduced by 34.2%, 40.8%, and 38.2% compared with SSDI’s 60

(76.5%), 80 (80.3%), and 100% ETc (78.8%), respectively. Among fertigation

levels, NUE was higher by 19.2% under 75% (34.1 kg SCY kg-1 N) over 100% RDN

(28.6 kg SCY kg-1 N), but later it also registered 11.9% higher SCY, indicating

such to be optimum for better productivity. SSDF at 80% ETc along with

112.5 kg N ha-1 recorded 26.6% better SCY (3455 kg ha-1) and 18.5% higher NUE

(30.7 kg SCY kg-1 N) over SF. These findings demonstrate that the application of
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SSDF could save irrigation water, enhance SCY, and improve the farmers’

returns compared with SF. Therefore, in northwestern India, SSDF at 80% ETc

along with 112.5 kg N ha-1 could be a novel water-savvy concept which would

be immensely helpful in enhancing cotton productivity.
KEYWORDS

bio-physical water productivity, drip fertigation, economic water productivity,
nitrogen use efficiency, surface flood method, water use efficiency
Introduction

Cotton (Gossypium hirsutum L.) is among the most

important cash crops being cultivated in India and sustains

the nation’s largest organized textile industry. However, India

accounts for the greatest area (13.4 m ha) and highest

production of cotton in the world (37.1 million bales of 170 kg

each), but its mean productivity (487 kg lint ha-1) is very low

(Anonymous, 2021). More than 65% of Indian cotton is rainfed,

with the exception of the northwestern cotton belt (constituted

by Punjab, Haryana, and Rajasthan states), where irrigated

cotton is cultivated. In Punjab, cotton is mainly grown in the

southwestern districts which are characterized by lightly

textured soils, brackish groundwater, and arid climate with

limited availability of canal water for irrigation (Singh et al.,

2018). Here cotton crop is traditionally irrigated through the

surface flood (SF) method at four to six growth stages with

75 mm of water required for a single irrigation. Irrigation for

agriculture has been the leading consumer of water on the earth,

so the gradual decline of water resources is posing a serious

concern on the agriculture sector and insisting upon how to

operate in a sustainable manner under the ever-growing concern

on water scarcity for agrarian usage (Sinha et al., 2017).

This necessitates the adoption of improved and efficient

water application strategies to increase the crop productivity

with better irrigation management (FernÃ¡ndez et al., 2020;

Mishra et al., 2021). To achieve food and fiber security for the

ever-increasing population, a globally irrigated agricultural area

needs to be increased by 20%, with about 40% increase in

irrigated crop yield by year 2025 (Hashem et al., 2018).

Different irrigation systems such as surface drip irrigation

(SDI), sub-surface drip irrigation (SSDI), and sprinkler

irrigation have been found to improve the irrigation efficiency

(Ines et al., 2006). Drip fertigation exposes the crop to a certain

level of water stress during crop growth stages without

sacrificing the crop yield (Pereira et al., 2012) besides

enhancing the water use efficiency and uptake of nutrients

(Kaur and Brar, 2016; Gondal et al., 2021). In cotton, drip

irrigation (DI) resulted in 18%–42% saving of water over furrow
02
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irrigation (Ibragimov et al., 2007) and up to 62.1% saving over

SF method (Singh et al., 2018).

Nowadays, SSDI is also gaining importance due to more

efficient usage of water since there is minimum surface runoff

and evaporation from the soil surface as laterals having drippers

are buried under the soil surface at regular spacing (Mchugh

et al., 2008). SSDI can play a greater role in water management

throughout arid and semi-arid regions by applying water and

nutrients more precisely to the field in both position and

quantity. In SSDI, applied water and nutrients result in higher

use efficiency as the topsoil layer is mostly dry and wetting

occurs only beneath the soil surface while soil evaporation is

controlled (Ben-Gal et al., 2004). SSDI resulted in 20% water

saving in organic olive over the conventional method (Martinez

and Reca, 2014; Rahim et al., 2020) and 10% higher water use

efficiency (WUE) over SDI in cotton (Roopashree et al., 2016).

SSDI reduces evaporation from the soil surface compared with

SDI and SF because water is delivered directly to the roots as

laterals are located within the root zone, thus minimizing water

loss. Both SDI and SSDI could be exploited on a large scale

especially in northwestern India because this region is

constituted by arid and semi-arid areas with a limited supply

of irrigation water. Moreover, the groundwater here is brackish

and thus unfit for irrigation purposes, which makes this zone

ideal for exploiting drip irrigation (Singh et al., 2020).

Fertilizer use efficiency in India can be specifically enhanced

greatly over the prevalent but inefficient method of fertilizer

application by broadcasting (Harish et al., 2017). Drip-fertigated

cotton not only exhibits enhanced N uptake over furrow-

irrigated crops but also curbs the energy and labor costs for

nutrient application as no extra equipment, labor, and

machinery are required (Sidhu et al., 2019). Thus, the SSDF

technique can be exploited to realize more crops per drop of

water without sacrificing the seed cotton yield SCY besides

sustaining cotton productivity. Moreover, fertilizers are applied

in split doses under the fertigation system, thus readily

facilitating the absorption of nutrients by the crop plants with

a minimal problem of nutrient fixation in the soil (Janat, 2008;

Imran et al., 2021).
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So far, the feasibility of SSDF in cotton agro-ecosystems has

been less evaluated in India, and the present study offers an

opportunity to fill this gap in the extant agricultural scenario. We

hypothesize that SSDF would improve the cotton productivity

and also save a huge quantity of water over the conventional

practice (surface flood method of irrigation and urea

broadcasting) prevalent in India.

Thus, the present study investigated the effects of SSDF at

varying irrigation and nitrogen levels on SCY, fiber quality, and

water productivity indices so as to evaluate study gaps with the

following objectives: (1) to assess the effect of SSDI and N

fertigation on the growth, yield parameters, and SCY of Bt

cotton in comparison with the SDI/SF method, (2) to compare

the bio-physical water productivity, water use efficiency, and

NUE of Bt cotton grown under different irrigation regimes and

N levels, and (3) to recommend the most efficient SSDF level to

maximize the production of quality seed cotton based on

monetary evaluation. The present investigation therefore

implements an experimental approach to explore this

enunciated research query and produce data-based

information for its implementation on a large scale under arid

climates. The focus was to optimize the SSDF for increasing the

yield and water productivity so as to achieve a higher SCY with

the additional saving of water and N fertilizer.
Materials and methods

Location and weather

A 2-year field trial was conducted at regional research

stations (RRS) of Punjab Agricultural University located at

Faridkot and Abohar during the summer seasons (April–
Frontiers in Plant Science 03
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November) of 2019 and 2020. These Research Stations are

located, 96 km apart, in two distinct agro-climatic locations of

the southwestern cotton belt of Punjab. The experimental site of

RRS Faridkot lies in agro-climatic zone IV at an altitude of

211 m above mean sea level (AMSL) and latitude of 30°40′N and

longitude of 74°44′ E, whereas the experimental site of RRS

Abohar lies in agro-climatic zone V at an altitude of 186 m

AMSL and latitude of 30°08′ N and longitude of 74°12′ E. Both
of the experimental locations fall in the Trans Gangetic plain

zone of India with the climate characterized by sub-tropical and

semi-arid conditions experiencing a dry and hot summer from

mid-April to June and a cold winter season from November to

January, thus truly representing the cotton belt of northwestern

India. The average annual rainfall of both sites varies from 300 to

400 mm, with 75% of the total precipitation mainly occurring

from July to September.
Design of the experiment

The experiment having eight treatments has been laid out in

a randomized complete block design with three replications

(Figure 1). It was comprised of six treatment combinations from

three levels of SSDI [60% crop evapotranspiration (ETc), 80%

ETc, and 100% ETc of PAN evapotranspiration] and two N

fertigation levels [75% RDN (84.4 kg N ha-1) and 100% RDN

(112.5 kg N ha-1)]. In addition, there were two extra absolute

Control treatments, i.e., SF method of irrigation with 100% RDN

through broadcasting of urea (Control 1) and SDI at 0.8 ETc

coupled with 112.5 kg N ha-1 (Control 2).

Various treatment combinations included the following:

T₁—SSDI at 60% ETc with DF of 75% RDN, T₂—SSDI at 60%

ETc with DF of 100% RDN; T₃—SSDI at 80% ETc with DF of
FIGURE 1

Layout of the experimental plots showing different treatments and drip line placement.
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75% RDN; T₄—SSDI at 80% ETc with DF of 100% RDN; T₅—

SSDI at 100% ETc with DF of 75% RDN; T₆—SSDI at 100% ETc

with DF of 100% RDN; and T₇—SF irrigation with 100% RDN

through broadcasting of urea–Control 1; and T8—SDI at 80%

ETc with DF of 100% RDN (Control 2).
Methodology and crop management

After harvesting of the wheat crop, the field was

ploughed twice, and pre-sowing irrigation (rauni) was

applied at both study locations. Bt cotton hybrid cultivar

(RCH773 BGII) was sown in the first fortnight of May during

both years (2018 and 2019) at Faridkot and Abohar. The

sowing was done manually by hand dibbling method using

two seeds per hill at a uniform depth of 5 cm. An inter-row

spacing of 67.5 cm and intra-row spacing of 75 cm within

plants was uniformly maintained. Each experimental plot

(60.75 m2) had a total of 125 plants in five rows, while each

row length was 18 m.

The sub-surface laterals for SSDI were installed using a

tractor-operated machine at a uniform depth of 20 cm, having

an inter-row spacing of 67.5 cm with the emitter discharging 2.2

L of water per hour. However, for Control 2, SDI drip laterals

with a similar discharge were manually laid out on the ground

surface. The Control 1 plots receiving irrigation through SF were

delivered with water through dedicated PVC pipes. All the

experimental plots received regulated and measured water

supply through a water meter and were surrounded by strong

bunding all around, with a sufficient buffer area (2.0 m) so that

variation owing to water application among different treatments

could be minimized. The bulk density of soil has been measured

by using the Core method (Black and Hartage, 1986), while soil

moisture was determined by employing time domain

refractometry (PR2/6 Profile Probe, Delta-T Devices Ltd. UK)

after calibrating it with gravimetric methods (Richards and

Weaver, 1943).
Growth- and yield-attributing
characteristics and seed cotton yield

Growth- and yield-attributing parameters like plant

height, sympodial branches per plant, bolls per plant, and

boll weight have been recorded from 10 randomly selected

plants per plot. Biomass accumulation was measured by

cutting the whole aboveground portion of the plant after

harvest and then weighing after thorough drying under the

sun. SCY constituted the total weight of both the hand

pickings and is expressed in kilograms per hectare (Mishra

et al., 2021).
Frontiers in Plant Science 04
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Irrigation, fertilizer application, and
productivity indices

Irrigation under the SDI and SSDI method was applied at an

interval of every 5 days. The total amount of applied irrigation

water varied according to treatments, which were based on the

amount of crop evapo-transpiration. In the SF method

(conventional), water was applied by flood irrigation. A total

of six and four SF irrigations were applied at the Faridkot and

Abohar locations, respectively, during 2019, and the

corresponding values were four and five during 2020. In SF

plots, the first irrigation was given at 35 days after sowing (DAS)

in mid-June at all locations and study years. The second, third,

fourth, and fifth (last) SF irrigation, respectively, was applied

during the end June, July, August, and September, respectively.

The quantity of each irrigation was measured by using a water

meter in all the treatment plots, and water applied under all

irrigations was summed up to calculate the total irrigation water.

To work out the ETc, reference evapotranspiration (ETo)

was calculated with a calculator developed by FAO from site-

specific weather data for both locations. According to the user

manual given by FAO, to calculate the daily crop

evapotranspiration (ETc), the value of the crop coefficient (Kc)

of cotton crop was 0.75 until the end of June, 1.15 during July

and August, and 0.70 until boll picking. Fertilizer N in the form

of urea (46% N) was applied for SDF and SSDF treatments

starting from 35 DAS and delivered in 10 equal splits after every

5 days except for the SF, where 100% RDN was applied in two

equal splits, i.e., half dose at thinning and the remaining half at

flowering. The application of phosphorous was skipped as the

recommended dose of P was applied to the preceding wheat as

recommended by Punjab Agricultural University (Anonymous,

2022). Actual crop evapotranspiration (ETa) has been worked

out with the help of the soil water balance equation (FernÃ¡ndez

et al., 2020):

ETa =  IW   +  P  –  D  –  R  ±  DS   (1)

where IW is amount of irrigation water applied (mm), P

represents precipitation in mm, R indicates surface runoff

(mm), D is deep drainage (mm), and DS represents soil profile

moisture change (mm). Runoff was nil as ridges/buffers

surrounded all the plots. Deep drainage was assumed to be

zero when moisture storage in the soil profile was lesser than the

field capacity and when soil moisture storage (SMS) surpassed

the field capacity storage either after a rain or due to irrigation.

Thereafter, deep drainage has been developed as the gap between

field capacity storage and SMS plus rain/irrigation. Since the

water table at both study sites was below 3 m, an upward flux

from the groundwater was not considered. Two-meter wide

buffers were established between various plots to eliminate water

fluxes in the vicinity of root zone laterals.
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Bio-physical water productivity (BWP) and economic water

productivity (EWP) were computed by using the following

equations (Perry et al., 2017; FernÃ¡ndez et al., 2020):

BWP ðkg m−3Þ  =  SCY=ETa (2)

EWP ð m−3Þ  =  NR=ETa (3)

where SCY means seed cotton yield (kg ha-1), ETa is actual crop

evapotranspiration (m3 ha-1), and NR indicates net returns ($

ha-1).

WUE was calculated by using the following equations (Perry

et al., 2009; Sahoo et al., 2018):

WUE  =  ETa=IW   +  R  ±  DS   (4)

where IW is irrigation water applied (m3 ha-1), R represents

rainfall (m3 ha-1), and ±DS was change in soil profile moisture

(m3 ha-1), while ETa indicates actual crop evapotranspiration

(m3 ha-1).

Nitrogen use efficiency (NUE) is calculated using the

formula given below:

NUE  =  seed cotton yield=N  applied   (5)
Fiber quality parameters

Lint samples were obtained by ginning the clean and dried

weighed samples of seed cotton through a single-roller electric

gin, and ginning turnout (GTO) was computed by using the

following formula:

GTO ð% Þ  =  ðweight of  lint in grams=weight of  seed 

cotton in gramsÞ �  100  

(6)

Fiber samples were sent to the laboratory of ICAR-Central

Institute for Research on Cotton Technology (ICAR-

CIRCOT), Mumbai, for measurement of various fiber

parameters like halo length, fiber strength, uniformity index,

micronaire, etc. A sample of 100-gram lint was taken to

measure the micronaire value by using Prectitronic Digital

Mic Tester at C, Mumbai.
Monetary evaluation

The total cost of cultivation incurred for raising cotton

crop was calculated with the help of Enterprise budget (2021)

of Kharif crops by the Department of Economics and

Sociology, PAU, Ludhiana. Gross returns of different

treatments were worked out by multiplying the SCY from

respective treatments with the prevalent market price of

$0.75 kg-1 of seed cotton. The benefit/cost ratio (B:C) was

worked out to check the economic feasibility of treatments and
Frontiers in Plant Science 05
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is calculated by dividing the net returns by the total cost of

cultivation (Singh et al., 2020).
Statistical analysis

Statistical analysis of various recorded parameters and

calculated indices was performed to evaluate the effect of

various treatments (SSDI regimes and N fertigation levels), in

comparison with control treatments, using SAS Proc GLM (SAS

software 9.3, SAS Institute Ltd., USA). Significant mean

differences were compared using Fisher’s least significant

difference test at a probability level of 5%. The variance of data

in both sites was homogeneous according to Bartlett’s test (p ≤

0.05), so the data of both sites and years was pooled

and analyzed.
Results and discussion

Weather and site characteristics

The data pertaining to weather-related parameters has been

recorded from the agro-meteorological observatories of RRS,

Faridkot, and RRS, Abohar and presented in Figures 2, 3.

Among the different treatments, the actual crop

evapotranspiration (ETa) ranged from 345.8 to 588.8 mm at

both locations over the years. During 2019, except for the SF,

negative soil moisture confirmed the necessity of underground

water withdrawal for meeting irrigation demand that was

substantially improved in the later year for each treatment at

both experimental sites. The effects of the available moisture in

the soil profile witnessed the heavy deep drainage during 2020

compared with the year 2019. Similarly, a huge surface runoff,

i.e., 86.4 and 88.2 mm at Faridkot and 92.3 and 93.3 mm at

Abohar, was recorded for the surface flood method which was

tremendously reduced under drip treatments. The data on

the physio-chemical characteristics of soil at the experimental

sites is given in Table 1. The layer-wise moisture retention

capacity (at field capacity and permanent wilting point, PWP)

of soil at both experimental sites for soil profile (0–150 cm) has

been worked out and presented to work out various water

indices (Table 2). Layer wise bulk density of both experimental

sites is presented in Table 3. The detailed information on

cultivar, planting geometry, sowing and harvesting dates, etc.,

is summarized (Table 4).
Growth parameters and biomass
accumulation by cotton

Different irrigation and fertigation treatments exerted a

significant effect on growth parameters like plant height and
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biomass accumulation (Table 5). Among the tested irrigation

regimes, taller plants were recorded under SDI (170.0 cm),

closely followed by a SSDI level of 80% ETc (164.3 cm) and

100% ETc (167.4 cm), while a significant reduction in plant

height was observed under 60% ETc (148.1 cm) and SF

(156.1 cm). Biomass accumulation has been highest under a

SSDI level of 100% ETc (2,627 g m-2) compared with 80% ETc

(2439 g m-2) and 60% ETc (1978 g m-2). The reduced plant

height and biomass accumulation under SSDI level of 60% ETc

might be due to the fact that here least water was supplied,

which, in turn, failed to maintain optimal crop growth. The

better plant vigor under SDI over SF in the present findings is in

close proximity with those of Yadav and Chauhan (2016), who

observed taller plants under SDI over SF. Furthermore, SF not
Frontiers in Plant Science 06
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only recorded shorter plants in line with Prajapati and Subbaiah

(2018) but also lesser biomass accumulation (2,138 g m-2) in

comparison with various SDF/SSDF treatments under 80%/

100% ETc, elucidating that applied water and nitrogen could

not be efficiently utilized (Table 5).

Among N fertigation schedules, higher plant height and

biomass accumulation was evident under 100% RDN (2,420 g

m-2) over the 75% RDN (2276 g m-2). Nevertheless, both

SSDF levels of 75% RDN and 100% RDN revealed better plant

height and biomass accumulation over the SF method (2,138

g m-2), which could be attributed to the optimum availability

of water and nitrogen to plants under SSDF, in agreement

with Ayyadurai and Manickasundaram (2014) who recorded

36% higher biomass under DF of 100% RDN over soil
FIGURE 2

Weather data of the experimental site at Abohar during crop growth periods 2019 and 2020. RHm, maximum relative humidity; RHe, minimum
relative humidity; Tmax, maximum temperature; Tmin, minimum temperature.
FIGURE 3

Weather data of the experimental site at Faridkot during crop growth periods 2019 and 2020. RHm, maximum relative humidity; RHe, minimum
relative humidity; Tmax, maximum temperature; Tmin, minimum temperature.
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application under SF. These findings established water and

nitrogen to be among the essential growth factors as evident

from better height and biomass accumulation under their

increased supply (Brar et al., 2021). Higher biomass

accumulation under SSDI over SF method is also supported

by Sampthkumar et al. (2006) who recorded improved

biomass accumulation under DI over border strip and

SF irrigation.
Frontiers in Plant Science 07
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Yield attributes and seed cotton yield

Sympodial branches, bolls per plant, boll weight, and SCY

varied significantly under various irrigation regimes (Table 5).

Higher sympodial branches per plant were recorded under SDI

(24.2), closely followed by SSDI of 100% ETc (23.1), 80% ETc

(22.2), and SF method (20.5), while the number was least under

SSDI of 60% ETc (17.6). The observation on improved
TABLE 1 Chemical properties of soil at the experimental sites.

Soil properties Faridkot Abohar Analytical method used

Value Rating Value Rating

pH 8.3 Normal 8.3 Normal Beckman’s glass
electrode pH meter
(Jackson, 1967)

EC (dS m-1) 0.16 Normal 0.18 Normal Solubridge conductivity meter (Jackson, 1967)

Organic carbon (%) 0.51 Medium 0.42 Medium Rapid titration method
(Walkley and Black, 1934)

Available nitrogen
(kg ha-1)

188 Medium 192 Medium Alkaline potassium permanganate method
(Subbiah and Asija, 1956)

Available phosphorus
(kg ha-1)

21.2 Medium 35 High 0.5 M sodium bicarbonate extractable P method
(Olsen et al., 1954)

Available potassium
(kg ha-1)

638 High 530 High Ammonium acetate extractable K method
(Merwin and Peech, 1950)

Soil texture Sandy loam Sandy loam International pipette method
(Piper, 1966)
TABLE 2 Layer-wise moisture retention capacity of soil at the experimental sites.

Soil depth (cm) Volumetric moisture content (%) at field capacity Volumetric moisture content (%) at permanent wilting point

Faridkot Abohar Faridkot Abohar

0–10 21.2 19.9 12.3 8.6

11–20 16.9 14.5 9.9 9.9

20–30 16.1 15.1 9.6 10.1

30–40 18.0 16.2 10.7 9.8

40–60 17.8 16.5 10.2 8.1

60–100 16.1 14.9 9.8 9.0
TABLE 3 Layer wise bulk density of experimental sites.

Soil depth (cm) Bulk density (g cm-3)

Faridkot Abohar

0–15 1.56 1.58

15–30 1.54 1.68

30–60 1.66 1.72

60–90 1.61 1.59

90–120 1.60 1.63

120–150 1.58 1.65
fro
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sympodial branches per plant under SSDI is in conformity with

that of Ali et al. (2017) who reported 15% higher sympodial

branches under SDI over the furrow method. Higher bolls per

plant was revealed under a SSDI of 100% ETc (60.2) and 80%

ETc (57.2) over SSDI of 60% ETc (46.7) and SF method (46.5),

which was in agreement with Prajapati and Subbaiah (2018) who
Frontiers in Plant Science 08
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recorded improved bolls per plant under SDI over the furrow

method. A significant reduction by 23% and 29% for bolls per

plant under the SF method over a SSDI of 80% ETc and 100%

ETc was evident. Higher boll weight under SDI (4.11 g) was

closely followed by SSDI at 100% ETc (4.04 g) and 80% ETc

(3.95 g), while SSDI at 60% ETc recorded the significantly lowest
TABLE 4 Details of crop, cultivars, planting geometry, and sowing and harvesting dates.

Crop Cultivars Planting geometry(cm) Date of sowing Date of harvesting

RRSA RRSF RRSA RRSF

Cotton RCH 773 BGII
RCH 773 BGII

67.5 × 75
67.5 × 75

23.05.2019 09.05.2019 21.10.2019
(first picking)

6.11.2019
(second picking)

18.10.2019
(first picking)

6.11.2019
(second picking)

05.05.2020 16.05.2020 17.10.2020
(first picking)

4.11.2020
(second picking)

19.10.2020
(first picking)

5.11.2020
(second picking)
frontier
A, RRSA (Abohar); F, RRSF (Faridkot).
TABLE 5 Effect of various treatments on growth parameters, yield attributes, and seed cotton yield.

Nitrogen fertigation schedules (FS) Irrigation regimes (IR)

60% ETc 80% ETc 100% ETc Mean Control 1 Control 2

Plant height (cm)

75% RDN 144.4 162.2 166.1 157.6 156.1 170

100% RDN 151.9 166.3 168.8 162.3

Mean 148.1 164.3 167.4

LSD (p=0.05) IR = 4.6 ; FS = 3.8; IR*FS = NS; IR*FS vs. Controls = 5.2

Sympodial branches plant-1

75% RDN 16.8 21 22.2 20 20.5 24.2

100% RDN 18.4 23.3 24 21.9

Mean 17.6 22.2 23.1

LSD (p=0.05) IR = 0.95 ; FS = 0.77; IR*FS =NS; IR*FS vs. Controls =1.10

Bolls plant-1

75% RDN 44.5 54.1 58 52.2 46.5 56.9

100% RDN 48.9 60.4 62.5 57.2

Mean 46.7 57.2 60.2

LSD (p=0.05) IR = 1.9 ; FS =1.5 ; IR*FS = NS; IR*FS vs. Controls =2.3

Boll weight (g)

75% RDN 3.58 3.9 4.01 3.83 3.81 4.11

100% RDN 3.7 4.01 4.07 3.92

Mean 3.64 3.95 4.04

LSD (p=0.05) IR =0.11 ; FS =0.09; IR*FS = NS; IR*FS vs. Controls = 0.13

Seed cotton yield (kg ha-1)

75% RDN 2490 3024 3133 2882 2728 3300

100% RDN 2747 3455 3477 3226

Mean 2619 3240 3305

LSD (p=0.05) IR = 120; FS = 98 ; IR*FS = NS; IR*FS vs. Controls = 143

Biomass accumulation (g m-2)

75% RDN 1867 2361 2601 2276 2138 2433

100% RDN 2090 2518 2652 2420

Mean 1978 2439 2627

LSD (p=0.05) IR = 62 ; FS =50; IR*FS =NS; IR*FS vs. Controls = 83
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value (3.64 g) primarily due to reduced water supply (Singh

et al., 2018).

Among SSDI levels, SCY was maximum at 100% ETc (3,305

kg ha-1), closely followed by 80% ETc (3,240 kg ha-1) and with

the least value under 60% ETc (2619 kg ha-1), where it was 26%

and 23.7% lower compared with 80% ETc and 100% ETc,

respectively. Nevertheless, SDI recorded statistically at par SCY

(3,300 kg ha-1) with SSDI of 80% ETc and 100% ETc. However,

SSDI of 80% and 100% ETc resulted in 18.7% and 21% higher

SCY over SF (2,728 kg ha-1) due to better yield parameters

(Aladakatti et al., 2012). This was primarily due to the improved

boll count per plant which was 23% and 29.4% higher under

SSDI level of 80% ETc and 100% ETc, respectively, over the SF

method. Singh et al. (2018) also reported higher SCY by 19% and

23% over the conventional SF method under SDI of 100% ETc

and 80% ETc, owing to the improved boll count. Better SCY and

yield attributes such as higher bolls per plant under SSDI of

100% ETc and 80% ETc over SF irrigation are also supported by

Neelakanth et al. (2019).

A fertigation level of 100% RDN elucidated better sympodial

branches per plant (21.9), boll weight (3.92 g), and bolls per

plant (57.2) over 75% RDN (20.0, 3.83 g, and 52.2, respectively)

in conformity with Singh and Bhati (2018) who observed higher

bolls per plant under SDI of 100% RDN (50.8) over the 75%

RDN (46.2). Among N levels, 100% RDN revealed significantly

higher SCY by 11.9% and 18.2% over the 75% RDN (2,882 kg ha-

1) and broadcasting method (2,728 kg ha-1), respectively.

Furthermore, the data elucidated that SSDF of 100% RDN

either at 80% (3,455 kg ha-1) or 100% ETc (3,477 kg ha-1)

improved SCY by 4.6% and 5.3%, respectively, over SDF.

Seed cotton yield revealed a positive and linear relationship

(Figure 4) with crop evapotranspiration (ETa), while its

relationship with irrigation water applied (IWA) followed a

second-order polynomial trend (Figure 5). Furthermore, the

R2 values for IWA and SCY for 2019 (Figure 5A), 2020

(Figure 5B), averaged over the years (Figure 5C), and averaged

over the locations and years were significant (Figure 5D). The

regression equations for individual year and location and also

when averaged over the years and locations clearly elucidate SCY

to be dependent upon ETa (Figures 4A–D) and IWA

(Figures 5A–D). A correlation heat map among various traits

of cotton is given in Figure 6. This further signifies that efficient

usage of water and nutrients can be made under SSDF as evident

from better yield realization. These results clearly established

that SSDF could play a pivotal role in improving the yield

attributes and SCY compared with SF and the soil application

of nutrients. Nevertheless, improved boll weight and bolls per

plant under SSDF have remained as the primary reasons for the

higher SCY. The boll count per plant was 12.2% and 23.0%

higher under the SSDF of 75% RDN and 100% RDN,

respectively, over broadcasting of 100% RDN in SF. These

findings reveal that both water and nitrogen greatly govern the

yield as envisaged from the fact that, by increasing the water and
Frontiers in Plant Science 09
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N fertigation level, crop yield tends to improve (Dar et al., 2017;

Thanappan et al., 2020).

A significant reduction in yield attributes and SCY is evident

under the least level of water and nitrogen (i.e., SSDI of 60% ETc

along with fertigation of 75% RDN), where the supply of both

water and nitrogen was minimal (Table 5). SCY improved

significantly by 23.7%, while the increasing irrigation level

from 60% ETc to 80% ETc was in conformity with Singh et al.

(2018). However, there was only a marginal increase of 2% while

moving from 80% ETc to 100% ETc. The present data

manifested that, under 100% RDN, SSDI—at either 80% ETc

or 100% ETc—remained on par for SCY, though it increased by

708 and 730 kg ha-1, respectively, over the SSDF at 60% ETc.

This revealed that SCY exhibited a tendency to increase between

the irrigation levels of 80% ETc and 100% ETc but was

optimized at 80% ETc (Kumar et al., 2021).
Effect of different treatments on water
productivity indices

The total irrigation water applied has been highest

under SF (Control 1), i.e., 550 and 400 mm during 2019, with

a value of 400 and 475 mm during 2020 for Faridkot and

Abohar, respectively (Tables 6, 7). However, actual crop

evapotranspiration (ETa) remained higher for SSDI at 100%

ETc with 100% RDN (580.6 and 462.8 mm for 2019; 582.6 and

588.8 mm for 2020) for Faridkot and Abohar, respectively. A

general reduction for ETa was observed under SF (Control 1)

compared with SSDI treatments across the locations. The ETa

followed a linear relationship with SCY among the studied

treatments over the locations during both study years

(Figures 4A–D). During 2019, ETa was highest under T6 (i.e.,

580.6 and 462.8 mm for Faridkot and Abohar, respectively),

while during 2020, T4 (584.8 mm) and T8 (590.2 mm) revealed

higher ETa values for Faridkot and Abohar, respectively. These

findings clearly elucidated a saving of 36–54.3% and 52.4-61.4%

of irrigation water under SSDI for Faridkot and Abohar,

respectively, during 2019 with increased ETa over SF (Cetin

and Kara, 2019). During 2020, the corresponding values ranged

from 19.8–41.8% to 30.0–50.5%. The presented results on

savings of water under SSDI are well supported by Patil et al.

(2009) who observed 45.6% water saving under DI at 100% ETc

over the SF method. Roopashree et al. (2016) also reported a

saving of 21.7% irrigation water under SSDI over SF.

Among the studied irrigation regimes, improved BWP

values (Table 8) were recorded under SSDI levels of 100% ETc

(0.627 kg m-3), 80% ETc (0.620 kg m-3), and SDI (0.637 kg m-3),

while it was significantly reduced under 60% ETc (0.551 kg m-3)

and SF (0.601 kg m-3). The reduced BWP by 12.5% under SSDI

at 60% ETc compared with 80% ETc was clearly indicative of its

poor efficiency (Brar et al., 2021). The SF method revealed least

WUE (57%), while values were considerably improved under a
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SSDI level of 0.8 ETc (80.3%), closely followed by SDI (80.9%),

SSDI level of 60% ETc (76.5%), and 100% ETc (78.8%). The

better WUE under SDI/SSDI at 0.8 ETc was in conformity with

Shruti and Aladakatti (2017), who elucidated higher values

under DI applied at 80% ETc.
Frontiers in Plant Science frontiersin.or10
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Among the fertigation levels, 100% RDN recorded a numerically

higher BWP of 0.614 kg m-3 over 75% RDN and SF. However,

SSDF of 75% and 100% RDN exhibited better WUE over

broadcasting fertilizer (Jayakumar et al., 2015). These results

clearly established that SSDF of either 80 or 100% ETc along
B

C

D

A

FIGURE 4

Seed cotton yield response to actual crop evapotranspiration during 2019 (A) and 2020 (B), averaged over the years for each location (C) and
averaged over the locations and years (D).
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FIGURE 5

Seed cotton yield response to irrigation water applied (mm) during 2019 (A) and 2020 (B), averaged over the years for each location (C) and
averaged over the locations and years (D).
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with 100% RDN recorded better BWP and WUE over the SF

method despite the limited application of water. Thus, SSDF can

become an effective tool for increasing the cotton productivity

as well as water use efficiency without sacrificing SCY

(Singh et al., 2022). Further details are elaborated in the

following subsections.
Actual crop evapotranspiration

Among the studied treatments, the mean evapotranspiration

(Eta) at Faridkot during 2019 was 504.6, 530.2, 553.9, 576.8,
Frontiers in Plant Science 12
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554.6, 580.6, 485.6, and 555.2 mm for T1 to T8, respectively.

During 2020, the respective ETa values were 515.3, 534.7, 572.3,

584.8, 573.4, 582.6, 486.7, and 562.6 mm. At Abohar, the ETa

values during 2019 were 380.1, 385.6, 404.6, 451.1, 403.7, 462.8,

345.8, and 410.8 mm for T1 to T8, respectively. The respective

ETa value during 2020 was 517.4, 541.2, 530.5, 585.3, 543.4,

588.8, 544.6, and 590.2 mm. Reduction in ETa at Abohar during

2019 compared with a later year was observed, while at Faridkot

the values were akin during both study years (Tables 6, 7).

Higher ETa values for treatments receiving more water and

fertilizer under drip fertigation resulted in vigorous cotton

growth, which might have led to variability in the uptake of
FIGURE 6

Correlation heat map among various traits of cotton. PH, plant height (cm); SBP, sympodial branches plant⁻¹; BP, Bolls per plant; BW, Boll
weight (g); SCY, seed cotton yield (kg ha⁻¹); BA, biomass accumulation (g m⁻²); BPWP, bio-physical water productivity (kg m⁻³); WUE, water use
efficiency (%); NUE, nitrogen use efficiency (kg SCY kg⁻¹ N); GOT, Ginning turnout (%); HL, halo length (mm); UI, uniformity index; FS, fiber
strength (g tex⁻¹); M, micronaire; COC, cost of cultivation ($ ha⁻¹); GR, gross returns ($ ha⁻¹); NR, net returns ($ ha⁻¹); B:C, benefit/cost ratio;
EWP, economic water productivity ($ m⁻³).
TABLE 6 Irrigation water applied and actual crop evapotranspiration under various treatments (2019).

Faridkot Abohar

IWA
(mm)

RF
(mm)

D S
(mm)

ETa

(mm)
D

(mm)
R.

(mm)
IWA
(mm)

RF
(mm)

D S
(mm)

ETa

(mm)
D

(mm)
R.

(mm)

T1: SSDI at 60% crop evapotranspiration
(ETc) with DF of 75% RDN

232.5 486.3 38.3 515.3 114.6 50.6 239.9 457.8 33.3 517.4 94.3 52.7

T2: SSDI at 60% ETc with DF of 100% RDN 232.5 486.3 34.8 534.7 102.1 47.2 239.9 457.8 22.5 541.2 83.4 50.6

T3: SSDI at 80% ETc with DF of 75% RDN 276.7 486.3 40.7 572.3 109.9 40.1 286.6 457.8 58.7 530.5 99.6 55.6

T4: SSDI at 80% ETc with DF of 100% RDN 276.7 486.3 35.9 584.8 97.5 44.8 286.6 457.8 26.2 585.3 84.6 48.3

T5: SSDI at 100% ETc with DF of 75% RDN 320.8 486.3 51.5 573.4 129.4 52.8 333.2 457.8 79.1 543.4 110.1 58.4

T6: SSDI at 100% ETc with DF of 100%
RDN

320.8 486.3 48.6 582.6 125.8 50.1 333.2 457.8 68.2 588.8 86.7 47.3

T7: surface flood with 100% RDN (Control
1)

400.0 486.3 62.8 486.7 248.6 88.2 475.0 457.8 95.8 544.6 200.1 92.3

T8: surface drip at 80% ETc with 100% RDN
(Control 2)

276.7 486.3 58.7 562.6 90.1 51.6 286.6 457.8 39.7 590.2 68.3 46.2
frontier
IWA, irrigation water applied; RF, rainfall; DS, change in soil profile moisture; ETa, actual crop evapotranspiration; D, drainage; R, runoff; SSDI, subsurface drip irrigation; DF, drip
fertigation; RDN, recommended dose of nitrogen.
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water and its distribution. The higher ETa in 2020 might be

owing to more rainfall which was primarily accountable for

continuous soil wetting, thus leading to a higher evaporative loss

(Dar et al., 2017). The variation in ETa over the seasons and

locations was owing to the huge variation in the amount of

rainfall and its distribution (Figure 2), which could have resulted

into distinct effects on soil wetting followed by evaporative loss

and crop water uptake. The variation among irrigation regimes
Frontiers in Plant Science 13
57
is primarily owing to the variable quantity of IWA (Tables 6, 7).

The higher ETa was observed under T6, which received the

maximum quantity of irrigation through SSDF, as a linear

relationship has been observed between SCY and ETa

(Figure 4) with the R2 value ranging from 0.723 to 0.983 for

individual and pooled data over the seasons and locations,

respectively. The increase in ETa with IWA is in agreement

with Irmak et al. (2016).
TABLE 8 Effect of various treatments on bio-physical water productivity, water use efficiency, and nitrogen use efficiency.

Irrigation regimes (IR)

Nitrogen fertigation
schedules (FS)

60% crop
evapotranspiration

(ETc)

80%
ETc

100% ETc Mean Control 1 Control 2

Bio-physical water productivity (kg m-3)

75% RDN 0.533 0.602 0.619 0.585

100% RDN 0.570 0.638 0.636 0.614 0.601 0.637

Mean 0.551 0.620 0.627

LSD (p = 0.05) IR = 0.023; FS = 0.018; IR*FS = NS; IR*FS vs. controls = 0.017

Water use efficiency (%)

75% RDN 75.4 77.1 74.9 75.8

100% RDN 77.6 83.5 82.7 81.3 57.0 80.9

Mean 76.5 80.3 78.8

Nitrogen use efficiency (kg SCY kg-1 N)

76.5 80.3 78.8 37.0 34.1 25.9 29.3

100% RDN 24.4 30.7 30.9 28.6

Mean 26.9 33.2 33.9

LSD (p = 0.05) IR = 1.3; FS = 1.0; IR*FS = NS; IR*FS vs. controls = 1.4
fro
RDN, recommended dose of nitrogen; NS, non-significant; LSD, least significant difference; Control 1, surface flood irrigation and soil application of 100% RDN through urea broadcasting;
Control 2, surface drip irrigation at 80% ETc with fertigation of 100% RDN.
TABLE 7 Irrigation water applied and actual crop evapotranspiration under various treatments (2020).

Treatment Faridkot Abohar

IWA
(mm)

RF
(mm)

DS
(mm)

ETa

(mm)
D

(mm)
R.

(mm)
IWA
(mm)

RF
(mm)

DS
(mm)

ETa

(mm)
D

(mm)
R.

(mm)

T1: SSDI at 60% crop evapotranspiration
(ETc) with DF of 75% RDN

251.2 366.1 -21.0 504.6 94.3 39.4 154.3 353.3 -18.2 380.1 89.6 56.1

T2: SSDI at 60% ETc with DF of 100% RDN 251.2 366.1 -19.4 530.2 72.5 34.0 154.3 353.3 -16.5 385.6 92.3 46.2

T3: SSDI at 80% ETc with DF of 75% RDN 301.6 366.1 -17.2 553.9 99.0 32.0 172.3 353.3 -12.8 404.6 98.2 35.6

T4: SSDI at 80% ETc with DF of 100% RDN 301.6 366.1 -18.1 576.8 74.6 34.4 172.3 353.3 -10.1 451.1 69.2 15.4

T5: SSDI at 100% ETc with DF of 75% RDN 352.0 366.1 -10.9 554.6 139.3 35.1 190.4 353.3 -4.8 403.7 99.2 45.6

T6: SSDI at 100% ETc with DF of 100% RDN 352.0 366.1 -8.5 580.6 109.4 36.4 190.4 353.3 -2.1 462.8 70.4 12.6

T7: surface flood with 100% RDN (Control 1) 550.0 366.1 45.0 485.6 299.1 86.4 400.0 353.3 32.8 345.8 281.4 93.3

T8: surface drip at 80% ETc with 100% RDN
(Control 2)

301.6 366.1 -6.7 555.2 73.9 45.3 172.3 353.3 -4.3 410.8 80.2 38.9
ntier
IWA, irrigation water applied; RF, rainfall; DS, change in soil profile moisture; ETa, actual crop evapotranspiration; D, drainage; R, runoff; SSDI, subsurface drip irrigation; DF, drip
fertigation; RDN, recommended dose of nitrogen.
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Bio-physical water productivity, water
use efficiency, and economic water
productivity

The higher BWPwas recorded in T4 treatment (0.638 kg m-3),

while the lowest (0.533 kg m-3) was observed in T1 treatment

(Table 8). The BWP declined owing to a huge reduction in SCY

(Table 5) compared with the reduced crop ETa (Tables 6, 7).

Among drip irrigation regimes, the BWP values were 0.551, 0.620,

and 0.627 kg m-3 for 60% ETc, 80% ETc, and 100% ETc,

respectively (Table 8). The improvement in BWP with any hike

in irrigation level could be owing to the reason that IWA just

fulfilled the required soil water deficit. This means that treatments

which received more irrigation water experienced lesser water

stress compared with treatments receiving lesser irrigation. As a

result, the SCY was statistically better under 80% ETc and 100%

ETc treatments having a high IWA compared with 60% ETc and

resulted in higher BWP (Sun et al., 2006; Dar et al., 2017). When

averaged over the years, a linear relationship between ETa and

SCY was observed, with R2 value of 0.723 at Abohar and 0.983 for

Faridkot and R2 of 0.936 (Figure 4C) and R2 of 0.891 when

averaged over the locations and years. This clearly elucidated that

the efficient use of water by the cotton plants increased the SCY.

Therefore, irrigating cotton with an adequate amount of water at

regular intervals through drip might enhance the SCY and water

productivity with additional saving of water compared with

surface flood method.
Comparison of water use efficiency
under SSDF treatments vs. surface flood

The WUE in SSDF treatments ranged from 75.4 to 83.5%,

compared with SF (57.0%). The highest WUE of 83.5% was

recorded in T4 treatment, i.e., drip irrigation at 80% ETc along

with 100% RDN (Table 8), which elucidated that a huge water

can be saved by adopting novel water-savvy techniques. During

2019, applied water under SF has been 56% and 110% higher

compared with what was applied in SSDI at 100% ETc for

Faridkot and Abohar, respectively. The corresponding values

were higher by 24.6% and 42.5% during 2020, which was

indicative of huge water saving.
Nitrogen use efficiency

Nitrogen is one of the most important limiting factors

governing the growth and productivity of crop plants. The

present findings clearly established a reduction in the NUE

with each increase in N level. Within irrigation regimes, SSDI

of 100% ETc recorded a higher NUE (33.9 kg SCY kg-1 N) which

was closely followed by 80% ETc (33.2 kg SCY kg-1 N), while
Frontiers in Plant Science 14
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60% ETc resulted in a significantly lowest value (26.9 kg SCY kg-

1 N). Furthermore, NUE under SF (Control 1) has been 3.8%,

28.1%, and 30.8% lesser compared with SSDI of 60% ETc, 80%

ETc, and 100% ETc, respectively (Table 8).

Among fertigation levels, SSDF of 75% RDN (34.1 kg SCY

kg-1 N) recorded a statistically better NUE by 19.2% over 100%

RDN (28.6 kg SCY kg-1 N), which was in agreement with Singh

et al. (2018) who reported 27% higher NUE under 75% RDN

over 100% RDN. However, both SSDF levels of 75% and 100%

RDN exhibited increased NUE by 31.6% and 10.4%, respectively,

over SF (25.9 kg SCY kg-1 N). The higher NUE under SSDF has

been primarily due to the application of nitrogen directly to the

root zone, which, in turn, minimized volatilization and leaching

losses and consequently improved the yield (Brar et al., 2022).

Moreover, the application of N in 10 equal splits under SSDF

might have checked the N losses in the soil compared with only

two splits under the broadcasting method, which further helped

to enhance NUE, in agreement with Bharathraj et al. (2015)

wherein 47% higher efficiency has been observed under

fertigation compared with soil application.
Fiber quality parameters

Ginning turnout was significantly reduced under SF (31.9%)

compared with all SDI/SSDF treatments (Table 9). However,

fiber strength was significantly higher (30.5) under a SSDF

combination of 80% ETc along with 100% of RDN, which was

in conformity with Zhang et al. (2019). However, fertigation

treatments could not differentiate much for either of the studied

quality parameters (Magare et al., 2018; Zahid et al., 2021).
Monetary evaluation

A higher gross return ($2,572.9 ha-1), net return ($1,648.9

ha-1), and B:C ratio (1.78) have been recorded in the treatment

receiving SSDF at 100% ETc with fertigation of 100% RDN.

However, SSDI of 80% ETc with 100% RDN recorded much

lesser net returns by $12.0 ha-1, but with an additional saving of

20% irrigation water (Table 10). A statistically lowest gross

return ($1,842.6 ha-1), net return ($932.0 ha-1), and B:C (1.02)

was observed under SSDI at 0.6 ETc with 75% RDN, thus

making it the least remunerative among the drip combinations

studied. Nevertheless, SSDI at 0.8 ETc with 100% RDN recorded

significantly higher net returns by 54.1% over the SF method.

These findings get fair support from Aladakatti et al. (2012) and

Pawar et al. (2015). Reduced B:C under the conventional

practice of the SF method (1.11) further substantiated that

fertilizer and water application through SSDF are more

rewarding (Neelakanth et al., 2019).

Economic water productivity remained higher under the

SSDI level of 100% ETc and SDI, closely followed by SSDI of
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TABLE 9 Effect of various treatments on fiber quality parameters.

Irrigation regimes (IR)

Mean Control 1 Control 2

33.3 31.9 33.2

33.6

S; IR*FS = NS; IR*FS vs. controls = 0.99

27.0 26.7 26.8

26.9

S; IR*FS = NS; IR*FS vs. controls = NS

80.3 80.6 80.7

80.6

S; IR*FS = NS; IR*FS vs. controls = NS

30.3 29.5 30.1

30.0

NS; IR*FS = NS; IR*FS vs. controls = 0.47

4.21 4.21 4.23

4.22

S; IR*FS = NS; IR*FS vs. controls = NS
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Nitrogen fertigation
schedules (FS)

60% crop
evapotranspiration

(ETc)

80%
ETc

100%
ETc

Ginning turnout (%)

75% RDN 33.2 33.3 33.4

100% RDN 33.1 33.8 33.9

Mean 33.1 33.5 33.7

LSD (p = 0.05) IR = NS; FS = N

Halo length (mm)

75% RDN 26.4 27.6 27.1

100% RDN 26.6 26.9 27.1

Mean 26.5 27.3 27.1

LSD (p = 0.05) IR = NS; FS = N

Uniformity index

75% RDN 80.3 80.2 80.4

100% RDN 80.6 80.7 80.5

Mean 80.4 80.5 80.4

LSD (p = 0.05) IR = NS; FS = N

Fiber strength (g tex-1)

75% RDN 29.9 30.8 30.3

100% RDN 30.1 30.2 29.8

Mean 30.0 30.5 30.0

LSD (p = 0.05) IR = 0.44; FS =

Micronaire

75% RDN 4.20 4.23 4.21

100% RDN 4.21 4.25 4.20

Mean 4.21 4.24 4.20

LSD (p = 0.05) IR = NS; FS = N
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80% ETc, while the least values were exhibited under 60% ETc

($0.218 m-3) and the SF method ($0.233 m-3). EWP under SF

was lower by 17.9% and 20%, respectively, over the SSDI levels of

80% ETc and 100% ETc, which indicated it to be inferior

compared with other treatments. Among fertigation levels,

SSDF of 100% RDN recorded better EWP ($0.279 m-3) over

75% RDN. However, both SSDF levels of 75% and 100% RDN

exhibited increased EWP by 7% and 17%, respectively, over

Control 1. The SSDF of 80% ETc with 100% RDN and 100% ETc

with 100% RDN recorded 29.6% higher EWP over SF. These

findings clearly elucidated the advantage of SSDF in increasing

monetary advantage over SF.
Conclusion

The available freshwater for agrarian purposes in

northwestern India is continuously declining due to reduced

river flows, leading to sub-optimal canal water supply and

changed levels of precipitation. Hence, effective irrigation

strategies may help save water without sacrificing the crop

productivity. Here we elucidated for the first time that, in

northwestern India, the SSDF technique may result into

significant savings of irrigation water due to lesser drainage

loss compared with SF and is a potentially viable option for
Frontiers in Plant Science 16
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cotton cultivation. The highest WUE (83.5%) under SSDF of

80% ETc and 100% RDN, along with improvised BWP (0.638 kg

m-3) and better SCY (3,455 kg ha-1), established it to be most

efficient among the treatments tested. Furthermore, it also

resulted in 26.6% higher SCY, 6.1% better BWP, and 29.6%

higher EWP along with 18.5% higher NUE than surface flood.

Therefore, implementation of SSDF in cotton would not only

save a large quantity of irrigation water but also support more

areas under micro-irrigation in sustaining a better yield.

Therefore, growing cotton with optimized sub-surface drip

fertigation would be an efficient and economically viable

water-savvy strategy in northwestern India.
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Water use strategies of Ferula
bungeana on mega-dunes in
the Badain Jaran Desert

Jie Qin1,2, Jianhua Si1*, Bing Jia1,2, Chunyan Zhao1,
Dongmeng Zhou1,2, Xiaohui He1,2, Chunlin Wang1,2

and Xinglin Zhu1,2

1Key Laboratory of Eco-Hydrology of Inland River Basin, Northwest Institute of Eco-Environment
and Resources, Chinese Academy of Sciences, Lanzhou, China, 2University of Chinese Academy of
Sciences, Beijing, China
In desert ecosystems, ephemeral plants have developed specialized water use

strategies in response to long-term natural water stress. To examine the water

use strategies of desert ephemeral plants under natural extreme drought

conditions, we investigated the water absorption sources, water potential,

hydraulic conductivity, and water use efficiency of Ferula bungeana at

different elevations on the slopes of mega-dunes in the Badain Jaran Desert,

Inner Mongolia, during a period of extreme drought. We found that the water

utilized by F. bungeana was mostly absorbed from the 0–60 cm soil layers

(80.47 ± 4.28%). With progression of the growing season, the source of water

changed from the 0–30 cm soil layer to the 30-60 cm layer. The water

potentials of the leaves, stems, and roots of F. bungeana were found to be

characterized by clear diurnal and monthly variation, which were restricted by

water availability and the hydraulic conductivity of different parts of the plant.

The root hydraulic conductivity of F. bungeana was found to be considerably

greater than that of the canopy, both of which showed significant diurnal and

monthly variation. The water use efficiency of F. bungeana under extreme

drought conditions was relatively high, particularly during the early and late

stages of the growing season. Variations in water availability led to the

regulation of water uptake and an adjustment of internal water conduction,

which modified plant water use efficiency. These observations tend to indicate

that the water use strategies of F. bungeana are mainly associated with the

growth stage of plants, whereas the distribution pattern of plants on mega-

dunes appeared to have comparatively little influence. Our findings on the

water use of ephemeral plants highlight the adaptive mechanisms of these

plants in desert habitats and provide a theoretical basis for selecting plants

suitable for the restoration and reconstruction of desert ecosystems.

KEYWORDS

stable isotope, water uptake, plant water potential, plant hydraulic conductivity,
water use efficiency
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Introduction

Desert ecosystems cover approximately 20% of global land

area, and 43% of land is under threat of desertification. In recent

years, global warming and increased human disturbances (IPCC,

2019) have markedly affected the accessibility of water resources

in desert ecosystems. The sandy surface of the desert oasis

transition zone has been activated, the vegetation protection

system degraded, and the ecological environment has undegone

a notable deterioration. In particular, during the 20th century,

the Sahara Desert is estimated to have expanded by more than

10% (Thomas and Nigam, 2018). Similarly, the extent of the

Badain Jaran Desert in Inner Mongolia increased by 363.24 km2

in the 30 years between 1990 and 2018 (Wang, 2019). Given

such trends, the restoration of desert ecosystems has emerged as

an urgent problem in recent decades, and our efforts to control

desertification have a long way to go. The most fundamental and

effective measure for stemming the increase in desertification

entails the control and fixation of drifting sand by establishing

vegetation, and in this regard, it is of particular importance to

select the most appropriate plant species for the ecological

restoration or reconstruction of desert ecosystems. Unless such

measures are taken, the extensive expansion of deserts and

intensification of desertification will have severe repercussions

for continued human subsistence.

When screening plant species for the suitability for use in

ecosystem restoration or reconstruction, a primary

consideration is their ability toadapt to water stress. In this

regard, the water use strategy of plants can fully reflect the

adaptability of plants to changing moisture environments

(Dawson et al., 2002; Evaristo et al., 2016; Grossiord et al.,

2017), and determine the mechanisms and extents of plant

responses to hydrological change (Antunes et al., 2018a; Wu

et al., 2019). Plants growing in arid regions adapt to water

scarcity by modifying their physiological characteristics and

reproductive stratgies, and respond to different water sources

by adopting corresponding water use strategies. Whereas

annuals are completely dependent on water obtained from

summer precipitation, perennials can survive periods of long-

term drought predominantly by the ability of their root systems

to obtain the remaining soil moisture and the capacity of the

above-ground organs to withstand water stress (Ehleringer et al.,

1991). The efficiency with which plant roots obtain water is

strongly dependent on the soil water availability, rooting depth,

root distribution, and root hydraulic properties (Zencich et al.,

2002; Warren et al., 2015; Phillips et al., 2016). Among these

factors, the availabilityof soil water is a key determinant of plant

growth and survival (Antunes et al., 2018b). During periods of

drought, rooting depth primarily determines how much water

plants can extract from the soil (Zencich et al., 2002), whereas

during periods when the soil is occupied with water, the breadth

of roots close to the soil surface is the principal determinant of

water uptake. Root activity determines the process of root water
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uptake (Wu et al., 2014; Warren et al., 2015; Phillips et al., 2016;

O'Keefe et al., 2019), and during “wet” periods, roots in the

lateral root zone take up surface water, whereas when shallow

water sources are insufficient, plants are dependent on the

activity of penetrating taproots that gain access to deep soil

water. Accordingly, differences in root morphology lead to

different patterns of water uptake in plants (Wang et al., 2019;

Wu et al., 2019), with shallow-rooted plants generally exploiting

shallow soil water sources, and species with dimorphic root

systems typically switching water uptake strategies, tapping

either shallower or deeper soil layers, depending upon

availability (Wang et al., 2019). In the process of transporting

water from roots to leaves, the lower water conductivity of the

canopy, branches, and leaves influences plant water status

(Turner, 1982; Nissanka et al., 1997). When the amounts

water absorbed by the root system are insufficient to maintain

plant growth, plants may experience severe water shortages and

succumb to physiological damage (Huang and Zhang, 2016). To

mitigate such water deficit-induced damage, some plants can

absorb condensate water through their leaves, thereby enhancing

plant water potential (Hill et al., 2015; Dawson and Goldsmith,

2018; Berry et al., 2019; Hill et al., 2021).

Ephemeral plants are particularly important members of the

arid desert flora (Goldblati, 1978; Ludwig et al., 1988; Brown,

2003) that have notable community significance (Qiu et al.,

2007), playing key roles in ameliorating the effects of wind

velocity, stabilizing the sandy landscape, conserving water and

soil, and enhancing microhabitats (Wolfe and Nickling, 1993;

Wiggs et al., 1995; Qiu et al., 2007). The long-term drought

avoidance survival mode of ephemeral plants, based on

structure, phenology, physiology, and biochemistry, has

enabled these plants to adapt to extremely arid environments,

and they typically occur as pioneer species in vegetation

successions (Wang et al., 2005). Ephemeral plants, as their

name suggests, are genrally short-lived species, with an average

lifecycle of approximately 2.5 months. Preferentially exploiting

early spring rains, they are characterized by rapid growth and

development and contracted phenological stages. Moreover,

their root systems tend to be shallow, generally distributed

within the 10–30 cm soil layer, and rarely exceeding 40 cm.

Although early studies on ephemeral plants tended to focus

primarily on flora and classification (Goldblati, 1978; Ludwig

et al., 1988; Brown, 2003), more recently, authors have been

turning their attention to the adaptation of ephemeral plants to

specific habitats, including studies on the relationships between

the physiological and ecological characteristics of these plants

and environmental factors (Ehleringer, 1983; Wang et al., 2005;

Qian et al., 2007; Qiu et al., 2007). To date, however,

comparatively less research has been conducted on the

systematic water use strategies of ephemeral plants. To

enhance our understanding of the drought resistance

mechanisms of ephemeral plants, it is necessary to investigate

the water use strategies adopted for the absorption, transport,
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and utilization of limited water resources. In addition, ephemeral

plants may also modify their water use strategies at different

stages of growth. For example, in the early stages of growth, the

leaves of winter annual plants in the Sonoran Desert have a

short-lived high vapor conductivity and water potential, which

subsequently gradually decrease in the full bloom stage (Sawada

et al., 2002), whereas in contrast, the vapor conductivity and

diurnal water potential of the leaves of summer annual plants

tend to remain almost constant throughout growth (Ehleringer,

1983). Moreover, different topographical factors may also affect

the water use strategies of ephemeral plants, thereby leading to

differences in biomass allocation (Zhang et al., 2021).

The Badain Jaran Desert is characterized by a series of

mega-dunes with average heights of between 200 and 300 m.

During field investigations conducted in the Badain Jaran

Desert from June to July 2019, we discovered that many

ephemeral plants typically grow in different parts of these

mega-dunes. In this habitat, the roots of plants are distributed

at some distance above the groundwater table, which lies at a

depth of approximately 1.5-2 m in the main concentrated

areas of the lake group (Huang, 2018). Precipitation in this

region is sparse, with a multi-year average annual

precipitation ranging from 50 to 100 mm, mainly falling in

the months June to September, and over the past 50 years, the

regional climate has shown a warm and dry trend (Hu, 2021);

Given that the moisture content in the sand layer in this desert

is extremely low (less than 3%) (Cui et al., 2017), it is

remarkable that plants are able to grow in this exceptionally

arid environment. It is thus of particular interest to determine

the mechanisms whereby these plants efficiently utilize the

limited water resources during different growth stages and also

to established whether ephemeral plants growing at different

sites in the dune system adopt different water use strategies.

Clarifying the water use strategies of ephemeral plants in

different parts of mega-dunes and gaining an understanding

of their drought resistance mechanisms would contribute to

predicting the future of desert plants under deteriorating

moisture conditions, provide a theoretical basis for the

screening of vegetation species in sandy areas, and yield

scientific evidence that could be used to guide the rational

allocation of water resources in sandy areas.

Over recent years, the hydrological cycle of the Badain Jaran

Desert region has been a particularly active area of research

(Chen et al., 2004; Zhao et al., 2011; Chen et al., 2014; Ma et al.,

2016), and in this regard, the distribution of ephemeral plants

can provide a good indication of the water content of the sand

layer. Accordingly, the study of the plant–water relationships on

mega-dunes may provide important insights with respect to the

hydrological cycle in this region. In this context, Ferula

bungeana, a perennial herb in the family Umbelliferae, which

grows to heights of approximately 30 cm and has roots of

approximately 40 cm in length and up to 8 mm in diameter, is

generally distributed in sandy soils in most parts of North China,
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growing in dunes, sandy land, dry fields, roadsides, and gravel

slopes. It is a typical ephemeral plant, with a growing season

extending from May to July. It is also distributed among the

mega-dunes in the southeastern part of the Badain Jaran Desert,

but is rarely found in the flat terrain between mega-dunes.

Consequently, we reasoned that by studying the water use

strategies of this plant, we might gain important insights on

the hydrological processes of mega-dunes. Furthermore, as a

representative dune plant, studying the water use strategy of F.

bungeana would be expected to enhance our understanding of

the water use of ephemeral plants in general and contribute to

elucidating the drought tolerance mechanisms of these plants.

In this study, we used the stable oxygen isotope technique

(iso-source model) to analyze the sources of water used by the

ephemeral plant F. bungeana on mega-dunes in the Badain Jaran

Desert, including the contribution fraction of each soil layer and

seasonal variations. Simultaneously, we analyzed the diurnal and

seasonal variation characteristics of plant water potential,

hydraulic conductivity, and water use efficiency to examine the

adaptive mechanisms of F. bungeana under natural water stress

conditions. Our comprehensive summary of the water use

strategies of F. bungeana on these mega-dunes will provide a

basis for the selection of appropriate species for use in

desertification control and effective utilization of plant and

water resources. The purposes of this study were to (1)

quantify the proportion of soil water absorbed by F. bungeana

in each soil layer and analyze the seasonal variation

characteristics of water absorption; (2) analyze the temporal

and spatial variation characteristics of soil water potential and

the hydraulic properties of F. bungeana, and examine the

mechanism of water acquisition by the roots of F. bungeana;

and (3) determine the temporal and spatial variation

characteristics of root, stem, and leaf water potentials and

water use efficiency of F. bungeana, and summarize the

adaptive mechanisms of F. bungeana under conditions of

long-term water stress.
Materials and methods

Study sites

The study area is located near Lake Badain (39°43′19″N,

102°37′01″E) in the southeast of the Badain Jaran Desert (39°

04′15″–42°12′23″N, 99°23′18″–104°34′02″E), which lies in

the western part of the Alxa Plateau, Inner Mongolia, China.

The landscape in this region is characterized by the

coexistence of mega-dunes and lakes, the former of which

account for more than half of the total desert area, and

typically range in height from approximately 200 to 300 m,

although can reach a maximum of close to 500 m. The lakes

cover an area of 23 km2, with a total of 144 lakes, 72 of which

still contain water. The coverage and species diversity of the
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vegetation in this area are generally low, and mainly comprises

xerophytic and ultra-xerophytic shrubs and semi-shrubs and

diverse herb species. The region is characterized by an

extremely temperate continental arid climate, with dry and

hot summers, cold and windy winters and springs, and an

average annual temperature of around 7 to 8°C. The area

receives very little precipitation (Figure 1), whereas the rate of

evaporation is high, leading to water losses substantially

greater than the amounts obtained from precipitation. The

groundwater level fluctuates between 0.6 and 10.2 m (actual

findings in the main concentrated areas of the lake group). The

water content of the wet sand layer of mega-dunes is less than

3% (Cui et al., 2017), which limits plant survival, even though

the water balance in this area is positive. These characteristics

thus tend to indicate that there are certain cyclic

transformation relationship among groundwater, lake water,

sand layer water, and plant water in the Badain Jaran Desert

and various water sources, and for a number of years, the

mutual transformation relationships in this region have been a

particularly active area of research.

The upper parts of the windward slopes of the mega-dunes

are dominated by perennial herbs, whereas the central parts are

dominated by shrubs and perennial herbs, and in the lower

parts, semi-shrubs and perennial herbs predominate. In

addition, annual herbs can be found growing across the entire

elevation range. With regards to the leeward slopes, the upper

parts are dominated by annual herbs, and perennial herbs

predominate on the central and lower slopes. The dominant

species of shrub and semi-shrub are Zygophyllum xanthoxylum

and Artemisia ordosica, respectively, whereas F. bungeana and

Psammochloa villosa predominate among the perennial herbs

and Agriophyllum squarrosum is generally the most abundant

species of annual herb.
Frontiers in Plant Science 04
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Analysis of the d18O of plant water and
water sources

Experiments were carried out from May to July 2020, during

the observation days of which, samples were collected between

06:00 to 09:00 (typically a sunny day) in the middle of each

month. The mega-dunes were divided into three sections, the

upper, central, and lower sections, and F. bungeana growing on

these mega-dunes was selected as the focal plant species

(Figure 2). Within each area, three plants with uniform growth

were selected, with three replicate analyses being performed for

each sample. The complete root system (Figure 2C) was dug out

of the sand with a shovel and the rhizosphere soil was removed

using the “root shaking method”. Subsequently, the fibrous roots

and aerial parts were separated using scissors. The thick roots

(the combined part of the rhizomes) were collected, rapidly

placed into sampling bottles, sealed with Parafilm, placed in an

ice box, brought back to the laboratory, and stored in an ultra-

low temperature freezer at -20°C until used for water extraction.

Soil profiles were excavated from sample plots established in

different parts of the mega-dunes, and soil samples were

collected at different depths, starting from the appearance of

the wet sand layer, with a sampling interval of 30 cm and a total

sampling depth of 240 cm. Samples for isotopic analysis were

collected in plastic vials and sealed with Parafilm, with three

replicate samples being collected from each layer. These were

rapidly placed in an ice box, and stored at -20°C in the laboratory

until used for water extraction. Following sample collection, the

excavated sand was backfilled.

For the purposes of isotopic analysis, we initially used a

cryogenic vacuum distillation system (Ehleringer et al., 1991;

Zhao et al., 2016) to extract water from plant and soil samples at

the Key Laboratory of the Inland River Basin, Northwest
FIGURE 1

The distribution of monthly precipitation, temperature, and relative humidity during 2020 at the experimental site in the Badain Jaran Desert.
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Institute of Eco-Environment and Resources, Chinese Academy

of Sciences. Following extraction, the water samples were filtered

through 0.22 mm pore size filters, transferred to 2 mL crimp cap

vials, and stored at 4°C until used for isotopic analysis. The d2H
and d18O values of the extracted water were determined using an

isotope ratio infrared spectroscopy (IRIS) system, comprising a

liquid water isotope analyzer (LWIA, 912-0008-1001; Los Gatos

Research Inc., Mountain View, CA, USA). The isotopic

composition of the water samples was expressed as follows:

dX(‰ ) = (Rsample=Rstandard − 1)� 1000 (1)

where Rsampleand Rstandard are the hydrogen and oxygen isotopic

compositions (2H/1H and 18O/16O ratios) of the sample and

standard water (Vienna Standard Mean Ocean Water, V-

SMOW), respectively.
Quantification of the water sources used
by the plants

Taking into consideration the hydrogen isotope

fractionation in some xerophytes (Ellsworth and Williams,

2007; Zhao et al., 2016), only d18O values were used for water

source analysis and calculations. The iso-source model (Phillips

and Gregg, 2003) was applied to estimate the proportional

contributions of different water sources to the composition of

plant water, with the source increment defined as 1% and the

mass balance tolerance defined as 0.1‰. On the basis of the

distribution of F. bungeana roots and the similarity of d18O
values in each soil layer, the potential water sources were divided

into the following four parts: soil water at depths of 0–30, 30–60,

60–90, and below 90 cm.
Frontiers in Plant Science 05
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Soil water potential

Soil water potential was measured using a WP4 dew point

potential meter (Decagon, Pullman, WA, USA). Given that the

time for which soil has been exposed influences measurements,

when excavating soil profiles, fresh soil was collected

immediately each time a layer was excavated, and the water

potential was measured and recorded.
Plant water potential

Plant water potential was measured using a pressure

chamber water potential meter (Plant Moisture Stress;

Corvallis, Oregon, USA). On each measurement day, three

measurements were performed at predawn, midday, and

during the evening. For measurements, we selected well-

developed upper leaves from the middle and upper sections on

the sunny side of sample plants, and simultaneously collected

branches and uninjured roots from the same plant, and placed

these into the pressure chamber to measure their water

potentials, with each measurement being repeated three times.

During each of the three periods, all measurements were

completed within 1 h, and the times of measurement of

predawn water potential were adjusted according to the time

of sunrise, and was generally completed prior sunrise.
Plant hydraulic conductivity

Plant hydraulic conductivity was measured based on the

water perfusion method using a high-pressure flow meter
A B C

FIGURE 2

Photographs of Ferula bungeana growing on mega-dunes in the Badain Jaran Desert. (A, B) present the above-ground parts of Ferula bungeana
and (C) present the root system of Ferula bungeana.
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(HPFM-GEN3; Dynamax Inc., Houston, USA), and was

performed simultaneously with our measurements of plant

water potential. Measurements of the hydraulic conductivity of

the canopy were carried out using the flow meter in “steady

mode” at a steady pressure of 350 kPa until attaining a stable

water flow. Root hydraulic conductivity was measured using the

flow meter in “transient mode”, during which the pressure was

rapidly increased from 0 to 500 kPa. On the basis of the pressure

and flow, we performed linear regression analysis, with the slope

obtained representing hydraulic conductivity. Each of the

hydraulic conductivity measurements was performed in situ

over a period of approximately 10 mins. The entire canopy of

sample plants was cut from the main root at a distance of 3 cm

above the sandy soil surface and rapidly placed into a water-filled

bucket. To prevent air from entering the xylem, the base of the

canopy was re-cut underwater, and the hydraulic conductivity of

the entire canopy (Figures 2A, B) and the entire root system

(Figure 2C) was measured.
Measurement of the d13C of plant leaves

Plant leaf samples collected in the field were placed in an

oven, deactivated at 105°C for 25 min, and dried at 70°C for 48 h

to a constant weight. Having dried, the leaves were ground to

pass through a 100-mesh sieve, sealed, and stored in a dry place.

The d13C values of plant leaves was determined using an isotope

ratio mass spectrometer (IRMS) (DELTA V Advantage; Thermo

Fisher Scientific, Bremen, Germany), with the isotopic

composition expressed as in formula (1), with Rsampleand

Rstandard representing the carbon isotopic compositions

(13C/12C ratios) of the sample and standard (Vienna Pee Dee

Belemnite, V-PDB), respectively.
Data analysis

Data analyses were performed using SPSS 21.0 software

(SPSS Inc., Chicago, IL, USA), and figures were prepared using

Origin 2017 software (OriginLab Corp., Northampton, MA,

USA). One-way analysis of variance (ANOVA) was applied to

determine differences in the contribution of the fractions of each

layer of soil water to F. bungeana, soil water potential, and leaf

d13C values across months and different sites on the mega-dunes.

One-way ANOVA was also used to analyze differences in the soil

water potential of different soil layers and to identify the

differences in plant water potential, as well as the hydraulic

conductivity of different parts of F. bungeana. Temporal

differences in leaf, stem, and root water potentials, and canopy

hydraulic conductivity were analyzed using one-way ANOVA

combined with the post hoc Tukey’s honestly significant

difference (HSD) test. Two-way ANOVA combined with post

hoc Tukey’s HSD test was further conducted to analyze
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differences among the predawn, midday, and evening leaf,

stem, and root water potentials, and predawn, midday, and

evening canopy and root hydraulic conductivities of F.

bungeana, among months and at different sites on the mega-

dunes. The significance level for statistical analyses was set at

0.05. Pearson’s correlation analysis was conducted to determine

potential associations among the water uptake fraction, soil

water potential, and root hydraulic conductivity (plant water

potential, soil water potential, and hydraulic conductivity or

water uptake fraction and water use efficiency).
Results

Temporal and spatial variation in
water sources

The iso-source model revealed that F. bungeana can

simultaneously extract water from four zones in the soil profile,

although the relative amounts of water extracted from these four

sources showed a monthly variation. As shown in Figure 3, a

majority of the water absorbed by F. bungeana (80.47% ± 4.28%)

was obtained from the 0–60 cm soil layer. Measurements obtained

in May revealed that the major water source used by F. bungeana

in this month was that in the 0–30 cm layer (87.27% ± 8.43%),

although there was a significant reduction in the fraction absorbed

from this layer in June (42.27% ± 5.40%) and July (50.03% ±

9.85%) (P< 0.05). In contrast, there was a significant increase in

the proportional contribution of soil water from the 30–60 cm soil

layer (P< 0.05) from May (5.23% ± 3.59%) to June (29.13% ±

5.13%), followed by a non-significant reduction in July (27.47% ±

8.67%) (P > 0.05). Similar temporal variation was detected with

respect to the proportional contributions of soil water from the

60–90 cm soil layer (May, 3.6% ± 2.25%; June, 16.47% ± 4.31%;

July, 11.30% ± 3.55%). However, we detected no distinct temporal

differences in the percentage contribution of soil layers below

90 cm (P > 0.05). We also established that the proportion of soil

water contributed by the 0–30 cm layer differed significantly from

that derived from the other assessed layers (P< 0.001), whereas we

detected no pronounced differences in the proportional

contributions of different soil layers to F. bungeana growing at

different sites on the mega-dunes (P > 0.05) (Figure 3).

The results of our analysis of the relationship between soil

water potential and water source ratio indicated that the 0–30

cm fraction of soil water absorbed by F. bungeana was negatively

correlated with the water potential of this layer (Figure 4A),

whereas the absorption fraction of the 30–60 cm soil water was

significantly positively correlated with the corresponding water

potential (P< 0.05)(Figure 4B). However, we detected no

pronounced association, either negative or positive, between

the absorption percentage of the 60–90 cm soil water and the

corresponding water potential (Figure 4C). Analysis of the

relationships between the root hydraulic conductivity and
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water source ratio of F. bungeana revealed that there were no

significant correlations between the absorption fractions of the

0–30 cm and 60–90 cm soil water and root hydraulic

conductivity (Figures 5A, C), whereas the percentage

absorption from the 30–60 cm soil layer was positively

correlated with root hydraulic conductivity, regardless of the

time of day when measurements were obtained (predawn,

midday, or evening) (Figure 5B).
Temporal and spatial variation in plant
and soil water potentials

We detected distinct differences in the water potential of the

different parts (root, stem, and leaf) of F. bungeana (P< 0.05),

and established that water was transported upward along a water

potential gradient from root to stem to leaf. Root, stem, and leaf

water potentials showed the same diurnal and monthly

fluctuations. For F. bungeana plants measured on the same

sampling day at the same mega-dune sites, we detected

significant differences in plant water potentials with time (P<

0.05), with the diurnal variations in plant water potentials

showing a clear monthly variation. Significant monthly

variations in the plant water potential at the same time were

detected at all mega-dune sites (P< 0.05). Additionally, we found
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that the whole-plant water potentials of F. bungeana did not

differ among the mega-dune sites (P > 0.05) (Figure 6).

At all assessed sites on mega-dunes in the Badain Jaran

Desert, we detected significant temporal and spatial variation in

soil water potential in different months (P< 0.05) and at different

soil depths (P< 0.05). The soil water potential in the upper soil

layers showed strong monthly differences, with lower values in

May and higher values in June and July. Comparatively, the soil

water potential in the deeper soil profile fluctuated minimally

across months and the water potential values were higher than

those close to the soil surface. However, no pronounced spatial

differences were detected in soil water potential across the sites

on mega-dunes (P > 0.05) (Figure 7).
Temporal and spatial variation in plant
hydraulic conductivity

We detected significant differences between the canopy and

root hydraulic conductivities of F. bungeana (P< 0.001), with

values obtained for the hydraulic conductivity of roots generally

being considerably greater than those obtained for the canopy.

In addition, diurnal variations in hydraulic conductivity were

significant in roots and canopies (P<0.05). Pronounced monthly

differences were observed in plant hydraulic conductivity
A B C

FIGURE 3

Seasonal variations in water uptake proportions from different soil layers for Ferula bungeana growing at different sites on mega-dunes. (A–C)
present data for the upper, central parts, and lower parts of mega-dunes, respectively. The data were obtained using the iso-source model.
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(P< 0.001), with the largest overall values being recorded in June.

Contrastingly, there appeared to be no significant differences in

the hydraulic conductivity of F. bungeana growing at the

different mega-dune sites (P > 0.05) (Figure 8).
Temporal and spatial variation in the
plant water use efficiency

There were significant monthly differences in the leaf d13C
values of F. bungeana growing at all mega-dune sampling sites

(P< 0.001), with the largest value recorded in July (-25.59‰ ±

0.27‰), the smallest value in June (-28.19‰ ± 0.18‰), and an

average value of -27.07‰ ± 0.20‰. However, whereas the

differences detected in July were significant (P< 0.001), those

measured in May and June were not significant (P > 0.05), and

overall there were no distinct differences in the leaf d13C values

of F. bungeana among the mega-dune sites (P > 0.05) (Figure 9).
Discussion

Variation in water sources

The fact that F. bungeana growing on the slopes of mega-

dunes in the Badain Jaran Desert draws water primarily from the

0–60 cm soil layer (Figure 3) is consistent with the distribution

of its root system, which extends to maximum depths of

approximately 50 cm below the dry sand layer. This pattern of

water usage is also comparable to that observed for the annual

herb Agriophyllum squarrosum (Li et al., 2019). Interestingly,
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however, we also found that F. bungeana can utilize a certain

proportion of soil water at depths below 90 cm. Given that its

roots do not penetrate to these depths, we speculate that the

water usage of this plant may be facilitated by the hydraulic lift

mediated by Zygophyllum xanthoxylum growing in the same

habitat (Wu, 2010). In this scenario, deep soil water absorbed by

the roots of Z. xanthoxylum is released into the upper soil layers,

wherein it can be utilized by the shallow branching roots of F.

bungeana. In addition, Artemisia ordosica, which grows in the

same dune habitat, utilizes soil water at depths down to 120 cm

(Qin et al., 2022), thereby to a certain extent, drawing upon the

water sources of F. bungeana. Consequently, there may exist a

certain degree of competition between F. bungeana and A.

ordosica for limited resources. During the dry season, however,

these three species tend to be dependent on soil water sourced

from different soil layers, which could be regarded as an effective

strategy for hydrological niche segregation, the phenomenon

whereby plants are able to coexist in the same habitat by utilizing

different sources of water. This partitioning of resources thus

serves an important mechanism facilitating plant coexistence in

arid water-limited ecosystems (Moreno-Gutiérrez et al., 2012;

Wu et al., 2014; Silvertown et al., 2015; Tiemuerbieke et al., 2018;

Wu et al., 2019).

The iso-source model adopted in the present study indicated

that the water sources exploited by F. bungeana show clear

temporal variations. In May, F. bungeana mainly extracts water

from the 0–30 cm soil layer, whereas in June and July, a

significant increase was detected in the utilization of soil water

at depths between 30 and 60 cm (Figure 3). Depending upon

water availability, switching water utilization patterns between

different soil layers is a necessary strategy enabling plants to
A B C

FIGURE 4

The relationship between soil water uptake fraction and soil water potential. (A–C) present data for the 0–30, 30–60, and 60–90 cm soil layers,
respectively.
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tolerate drought conditions in water-deficient ecosystems

(Hasselquist et al., 2010; Wang et al., 2019). Seasonal

variations in plant water sources are associated with

differences in multiple factors, notably soil water content,

precipitation, transpiration, and competitive interactions at

different growth stages (Zhao et al., 2019). In arid habitats, the

upper soil water is predominantly replenished by precipitation,

and plants can absorb water from these layers via aquaporins

(Tan et al., 2018; Wu et al., 2019). With the progression of

growing season, as the amounts of precipitation decline and

temperatures begin to rise, there is a gradual depletion of soil

moisture content, thereby resulting in the dehydration or death

of fine roots distributed in the upper soil layer (Barbeta et al.,

2015). Therefore, although soil water availability and root

activity to a large extent determine the ability of plant roots to

obtain water (Wu et al., 2014; Warren et al., 2015; Phillips et al.,

2016; O'Keefe et al., 2019), the rooting depth determines the

depth of soil from which plants can extract water (Zencich et al.,

2002). In the present study, we established that the ratio of soil

water absorbed by the roots of F. bungeana was largely

determined by the water potential of the 30–60 cm soil layer.

However, we established that for F. bungeana, the percentage

utilization of soil water was highest in the 0–30 cm soil layer, and

was not restricted by either root hydraulic conductivity or the soil

water potential of this layer, which consequently posed the question

as to which absorption path is operational under these conditions.

The findings of numerous studies have revealed that dew uptake by

plants occurs in most deserts where water is limited by the scarcity

of precipitation (Hill et al., 2015; Dawson and Goldsmith, 2018;

Berry et al., 2019; Hill et al., 2021). For example, Hill et al. (2015)

found that some dominant desert plants derive approximately 50%

of their water requirements from dew (Hill et al., 2015), and several
Frontiers in Plant Science 09
71
studies have provided evidence to indicate direct entry of dew water

into leaves (Cavallaro et al., 2020), water uptake pathways into

leaves through the cuticle (Gouvra and Grammatikopoulos, 2003;

Goldsmith et al., 2017), and water uptake through stems (Breshears

et al., 2008; Mason et al., 2016). Hill et al. (2021) also demonstrated

that desert plants utilize dew on leaves (including direct absorption

of dew by leaves and root absorption of dew falling onto the surface

soil), transfer this water to the roots, and subsequent transport the

water to the stems via different routes (Hill et al., 2021). It is thus

conceivable that the input of dew with the same isotopic values as

the upper soil causes a negative correlation between the proportion

of water absorbed from the 0–30 cm soil layer and the soil potential

of this layer, whereas the direct absorption of water via the leaves

would account for the lack of correlation between the water source

and hydraulic conductivity of the root system. However,

more in-depth analysis will be necessary to clarify the

underlying mechanisms.
Variations in plant and soil
water potentials

Soil water potential fluctuates according to depth (Figure 7).

The upper soil layers are strongly affected by precipitation and

temperature, and the soil moisture content of these layers can

undergo considerable fluctuation (Wu et al., 2019). Between May

and July, precipitation in this region is typically low, with quantities

insufficient to infiltrate downwards (Chen et al., 2014), whereas

temperatures are high and there is a pronounced evaporative loss,

thereby contributing to a substantial depletion of upper soil

moisture. In recent years, studies have shown that air humidity,

that is, the absorption of atmospheric water vapor, also has a
A B C

FIGURE 5

The relationship between the soil water uptake fraction and root hydraulic conductivity of Ferula bungeana. (A–C) present data for the 0–30
cm, 30–60 cm, and 60–90 cm soil layers, respectively.
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notable influence on the upper soil moisture in dryland ecosystems

(Kosmas et al., 1998; Kosmas et al., 2001; McHugh et al., 2015).

Comparatively, deeper soil is influenced to a far lesser extent by

environmental factors, and consequently, the levels of soil moisture

in these deeper layers tend to be higher and less prone to fluctuate

than those in shallower soils (Wang et al., 2017). From the

perspective of the water potential gradient, we determined that

water in the wet sand layers of mega-dunes is derived from

groundwater, which migrates upward by evaporation as a thin

film of water (Chen et al., 2004; Chen et al., 2014), thereby leading

to a greater isotopic enrichment of the surface soil water (Qin et al.,

2022). This process tends to run counter to the idea that local

precipitation can infiltrate through mega-dunes to recharge lakes or

groundwater (Zhao et al., 2011; Ma et al., 2016). Some experts also

believe that the water in mega-dunes originates from the

condensation of water vapor from the lakes (Zhao et al., 2011).

Given these conflicting views, the hydrological cycle of the Badain

Jaran Desert continues to be a subject of active debate.

Plant water potential can indirectly reflect the water status of

plants, and its levels indicate the extent to which plants absorb

water from the soil or adjacent cells to ensure normal
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physiological activities (Schütz et al., 2002). In the present

study, monthly differences in the diurnal patterns of plant

water potentials (Figure 6), might be associated with the

regional monthly differences in diurnal temperature variation.

Plants are dependent on the upward transport of water mediated

by the transpiration pull along a water potential gradient (Kim

et al., 2014; Zhang et al., 2017), the extent of which is influenced

by temperature, thereby affecting the water potential of different

parts of the plant. Theoretically, the temperature tends to be

highest at midday, when the plant water potential should be

lower than that predawn (González et al., 2004). A reduction in

plant water potential at midday is beneficial to plants, in that it is

conducive to the absorption of water from soil aquifers and

reduces water loss to the atmosphere, thereby contributing to

plant growth. Conversely, in this study, we found that the plant

water potential at midday in June was higher than that recorded

predawn (Figures 6A, B, D, G). We suspect that this counter-

intuitive observation could be attributed to the fact that plants

can enhance their water potential by absorbing condensed water

(Boucher et al., 1995; Simonin et al., 2009; Eller et al., 2013; Berry

et al., 2019; Cavallaro et al., 2020; Yokoyama et al., 2021), and it
A B

D E F

G IH

C

FIGURE 6

Daily and seasonal variations in the leaf (A-C), stem (D-F), and root (G-I) water potentials for Ferula bungeana growing on mega-dunes in the
Badain Jaran Desert during the 2020 growth season. Data are presented as the means ± 1SE. Different lowercase letters indicate significant
differences in water potential at different times within the same sampling day at the P < 0.05 level of significance.
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is conceivable that there might also be a certain hysteresis effect.

In addition, foliar water uptake is markedly influenced by

environmental conditions, such as wind speed, season, and

terra in (Pan, 2001) . Monthly di fferences in these

environmental conditions may lead to monthly differences in

the water potentials of plants growing at different sites on the

mega-dunes surveyed in the present study.

Leaf water potential is considered to serve as an indicator of

the water status of the entire plant (Sibounheuang et al., 2006),

which is associated with drought resistance mechanisms

(Jongdee et al., 2002; Pantuwan et al., 2002). Differences in

water use patterns and water conductance from roots to leaf tips

are important for maintaining the leaf water potential of plants

(Sibounheuang et al., 2006), and in the present study, we

detected different response relationships between leaf water

potentials and the absorption fractions of different soil layers

(Figure 10). These observations would tend to indicate that the

water stress experienced by F. bungeana is alleviated by the

utilization of deep soil water.

When water availability in the upper soil layer is reduced, the

movement of water between the soil and roots is restricted by

incomplete root–soil contact and an increase in hydraulic

resistance, thereby hindering the absorption of water. To

ensure uninterrupted water absorption, it is necessary for
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plants to continuously reduce their water potential. When the

plant water potential reaches a certain threshold, plant water

sources are gradually separated from shallow soil water and

transferred to deep water sources (Wu et al., 2019), which to a

certain extent contributes to relieving plant water stress. By

extracting water from deep soil sources, plants can restore water

potentials. In addition, temporal variation in plant water

potential as soil water fluctuates in the same soil layer

(Figure 10B) could be due to different factors restricting water

absorption or the absorption ratio of condensed water or

atmospheric water at different times. During the predawn and

evening periods of day, leaf and stem water potentials are

constrained by other conditions (Figure 11). We infer that

during the predawn and evening periods of day, leaf and stem

water potentials are restricted by canopy hydraulic conductivity,

that is, canopy resistance tends to be greater at these times of day

(Figure 12). If the stem presents a high resistance to water flow,

the water uptake capacity of the root system has a limited effect

on leaf water potential (Turner, 1982). Even in circumstances in

which there is a high stem water potential, there may not be a

high leaf water potential if the internal water conductivity of the

leaf is low (Nissanka et al., 1997). Similarly, even if there is a high

root water potential, if the stem water conductivity is low, there

may not be a sufficiently high stem water potential, which in turn
A B C

FIGURE 7

Vertical distribution of the soil water potentials on mega-dunes in the Badain Jaran Desert during the 2020 growth season. (A–C) present data
for the upper, central, and lower parts of mega-dunes, respectively.
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FIGURE 8

Daily and seasonal variations in the canopy and root hydraulic conductivity for Ferula bungeana growing on mega-dunes in the Badain Jaran
Desert during the 2020 growth season. (A–C) present data for the upper, central, and lower parts of mega-dunes, respectively. Data are
presented as the means ± 1SE. Different lowercase letters indicate significant differences in hydraulic conductivity at different times within a
single sampling day at the P < 0.05 level of significance.
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influences the leaf water potential. However, in the case of high

root hydraulic conductivity, a reduction in root water potential

might be attributable to poor soil water conditions and the radial

movement of water absorbed by roots, the process whereby

water enters the root xylem from the root surface.
Variations in plant hydraulic conductivity

Within plants, it is necessary for water to overcome a certain

resistance to upward conductance. According to the main links of

water entering plants from the soil and subsequently diffusing into

the atmosphere, the resistance to water conduction can be divided

into soil resistance, soil–root contact resistance, root absorption

resistance, xylem conductive resistance within roots, internal

conductive resistance of the above-ground parts of plants, and

water vapor (stomatal) diffusion resistance. Among these, root

absorption and stomatal diffusion resistances are the predominant

sources of resistance in the below- and above-ground parts of

plants, respectively (Shao et al., 1986). The reciprocal of the water

flow resistance overcome by plants can be used as an index to

characterize and evaluate the water conductivity of the different

parts of plants (Yang et al., 2011), namely, plant hydraulic

conductivity. The water absorption characteristics of plant roots

and the water-conducting capacity of the aerial parts have been

shown to have a decisive effect on the survival and growth of

plants (Yang et al., 2011), and are also important indicators of the
Frontiers in Plant Science 13
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regulation of plant water balance. In the present study, the water

transport capacity of the roots was substantially greater than that

of the canopy (Figure 8), and this stronger water transport

capacity of the root system directly influences the rate of water

transport in the canopy and the entire plant. The root system is

the source of plant water transport, the water absorption and

conduction capacity of which play essential roles in determining

the water status of the entire plant and the maintenance of plant

water balance (Li et al., 2020). In general, the root system and

leaves of plants are the parts most prone to embolism, resulting in

an overall reduction in plant water conductivity. The most

obvious manifestation of such impedance is a V-shaped diurnal

variation in plant hydraulic conductivity (Figure 8). Monthly

variations observed in the hydraulic conductivity of canopies

and roots are plausibly associated with changes in growth stage,

moisture conditions, and environmental conditions. The internal

water transport structural features of plants determine the

potential capacity of plant water transport, whereas the external

soil moisture status determines the overall level of plant water

transport, and environmental factors, such as light, determine

instantaneous changes in plant water transport (Si et al., 2007).

As the main driving force for water conduction in plants,

water potential is closely associated with plant hydraulic

conductivity. Typically, in ecosystems characterized by poor

water status, particularly desert ecosystems, the water

consumption of plants exceeds the amount of water taken up

by roots, thereby resulting in potentially serious deficits. Under
A B C

FIGURE 9

Spatio-temporal variations in d13C values for Ferula bungeana growing on mega-dunes in the Badain Jaran Desert during the 2020 growth
season. (A–C) present data for the upper, central, and lower parts of mega-dunes, respectively. Data are presented as the means ± 2SD.
Different uppercase letters indicate significant differences in d13C values among months at the P< 0.05 level of significance.
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conditions of water deficiency, strong negative pressure

develop at both ends of the xylem ducts, which exceed the

cohesive and adhesive forces between water molecules within

the ducts and between water molecules and the duct walls,

thereby causing a rupture of the continuous water columns,

and entry gas in the xylem ducts. The embolisms thus

generated reduce hydraulic conductivity, resulting in a

reduction of water potential necessary to maintain a

sufficient water balance, which is characterized by the similar

diurnal variations in plant water potential and hydraulic

conductivity (Figures 6, 8). This can be seen an adaptive
Frontiers in Plant Science 14
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water transport strategy adopted by plants to maintain water

homeostasis and life activities in specific habitats. However, it

remains unclear as to whether a reduction in water potential

contributes to a reduction in plant hydraulic conductivity or

vice versa.
Variations in plant water use efficiency

Water use efficiency is an important indicator that can be

used to characterize the effective water use capacity of plants. In
A B C

FIGURE 10

The relationship between leaf water potential and soil water uptake fraction. (A–C) present data for the 0–30, 30–60 cm, and 60–90 cm soil
layers, respectively.
A B C

FIGURE 11

The relationship between the plant water potential and root hydraulic conductivity of Ferula bungeana. (A–C) present data for the relationships
between leaf, stem, and root water potential and root hydraulic conductivity, respectively.
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particular, long-term water use efficiency can fully reflect the

long-term use of limited water sources and to a certain extent,

the capacity of plants to adapt to water stress (Xing et al., 2019).

Given that there is a significant positive correlation between the

d13C values of plant leaves and water use efficiency, the d13C
values are generally used to reflect the water use efficiency of

plant leaves. In the present study, we established that the water

use efficiency of F. bungeana was affected by water use pattern

(Figure 13). To a large degree, water use efficiency reflects the

difficulty plants experience in acquiring water. We found that in

response to a reduction in the availability of water in the upper

soil layers, plants switch to sourcing water from the deeper layers

in the sand dune profile, which is comparatively more difficult.
Frontiers in Plant Science 15
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Consequently, plants can resist water stress by enhancing their

water use efficiency.

The significant monthly variations in leaf water use

efficiency of F. bungeana (Figure 9) could be associated with

one or more of a number of factors, including growth stage,

internal factors (e.g., leaf water potential and stomatal activity),

and external environmental factors (e.g., light, water, and

temperature). Generally, the water use efficiency of plants has

been found be higher during the early growth stages than during

the latter stages (Yan et al., 1998), which contrasts with our

findings in the present study. We suspect that this discrepancy

could be attributed to differences in the water use patterns of

different plant species at different growth stages. In terms of
A B C

FIGURE 13

The relationship between leaf d13C values and soil water uptake fraction. (A–C) present data for the the relationships between leaf d13C values
and the absorption ratio of the 0–30, 30–60, and 60–90cm soil layers, respectively.
A B

FIGURE 12

The relationship between the plant water potential and canopy hydraulic conductivity of Ferula bungeana. (A, B) present data for the
relationships between leaf and stem water potentials and canopy hydraulic conductivity, respectively.
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intrinsic plant factors, plant water potential and stomatal activity

both influence water use efficiency by affecting the rates of

photosynthesis and transpiration; however, there tends to be a

lack of consensus regarding the contribution of these effects.

Among the external environmental factors influencing plant

development, all factors that influence photosynthesis and

transpiration would influence water use efficiency, although to

differing extents. Within a certain range of light intensities, light

enhancement can effectively improve water use efficiency, and in

water-limited environments, plants have been found to be

characterized by higher water use efficiency than those

growing in water-sufficient environments (Yan et al., 1998).

However, beyond a certain water threshold, water stress persists

and the degree of water stress aggravation could lead to a

reduction in water use efficiency. The water use efficiency of

plants also increases in response to increases in atmospheric

temperature (Liu et al., 2011). In the present study, we

established that variations in the water use efficiency of F.

bungeana growing at different sites on mega-dunes (Figure 9)

are mainly associated with the grain size of sand and the depths

to which plants are buried in sand in the different parts of the

mega-dunes. The lower slopes of mega-dunes are characterized

by coarser sand grains and thicker dry sand layers, and the stem

sections of F. bungeana growing in these areas tend to be buried

to a greater depth in the sand than at more elevated dune sites.

Notably in this regard, the growth of buried stems supported by

sand requires less carbon than that of upright plants of the same

height growing above sand level (Pruyn et al., 2000).

Consequently, under the same water conditions, the water use

efficiency of F. bungeana in the lower parts of the mega-dunes

was higher than that of plants growing in the more elevated parts

of the dunes (Figure 9C). Moreover, the unfavorable water

relationship in the upper slopes of mega-dunes has been

shown to be associated with a lower carbon yield per unit leaf

area (Gries et al., 2003), which would account for lower water

use efficiency of F. bungeana in these upper parts compared with

the plants growing at lower elevations (Figure 9A).
Variations in water use strategies

Under conditions of drought stress, plants generally adopt

one of two opposing water use strategies: drought avoidance or

drought tolerance. Drought avoidance indicates that plants do

not encounter drought adversity throughout their growth and

development, and thereby evade to detrimental effects of water

deficits. Drought tolerance describes the measures adopted by

plants to prevent, reduce, or repair the damage caused by

water deficit based on metabolic reactions that contribute to

maintaining a reasonably normal physiological state when

encountering drought stress. A further strategy, drought

resistance, refers to the ability of plants to defend themselves

against drought and maintain normal physiological and
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biochemical processes under drought stress conditions.

Examples of plants that adopt such strategies include

Lupinus arizonicus, a drought-avoiding winter annual plant

that reduces water loss through stomatal and morphological

regulation, whereas the drought-tolerant Malvastrum

rotundifolium can effectively utilize water, although its

stomatal response, leaf movement, and osmotic regulation

might contribute to water loss (Forseth and Ehleringer,

1983b). The F. bungeana plants examined in the present

study were also assessed to be drought tolerant. Among

other plants, the early spring ephemerals Eremopyrum

orientale and Schismus arabicus adapt to drought based on

higher water absorption and regulation capacities, whereas in

Plantago minuta and Senecio subdentatus, the maintenance of

sufficient water levels is achieved by high water-holding

capacities and low transpiration intensities (Li and Wang,

1991). In general, ephemeral plants tend to be characterized by

higher water use efficiency that can be maintained during the

early growth period and when water is abundantly available

(Ehleringer et al., 1979; Ehleringer and Forseth, 1980; Forseth

and Ehleringer, 1983a), which is consistent with our findings

in the present study.

The adaptation of plants to drought stress is a diverse and

complex process, and the different water-use strategies adopted

by plants at different developmental stages has rarely been

reported. In this study, we characterized the water use

strategies of F. bungeana in terms of water absorption,

transport, and use efficiency, although we did not assess the

processes associated with water consumption. Accordingly, in

future studies, we should ideally focus on water consumption

characteristics, including photosynthetic and transpiration rates,

to gain a more in-depth understanding of the internal water

status and intrinsic adaptation mechanisms of ephemeral plants,

and comprehensively analyze their water use strategies.
Conclusions

The water use strategies of F. bungeana growing on the

slopes of the mega-dunes in the Badain Jaran Desert are mainly

associated with growth stage, and appear to be little influenced

by the spatial distribution of plants on different parts of the

mega-dunes. During the early stages of growth, F. bungeana

mainly extracts water from the 0–30 cm soil layer, maintains

high water potential and low hydraulic conductivity, and is

characterized by high water use efficiency. During the mid-

phase of the growth cycle, F. bungeana mainly utilizes water

obtained from the 0–60 cm soil layer, and maintains moderate

water potential and high hydraulic conductivity, although

water use efficiency tends to be low. Water is still mainly

sourced from the 0–60 cm soil layer during the latter stages of

growth, with F. bungeana maintaining low water potential and

low hydraulic conductivity, although has high water use
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efficiency. The availability of soil water in the different layers of

the mega-dunes is not only determined by precipitation and

evaporation, but also by groundwater recharge, condensate

recharge, and atmospheric water absorption, and we speculate

that condensed water may also be an important source of water

for F. bungeana in the study area. The proportion of water

taken up by F. bungeana is limited by soil water availability and

root hydraulic conductivity, which affect plant water potential,

canopy hydraulic conductivity, and water use efficiency, the

latter of which is also determined by carbon allocation.
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The modified biochars influence
nutrient and osmotic statuses
and hormonal signaling of mint
plants under fluoride and
cadmium toxicities

Salar Farhangi-Abriz and Kazem Ghassemi-Golezani *

Department of Plant Eco-physiology, Faculty of Agriculture, University of Tabriz, Tabriz, Iran
Introduction: Chemically modified biochars are a new generation of biochars

that have a great ability to absorb and stabilize environmental pollutants. In this

research, the physiological performance of mint plants (Mentha crispa L.) under

fluoride and cadmium toxicities and biochar treatments was evaluated.

Methods: Four levels of soil toxicities including non-toxic, 600 mg NaF kg-1

soil, 60 mg Cd kg-1 soil, and 600 mg NaF kg-1 soil + 60 mg Cd kg-1 soil were

applied. The biochar addition to the soil was 25 g kg-1 (non-biochar, solid

biochar, H2O2, KOH, and H3PO4-modified biochars).

Results: The results showed that the application of biochar and especially

chemically modified biochars reduced fluoride (about 15-37%) and cadmium

(30-52%) contents in mint leaves, while increased soil pH and cation exchange

capacity (CEC), nitrogen (12-35%), phosphorus (16-59%), potassium (17-52%),

calcium (19-47%), magnesium (28-77%), iron (37-114%), zinc (45-226%),

photosynthetic pigments of leaves and plant biomass (about 10-25%) under

toxic conditions.

Discussion: The biochar-related treatments reduced the osmotic stress and

osmolytes content (proline, soluble proteins, and carbohydrates) in plant

leaves. Plant leaf water content was increased by solid and modified biochar,

up to 8% in toxic conditions. Furthermore, these treatments reduced the

production of stress hormones [abscisic acid (27-55%), salicylic acid (31-

50%), and jasmonic acid (6-12%)], but increased indole-3-acetic acid (14-

31%) in plants under fluoride and cadmium stresses. Chemically modified

biochars reduced fluoride and cadmium contents of plant leaves by about

20% and 22%, respectively, compared to solid biochar.

Conclusion: This result clearly shows the superiority of modified biochars in

protecting plants from soil pollutants.
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chlorophyll, nutrients, plant growth, pollutants, proline, salicylic acid
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1 Introduction

Soil contamination with environmental pollutants reduces

plant growth and productivity and causes many risks to food

security and human health in the world (Alengebawy et al.,

2021). Fluoride and cadmium are important pollutants that are

increasing in nature due to human activities such as mining and

application of chemical fertilizers in agriculture (Choudhary et al.,

2019; Yotsova et al., 2020). Typically, these two environmental

pollutants are present in the soil at the same time and cause various

physiological and biochemical disorders in plants (Li et al., 2018).

The accumulation of fluoride and cadmium ions in the plant cells

increases oxidative stress in plant tissues and causes damage to the

cells (Sharma and Kaur, 2018; Shen et al., 2022). Another harmful

effect of cadmium and fluoride in the soil is the reduction of water

absorption by plants. These environmental pollutants cause a

decrease in water absorption by plants due to damage to the root

and its transmission channels. Ghassemi-Golezani and Farhangi-

Abriz (2019) have reported that fluoride reduces water absorption

by safflower plants via decreasing root growth. Cadmium toxicity

reduces water uptake by plants (Haider et al., 2021a). This toxicity

decreases stomata conductivity and the constant flow of water from

the rhizosphere to the plant (El Rasafi et al., 2022). In addition to

reducing water absorption, the toxicity of fluoride and cadmium in

plant cells causes a reduction in the absorption of numerous

nutrients needed for plant growth, such as potassium (K),

calcium (Ca), and magnesium (mg) (Ghassemi-Golezani and

Farhangi-Abriz, 2019; Zulfiqar et al., 2022). Accumulation of

environmental pollutants in plant organs can cause hormonal

changes in tissues. For example, the accumulation of cadmium in

plant tissues causes an increase in the concentration of abscisic acid

(ABA) and a decrease in indole acetic acid (IAA) in plants (Hu

et al., 2020; Rolon-Cardenas et al., 2022). The increment of ABA

content, which is a stress hormone, causes a decrease in the growth

of plants. Researchers have proposed various methods such as

biochar application as an effective method to reduce the impacts of

cadmium and fluoride toxicity in plants (Ali et al., 2019; Ghassemi-

Golezani and Farhangi-Abriz, 2019).

Biochar is a carbon-rich material obtained through pyrolysis

of natural materials such as agricultural waste (Ghassemi-

Golezani and Farhangi-Abriz, 2022; Waqar et al., 2022). This

natural substance has special electrochemical properties that act

as a soil amender. Having alkaline nature (in most cases), a high

level of cation exchange capacity, pollutant adsorption capacity,

and being rich in nutrients are among the important

characteristics of this organic matter (Boateng et al., 2015;

Batool et al., 2015; Javeed et al., 2022). Application of the

biochar under different environmental stresses has improved

the growth and physiological efficiency of plants. For example,

adding biochar to the soil has improved plant growth under salt

(Ghassemi-Golezani et al., 2021), copper (Rehman et al., 2019)

cadmium (Mehmood et al., 2018; Haider et al., 2021b), fluoride

(Ghassemi-Golezani and Farhangi-Abriz, 2019) and arsenic
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(Alam et al., 2019) stresses. Ghassemi-Golezani and Farhangi-

Abriz (2019) reported that biochar addition to the soil reduces

fluoride availability in the rhizosphere and increases potassium

uptake by plants under fluoride toxicity of soil. Abbas et al.

(2017) showed that application of biochar noticeably enhances

wheat growth and productivity under cadmium toxicity. Rizwan

et al. (2018) stated that biochar enhances the physiological

performance of rice plants by improving water retention

between rhizosphere and plants under cadmium stress. In a

recent study, Ren et al. (2021) showed that biochar addition to

the soil increases tobacco growth via decreasing cadmium

accumulation in plant tissues and increasing photosynthetic

activities under contaminated soil with cadmium. Biochar can

improve the growth of plants under environmental pollution in

two direct and indirect ways. The direct effect is related to

increasing the adsorption and retention of pollutants on the

surface of biochar and reducing their transmission to

rhizosphere and plants (Park et al., 2011). While the indirect

effect is related to the improvement of rhizosphere conditions,

such as increasing soil pH, microbial activity, cation exchange

capacity, and availability of nutrients (Medyńska-Juraszek et al.,

2020; Farhangi-Abriz et al., 2022).

Researchers have proposed different methods to increase the

performance of biochar in decreasing the harmful effects of

environmental stresses on plants and improving the

physicochemical conditions of the rhizosphere. Improving the

performance of biochar with chemical reagents is one of the

easiest and most practical methods (Liu et al., 2022). Typically,

biochars engineered by chemical reagents have a higher cation

exchange capacity, absorbance ability of environmental

pollutants, and specific surface area (Tan et al., 2016;

Ghassemi-Golezani and Farhangi-Abriz, 2022). For example,

modification of biochar by iron particles and application of this

modified biochar under arsenic toxicity enhanced rice growth

more than solid biochar (Wen et al., 2021). Farhangi-Abriz and

Ghassemi-Golezani (2021) reported that modified biochars with

magnesium and manganese ions have an excellent sodium

sorption capacity, which noticeably improves safflower growth

and productivity under salt stress. In another study, Ghassemi-

Golezani and Farhangi-Abriz (2022) stated that modification of

biochar with chemical regents such as H2O2, KOH, and H3PO4

increases field capacity and available water content of

rhizosphere for plants, more than solid biochar. In a recent

study, Rahimzadeh and Ghassemi-Golezani (2022) showed that

biochar modifications with zinc and iron particles improved dill

performance under salt stress via increasing nutrient availability

in rhizosphere and decreasing sodium uptake by plants. The

majority of the advantageous effects of chemically modified

biochars in pollutant adsorption are related to modifications in

functional groups on the surface area of the biochar. According

to Xue et al. (2012), modification of biochar with H2O2 boosted

lead sorption from 0.88 to 22.82 mg g-1, compared to

commercially activated carbon and increased oxygen-
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containing functional groups on the surface of the biochar,

particularly carboxyl groups. Based on a report by Jin et al.

(2014), arsenic adsorption by KOH-modified biochar in

comparison with solid biochar increased by more than 1.3 times.

Mint (Mentha crispa L.) is a medicinal and industrial plant

that can be cultivated under contaminated soils with pollutants

for the production of essential oil. Mints are economically

significant, because they are employed as flavoring agents in

the food, and used as medicine, fragrance, insect repellant,

detergents, and cosmetics all over the world (Brahmi et al.,

2017). Typically, environmental pollutants such as heavy metals

are inorganic compounds that cannot enter the essential oil.

However, the presence of environmental pollutants can cause

growth reduction and various physiological disorders in plants.

Considering the effectiveness of chemically modified biochars in

adsorbing environmental pollutants and increasing plant

growth, this research has been carried out to investigate the

possible effects of chemically modified biochars by H2O2, KOH,

and H3PO4 on the physiological efficiency of mint plants under

fluoride and cadmium toxicities.
2 Materials and methods

2.1 Preparation of biochar and
modified biochars

Solid biochar was obtained from a local company and then

chemically modified by H2O2, KOH, and H3PO4, using standard

methods. The method of Xue et al. (2012) was followed to

prepare H2O2-modified biochar. In this method, 20 g of biochar

were immersed in 200 ml of 30% hydrogen peroxide solution for

48 h at a temperature of 25°C. The method of Takaya et al.

(2016) was applied to prepare KOH-modified biochar. About

20 g KOH were dissolved in 200 mL distilled water and 4 g

biochar were added to the solution. The biochar was placed in

the KOH solution for 24 hours at 25°C. To produce H3PO4-

modified biochar, a 14% phosphoric acid solution was prepared.

Subsequently, 200 g of biochar were added to 400 ml of H3PO4

solution. The biochar was kept in an H3PO4 solution for 24

hours at a temperature of 25°C. After mixing biochar with the

chemical reagents, the pH of the modified biochar was adjusted

to about the neutral pH (7-7.5). The various properties of solid

and chemically modified biochars were determined by standard

methods (White, 2010; Mohan et al., 2014; Xu et al., 2014;

Graber et al., 2017; Lateef et al., 2019; Ghassemi-Golezani and

Farhangi-Abriz, 2021) and presented in Table 1.
2.2 Experimental conditions

Three experimental soil samples (specifications are presented in

Table 1) were contaminated with pollutants (600 mg NaF kg-1 soil,
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60 mg Cd kg-1 soil, and 600 mg NaF kg-1 soil + 60 mg Cd kg-1 soil)

and another soil sample was not contaminated (non-toxic). Then,

non-biochar and biochar-related treatments (solid biochar,

modified biochars with H2O2, KOH, and H3PO4) were applied.

Contamination of soil with fluoride and cadmium ions was

performed according Ghassemi-Golezani and Farhangi-Abriz

(2019) and Cieśliński et al. (1996), respectively. Application rate

of biochar was 25 g biochar per kg soil. About 3 kg of contaminated

or non-contaminated soil was added to polyethylene pots (20 ×

20 cm), using 60 pots in general. Thereafter, mint seeds were sown

in each pot and irrigated with tap water up to 100% field capacity

(FC) of growth media. The pots were kept in controlled greenhouse

conditions for 45 days (day and night temperatures: 25 and 22°C,

respectively; light intensity: 140 W m-2; and photoperiod: about

13 h.). Total soluble fluoride and cadmium concentrations in each

pot were determined by the methods of Larsen and Widdowson

(1971) and Lindsay and Norvell (1978), respectively. The pH of the

soil was measured using a pH meter (Model: HI 99121, Hanna

Instrument, USA), and the cation exchange capacity of the soil was

quantified using the ammonium acetate method (Chapman, 1965).

All growth and physiological measurements were performed 45

days after sowing.
2.3 Fluoride and cadmium content in
mint leaves

The leaves were dried in an oven at 80°C for 48 hours and then

powdered. The powdered leaves were digested in 0.1 N HCl at 25°C

for 24 hours and were kept at 120°C for an hour. The digested

materials were centrifuged at 25°C for 15 minutes at 5000 rpm. The

supernatant was combined with distilled water and TISAB buffer.

Then, fluoride content was measured, using the ion selectivity

method (Orion 9609, Thermo Scientific, USA). The NaF with a

99.99% purity level served as the reference material for calculating

fluoride levels in plant tissue (Sigma-Aldrich, United States). The

atomic absorption spectrophotometry technique was used to

determine the amount of cadmium accumulation in plant tissues.
2.4 Photosynthetic pigments

Chlorophylls and carotenoid contents were measured by

Arnon (1949) and Maclachlan and Zalik (1963) methods,

respectively. After homogenizing each sample (approximately

1 g) in 4 mL of acetone (80%), the samples were centrifuged at

12,000 g for 20 min at 4°C. A sample of the supernatant was

obtained, and a spectrophotometer (Dynamica, Halo DB-20-

UV-Visible Spectrophotometer, United Kingdom) was used to

measure the absorbance at 645 and 663 nm (for chlorophylls)

and 480 and 510 nm (for carotenoids). The total flavonoid in

plant tissues was calculated following the Zhishen et al.

(1999) method.
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2.5 Nutrients content in mint leaves

The Kjeldahl method was used to assess the nitrogen level

(Jones, 1991), and the yellow method and spectrophotometric

analysis at 430 nm were used to determine the phosphorus

concentration in mint leaves (Tandon et al., 1968). The contents

of potassium, calcium, magnesium, iron, and zinc were determined

in dried leaves. After being dry-ashed at 550°C for 7 hours, the plant

leaves were digested in 5 M HNO3 and double-distilled water was

added to achieve 50 mL. Then atomic absorption

spectrophotometry was used to determine the cations (mg g-1 DW).
2.6 Leaf water content and
osmolytes production

A plant was taken out of each pot, its leaves were separated,

and they were weighed (FW). The leaves were then reweighed
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after being dried at 80°C for 48 hours (DW). The leaf water

content (LWC) was calculated using the formula shown below:

LWC = (FW �DW)=DW½ � � 100

The proline content of mint leaves was determined according to

the method described by Bates et al. (1973). First, 5 ml of 3%

sulfosalicylic acid was used to homogenize 500 mg of fresh leaves. A

plastic tube containing 2 ml of the extracted material was then filled

with this mixture, along with 2 ml of glacial acetic acid and 2 ml of

ninhydrin. The prepared samples were heated in a BainMarie (BM-

15 Bain Marie, Magapor SL, Spain) for an hour at 100°C. The

mixture was then extracted with toluene once the sample was

cooled at room temperature, and then the upper phase absorbance

was read at 520 nm. By using the calibration curve for pure proline,

the proline content of leaves was determined and expressed as mg g-

1 fresh weight. The phenol-sulfuric acid and Bradfordmethods were

applied to determine the contents of soluble sugars and proteins in

mint leaves, respectively (Bradford, 1976; Kochert et al., 1978).
TABLE 1 Some physicochemical properties of the experimental soil, solid biochar and chemically modified biochars.

Soil Solid biochar H2O2 Modified biochar KOH Modified biochar H3PO4 Modified biochar

Texture Silty loam N (%) 0.52 N (%) 0.51 N (%) 0.48 N (%) 0.48

pH 6.2 C (%) 44.1 C (%) 38.23 C (%) 38.37 C (%) 40.31

EC (dSm−1) 1.32 H (%) 2.4 H (%) 3.51 H (%) 2.85 H (%) 2.96

OC (g kg-1) 11.1 O (%) 27.40 O (%) 30.20 O (%) 31.89 O (%) 33.40

Total N (%) 0.09 P (mg kg-1) 8250 P (mg kg-1) 8120 P (mg kg-1) 8212 P (mg kg-1) 8940

P (mg kg-1) 31.2 S (mg kg-1) 5790 S (mg kg-1) 4340 S (mg kg-1) 4360 S (mg kg-1) 5100

K (mg kg-1) 187.1 Na (mg kg-1) 2.30 Na (mg kg-1) 1.34 Na (mg kg-1) 1.12 Na (mg kg-1) 1.35

Mg (mg kg-1) 70.4 K (mg kg-1) 4070 K (mg kg-1) 3823 K (mg kg-1) 4150 K (mg kg-1) 3560

Mn (mg kg-1) 10.80 Ca (mg kg-1) 3750 Ca (mg kg-1) 3021 Ca (mg kg-1) 2980 Ca (mg kg-1) 3090

SF (mg kg-1) 8.30 Mg (mg kg-1) 166.4 Mg (mg kg-1) 102.7 Mg (mg kg-1) 110.4 Mg (mg kg-1) 105.3

Cd (mg kg-1) 0.13 Mn (mg kg-1) 37.30 Mn (mg kg-1) 35.8 Mn (mg kg-1) 32.2 Mn (mg kg-1) 22.40

CEC (cmol kg-1) 18.80 Cl (mg kg-1) N. A Cl (mg kg-1) N. A Cl (mg kg-1) N. A Cl (mg kg-1) N. A

Bulk density (g cm-3) 1.43 SF (mg kg-1) 5.2 SF (mg kg-1) 4.3 SF (mg kg-1) 3.4 SF (mg kg-1) 3.7

Moisture (%) 1 Cd (mg kg-1) 0.06 Cd (mg kg-1) 0.06 Cd (mg kg-1) 0.06 Cd (mg kg-1) 0.06

CEC (cmol kg-1) 20.21 CEC (cmol kg-1) 24.60 CEC (cmol kg-1) 25.20 CEC (cmol kg-1) 26.10

pH 7.1 pH 7.5 pH 7.5 pH 7.5

S BET (m2 g-1) 14.2 S BET (m2 g-1) 48.1 S BET (m2 g-1) 69.3 S BET (m2 g-1) 77.3

Vtot (cm
3 g-1) 0.024 Vtot (cm

3 g-1) 0.082 Vtot (cm
3 g-1) 0.063 Vtot (cm

3 g-1) 0.089

AVP (nm) 3.43 AVP (nm) 3.57 AVP (nm) 3.22 AVP (nm) 3.24

CA (mmol g-1) 0.21 CA (mmol g-1) 0.39 CA (mmol g-1) 0.45 CA (mmol g-1) 0.62

LA (mmol g-1) 0.11 LA (mmol g-1) 0.19 LA (mmol g-1) 0.26 LA (mmol g-1) 0.18

PA (mmol g-1) 0.68 PA (mmol g-1) 0.95 PA (mmol g-1) 1.32 PA (mmol g-1) 1.14

Fab (mg g-1) 3.41 Fab (mg g-1) 4.59 Fab (mg g-1) 4.43 Fab (mg g-1) 5.17

Cd ab (mg g-1) 16.76 Cd ab (mg g-1) 24.78 Cd ab (mg g-1) 29.54 Cd ab (mg g-1) 41.3

Stability (◦C) 520 Stability (◦C) 505 Stability (◦C) 510 Stability (◦C) 505

Moisture (%) < 1 Moisture (%) < 1 Moisture (%) < 1 Moisture (%) < 1
front
EC, Electrical conductivity; OC, Organic carbon; CEC, Cation exchange capacity; SF, Soluble fluoride; NA, Not available; Fab, Fluoride absorbing capacity; Cd ab, Cadmium absorbing
capacity; SBET, BET surface area; V tot, Total pore volume; AVP, Average pore size, CA, Carboxylic acid groups; LA, Lactonic acid groups; PA, Phenolic acid groups.
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2.7 Hormones content in mint leaves

The ELISA method was applied to ascertain the endogenous

concentrations of phytohormones including abscisic acid

(ABA), indoleacetic acid (IAA), salicylic acid (SA), and

jasmonic acid (JA). Initially, plant leaves were powdered and

kept in the dark at 4°C for 24 hours. The powdered fresh samples

(1 g each) were extracted in 80% cold methanol with butylated

hydroxytoluene (BHT) as an antioxidant. Following the

instructions provided in testing package, ELISA measurement

was performed to assess the hormone content of leaves (Li and

Meng, 1996; Wang et al., 2002).
2.8 Plant growth parameters

The plants of each pot were harvested separately and dried at

85°C for 48 hours to determine plant biomass. A portable leaf

area meter (model ADCAM 300-United Kingdom) was used to

measure the leaf area (LA) of the plants in each pot, and the

results were reported as cm2 plant-1.
2.9 Statistical analysis

Using the MSTAT-C software from the East Lansing campus

of Michigan State University in the United States, the data were

analyzed on the basis of the experimental design (two-way

ANOVA - factorial design based on randomized complete

block arrangement with three repetitions). The Tukey HSD

test was used to compare the means at p ≤ 0.05. Due to the

large difference in the amount of cadmium in the soil and mint

leaves under normal and stressful conditions, the statistical

analysis of these traits has been done separately in each of the

stressful and normal conditions. Figures were drawn by Excel

2019 from Microsoft Corporation, USA.
3 Results

3.1 Chemically modified biochar
specifications

Leaching during the creation of modified biochars reduced the

amounts of some nutrients such as calcium andmagnesium in the

biochar structure, whereas treatments with H3PO4 and KOH

increased the contents of phosphorous and potassium in the

biochar matrix (Table 1). In addition, modified biochars had

higher oxygen and hydrogen percentages than solid biochar.

Chemical treatments slightly decreased the stability of biochar.

Modified biochars in comparison to solid biochar had higher

CEC, Brunauer-Emmett-Teller (BET) surface area, total pore

volume, average pore size, functional groups on biochar surface
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area, and fluoride and cadmium absorption capabilities.

Modification of biochar by H3PO4, H2O2, and KOH increased

the levels of carboxyl groups on biochar structure by about 195%,

114%, and 85%, respectively, compared to solid biochar. The

KOH-treated biochar also had the greatest lactonic acids (about

136% more than solid biochar) and phenolic groups. The H3PO4-

modified biochar had the highest amount of Brunauer-Emmett-

Teller (BET) surface area, sorption capacity, and CEC, compared

to solid biochar and other forms of chemically modified biochars.
3.2 Soil parameters

Contamination of the soil with fluoride and cadmium

decreased pH (about 5% and 3%, respectively) and CEC

(about 8% and 12%, respectively), whereas application of

biochar and chemically modified biochars in rhizosphere

increased these parameters (Figure 1). Under fluoride and

fluoride + cadmium toxicities, enhancing soil pH by

chemically modified biochars in comparison with solid biochar

was statistically similar. However, chemically modified biochars

had a better effect on increasing soil pH under cadmium toxicity,

compared to solid biochar (about 5% more than solid biochar).

Chemically modified biochars showed a similar effect on rising

soil CEC under non-toxic conditions, but in toxic conditions, the

H3PO4-modified biochar largely enhanced the soil CEC. For

example, the H3PO4-modified biochar increased soil CEC under

the combined form of cadmium and fluoride toxicities by about

23%, compared to the non-biochar treatment. Improvements of

soil CEC by H3PO4-modified biochar under individual forms of

cadmium and fluoride were about 12% and 21%, respectively.

Fluoride and cadmium availability in rhizosphere was

significantly decreased by the addition of solid and modified

biochars under both individual and combined forms of toxicities

The availability of fluoride and cadmium under non-toxic

conditions was unaffected by biochar treatments. In response

to H3PO4 and KOH-modified biochars, the availability of

fluoride under fluoride toxicity of soil decreased by around

45% and 47%, respectively, compared to non-biochar

treatment. The H3PO4 and KOH-modified biochars in

comparison with non-biochar treatment reduced cadmium

availability by about 37% and 35%, respectively, under

cadmium toxicity. Under the combined form of toxicities, the

reduction of cadmium availability in soil caused by H3PO4 and

KOH-modified biochars was about 32%.
3.3 Fluoride and cadmium contents in
plant leaves

The content of fluoride and cadmium in mint leaves

increased under individual and combined toxicity of these

environmental pollutants (Figure 1). Under toxic conditions,
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the addition of solid and modified biochars to soil decreased the

contents of fluoride and cadmium in mint leaves. However,

biochar-related treatments did not change the fluoride and

cadmium contents of leaves under non-toxic conditions.

Chemically modified biochars were more successful than solid

biochar in reducing fluoride (about 37%) and cadmium (about

27%) accumulation in plant leaves. Among the chemically
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modified biochars, The H3PO4 modified biochar was more

successful in reducing the fluoride and cadmium in leaves. The

reduction of fluoride in mint leaves by H3PO4-modified biochar

under the individual and combined form of toxicities was about

38% and 28%, respectively. The decrement of cadmium toxicity

by H3PO4-modified biochar under individual and combined

forms of toxicities was about 41% and 55%, respectively.
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FIGURE 1

Changes in pH (A), CEC (B), fluoride (C) and cadmium (D) concentration of soil and fluoride (E) and cadmium (F) contents of leaves in response
to biochar and chemically modified biochars under fluoride and cadmium toxicities. Data represent the average of three replicates (n = 3) ±
standard error. Different letters indicate significant differences by Tukey HSD test at p ≤ 0.05. CEC: Cation exchange capacity; DW: dry weight;
F: Fluoride; Cd: Cadmium; Bio-H2O2: Modified biochar by H2O2; Bio-KOH: Modified biochar by KOH; Bio-H3PO4: Modified biochar by H3PO4.
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3.4 Photosynthetic pigments

Fluoride and cadmium toxicities decreased the carotenoids

(about 46% and 55%), flavonoids (about 57% and 64%), and

chlorophylls contents (about 25% and 34%, respectively) in mint

leaves (Table 2). The addition of solid and modified biochars

significantly increased the photosynthetic pigments in mint

plants under an individual and combined form of toxicities.

However, biochar-related treatments did not have a tangible

effect on photosynthetic pigments in non-toxic conditions. No

significant difference was observed between different biochar

treatments in increasing the content of photosynthetic pigments

of mint leaves. The increment of total chlorophyll content in

mint leaves by biochar-related treatments was about 17%, 27%,

and 15%, under fluoride, cadmium, and fluoride + cadmium

toxicities, respectively, compared to non-biochar treatment.

Improvement of flavonoid and carotenoid contents of leaves

by biochar treatments under combined form of cadmium and

fluoride toxicities were about 58% and 32%, respectively.
3.5 Nutrient content of plants

Fluoride and cadmium toxicities decreased the N (about 35%

and 45%, respectively), P (about 58% and 53%), K (about 44% and
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54%), Ca (about 49% and 54%), Mg (about 51% and 55%), Fe

(about 57%) and Zn (about 57% and 74%) contents in mint leaves

(Table 3). Soil treatment with solid and modified biochars

noticeably improved the nutrient content of mint plants under

normal and stressful conditions. However, the increment of N and

P nutrients in response to biochar-related treatments under normal

conditions was not statistically significant. Chemically modified

biochars had better effects than solid biochar in increasing the leaf

nutrients. In most cases, KOH and H3PO4-modified biochars had

better effects than other biochar-related treatments in increasing the

nutrients of mint leaves. Under the individual form of fluoride

toxicity, the H3PO4-modified biochar increased N, P, K, Ca, Mg, Fe,

and Zn contents in mint leave by about 22, 59, 35, 50, 56, 91 and

88%, compared to non-biochar treatment. The H3PO4-modified

biochar under cadmium toxicity enhanced N, P, K, Ca, Mg, Fe, and

Zn contents by about 35, 35, 52, 37, 77, 108, and 226%, respectively.

Under the combined form of toxicities, increments in N, P, K, Ca,

Mg, Fe, and Zn contents of mint leaves by H3PO4 modified biochar

were about 21, 32, 25, 23, 38, 70, and 105%.
3.6 Leaf water content and osmolytes

Leaf water content was decreased by fluoride (by about 19%)

and cadmium (by about 25%) toxicities (Figure 2). However,
TABLE 2 Means of plant biomass, leaf area and photosynthetic pigments in mint plants affected by biochar and chemically modified biochars
under fluoride and cadmium toxicities.

Toxicity Soil treatments Plant biomass Leaf area Chl a Chl b Chl Total Carotenoid Flavonoid
g plant-1 cm2 plant-1 mg g-1DW

Non-toxic

Non-biochar 2.8 ± 0.09b 314.7 ± 2.90c 1.91 ± 0.08 a 0.93 ± 0.03 a 2.84 ± 0.07 a 0.63 ± 0.06 a 0.57 ± 0.05 ab

Biochar 3.2 ± 0.08a 352.0 ± 4.27b 1.89 ± 0.05 a 0.96 ± 0.08 a 2.86 ± 0.11 a 0.58 ± 0.08 a 0.52 ± 0.03 b

Biochar-H2O2 3.2 ± 0.06a 372.3 ± 3.68a 1.96 ± 0.09 a 0.95 ± 0.09 a 2.92 ± 0.08 a 0.60 ± 0.06 a 0.59 ± 0.04 a

Biochar- H3PO4 3.3 ± 0.05a 383.7 ± 6.39a 1.97 ± 0.10 a 0.97 ± 0.04 a 2.95 ± 0.06 a 0.61 ± 0.05 a 0.53 ± 0.08 ab

Biochar-KOH 3.2 ± 0.09a 384.0 ± 3.72a 2.01 ± 0.06 a 0.96 ± 0.02 a 2.94 ± 0.08 a 0.61 ± 0.04 a 0.54 ± 0.09 ab

Fluoride

Non-biochar 1.9 ± 0.06def 210.7 ± 5.81i 1.49 ± 0.05 e 0.62 ± 0.02 fg 2.11 ± 0.08 g 0.34 ± 0.07 d 0.24 ± 0.06 e

Biochar 2.1 ± 0.09cd 241.7 ± 6.25efg 1.70 ± 0.11 bc 0.76 ± 0.08 bcd 2.46 ± 0.05 bcd 0.45 ± 0.09 bc 0.32 ± 0.04 cd

Biochar-H2O2 2.1 ± 0.08cd 252.3 ± 7.31de 1.74 ± 0.06 bc 0.80 ± 0.08 b 2.53 ± 0.09 bc 0.46 ± 0.03 b 0.33 ± 0.03 cd

Biochar- H3PO4 2.3 ± 0.11c 259.0 ± 3.93d 1.80 ± 0.09 b 0.78 ± 0.05 bc 2.57 ± 0.06 b 0.45 ± 0.09 bc 0.34 ± 0.05 cd

Biochar-KOH 2.2 ± 0.08cd 251.0 ± 5.17def 1.76 ± 0.04 b 0.76 ± 0.09 bcd 2.52 ± 0.07 bc 0.44 ± 0.06 bc 0.33 ± 0.04 cd

Cadmium

Non-biochar 1.6 ± 0.04f 185.0 ± 2.88j 1.30 ± 0.06 f 0.55 ± 0.04 g 1.85 ± 0.05 h 0.28 ± 0.05 e 0.20 ± 0.04 e

Biochar 1.8 ± 0.03def 222.3 ± 4.36hi 1.55 ± 0.09 de 0.72 ± 0.11 bcde 2.28 ± 0.05 ef 0.36 ± 0.06 d 0.32 ± 0.06 d

Biochar-H2O2 1.9 ± 0.07cdef 241.3 ± 7.12efg 1.63 ± 0.05 cd 0.71 ± 0.05 cde 2.34 ± 0.09 de 0.36 ± 0.05 d 0.34 ± 0.09 cd

Biochar- H3PO4 2.0 ± 0.09cde 245.0 ± 3.30def 1.66 ± 0.11 cd 0.72 ± 0.08 bcde 2.37 ± 0.12 cde 0.38 ± 0.08 d 0.33 ± 0.07 cd

Biochar-KOH 1.9 ± 0.05cdef 245.0 ± 6.32def 1.65 ± 0.07 cd 0.69 ± 0.09 def 2.35 ± 0.07 de 0.40 ± 0.08 cd 0.34 ± 0.08 cd

Fluoride + Cadmium

Non-biochar 1.7 ± 0.07ef 192.0 ± 6.12j 1.48 ± 0.02 e 0.65 ± 0.04 ef 2.15 ± 0.06 fg 0.28 ± 0.04 e 0.24 ± 0.08 e

Biochar 1.9 ± 0.07def 217.3 ± 4.32i 1.70 ± 0.08 bc 0.78 ± 0.02 bc 2.48 ± 0.05 bcd 0.35 ± 0.07 d 0.33 ± 0.09 cd

Biochar-H2O2 2.1 ± 0.06cd 225.3 ± 7.39ghi 1.73 ± 0.04 bc 0.81 ± 0.05 b 2.52 ± 0.08 bc 0.37 ± 0.05 d 0.38 ± 0.08 c

Biochar- H3PO4 1.8 ± 0.05def 234.3 ± 5.92fgh 1.74 ± 0.10 bc 0.80 ± 0.07 b 2.54 ± 0.09 bc 0.36 ± 0.07 d 0.34 ± 0.05 cd

Biochar-KOH 2.1 ± 0.06cd 234.3 ± 4.38fgh 1.69 ± 0.07 bc 0.80 ± 0.08 b 2.52 ± 0.04 bc 0.36 ± 0.09 d 0.32 ± 0.09 cd
fr
Data represents the average of three replicates (n=3) ± standard error. Different letters in each column indicate significant difference by Tukey HSD test at p ≤ 0.05. DW, Dry weight; Chl,
Chlorophyll.
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soluble proteins, carbohydrates, and proline production in mint

plants were increased under toxic conditions. The addition of

solid and modified biochars to the soil significantly increased the

leaf water content of mint plants under toxic conditions, with no

tangible effect in non-toxic condition. These improvements in leaf

water content by biochar-related treatments were up to 7.3%,

8.3%, and 7% at fluoride, cadmium, and fluoride + cadmium

toxicities, respectively. Under toxic conditions, biochar-related

treatments decreased osmolyte production in mint leaves. These

treatments similarly reduced the production of osmotic regulators.

Decrement of soluble proteins, carbohydrates, and proline by

biochar-related treatments under both cadmium and fluoride

toxicities was up to 27%, 26%, and 19%, respectively, compared

to non-biochar conditions.
3.7 Phytohormones

Fluoride and cadmium toxicities increased ABA (about 462%

and 578%, respectively), SA (about 173% and 231%), and JA

(about 343% and 432%) in mint leaves (Figure 3). However, IAA

content was reduced by individual fluoride (about 36%) and

cadmium (about 44%) toxicities. The reduction of IAA in mint

leaves under the combined form of toxicities was about 37%,

Under fluoride and cadmium toxicities, soil treatment with solid

and chemically modified biochars increased IAA content, but

decreased ABA, SA, and JA productions in mint leaves. Biochar-
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related treatments did not affect the ABA, SA, and JA contents of

plants under non-toxic conditions, but increased IAA content in

this condition. Chemically modified biochars were more

successful than solid biochar in decreasing the ABA content of

mint leaves under different toxic conditions. No significant

difference was observed between chemically modified biochars

in reducing the abscisic acid content of plants under stressful

conditions. Decrement of ABA content of mint leaves by H3PO4

modified biochar was about 47%, 43%, and 50%, under fluoride,

cadmium, and fluoride + cadmium toxicities, respectively. In most

cases, H3PO4 and H2O2 modified biochars caused the highest

increment in IAA production in mint leaves under all toxic and

non-toxic conditions. The H3PO4-modified biochar increased the

IAA content of mint leaves by about 19, 30, 41, and 29%, under

non-toxic, fluoride, cadmium, and combined forms of toxicities,

respectively. All biochar-related treatments had similar effects in

reducing jasmonic and salicylic acids under different

stressful conditions.
3.8 Plant growth

The mint biomass was lowered by cadmium (about 42%)

and fluoride (about 32%) toxicities (Table 2). In both toxic and

non-toxic conditions, solid and modified biochars increased

plant biomass. Under toxic and non-toxic conditions,

chemical ly modified biochars enhanced dry matter
TABLE 3 Means of nutrients content in mint leaves affected by biochar and chemically modified biochars under fluoride and cadmium toxicities.

Toxicity Soil treatments
Nitrogen Phosphorous Potassium Calcium Magnesium Iron Zinc

mg g-1DW

Non-toxic

Non-biochar 33.9 ± 0.78 a 21.9 ± 0.27 a 34.6 ± 1.26 c 11.2 ± 0.22 b 8.1 ± 0.19 c 0.83 ± 0.03 c 0.59 ± 0.02 b

Biochar 35.2 ± 0.51 a 22.4 ± 0.52 a 39.9 ± 0.66 b 12.9 ± 0.66 a 9.1 ± 0.18 b 0.98 ± 0.09 b 0.68 ± 0.04 a

Biochar-H2O2 34.1 ± 1.23 a 22.4 ± 0.34 a 42.8 ± 0.89 a 13.4 ± 0.65 a 9.9 ± 0.22 a 1.10 ± 0.08 a 0.69 ± 0.05 a

Biochar- H3PO4 34.0 ± 0.89 a 22.0 ± 0.61 a 43.2 ± 0.92 a 13.6 ± 0.78 a 9.8 ± 0.22 ab 1.10 ± 0.08 a 0.71 ± 0.04 a

Biochar-KOH 34.1 ± 0.66 a 22.1 ± 0.22 a 41.5 ± 0.83 ab 13.3 ± 0.92 a 9.9 ± 0.20 a 0.95 ± 0.05 b 0.68 ± 0.04 a

Fluoride

Non-biochar 21.9 ± 0.45 f 9.1 ± 0.21 i 19.2 ± 1.11 hi 5.7 ± 0.30 hi 3.9 ± 0.16 h 0.36 ± 0.06 h 0.25 ± 0.05 hi

Biochar 24.7 ± 0.88 cde 12.2 ± 0.26 fg 23.6 ± 1.05 defg 7.0 ± 0.21 f 5.0 ± 0.22 g 0.54 ± 0.07 g 0.34 ± 0.03 fg

Biochar-H2O2 26.4 ± 0.98 bc 14.3 ± 0.33 cd 25.1 ± 0.83 de 7.9 ± 0.16 de 5.8 ± 0.21 def 0.57 ± 0.08 efg 0.44 ± 0.03 cd

Biochar- H3PO4 26.9 ± 0.46 b 14.5 ± 0.37 bcd 26.0 ± 0.62 d 8.6 ± 0.35 cd 6.1 ± 0.19 de 0.69 ± 0.03 de 0.47 ± 0.02 c

Biochar-KOH 25.2 ± 0.76 bcd 14.4 ± 0.27 bcd 23.8 ± 0.51 efg 8.1 ± 0.38 cde 5.8 ± 0.18 def 0.68 ± 0.08 de 0.49 ± 0.07 c

Cadmium

Non-biochar 18.6 ± 0.92 g 10.3 ± 0.16 h 15.7 ± 0.88 j 5.1 ± 0.23 i 3.6 ± 0.33 h 0.35 ± 0.08 h 0.15 ± 0.03 j

Biochar 23.0 ± 0.72 ef 12.0 ± 0.28 fg 20.8 ± 1.07 gh 6.1 ± 0.36 h 5.7 ± 0.24 efg 0.59 ± 0.05 efg 0.37 ± 0.04 ef

Biochar-H2O2 24.0 ± 0.82 de 13.0 ± 0.43 ef 22.9 ± 1.21 efg 6.2 ± 0.41 ghi 6.2 ± 0.27 de 0.68 ± 0.03 de 0.48 ± 0.05 c

Biochar- H3PO4 25.1 ± 0.79 bcd 13.9 ± 0.57 cde 23.9 ± 1.12 def 7.0 ± 0.25 f 6.4 ± 0.23 d 0.75 ± 0.04 cd 0.49 ± 0.06 c

Biochar-KOH 25.2 ± 0.80 bcd 13.7 ± 0.60 de 23.7 ± 1.22 defg 6.9 ± 0.17 fg 6.3 ± 0.24 de 0.73 ± 0.05 cd 0.40 ± 0.07 de

Fluoride + Cadmium

Non-biochar 21.3 ± 0.69 f 11.3 ± 0.25 gh 18.1 ± 0.63 ij 6.1 ± 0.18 h 3.8 ± 0.24 h 0.40 ± 0.03 h 0.20 ± 0.03 ij

Biochar 24.4 ± 0.73 de 13.8 ± 0.28 cde 21.2 ± 0.89 fgh 7.7 ± 0.23 e 5.1 ± 0.12 fg 0.55 ± 0.04 fg 0.29 ± 0.03 gh

Biochar-H2O2 25.0 ± 0.39 bcd 14.8 ± 0.37 bcd 23.5 ± 0.82 defg 8.7 ± 0.26 c 5.6 ± 0.23 efg 0.58 ± 0.05 efg 0.38 ± 0.04 ef

Biochar- H3PO4 25.8 ± 0.46 bcd 15.0 ± 0.28 bc 22.8 ± 0.72 efg 8.0 ± 0.28 cde 6.2 ± 0.24 de 0.68 ± 0.05 de 0.41 ± 0.05 de

Biochar-KOH 25.9 ± 0.67 bcd 15.3 ± 0.48 b 23.6 ± 0.59 defg 8.0 ± 0.19 cde 6.3 ± 0.28 de 0.66 ± 0.04 def 0.40 ± 0.03 de
f

Data represents the average of three replicates (n=3) ± standard error. Different letters in each column indicate significant difference by Tukey HSD test at p ≤ 0.05. DW, Dry weight.
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accumulation in mint plants, although in some cases this

enhancement was not statistically significant, compared to

solid biochar. Enhancement of dry mass production of mint

plants by biochar-related treatments under fluoride, cadmium,

and fluoride + cadmium toxicities was up to 21%, 25%, and 23%,

respectively, compared to non-biochar treatment.

Mint leaf area was decreased by cadmium (by about 41%)

and fluoride (by about 33%) toxicities, while soil treatment with

biochar and modified biochars noticeably increased leaf

expansion under both toxic and non-toxic conditions

(Table 2). Chemically modified biochars were successful in

developing the largest leaf area in plants. There was no

statistically significant difference between the chemically

modified biochars in terms of plant leaf area. Improvement of

leaf area by the H3PO4 modified biochar was about 21%, 23%,

24%, and 17% under non-toxic, fluoride, cadmium, and fluoride

+ cadmium toxicities, respectively.
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4 Discussion

The results of this research showed that the production and

application of chemically modified biochars have a better effect

than solid biochar in increasing the growth of plants under

fluoride and cadmium toxicities. The biochar-related treatments

improved the growth of plants by reducing fluoride and

cadmium availabilities in the rhizosphere (Figure 1) and

increasing the availability of water (Figure 2) and nutrients

(Table 3) for plants. The pH and cation exchange capacity of

the soil were raised by the biochar. The increment of soil pH by

biochar is related to the alkaline nature of this organic matter.

Typically, biochars have a more alkaline nature than soil, and

their addition to soil increases soil pH. Improving the cation

exchange capacity of the soil in response to biochar-related

treatments is associated with increasing the injection of nutrients

such as calcium and magnesium in the rhizosphere. Biochar is
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Changes in water content (A), soluble proteins (B) carbohydrates (C) and proline (D) contents of mint leaves in response to biochar and
chemically modified biochars under fluoride and cadmium toxicities. Data represent the average of three replicates (n = 3) ± standard error.
Different letters indicate significant differences by Tukey HSD test at p ≤ 0.05. LWC: Leaf water content; F: Fluoride; Cd: Cadmium; Bio-H2O2:
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rich in nutrients, that improves soil fertility. The effect of biochar

in improving the cation exchange capacity of soil can be related

to an increase in soil pH. Previous studies have shown that there

is a positive correlation between the increment of pH and the

cation exchange capacity of the soil (Chintala et al., 2014;

Ghassemi-Golezani and Farhangi-Abriz, 2019). Hailegnaw

et al. (2019) stated that the addition of 8% biochar to the soil

noticeably increases soil pH, CEC, and exchangeable calcium

content. The increment in cation exchange capacity of soil

treated with chemically modified biochars was higher than

solid biochar, which could be associated with the higher

specific surface area and cation exchange capacity of

chemically modified biochars (Table 1).

The availability of environmental pollutants such as fluoride

and cadmium in the rhizosphere is controlled by different

environmental parameters such as the organic matter of soil
Frontiers in Plant Science 10
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and pH. The addition of biochar, especially chemically modified

biochars, reduced the availability of cadmium and fluoride in the

rhizosphere, leading to a reduction of these pollutants in the

leaves of the plants (Figure 1). Biochar could reduce the

absorption of environmental pollutants such as cadmium and

fluoride by plants through two mechanisms. First, increasing soil

pH reduces the availability of cadmium and fluoride and their

absorption by plants (Ghassemi-Golezani and Farhangi-Abriz,

2019; Jing et al., 2020). Second, biochars, especially chemically

modified biochars, have different functional groups on their

surface area (Liu et al., 2022) (Table 1), which increase the

surface adsorption of cadmium and fluoride by biochar and

ultimately reduce the absorption of these elements by the plant.

Zong et al. (2021) proved that number of functional groups on

biochar surface area is one of the main factors in controlling

cadmium adsorption by this organic material. The reason for the
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Changes in ABA (A), IAA (B) SA (C) and JA (D) content of mint leaves in response to biochar and chemically modified biochars under fluoride
and cadmium toxicities. Data represent the average of three replicates (n = 3) ± standard error. Different letters indicate significant differences
by Tukey HSD test at p ≤ 0.05. ABA: abscisic acid content; IAA: indole-3-acetic acid; SA: salicylic acid; JA: jasmonic acid F: Fluoride; Cd:
Cadmium; Bio-H2O2: Modified biochar by H2O2; Bio-KOH: Modified biochar by KOH; Bio-H3PO4: Modified biochar by H3PO4.
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better performance of chemically modified biochars in reducing

the availability of cadmium and fluoride in the soil (Figure 1) is

related to their high adsorption capacity (Table 1), compared to

solid biochar (Table 1). Modification of biochar by chemical

reagents increases the number of functional groups on its surface

area, which ultimately improves the adsorption capacity of this

organic material (Li et al., 2020; Liu et al., 2022). In a recent

study, Taqdees et al. (2022) showed that biochar modification

with zinc particles improved radish growth under salt stress via

decreasing sodium uptake by plants and enriching plant cells

with zinc cations. In another study, Wen et al. (2021) reported

that soil treatment by iron-modified biochar increases the

cadmium sorption capacity of biochar, plant growth, and soil

health in contaminated soils.

Destruction of photosynthetic pigments and reduction of

their synthesis in plant leaves is one of the damaging effects of

fluoride and cadmium stresses in plant leaves (Ghassemi-

Golezani and Farhangi-Abriz, 2019; Chtouki et al., 2021).

Cadmium and fluoride stresses in plant cells increase the

activity of the chlorophyllase enzyme, which eventually

destroys the chlorophyll structure (Sanjoy et al., 2011; Yadu

et al., 2016). In addition, cadmium and fluoride toxicities

increase reactive oxygen species, which have a high ability to

destroy biological membranes. On the other hand, the decrease

in chlorophyll synthesis in leaves under fluoride and cadmium

stresses can be related to the reduction of some important

nutrients such as iron and magnesium in leaves (Table 3).

Magnesium is considered as a structural nutrient in the

chlorophyll molecule, and iron is also a nutrient that plays a

critical role in the synthesis of chlorophyll (Fageria, 2016). The

decrease in the production of photosynthetic pigments under

fluoride and cadmium toxicity has also been reported by other

researchers (Lagriffoul et al., 1998; Ghassemi-Golezani and

Farhangi-Abriz, 2019). Adding biochar to the soil improved

the synthesis of photosynthetic pigments in mint leaves under

fluoride and cadmium stress (Table 2). Solid and modified

biochars reduced the harmful effects of these pollutants on the

synthesis of chlorophyll by decreasing the absorption of fluoride

and cadmium by plants. The biochar-related treatments may be

also improved the synthesis of chlorophyll by increasing the

absorption of various nutrients such as magnesium and iron. In

addition, these treatments increased the nitrogen of leaves under

fluoride and cadmium stress (Table 3), then can enhance

chlorophyll synthesis. Researchers have reported a very strong

correlation between leaf nitrogen content and chlorophyll

synthesis (Ahanger et al., 2021). Another mechanism through

which biochar can increase chlorophyll synthesis is the

reduction of abscisic acid production under stress. Biochar

treatments may also reduce chlorophyll destruction and helps

its synthesis (Figure 3). An increase in the concentration of

abscisic acid in the leaves engages the activation of enzymes such

as chlorophyllase in the leaves, which ultimately causes a

decrease in photosynthetic pigments of the leaves (Gupta
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et al., 2012). Zhu et al. (2020) reported that cadmium toxicity

reduces chlorophyll content and photosynthetic activities in

cotton leaves, but soil treatment with biochar mitigates the

harmful effects of cadmium toxicity and increases chlorophyll

biosynthesis in leaves.

Reduction of nutrient absorption by mint plants under

fluoride and cadmium stresses is related to damage of root

structure and cells. Cadmium and fluoride can reduce root

growth and its absorption capacity (Dell Amico et al., 2008;

Ghassemi-Golezani and Farhangi-Abriz, 2019; Shiyu et al.,

2020). Cadmium can cause damage to the ion channels in the

roots and ultimately reduce the absorption of nutrients by plants

(Li et al., 2012). In addition, cadmium can compete directly with

nutrients such as zinc in the rhizosphere and reduce their

absorption by plants (Li et al., 2017). The increment of root

cell lignification is another reason for reducing nutrient uptake

by plants under cadmium toxicity. Lignification is a

physiological process that blocks apoplastic pathways in plant

roots and consequently decreases nutrient uptake by plants

(Finger-Teixeira et al., 2010; Lux et al., 2011). Several reports

have pointed out the reduction of the absorption of nutrients by

plants under fluoride and cadmium toxicities (Ghassemi-

Golezani and Farhangi-Abriz, 2019; Shiyu et al., 2020).

Biochar is an organic soil amender that can act as an organic

ferti l izer in addition to the ability to regulate the

physicochemical properties of the soil. This organic material

with its high cation exchange capacity and specific surface area

has a great ability to release nutrients into the rhizosphere.

Typically, biochar has a high content of different macro and

micronutrients, although the amount of these nutrients depends

on the type of raw material from which biochar is produced.

Increments of nutrients in plant tissues by biochar treatments

under fluoride and cadmium toxicities (Table 3) can be related to

the improvement of the physicochemical conditions of the

rhizosphere and plant roots. Biochar and especially chemically

modified biochars have a great cation exchange capacity

(Table 1) that can improve the conditions of the rhizosphere

for better absorption of nutrients by plants. In addition, these

treatments can help to increase the water-holding capacity

(Ghassemi-Golezani and Farhangi-Abriz, 2022) and microbial

activities of the soil (Steinbeiss et al., 2009), which ultimately

improves the bioavailability of the nutrients for plants.

Cadmium and fluoride stresses can cause less water

absorption by the plant through the reduction of plant root

growth (Ghassemi-Golezani and Farhangi-Abriz, 2019; Naeem

et al., 2019). In addition, environmental stresses via increasing

abscisic acid in the leaves and closing the leaf stomata can reduce

the integrated movement of water from the rhizosphere to the

plant and finally to the atmosphere, which imposes osmotic

stress on plants (Kastori et al., 1992; Tao et al., 2021). Biochar is

an organic material with high porosity that can increase the

water-holding capacity of the soil and improve the available

water for plants. The improvement of the water content of leaves
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under fluoride and cadmium toxicity in response to biochar can

be related to an increase in plant root growth (Ghassemi-

Golezani and Farhangi-Abriz, 2019). To deal with osmotic

stress, plants increase the content of osmolytes in their tissues,

so that they can adjust their osmotic pressure potential to

continue water absorption (Farhangi-Abriz and Ghassemi-

Golezani, 2018). The reduction of osmolytes in plants due to

biochar-related treatments under fluoride and cadmium stresses

(Figure 2) is related to a decrease in fluoride, cadmium, and

endogenous stress hormones (ABA, SA, and JA) in the plant

tissues. Stress hormones have a stimulating effect on the

synthesis of osmolytes, which increases the content of these

organic materials in plant tissues. Reduction of fluoride and

cadmium absorptions by plants under biochar-related

treatments was led to a decrease in osmolytes and stress levels.

Enhancing the concentration of stress hormones in plant

tissues is a known physiological reaction to the environment,

that can increase plant resistance to stress. Adding solid and

modified biochars to the soil reduced the stress hormones (ABA,

SA, and JA), and at the same time increased the growth-

promoting hormone (IAA) in leaf tissues (Figure 3). The

reduction of stress hormones due to biochar treatments can be

related to the reduction of fluoride and cadmium entry into the

plant tissues (Figure 1). An increase in the content of IAA in

plant tissues by biochar treatments could be associated with a

decrease in the amount of fluoride and cadmium accumulation

in plant tissues. In addition, biochar treatments increased the

concentration of zinc in leaf tissues (Table 3), which has a very

critical role in the synthesis of auxins (Fageria, 2016).

Increasing cadmium and fluoride in plant tissues, osmotic

stress, and stress hormones caused a decrease in the growth of

plants under stress (Table 2). Adding solid and modified

biochars to the soil improved plant growth under fluoride and

cadmium stresses. Biochar-related treatments increased plant

growth by reducing the harmful effects of fluoride and cadmium

in plant tissues. These treatments improved the water content of

leaves by decreasing abscisic acid in plant tissues. Having enough

water is necessary for the optimal growth of the plant. Many

physiological reactions of plants are carried out in the presence

of water, which is essential for cell growth and division (Skirycz

and Inzé, 2010). On the other hand, biochar treatments

enhanced the absorption of many key nutrients for plant

growth, such as nitrogen (a key nutrient in the structure of

proteins), phosphorus (a nutrient that plays a role in plant

energy storage), potassium (a nutrient that activates many

enzymes), calcium (a nutrient effective in improving cell

division), magnesium (an active nutrient in improving the

synthesis of sugars and forming the structure of chlorophyll),

iron (an active nutrient in oxidation and reduction reactions in

plants and helping to build chlorophyll) and zinc (a nutrient that

controls the production of auxins in the tissues) (Fageria, 2016),
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leading to better growth of plants under fluoride and cadmium

toxicities. In addition, biochar increased the concentration of

auxin (IAA) in the leaf tissue (Figure 3), which in turn improved

plant growth and biomass.
5 Conclusion

Biochar and especially chemically modified biochars have a

very good potential to reduce the absorption of fluoride and

cadmium in plant tissues. These organic soil amenders improved

the absorption of nutrients and water by plants under fluoride

and cadmium stresses, causing a higher synthesis of

photosynthetic pigments, leaf expansion, and growth. In

addition, biochar-related treatments affected hormonal

signaling in plants by reducing the content of growth

retardant hormones and enhancing a growth-promoting

hormone (IAA) in plant tissues. The results of this research

confirm the superiority of chemically modified biochars in

reducing the harmful effects of fluoride and cadmium toxicities

on plants due to their specific physicochemical properties such

as a high number of functional groups, specific surface area, and

adsorption capacity. Therefore, chemically modified biochars

can be used as a powerful soil amender in contaminated soils.
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Rolon-Cardenas, G. A., Arvizu-Gómez, J. L., Soria-Guerra, R. E., Pacheco-
Aguilar, J. R., Alatorre-Cobos, F., and Hernández-Morales, A. (2022). The role of
auxins and auxin-producing bacteria in the tolerance and accumulation of
cadmium by plants. Environ. Geochem Health 44, 3743–3764. doi: 10.1007/
s10653-021-01179-4

Sanjoy, S., Bandopadhyay, P. K., and Nilima, K. (2011). Inhibition of cadmium
on chlorophyll content and chlorophyllase activity in wheat (Triticum aestivum l.)
varieties and alleviation of cadmium stress by micronutrients and organic acids.
Indian Agric. 55 (3/4), 139–143.

Sharma, R., and Kaur, R. (2018). Insights into fluoride-induced oxidative stress
and antioxidant defences in plants. Acta Physiol. Plant 40 (10), 1–14. doi: 10.1007/
s11738-018-2754-0

Shen, C., Yang, Y. M., Sun, Y. F., Zhang, M., Chen, X. J., and Huang, Y. Y. (2022).
The regulatory role of ABA cadmium uptake, accumulation and translocation in
plants. Front. Plant Sci. 13, 953717. doi: 10.3389/fpls.2022.953717

Shiyu, Q., Hongen, L., Zhaojun, N., Rengel, Z., Wei, G., Chang, L., et al. (2020).
Toxicity of cadmium and its competition with mineral nutrients for uptake by
plants: A review. Pedosphere 30 (2), 168–180. doi: 10.1016/S1002-0160(20)60002-9
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Introduction: Crop plasticity is fundamental to sustainability discussions in

production agriculture. Modern corn (Zea mays L.) genetics can compensate

yield determinants to a small degree, but plasticity mechanisms have been

masked by breeder selection and plant density management preferences.

While tillers are a well-known source of plasticity in cereal crops, the

functional trade-offs of tiller expression to the hierarchical yield formation

process in corn are unknown. This investigation aimed to further dissect the

consequences of tiller expression on corn yield component determination and

plasticity in a range of environments from two plant fraction perspectives – i)

main stalks only, considering potential functional trade-offs due to tiller

expression; and ii) comprehensive (main stalk plus tillers).

Methods: This multi-seasonal study considered a dataset of 17 site-years

across Kansas, United States. Replicated field trials evaluated tiller presence

(removed or intact) in two hybrids (P0657AM and P0805AM) at three target

plant densities (25000, 42000, and 60000 plants ha-1). Record of ears and

kernels per unit area and kernel weight were collected separately for both main

stalks and tillers in each plot.

Results: Indicated tiller contributions impacted the plasticity of yield

components in evaluated genotypes. Ear number and kernel number per

area were less dependent on plant density, but kernel number remained key

to yield stability. Although ear number was less related to yield stability, ear

source and type were significant yield predictors, with tiller axillary ears as

stronger contributors than main stalk secondary ears in high-yielding

environments.

Discussions: Certainly, managing for the most main stalk primary ears possible –

that is, optimizing the plant density (which consequently reduces tiller expression),

is desirable to maximize yields. However, the demonstrated escape from the
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deterministic hierarchy of corn yield formation may offer avenues to reduce corn

management dependence on a seasonally variable optimum plant density, which

cannot be remediated mid-season.
KEYWORDS

crop plasticity, yield components, tillering, plant density, corn (maize)
1 Introduction

Corn (Zea mays L.) is of significant global socioeconomic

importance, experiencing recent production expansion into

more restrictive environments with less opportunity for

intensified farming systems (Lark et al., 2020). In these regions

of reduced yield potential, such as the Central High Plains of the

United States (US), effective resource use is a key factor

considered by farmers as they adapt to variable climatic

conditions (Lobell et al., 2011). While farming systems can be

acclimated to environmental conditions through management

practices, such strategies often must be implemented before the

crop is sown. Mid-season crop adaptation mechanisms

expressed in response to stress, resource abundance, or other

factors are potentially useful in regions where seasons can be

quite variable. Phenotypic plasticity (herein termed as crop

plasticity) refers to the ability of a genotype to adapt (e.g.,

express a specific trait) in response to the environment

(Laitinen and Nikoloski, 2019). In sub-optimal or otherwise

unpredictable growing conditions, crop plasticity mechanisms

are being explored as an avenue to maintain yields (Nicotra

et al., 2010).

Capitalizing on crop plasticity potential could improve the

stability of production in regions with high climatic risk

(Berzsenyi and Tokatlidis, 2012; Mylonas et al., 2020). The

central US corn belt, where climate is relatively stable year to

year, is an important hub of modern corn improvement. In this

environment, breeders selected for those plasticity mechanisms

conducive to high-yielding, intensively managed environments.

Furthermore, as growers have intensified plant density and

breeders have enhanced genetic tolerance to increased plant

density over time, the expression of corn plasticity may have

been constrained (Russell, 1991; Duvick et al., 2004; Assefa et al.,

2018). When corn is sown at plant densities below those

evaluated by breeding programs, alternative plasticity

mechanisms, such as tillering, can be expressed (Lyon, 1905;

Jenkins, 1941). Such plant densities (< 60000 plants ha-1) are

commonly targeted by producers in restrictive environments

like the Central High Plains of the US, the southwestern Pampas

of Argentina, as well as portions of Africa and Australia. In these

restrictive environments, multiple ears (prolificacy) or greater
02
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kernels per ear (commonly “flex”) are generally viewed by

producers as desirable plasticity mechanisms when seasons are

desirable, but only when expressed on the main shoot.

Tillers are secondary vegetative shoots common in Poacea

species such as wheat (Triticum aestivum L.), rice (Oryza sativa

L.), and grain sorghum (Sorghum bicolor L. Moench). However,

tillers are less common in corn due to historic breeding selection

(Major, 1977; Duvick et al., 2004). In spite of this, tiller expression

potential has been conserved in modern corn germplasm (Moulia

et al., 1999) and breeding program adoption of less restrictive

plant densities re-introduces tillering as a plasticity mechanism

(Tsaftaris et al., 2008). Tiller expression is highly dependent on

genetics (Dungan et al., 1959; Tokatlidis et al., 2005; Hansey and

de Leon, 2011), but also strongly influenced by environmental

factors. Expressed corn tillers may remain vegetative, may abort,

or may reach reproductive stages (Alofe and Schrader, 1975;

Russelle et al., 1984) – developing into harvestable axillary ears

or abnormal, mixed-sex apical inflorescences called “tassel ears”

(Schaffner, 1930; Bonnett, 1948). Tiller development is ultimately

a response to an abundance of resources, which may be triggered

by nutrients, water, light, temperature, or factors resulting from a

combination of these (e.g., plant density; Gardner, 1942; Downey,

1972; Stevenson and Goodman, 1972; Tetio-Kagho and Gardner,

1988). Although tiller development impacts are not well-

documented in corn, yield of tillers has been proposed as

respondent to factors such as plant density (light environment)

and soil moisture (Thapa et al., 2018; Rotili et al., 2021; Veenstra

et al., 2021).

While previous field studies have considered corn yield as a

response to tiller presence (Sangoi et al., 2009; Frank et al., 2013;

Veenstra et al., 2021; Massigoge et al., 2022), efforts to

understand the mechanisms and flexibility of observed

compensatory relationships are lacking, at least in the US.

Considering trends in corn genetic selection and agronomic

management in the US, plant density is a historic focal point

(Duvick et al., 2004) with highly determinate, hierarchical yield

components. Yield component plasticity (namely ears and

kernels per area and individual kernel weight) in the idealized,

single-stalked corn phenotype is marginal relative to the yield

gain of additional plants per area (Fernández et al., 2022). For
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example, kernel number can be adjusted through early grain-

filling stages but is limited by the success of a short pollination

window (R1, silking per Ritchie et al., 1997) and the number of

ears on the main stalk, which is determined in vegetative stages

and typically singular (Bonnett, 1948; Andrade et al., 1999).

Plastic phenotypes can reduce dependency on precise plant

density (Tokatlidis and Koutroubas, 2004; Berzsenyi and

Tokatlidis, 2012) – for instance, by producing more than one

ear per plant (Prior and Russell, 1975; Thomison and Jordan,

1995). Tillers, a demonstrated source of plasticity, may facilitate

an offset in development from the deterministic, single-stalked

hierarchy. Functional trade-offs in resource allocation due to

tiller expression are unknown. These relationships may improve

or degrade yield stability.

Exploring the impact of tiller expression on yield component

plasticity is a novel avenue to understand corn environmental

adaptation potential. Although trade-offs in corn yield

components are well-known (Slafer, 2003; Sadras and Slafer,

2012) and the concept of tiller-conferred plasticity has been

established (Downey, 1972; Yamaguchi, 1974; Rotili et al., 2021;

Rotili et al., 2022), field-based research solidifying the connection

between the two is inadequate. Understanding the degree to which

tillers impact reproductive plasticity may provide insight for

reducing plant density dependence and shed new light on

environmental adaptation strategies, particularly as climatic risk

intensifies. A range in favorable to negligible yield responses to

tiller expression were reported for the first two seasons of this

project (Veenstra et al., 2021). Authors hypothesized that tiller

expression improved plasticity of yield components, thereby
Frontiers in Plant Science 03
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reducing plant density-based yield dependency. Key points to

explore in the dissection of observed yield responses included

which yield components were most stabilized by tiller expression,

if plasticity relationships were adjusted among yield components,

and if yield component source (i.e., coming from tillers or main

stalk) impacted yield stability and determination. Therefore, the

aim of this investigation was to explore the consequences of tiller

expression on corn yield component determination and plasticity

in a range of environments from two plant fraction perspectives –

i) main stalks only, considering potential functional trade-offs due

to tiller expression; and ii) comprehensive (main stalk plus tiller

contributions as an overall view of plasticity potential).
2 Materials and methods

2.1 Field experiments

Field trials were established at 9 sites across 3 years in

Kansas, US, resulting in a final field database of 17 site-year

combinations. In addition to the ten site-years (2019-2020

seasons) described in previous work (Veenstra et al., 2021),

seven site-years were evaluated during the 2021 growing season.

These 2021 site-year characterizations are provided in Figure 1

and Supplementary Table 1. Sites ranged in seasonal normal

precipitation from 330 to 550 mm and seasonal normal

temperature from 19 to 22.5 °C (1991-2021 base period). Site

coordinates ranged from 37.6 to 39.4 °N and 96.6 to 101.8 °W.
FIGURE 1

Environmental characterization of site-years added to those described previously in Veenstra et al., 2021. Annual season normal precipitation
and temperature deviation for 1991-2020 are presented for each site-year (A-G). Season normal precipitation and temperature characterization
by site-year are shown in panel (H), referring to the panel letter of described site-years. Bold vertical lines in panels A—G indicate normal
average temperature for site-year season date ranges, while bold horizontal lines indicate normal precipitation accumulation for site-year
season date ranges. Year of study for each site-year (A-G) is indicated with a large, opaque point and enlarged text, and considers both
precipitation and irrigation in the water supply value (y-axis). All other years in panels (A-G) are shown with transparent points and smaller text,
and water supply (y-axis) includes only precipitation. Base period for all climate normal calculations was 1991-2020.
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Of the full dataset, ten site-years were implemented using a

replicated three-way factorial treatment structure in a

randomized complete block design (RCBD) with a split-split-

plot arrangement. Plant density was the whole plot factor, with

three levels selected as representative of common producer

practices in limited moisture environments across Kansas

(25000, 42000, and 60000 plants ha-1; Roozeboom et al., 2007).

Corn genotype (hybrid) was the sub-plot factor, with the two

levels P0657AM and P0805AM (Corteva Agriscience, Johnston,

IA, US), which were selected as suitable for the region of study

and conducive to tiller. Both hybrids tillered at similar rates

based on plant density, ranging from 0 (higher plant density) to

4.6 tillers plant-1 (lower plant density), with a mean of 0.8 tillers

plant-1 for plots with tillers intact. Tiller presence was the sub-

sub-plot factor, with the two levels intact or removed at

development stage V10 (tenth leaf per Ritchie et al., 1997).

Seven site-years were implemented with a similar RCBD design

but missing either partial or total levels of the aforementioned

treatment structure. Plots in all site-years were planted at least

four rows wide at 0.76-m spacing, resulting in final minimum

plot dimensions of 3 m by 5 m. Plant densities were seeded at

double rates and thinned by hand prior to the V3 development

stage to ensure accurate and even stands. Plant health was

maintained as necessary with pesticides and crop nutritional

needs were met with applied fertilizers.

Actual plant density, tiller density, and yield component data

were collected at physiological maturity (development stage R6).

Only the two central rows in each plot were included in data

collection efforts. In addition, buffer zones were established on row

ends to minimize edge effects. Tillers with at least one collared leaf

were included in tiller density counts. Data rows were measured

by carefully accounting for interplant spacing of the nearest

buffer-appointed plant on row ends. Intact ears (machine-

harvestable and providing > 100 collective kernels plot-1) were

counted, picked, and shelled by hand at dry maturity (< 200 g kg-1

moisture). Data collected were summarized by plot but separated

based on plant fraction – main stalk and tillers. Harvested areas

across sites were similar in size and approximately 4 m by 1.5 m.

Recorded yield components included ear number per area, kernel

number per area, and weight per kernel. Kernel weights were

measured with a representative sample of shelled grain for each

plant fraction from each plot. Two sets of 100 kernels were

counted and weighed, with values averaged, and final moisture

content adjusted to a 155 g kg-1 basis. Kernels per area were

calculated based on mean kernel weights and yield values. Plot

averages for yield components were calculated as weighted means

of main stalk and tiller data.
2.2 Calculations

Yield environment was previously linked to corn plasticity

potential and tiller productivity (Rotili et al., 2021; Veenstra
Frontiers in Plant Science 04
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et al., 2021). Therefore, yield environment clusters were

identified and characterized. Site-years were clustered by mean

yield using the k-means algorithm. Based on the within-cluster

sums of squares generated by the k-means algorithm, the ideal

number of yield clusters was visually identified as three – low,

moderate, and high. Soil texture and fertility were characterized

via early season soil sampling at 15-cm and 60-cm depths.

Plasticity was calculated with the methods used by

Dingemanse et al. (2010) previously adapted for agronomic

applications (Sadras and Rebetzke, 2013). According to this

method, plasticity for each variable of interest (yield, for

example) was calculated by dividing the variance of each

hybrid in a given site-year by the variance of all observations

in the study.
2.3 Statistical analysis

2.3.1 Yield component response
All analyses were conducted using program R (R Core Team,

2022). Separate analyses were conducted for each yield

component (ears per area, kernels per area, and kernel weight)

considering i) main stalks only and ii) comprehensive plants.

Initial treatment factor analyses were preformed first to discern

if yield components responded to tiller presence. These initial

analyses considered the ten site years with complete treatment

structures. Ears per area, kernels per area, and kernel weight

were each considered as a response to treatment factors plant

density, genotype, and tiller presence for main stalks (ears and

kernels harvested from main stalks only) and comprehensive

plants (all ears and kernels harvested). Linear mixed effects

models (Supplementary Equation 1) were fit to each yield

component using the lme4 package (Bates et al., 2015). All

treatment factors and interactions were set as fixed effects.

Random effects considered site-year, block, whole plot, and

sub-plot. As only 10 of the 17 site years were implemented

with a full split-split-plot structure and useful for initial analyses,

study-wide yield environment cluster was not included in these

models. The fitted models were subjected to a type III analysis of

variance (ANOVA) for each treatment factor and resulting

interactions with the car package (Fox and Weisberg, 2019).

Following analyses considered ears per area, kernels per area,

and kernel weight as the response to observed plant density and

observed tiller density for main stalks and comprehensive plants

by yield environment, as all 17 site-years were included. Linear

mixed effects models included fixed effects observed plant density,

observed tiller density, yield environment cluster, and all two- and

three-way interactions, in addition to random effects site-year,

block, whole plot, and sub-plot (Supplementary Equation 2). The

fitted models were subjected to a type III ANOVA for each factor

and resulting interactions. Ears per area, kernels per area, and

kernel weight predictions were generated using the significant

fixed effect coefficient estimates from each of the fitted models.
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Predictive limits were identified based on observed ranges (20000

to 65000 plants ha-1 and 0 to 80000 tillers ha-1) and standardized

across all environments. To maintain realistic perspective of tiller

expression limits within each environment (i.e., not all

environments produced similar tiller density trends), a third

order polynomial regression was conducted with the 95th

percentile of tiller densities for each target plant density in each

yield environment. This provided a plausible maximum observed

tiller density for prediction interpretation purposes. Error was

quantified with the root mean squared error (RMSE).

2.3.2 Trait-yield plasticity relationships
To test correlation of yield plasticity with trait/yield

component plasticity, simple linear models (y = mx + b) were

fit using the lm function of the base stats package. Tiller number,

ear number, and kernel number traits were evaluated by yield

environment, as informed by prior analyses. Only plots without

tiller disturbance were considered for this portion of the

analyses. Appropriate models were selected separately for each

yield environment with a slope parameter threshold of p ≤ 0.05.

2.3.3 Yield response to ear type
To evaluate the relative importance of ear type (as a subset of

yield component ear number) to maximizing yields, a linear

mixed effects model was fit with grain yield (Mg ha-1) as the

response variable. Fixed effects included observed main stalk

primary ears ha-1, observed main stalk secondary ears ha-1,

observed tiller axillary ears ha-1, and observed tiller apical ears

(“tassel ears”) ha-1 by yield environment. Random effects

considered site-year, block, whole plot, and sub-plot. The

fitted model was subjected to a type II ANOVA for each ear

type × environment combination. Error was quantified via the

RMSE. Resulting yield predictions were generated using the

significant fixed effect coefficient estimates. Predictive limits

were identified based on observed ranges of ear types for each

yield environment (primary, 16000 to 65000 ears ha-1;

secondary, 0 to 43000 ears ha-1; tiller axillary, 0 to 43000 ears

ha-1; and tiller apical, 0 to 31000 ears ha-1). The 95% confidence

intervals were generated for each coefficient to check for

similarities and overlaps.
3 Results

3.1 Yield environments

The three yield environment clusters for all evaluated site-

years were as follows: a) Lowest-yielding environments (LYEs) –

Manhattan 2019, Colby B 2020, Colby A 2021 (mean 5.6 Mg ha-

1); b) Moderate-yielding environments (MYEs) – Garden City

2019 and 2021, Buhler 2020 and 2021, Colby A 2020,

Greensburg 2021 (mean 9.2 Mg ha-1); and c) Highest-yielding
Frontiers in Plant Science 05
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environments (HYEs) – Goodland 2019 through 2021, Garden

City 2020, Greensburg 2020, Keats 2020 and 2021, Selkirk 2021

(mean 11.4 Mg ha-1). Grain yields across environments by

treatment factors, with relative tiller contributions, are shown

in Figure 2A. Tillers averaged 25% of total yield at 25000 plants

ha-1.
3.2 Ears per area

The ANOVA results for models considering ears per area

(ears ha-1) as a response are shown in Figure 2B and

Supplementary Table 2. Both ears ha-1 responses (main stalks

and comprehensive plants) were influenced by treatment factors

plant density, tiller presence, and their interaction (all significant

at p ≤ 0.001). Ears ha-1 ranged from 50703 to 59255 across target

plant densities (25000 and 60000 plants ha-1, respectively), and

increased 8% overall when tillers were present. The greatest ears

ha-1 were observed in the 60000 plants ha-1 density with tillers

removed (59348 ears ha-1), although this was not statistically

different from the observed ears ha-1 in the 60000 or the 25000

plants ha-1 densities with tillers intact (59161 and 57114 ears ha-

1, respectively). Tiller ears averaged 40% of total ears produced at

25000 plants ha-1 (Figure 2B).

Additionally, both ears ha-1 responses were impacted by

quantitative factors observed plant density and yield

environment (p ≤ 0.001), observed tiller density (p ≤ 0.001,

main; p ≤ 0.01, comprehensive), and the interaction between

yield environment and observed plant density (p ≤ 0.01).

Observation-based predictions for ears ha-1 are shown in

Figure 3. Increased tiller densities reduced main stalk ears ha-1

in all yield environments, although less sharply at higher plant

densities (Figure 3A). Plant density accounted for 50% of the

predicted range in main stalk ears ha-1. Comprehensive ears ha-1

were more stable than main ears ha-1 regardless of tiller or plant

densities (Figure 3B). Higher tiller densities reduced the plant

density-based deficit in comprehensive ears ha-1. Greatest

comprehensive ears ha-1 was predicted at both i) high

observed plant densities with low observed tiller densities (all

environments) and ii) low observed plant densities with high

observed tiller densities (MYEs and HYEs).
3.3 Kernels per area

The ANOVA results for models considering kernels per area

(kernels m-2) as a response are shown in Figure 2C and

Supplementary Table 3. Main stalk kernels m-2 were

influenced by treatment factors plant density and tiller

presence (p ≤ 0.001), and their interaction (p ≤ 0.05).

Comprehensive kernels m-2 were only impacted by plant

density (p ≤ 0.001). Kernels m-2 ranged from 1950 (25000

plants ha-1) to 2599 (60000 plants ha-1). Tiller kernels
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averaged 25% of total kernels produced at 25000 plants ha-

1 (Figure 2C).

Main stalk kernels m-2 were influenced by quantitative

variables tiller density, yield environment, and the interaction

between yield environment and observed plant density (all

significant at p ≤ 0.001). Comprehensive kernels m-2 were

impacted by yield environment and the interaction between

yield environment and observed plant density (p ≤ 0.001), in

addition to the interaction between yield environment and

observed tiller density (p ≤ 0.05). Considering observation-

based predictions, increased tiller densities consistently

reduced main stalk kernels m-2, regardless of plant density

(Figure 4A). Plant density accounted for up to 75% of the
Frontiers in Plant Science 06
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range in predicted main stalk kernels m-2 when tillers were

not present (Figure 4A). Comprehensive kernels m-2 were either

not impacted by observed plant densities or tiller densities

(LYEs) or independently influenced by both observed plant

densities and tiller densities (MYEs and HYEs; Figure 4B).

Greatest kernels per area were predicted at high observed

plant densities with high observed tiller densities.
3.4 Kernel weights

The ANOVA results for models considering kernel weight

(mg kernel-1) as a response are shown in Figure 2D and
A B

DC

FIGURE 2

Summary of comprehensive yield (A), and yield components ((B), ear number; (C), kernel number; (D), kernel weight) based on treatment factors
deemed significant by analysis of variance (Supplementary Tables 2-4). Colors indicate plant density (blue – 25000 plants ha-1, green – 42000
plants ha-1, purple – 60000 plants ha-1) and transparency indicates tiller presence (removed, TR – opaque; intact, TI – transparent). Data
distribution is shown as a a violin plot and least-squares means from fitted models are indicated with points. Different letters indicate mean
differences within each panel at the 0.05 probability level. Pie charts above TI plots indicate the percent contribution of main shoots to the
comprehensive components (e.g., 75% of yield was produced by main shoots in TI plants at the 25000 plants ha-1 density, panel A).
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Supplementary Table 4. Main stalk kernel weight was influenced

by treatment factors plant density (p ≤ 0.001), in addition to

genotype and the interaction between plant density and tiller

presence (p ≤ 0.05). Comprehensive kernel weights were

impacted by treatment factors plant density (p ≤ 0.001) and

genotype (p ≤ 0.05). Kernel weights ranged from 386 (60000

plants ha-1) to 417 (25000 plants ha-1) mg kernel-1 across plant

densities. Genotypes differed in mean kernel weights by 10 mg

kernel-1 (~2.4%; Figure 2D).

All kernel weight responses were influenced by quantitative

factors observed plant density (p ≤ 0.05) and yield environment (p

≤ 0.001); predicted trends were similar between the two. Increased

plant densities reduced both main stalk and comprehensive kernel

weights in all environments, with a 25 to 50 mg kernel-1

discrepancy across observed plant densities. Trends were not

impacted by tiller density and predictions are therefore not shown.
3.5 Trait-yield plasticity relationships

Tillered phenotype trait plasticity correlations with yield

plasticity varied by yield environment (Figure 5). Tiller
Frontiers in Plant Science 07
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number plasticity (i.e., the situational nature of tiller

expression in a given environment) reduced yield plasticity in

LYEs and MYEs, ultimately acting to stabilize yields (Figure 5A).

Greater plasticity of tiller number was associated with greater

plasticity of yield in HYEs, however. Ear number plasticity

reduced yield plasticity in HYEs, increased yield plasticity in

MYEs, and had no impact on yield plasticity in LYEs

(Figure 5B). Kernel number plasticity exhibited the strongest

relationship to yield plasticity across environments, with greater

plasticity of kernel number increasing yield plasticity

(Figure 5C). That is, stable kernel numbers were the yield

component most correlated with stable yield values in a

given environment.
3.6 Ear type relationship
to attainable yields

The ANOVA results for yield response to varying ear

sources by yield environment are presented in Supplementary

Table 5. The only ear source not significantly contributing (p >
A B

FIGURE 3

Main stalk ears per area (A) and comprehensive ears per area (B) predictions from models of observed plant density, tiller density, and yield
environment as determined by analysis shown in Supplementary Table 2. Site-years are grouped by realized yield environment. Contours are
shaded and labeled according to 5000 ears ha−1 density intervals. White lines indicate a change in ear density interval. Observed plant densities
and tiller densities are indicated with black points. Black dashed lines are intended as an informal visual indicator of tiller expression potential for
each yield environment. Extrapolations beyond black points and dashed black lines are shown for the purpose of comparing environments on
the same density scales.
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A B C

FIGURE 5

Relationships between trait plasticity (A, tiller number; B, ear number; C, kernel number) and yield plasticity (y) of tillered phenotypes. Points are
colored by yield environment (blue – low, green – moderate, purple – high); and shaped by hybrid (circle – P0657AM, triangle – P0805AM).
Fitted lines and model metrics, when applicable, are colored by yield environment. Dashed lines indicate intercept-only models when other
candidates were not significant. Significance symbols are the following: ** p ≤ 0.01, *** p ≤ 0.001.
A B

FIGURE 4

Main stalk kernels per area (A) and comprehensive kernels per area (B) predictions from models of observed plant density, tiller density, and
yield environment as determined by analysis shown in Supplementary Table 3. Site-years are grouped by realized yield environment. Contours
are shaded and labeled according to 500 kernels m−2 density intervals. White lines indicate a change in kernel density interval. Observed plant
densities and tiller densities are indicated with black points. Black dashed lines are intended as an informal visual indicator of tiller expression
potential for each yield environment. Extrapolations beyond black points and dashed black lines are shown for the purpose of comparing
environments on the same density scales.
Frontiers in Plant Science frontiersin.org08
104

https://doi.org/10.3389/fpls.2022.1047268
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Veenstra et al. 10.3389/fpls.2022.1047268
0.05) to yield determination was tiller apical ears. This coefficient

estimate was therefore not included in subsequent predictions.

Yield predictions based on various combinations of ear types

by yield environment are shown in Figure 4. In these ternary

plots, each axis depicts the % of attainable ears ha-1. The 95%

confidence intervals for coefficient estimates are presented as

insets. In LYEs (Figure 6A), predicted yields were greatest with

17 to 67% of attainable primary ears (11050 to 43550 ears ha-1), 0

to 50% of attainable secondary ears (0 to 20500 ears ha-1), and 0

to 50% of attainable tiller axillary ears (0 to 21500 ears ha-1).

Confidence intervals overlapped for all ear types in LYEs,

indicating one ear type was not more effective in producing

yields than others.

In MYEs (Figure 6B), predicted yields were greatest with 37

to 77% of attainable primary ears (24050 to 50050 ears ha-1), 0 to

30% of attainable secondary ears (0 to 12300 ears ha-1), and 0 to

40% of attainable tiller axillary ears (0 to 17200 ears ha-1). The

lowest predicted yields in MYEs were most associated with

greater than 40% of attainable secondary ears. Confidence

intervals indicated that primary ears exceeded other ear types

in producing yield, but secondary and tiller axillary ears

remained similar to each other.

In HYEs (Figure 6C), predicted yields were greatest with 37

to 77% of attainable primary ears (24050 to 50050 ears ha-1), 0 to

30% of attainable secondary ears (0 to 12300 ears ha-1), and 0 to

40% of attainable tiller axillary ears (0 to 17200 ears ha-1). The

lowest predicted yields in HYEs were most associated with >

40% of attainable secondary ears, > 50% of attainable tiller

axillary ears, and > 80% of attainable primary ears ha-1.

Considering 95% confidence intervals, a more distinct

hierarchy was evident compared to other environments

(primary ears > tiller axillary ears > secondary ears) in

yield formation.
4 Discussion

This study advances corn plasticity discussions by

considering the unexplored extent of tiller compensatory

relat ionships across contrast ing environments and

management practices (particularly plant density). Authors

present data on yield component determination in tillered

corn phenotypes from both main stalk and comprehensive

plant perspectives in field-scale trials, thereby filling a deficit in

available literature. Findings from this study apply to a

considerable range of environment × management conditions,

as the dataset included 17 unique site-years covering typical

plant density ranges in environments similar to the semi-arid US

High Plains. These 17 site-years, including the 10 site-years

previously analyzed for simple yield relationships (without

considering yield components) in (Veenstra et al., 2021),

represent a significant, detailed corn tiller expression field

study database. The tillering element of corn physiology is
Frontiers in Plant Science 09
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actively being studied at a global scale, with authors utilizing

both simulation and in-field approaches to understand key

mechanisms and utility (Rotili, Sadras, et al., 2021; Veenstra

et al., 2021). In agreement with published literature, evaluated

field trials demonstrate that tiller expression facilitates crop

plasticity in response to resource availability with favorable

genetics (Jenkins, 1941). Tiller appearance and development

mechanisms were not explored in the current study, which

limits discussion scope to reproductive outcomes (evaluated

yield components). A key caveat of this study is the fact that

producers will not intentionally manage corn fields to promote

tillering. The results shown here consider a case in which the

optimum plant density is unknown or not achieved – either due

to stress, damage, or a more resourceful season than anticipated

at planting (i.e., too conservative plant density selected).

Tillering may have some benefits in such a scenario.

This exploration of plasticity mechanisms is critical to

understanding how crops (even relatively determinate ones,

like corn) can cope with shifts in environment.

Flexible tiller densities were associated with more stable yield

component predictions across all environments. This

physiological response is of particular interest when seasonal

resources are more abundant early in the growing season

(Veenstra et al., 2021) to reduce dependence on plant density

(Berzsenyi and Tokatlidis, 2012). Considering the density-

dependent nature of yield progress in breeding and

management of modern corn hybrids, this result is not

surprising in tillered phenotypes (Duvick et al., 2004). An

optimized plant density remained critical to maximize ear

number, which supports the yield observations in previous

tiller response work (Veenstra et al., 2021). However, kernel

number was maximized with greater tiller development across

plant densities in the present study. The modeled corn tiller

expression scenarios of Rotili et al. (2021) indicated changes in

kernels per area due to tillering were determined by yield

environment, with marginal environments experiencing

reductions in kernel number. In the present study, however,

tiller density was only neutral or additive to total kernels per

area. This difference is perhaps tied to the more restrictive

environments evaluated by Rotili, Abeledo, et al., but it should

be noted that both studies predicted/observed similar ranges of

kernel set (1000 to 3000 kernels m-2).

Although main stalk ears and subsequent kernels per area

were reduced in lower plant densities with tiller expression,

kernel weights remained relatively stable regardless of tiller

expression. While these results may suggest main stalk yield

reductions, work by Veenstra and Ciampitti (2021) indicated

that tiller presence did not significantly reduce main stalk grain

yields in the same environments considered in the present study.

The lack of tiller expression impact on main stalk kernel weights

also supports the hypothesis of an independent (i.e., grain-

bearing tillers in lower plant densities) or nourishing (i.e.,

non-reproductive tillers in higher plant densities) energy and
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C

FIGURE 6

Ear type plasticity relationship to predicted yields by yield environment (A, low; B, moderate; C, high). Right axes indicate % of attainable primary
ears observed (65000 ears ha-1). Left axes indicate % of attainable secondary ears observed (41000 ear ha-1). Bottom axes indicate % of
attainable tiller axillary ears observed (43000 ears ha-1). Contour shades indicate predicted yield level (purple < 7.5 Mg ha-1; lime > 15 Mg ha-1).
Black star is shown for reference on each plot, indicating 20%, 60%, and 20% of attainable primary ears, secondary ears, and tiller axillary ears,
respectively. Insets show relative 95% confidence intervals for each coefficient estimate (P, primary ears; S, secondary ears; TL, tiller axillary
ears).
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nutrient remobilization relationship for tillers and main stalk

during late-season yield determination (Alofe and Schrader,

1975; Russelle et al., 1984). A key function of tillers is

increasing leaf area and aboveground biomass, thus enhancing

the source of energy through photosynthates and grain set

potential (Lafarge and Hammer, 2002). Essentially, tillers may

1) contribute to yield directly, 2) increase the rate of light

interception and growth, and/or 3) store remobilizable carbon

and nitrogen. This point of source-sink relationships in tillered

phenotypes requires further investigation.

Kernel number was the most significant component related

to yield plasticity across all environments. This result is not

surprising, as kernel number is known to be key to corn yield

determination (Andrade et al., 1999). In general, situational tiller

expression could be associated with non-uniform field features,

which is a yield-negating factor for intensively managed corn

(Hörbe et al., 2016). Tillering increased corn kernel numbers for

shoots with high growth rates in field studies conducted by Rotili

et al. (2022). Corn growth rates required to set kernels on

primary ears appear to be lower than for tillers, and low

growth rates are associated with stressed conditions (Andrade

et al., 1999). In this regard, authors note that evaluated

conditions in the present study may not have been harsh

enough to observe such a response.

Ear number was less significantly related to yield stability

than kernel number and varied by environment, which may be

due to the potentially abnormal nature of tiller reproductive

development (Ortez et al., 2022). A key determinant of tiller

contributions to kernel number is successful reproductive

development of tillers (i.e., pollination and grain fill of

axillary ears). Although tiller apical ears were not found to be

significant to corn yields in this study, tiller axillary ears were

quite relevant, even when secondary ears were present on the

main stalk. While main stalk prolificacy is commonly

presented as a source of corn plasticity in environments

where low plant densities are employed, secondary ears were

found to be a slightly weaker source of yield than tiller axillary

ears in the best-yielding environments. Similar relationships

between tiller axillary and secondary ears kernel number were

observed in some cases by Rotili et al. (2022). Such findings

indicate value in diversifying yield determination hierarchy

with tiller ears in some cases. Additionally, main stalk

prolificacy has obvious limits (Tokatlidis et al., 2005;

Mylonas et al., 2020), and the presented results identify tiller

utility when these limits are realized. Key to note, however, are

the low predicted yields when too many tiller axillary ears were

present, reaffirming the importance of optimized plant

densities in HYEs (Veenstra et al., 2021). Previous studies

have suggested that tillering reduces yield efficiency

(Kapanigowda et al., 2010; Thapa et al., 2018), but this

blanket hypothesis was recently rejected (Rotili et al., 2022).

Additional exploration of tiller reproductive development (i.e.,
Frontiers in Plant Science 11
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vegetative, axillary ear, or apical ear) and potential impacts on

efficiency metrics is needed.

While continued study is necessary, corn tillers may provide

breeders and growers with plasticity trait options to achieve

desirable plant density independence in certain environments

(Mylonas et al., 2020). By offering additional crop reproductive

plasticity when plant-available resources surpass thresholds of

selected plant densities, tillers can mitigate management deficits

which cannot be remediated mid-season (Rotili et al., 2021;

Veenstra et al., 2021; Massigoge et al., 2022). Future work should

evaluate tiller development prediction, specifically driving

factors of contrasting levels of expression plasticity, in addition

to parameters influencing tiller ear development and resulting

reproductive efficiency.
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Biochar amendment alters root
morphology of maize plant: Its
implications in enhancing nutrient
uptake and shoot growth under
reduced irrigation regimes

Heng Wan1,2, Xuezhi Liu3, Qimiao Shi1,2, Yiting Chen4,
Miao Jiang1,2, Jiarui Zhang1,2, Bingjing Cui1,2, Jingxiang Hou1,2,4,
Zhenhua Wei1,2, Mohammad Anwar Hossain5 and Fulai Liu4,6*

1Key Laboratory of Agricultural Soil and Water Engineering in Arid and Semiarid Areas, Ministry of
Education, Northwest A&F University, Yangling, Shaanxi, China, 2College of Water Resources and
Architectural Engineering, Northwest A&F University, Yangling, Shaanxi, China, 3School of Civil and
Hydraulic Engineering, Ningxia University, Yinchuan, China, 4Department of Plant and Environmental
Sciences, Faculty of Science, University of Copenhagen, Taastrup, Denmark, 5Department of Genetics
and Plant Breeding, Bangladesh Agricultural University, Mymensingh, Bangladesh, 6Sino-Danish Center
for Education and Research, University of Chinese Academy of Sciences, Beijing, China
Introduction: Biochar amendment provides multiple benefits in enhancing crop

productivity and soil nutrient availability. However, whether biochar addition

affects root morphology and alters plant nutrient uptake and shoot growth

under different irrigation regimes remain largely unknown.

Methods: A split-root pot experiment with maize (Zea mays L.) was conducted on

clay loam soil mixed with 2% (w/w) of wheat-straw (WSP) and softwood (SWP)

biochar. The plants were subjected to full (FI), deficit (DI), and alternate partial root-

zone drying (PRD) irrigation from the fourth leaf to the grain-filling stage.

Results and discussion: The results showed that, compared to plants grown in

unamended soils, plants grown in the biochar-amended soils possessed greater

total root length, area, diameter, volume, tips, forks, crossings, and root length

density, which were further amplified by PRD. Despite a negative effect on soil

available phosphorus (P) pool, WSP addition improved soil available nitrogen (N),

potassium (K), and calcium (Ca) pool and cation exchange capacity under reduced

irrigation. Even though biochar negatively affected nutrient concentrations in

shoots as exemplified by lowered N, P, K (except leaf), and Ca concentration, it

dramatically enhanced plant total N, P, K, Ca uptake, and biomass. Principal

component analysis (PCA) revealed that the modified root morphology and

increased soil available nutrient pools, and consequently, the higher plant total

nutrient uptake might have facilitated the enhanced shoot growth and yield of

maize plants in biochar-added soils. Biochar amendment further lowered specific
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leaf area but increased leaf N concentration per area-to-root N concentration per

length ratio. All these effects were evident upon WSP amendment. Moreover, PRD

outperformed DI in increasing root area-to-leaf area ratio. Overall, these findings

suggest that WSP combined with PRD could be a promising strategy to improve

the growth and nutrient uptake of maize plants.
KEYWORDS

biochar, alternate partial root-zone drying irrigation, soil available nutrient, root
morphology, biomass, nutrient uptake
GRAPHICAL ABSTRACT
1 Introduction

Global climate change, soil degradation, and shortage of

freshwater resources adversely affect agricultural productivity (Chen

et al., 2013). Low soil fertility and water scarcity constrain crop yield

(Reich et al., 2003). In order to improve agricultural productivity and

sustainability, novel management strategies aiming at improving soil

fertility and crop water-use efficiency need to be developed.

As an effective soil amendment, biochar has received widespread

concerns in terms of increasing soil water holding capacity, soil

carbon (C) sequestration, and nutrient bioavailability (Atkinson

et al., 2010). Generally, biochar properties including pH, EC

(electrical conductivity), CEC (cation exchange capacity), total ash,

and nutrient content differ wildly between different feedstocks and

could create multiple impacts on the rhizosphere environment (Liu

et al., 2022). For instance, application of crop residue-derived biochar

could increase soil total nitrogen (N) and available phosphorus (P)

and potassium (K) content, contributing to nutrient uptake and

growth of plants (Oladele et al., 2019). Such results concur with our

previous study reporting that wheat-straw biochar yielded significant

positive effects on soil nutrient availability, resulting in better K

uptake and growth of tobacco (Liu et al., 2021). In contrast to

these, some previous studies have noted that lignocellulose-

containing wood-based biochar amendment inhibited N and ortho
02111
−P bioavailability in soil due to its anti-decomposition capacity and

initial low CEC (Gul et al., 2015; Chen et al., 2021). Moreover,

alteration of soil nutrient availability could be caused by

adsorption/desorption processes occurring on biochar surface and

precipitation/dissolution of minerals derived from biochar, thereby

modulating soil nutrient pool and nutrient bioavailability (Bornø

et al., 2019).

Partial root-zone drying (PRD) irrigation, an improvement on

conventional deficit irrigation, employs a spatiotemporal strategy of

soil wetting/drying cycles, which could positively stimulate soil

microbial activity and respiration rate, thereby influencing the

mineralization fixation as well as the turnover process of soil

nutrients (Xiang et al., 2008; Wang et al., 2010). Furthermore, the

re-wetting process in dry soil could alter soil structure properties

(Rahman et al., 2018), like water absorption ability and swelling of soil

aggregates, which may facilitate the decomposition of organic matter

and accelerate the mineralization of mineral elements (Miller et al.,

2005), hereby improving soil nutrient bioavailability (Liu et al., 2021).

Such effect is known as the “Birch effect” (Birch, 1958).

Both biochar amendment and altered water dynamics under the

PRD irrigation could alter the growth and physiology of plant. For

instance, Liu et al. (2022) demonstrated that biochar amendment could

effectively enhance root biomass density but decreased root average

diameter; Xiang et al. (2017) showed that root biomass, root length, and
frontiersin.org
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root tip number could be increased upon the application of biochar,

strengthening the ability of plants to access resources. Similarly, PRD

irrigation could increase the number of secondary root and root length

(Liu et al., 2020; Qi et al., 2020). It has been demonstrated that repeated

drying of the root zone could stimulate thin root growth and maximize

nutrient and water availability (Comas et al., 2013). Yet, previous

studies have paid less attention to the combined effects of biochar

and PRD on root morphology, nutrient uptake, and their implications

in altering shoot growth. Nonetheless, earlier studies have showed that

biochar amendment and PRD irrigation could modulate shoot growth

and leaf morphology. For instance, specific leaf area (SLA) was lowered

in plants under both biochar amendment and drought conditions

(Olmo et al., 2014; Liu et al., 2022). The decline in SLA was probably

caused by differences in the sensitivity of photosynthesis and leaf area

expansion to the change of growth environment, with leaf expansion

likely to be more susceptible (Liu and Stützel, 2004; Jensen et al., 2010).

It has been suggested that change of root morphology could directly

influence the shoot growth as there are obvious allometric relationships

between the aboveground and belowground traits that are responsive to

the growth conditions of plant (Freschet et al., 2010; Silva et al., 2018).

Li and Bao (2015) found that shoot height and biomass differences are

closely related to the total root length. The specific root length has been

described to vary considerably among soil types and negatively

correlated to SLA (Liu et al., 2022). Such relationship between root

morphology and leaf development may have a direct consequence on

plant photosynthetic capacity, nutrient demands, and adaptability to

extreme environments (Dong et al., 2020). However, to date, how PRD
Frontiers in Plant Science 03112
irrigation and biochar amendment affect root growth and its

consequence on altering plant nutrient uptake and shoot

development remain unclear.

The aim of the present study was to explore the combined effects

of different biochar (mixed softwood and wheat-straw biochar)

amendments and PRD irrigation on the root morphology, plant

nutrient uptake, and shoot growth of maize plants. It was

hypothesized that biochar amendment would (1) enhance soil

available nutrient content, (2) alter plant morphological traits and

their allometric relationships, and (3) increase plant biomass and

nutrient uptake under the PRD regime.
2 Materials and methods

2.1 Soil and biochar

Two biochar materials, wheat-straw (WSP) and mixed

softwood (SWP) pellet biochar, were obtained from the UK Biochar

Research Centre (UKBRC), UK. Both biochars were produced via

pyrolysis at 550°C. The pelletized biochars were crushed and passed

over a 0.45-mm screen. The clay loam soil was obtained from the

field in Yangling and sieved through a 5-mm sieve after air-drying.

The soil water contents at full pot water-holding capacity and

the permanent wilting point were 30% and 5%, respectively, and

the bulk density was 1.30 g cm−3. The soil and biochar properties are

presented in Table 1.
TABLE 1 Soil and biochar properties.

Factor Soil SWP WSP

Clay (<0.002 mm, %) 8 – –

Silt (0.002–0.05 mm, %) 85 – –

Sand (0.05–2 mm, %) 7 – –

pH 7.7 7.9 9.9

EC (mS cm−1) 360 90 1700

CEC (cmol + kg−1) 2.0 3.2 6.2

Total C (%) 1.8 85.5 68.3

Total N (%) 0.1 <0.1 1.4

Total P(c) (%) 0.1 0.1 0.1

Total K(c) (%) 2.4 0.3 1.6

Total Ca(c) (%) 7.4 0.3 0.8

C:N 18 <855.2 49.1

H:Ctot – 0.4 0.4

O:Ctot – 0.1 0.1

(O + N):C < 0.1 0.1

Surface area (m2 g−1) – 26.4 26.4

Total ash(a) (%) – 1.3 21.2

C stability(b) (%) – 69.6 96.5
frontie
(a)TGA; (b)Cross A, Sohi SP (2013); (c)Aqua Regia digestion followed by ICP.
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2.2 Experimental setup

The pot experiment with maize (Zea mays L.) plants was carried

out in a greenhouse located at the Northwest A&F University,

Yangling, Shaanxi province, China (34° 15′N, 108° 04′E). The

plants were grown in split-root pots (8 L) filled with 9.0 kg of clay

loam soil mixed with 2% (w/w) of either WSP or SWP biochar, and

pots with soil without biochar addition were set as controls. To ensure

the nutrient requirement for plant growth during the experiment, 2 g

N, 2 g P, and 0.22 g K were applied into all pots. The maize seeds were

sown in peat on 4 March 2021 with the seedlings being transplanted

into the pots at the four-leaf stage. After transplanting, the pots were

daily irrigated to 90% of water-holding capacity for 30 days;

thereafter, three irrigation regimes were implemented: FI (full

irrigation), the whole pots were daily irrigated to 90% of water-

holding capacity; DI (deficit irrigation), the whole pots were daily

irrigated with 70% volume of water used in FI; and PRD (partial root-

zone drying irrigation), the amount of irrigation on one compartment

is the same as the DI, and the irrigation was switched while the soil

water content of the other compartment decreased to 10%–12%.

The soil water content was measured by a time domain

reflectometer (TDR, TRASE, Soil Moisture Equipment Crop.,

Goleta, CA, USA) at 4:00 p.m. each day to supplement the water

consumption of the previous day. At the onset of the irrigation

treatments, a 2-cm layer of perlite was placed on the soil surface to

minimize soil evaporation. The experiment lasted for 9 weeks, during

which each soil compartment of the PRD-treated pots was subjected

to three drying/wetting cycles. Maize plants were harvested twice: one

harvest before starting the irrigation treatments and the final harvest

at the end of the irrigation treatment on day 63.
2.3 Leaf area, dry biomass, and nutrient
accumulation in plant organs

At both harvests, leaf area (LA) was measured with a LI-3100 portable

leaf area meter (LI-Cor, Inc. Lincoln, NE, USA). Specific leaf area (SLA,

cm2 g−1) was calculated using LA divided by leaf dry matter (LDM). The

leaves, stems, fruits, and roots were harvested separately. The plant samples

were dried in an oven at 105°C for 30 min, then at 75°C 48 h to constant

weight, and recorded as LDM, stem dry matter (StemDM), fruit dry matter

(FDM), shoot dry matter (ShootDM), and root dry matter (RDM). The

root-to-shoot dry biomass ratio was also calculated. Dry plant samples were

ground into fine powder and used to analyze nutrient concentration.

Nitrogen concentration ([N]) in leaves, stems, and roots was determined

using an Elemental Analyzer (Vario Isotope Cube, Hanau Elementar,

Germany). Leaf Narea ([N] per leaf area)-to-root Nlength ([N] per root

length) ratio was calculated according to the method described by Liu et al.

(2010). The concentrations of phosphorus ([P]), potassium ([K]), and

calcium ([Ca]) in leaves, stems, and roots were determined by inductively

coupled plasma mass spectrometry (ICP-MS, Agilent 7700×, Agilent

Technologies, USA). Plant total nutrient accumulation, i.e., [PTN],

[PTP], [PTK], and [PTCa], was calculated as:

PTN = ½N�leaf � leaf dry matter + ½N�stem � stem dry matter + ½N�root
� root   dry  matter
Frontiers in Plant Science 04113
PTP = ½P�leaf � leaf dry matter + ½P�stem � stem dry matter + ½P�root
� root   dry  matter

PTK = ½K�leaf � leaf dry matter + ½K�stem � stem dry matter + ½K�root
� root   dry  matter

PTCa = ½Ca�leaf � leaf dry matter + ½Ca�stem � stem dry matter + ½Ca�root
� root   dry  matter
2.4 Root morphological traits

Root traits were analyzed and calculated with reference to Liu

et al. (2022) and Li et al. (2009). Briefly, the cleaned root samples were

placed on 20 × 25 cm transparent trays with a bottom layer covered

with deionized water to avoid stacking the roots together.

Subsequently, root samples were scanned at 400 dots per inch by a

photo flatbed scanner (EPSON Perfection V700, Epson America,

Inc.). The resulting images were analyzed by WinRHIZO Pro root

analysis software (Version 2012b; Regent Instruments Inc., Québec

City, QC, Canada) for root morphological traits, including total root

length (RL), root surface area (RA), root average diameter (RD), root

volume (RV), root tips (RT), root forks (RF), and root crossings (RC).

Specific root length (SRL), specific root area (SRA), and specific root

volume (SRV) were calculated by dividing RL by RDM, RA by RDM,

and RV by RDM, respectively. Root length density (RLD; RL per unit

soil volume), root tissue density (RTD; RL per unit RV), and RA-to-

LA ratio (RLR) were also calculated.
2.5 Determination of soil nutrient contents

Soil samples collected from the rhizosphere of maize plants were

air-dried, sieved through a 1-mm screen. To determine soil available

nitrogen (SAN) content, 2 g of soil sample was extracted in 10.0 ml of

1.8 M NaOH solution, and the SAN was determined by the digital

burette method (Brand titrette, Germany) where 2 ml of 2% H3BO3

was used as an indicator. For analyzing soil available phosphorus

(SAP) content, 2.5 g of soil sample was extracted in 50.0 ml of 0.5 M

NaHCO3 solution (pH 8.5), and the SAP was determined by a UV-

Visible spectrophotometer (UV-2450, Shimadzu, Japan) at 880 nm.

To measure soil available potassium (SAK) content, 5 g of soil sample

was digested with 50 ml of 1 M NH4OAc solution (pH 7.0), and

the SAK was determined by a flame photometer (PFP7; Jenway, UK).

For soil exchange calcium (SECa) determination, 5 g of soil sample

was extracted in 50 ml of NH4Cl–70% C2H5OH solution (pH 8.5),

and the SECa was determined by an atomic absorption

spectrophotometer (Z-2000, Hitachi, Japan). Soil cation exchange

capacity (CEC) was determined by the HCl-Ca(OAc)2 extraction

method at pH 8.2. The size of soil available nutrient pools was

calculated as the sum of soil available or exchange nutrients and

plant total nutrient accumulation.
frontiersin.org
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2.6 Statistical analysis

Two-way analysis of variance (ANOVA) was carried out showing

the effect of the biochar ([B]) and irrigation regime ([I]), as well

as their interaction, i.e., [B] × [I]. Further one-way ANOVA and

Tukey’s multiple range tests with a 5% confidence level were applied

when there was a significant interaction between the independent

variables. ANOVA was conducted with IBM SPSS Statistics 23 (SPSS

Inc., New York, USA) and the significance analysis of correlation

was assessed using Pearson’s product-moment correlation. Pearson

correlation was used to evaluate the relationships between

aboveground and belowground variables via the correlation

heatmap of genescloud tool (https://www.genescloud.cn). Principal

component analysis (PCA) was further performed on all the

parameters by the ORIGIN-Pro 2021 software (OriginLab Inc.,

Northampton, Massachusetts, USA).
3 Results

3.1 Root morphological traits

Table 2 shows that total RL, RA, RD, RV, RT, RF, and RC of maize

plants were significantly greater under biochar compared to non-

biochar controls. RLD was solely affected by biochar treatment

(Table 3), being greater for biochar-amended plants than for non-

biochar plants. All these effects of biochar on root morphological

traits were more evident with WSP. However, SRL, RTD, SRA, and

SRV were not affected (Table 3). Interestingly, there was a clear

tendency that reduced irrigation treatments increased RTD in relation

to FI (Table 3).
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3.2 Soil available nutrient pools and cation
exchange capacity status

Table 4 showed the effects of biochar and irrigation treatment on

soil available nutrients. SAN was not affected by either biochar

addition or irrigation treatment. It was found that SAP was solely

affected by biochar addition, where a significant reduction in SAP was

found in the biochar treatments, particularly with the addition of

WSP. However, there was an interaction between biochar addition

and irrigation treatment on SAP. The trend for SAK and SECa to be

affected by biochar addition was consistent, both having the highest

values in the WSP. However, in the irrigation treatment, compared to

FI, reduced irrigation significantly decreased SAP but increased SAK.

In addition, there was a significant two-way interaction on SECa. SAN

pool was significantly affected by two principal factors (Figure 1A),

viz., biochar amendment, particularly WSP, increased SAN pool

compared to unamended soils; regardless of biochar amendment, FI

treatment had greater SAN pool than did reduced irrigation, and the

SAN pool under PRD was slightly higher concerning DI (Figure 1A).

However, compared to the unamended soils, biochar amendment,

particularly WSP, remarkably decreased SAP pool (Figure 1B).

Reduced irrigation especially PRD reduced SAP pool compared to

FI (Figure 1B). SAK pool was significantly increased by WSP addition

compared to the unamended soils (Figure 1C). Regardless of biochar

amendment, FI led to greater SAK pool in relation to the reduced

irrigation treatments (Figure 1C). Likewise, WSP significantly

increased SACa pool than the unamended soils (Figure 1D).

Compared to FI, reduced irrigation significantly increased SACa

pool (Figure 1D). Moreover, there were interactive effects between

biochar addition and irrigation treatment on SAP, SAK, and SACa

pool (Figures 1B–D)
TABLE 2 The effects of treatments and output of two-way ANOVA for total root length (RL), area (RA), diameter (RD), volume (RV), tips (RT), forks (RF),
and crossings (RC) of maize plants.

Biochar
(B)

Irrigation
(I)

RL
(m)

RA
(cm2)

RD
(mm)

RV
(cm3)

RT
(k plant-1)

RF
(k plant-1)

RC
(k plant-1)

Control

FI 48.53 ± 13.46 627.03 ± 197.56 2.37b ± 0.43 8.81d ± 2.30 14.29 ± 4.96 23.78 ± 10.88 3.18 ± 16.11

PRD 66.06 ± 11.19 912.34 ± 105.35 3.22b ± 0.40 10.59cd ± 0.79 25.61 ± 5.12 35.36 ± 4.93 5.31 ± 10.59

DI 73.81 ± 4.60 1,007.20 ± 72.38 3.36ab ± 0.49 11.43cd ± 0.88 26.72 ± 0.80 41.20 ± 2.76 6.54 ± 0.75

SWP

FI 71.66 ± 9.87 1,290.32 ± 131.13 4.50ab ± 0.45 19.43abc ± 1.60 27.28 ± 5.04 43.79 ± 7.93 5.28 ± 1.13

PRD 90.24 ± 15.07 1,327.84 ± 150.09 4.05ab ± 0.46 17.21bcd ± 1.68 27.00 ± 4.80 52.12 ± 9.88 8.48 ± 2.25

DI 57.53 ± 14.59 873.16 ± 181.53 2.47b ± 0.48 11.03cd ± 1.90 22.25 ± 1.43 35.23 ± 5.94 5.57 ± 1.20

WSP

FI 116.25 ± 22.15 1,989.28 ± 309.38 5.90a ± 1.04 28.79a ± 3.62 39.95 ± 5.68 67.86 ± 12.21 8.63 ± 2.12

PRD 134.87 ± 17.64 1,939.19 ± 233.92 4.64ab ± 0.64 24.12ab ± 2.91 41.83 ± 5.02 81.79 ± 10.03 14.31 ± 0.02

DI 99.10 ± 25.95 1,458.74 ± 260.55 3.58ab ± 0.32 18.71abcd ± 2.05 32.54 ± 8.16 60.04 ± 15.92 9.87 ± 3.37

Output of two-way ANOVA (p-value)

Biochar (B) *** *** ** *** ** *** **

Irrigation (I) ns ns ns ns ns ns ns

B * I ns ns * * ns ns ns
f

The treatments are different biochar (Control, SWP, and WSP) and irrigation (FI, DI, and PRD).
Values are the mean ± standard error (n = 4). *, **, and *** indicate significant levels at p< 0.05, p< 0.01, and p< 0.001, respectively. ns indicates no statistical significance. Different letters following the
mean indicate significant differences between treatments at the p< 0.05 level by Tukey’s test. k stands for 1000.
rontiersin.org

https://www.genescloud.cn
https://doi.org/10.3389/fpls.2023.1122742
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wan et al. 10.3389/fpls.2023.1122742
Soil CEC varied among biochar treatments (Figure 2), being

greater for biochar amendment than for unamended soils.

Although irrigation treatment alone had no obvious effect on CEC,

a significant interactive effect between the main factors on CEC was

observed (Figure 2).
3.3 Nutrient acquisition in plant organs and
whole plants

Nutrient concentrations for each organ of maize plants are shown

in Table 5. Both [N]leaf and [N]root were significantly influenced by

biochar addition and irrigation treatment; [N]stem was significantly

affected only by biochar amendment. Interestingly, regardless of

irrigation treatment, biochar amendment decreased N concentration

in all organs relative to the unamended controls. Across the biochar

treatments, reduced irrigation increased [N]leaf and [N]root than did FI,

and PRD had greater value than that of DI treatment while the [N]root
was the opposite.

[P]leaf, [P]stem, and [P]root were affected by biochar addition,

where the biochar-added plants had greater [P] in each of the

organs than the unamended plants except in root, and plants

grown under SWP possessed higher [P]leaf, [P]stem, and [P]root than

those grown under WSP. Irrigation treatment had a significant effect

on [P]leaf, where reduced irrigation decreased [P]leaf, and the

reduction was more evident under DI. In addition, there was a

significant interactive effect between two main factors on [P]stem.

Plants grown under biochar amendment possessed greater [K]leaf
than those grown under unamended soils. Plants watered with

reduced irrigation had considerably higher [K]leaf than those

watered with FI, and had much higher [K]leaf in PRD than in DI.
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For [K]stem, biochar-added plants had superior [K]stem compared to

unamended plants, and SWP plants possessed higher [K]stem than

WSP. When analyzed across the biochar addition, reduced irrigation

especially DI increased [K]stem compared to FI. Moreover, biochar-

added plants had higher [K]root compared to unamended plants,

especially with WSP amendment.

Plants grown under biochar addition possessed lower [Ca]leaf,

[Ca]stem, and [Ca]root compared to those grown under unamended

soils, particularly with SWP amendment. Among the three irrigation

treatments, both [Ca]leaf and [Ca]stem were the highest in plants

grown under FI, followed by PRD, with DI being the lowest.

Conversely, for [Ca]root, PRD plants were the highest, followed by

DI plants, with FI plants being the lowest.

As expected, PTN, PTP, PTK, and PTCa were significantly

affected by biochar treatments (Figure 3), being greater on biochar-

added plants than on non-biochar plants. Moreover, regardless of

biochar amendment, reduced irrigation significantly decreased PTP

in relation to FI, and a decreased trend was more pronounced with

DI treatment.
3.4 Leaf area, plant biomass production, and
distribution

Biochar addition especially WSP significantly increased the LA of

maize plants than non-biochar controls (Table 6). Plants grown under

PRD and DI possessed lower LA than those grown under FI, and LA

was greater under PRD compared to DI. SLA was significantly

affected by biochar treatment (Table 6), being lower on biochar-

amended plants than on non-biochar plants. LDM was significantly

affected by two main factors (Table 6). As expected, compared to non-
TABLE 3 The effects of treatments and output of two-way ANOVA for specific root length (SRL), root length density (RLD), root tissue density (RTD),
specific root area (SRA), and specific root volume (SRV) of maize plants.

Biochar
(B)

Irrigation
(I)

SRL
(m g−1)

RLD
(m L−1)

RTD
(g cm−3)

SRA
(cm2 g−1)

SRV
(cm3 g−1)

Control

FI 17.82 ± 1.64 4.71 ± 1.73 0.32 ± 0.07 247.49 ± 48.28 3.50 ± 0.54

PRD 19.70 ± 1.79 8.26 ± 1.40 0.33 ± 0.06 283.25 ± 38.16 3.43 ± 0.68

DI 18.60 ± 2.96 9.23 ± 0.58 0.38 ± 0.07 254.48 ± 42.66 2.89 ± 0.49

SWP

FI 12.28 ± 0.33 8.96 ± 1.23 0.30 ± 0.03 224.80 ± 9.03 3.44 ± 0.29

PRD 16.27 ± 2.13 11.28 ± 1.88 0.32 ± 0.03 242.23 ± 12.78 3.19 ± 0.30

DI 15.42 ± 3.18 7.19 ± 1.82 0.36 ± 0.03 239.72 ± 46.28 3.08 ± 0.59

WSP

FI 14.31 ± 1.68 14.53 ± 2.77 0.28 ± 0.03 248.41 ± 21.46 3.65 ± 0.29

PRD 17.90 ± 0.98 16.86 ± 2.20 0.31 ± 0.02 258.69 ± 16.39 3.22 ± 0.23

DI 16.31 ± 2.91 12.39 ± 3.24 0.32 ± 0.03 247.76 ± 27.11 3.27 ± 0.36

Output of two-way ANOVA (p-value)

Biochar (B) ns *** ns ns ns

Irrigation (I) ns ns ns ns ns

B * I ns ns ns ns ns
fr
The treatments are different biochar (Control, SWP, and WSP) and irrigation (FI, DI, and PRD).
Values are the mean ± standard error (n = 4). *** indicates significant levels at p< 0.001. ns indicates no statistical significance.
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biochar plants, biochar-amended plants had significantly greater

LDM. FI plants had higher LDM than reduced irrigation plants,

which was slightly greater in PRD than in DI. StemDM, FDM, and

ShootDM were affected significantly by biochar addition (Table 6),

where WSP plants had the highest StemDM, FDM, and ShootDM,

followed by SWP plants, with the non-biochar plants being the lowest.

Also, the trend of change in RDM was the same for ShootDM

(Table 6). RSR varied among biochar treatments (Table 6), being

lower on biochar-amended plants than on non-biochar plants.
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3.5 Relationships between different traits of
soil–plant systems

The maize leaf Narea-to-root Nlength ratio varied among biochar

treatments (Table 7), being greater on biochar-amended plants than

on non-biochar plants, especially with WSP addition. The plants

grown in the reduced irrigation treatments possessed higher RLR than

those grown in FI (Table 7), and RLR was greater under PRD

compared to DI. RSR was significantly affected by biochar

treatments (Table 7), where biochar addition particularly with WSP

caused lower RSR compared to the non-biochar controls.

All data were divided into aboveground traits, belowground traits,

and resource possession for analysis by correlation heatmap. The

results are presented in Figure 4. RL, RA, RD, RV, RT, RF, RC, and

RLD were negatively correlated to N, P, K (except leaf), and Ca

concentrations in maize aboveground organs, but were positively

correlated to PTN, PTP, PTK, and PTCa. Likewise, SAN pool, SAK

pool, and SACa pool were positively correlated to PTN, PTP, PTK,

and PTCa. SAP pool negatively affected nutrient concentrations in

aboveground organs (except leaf). SRL and SRA were positively

correlated to SLA but negatively correlated to leaf Narea. RDM and

leaf Narea-to-root Nlength ratio were positively correlated to LA, LDM,

StemDM, and ShootDM. RSR was positively correlated to RTD and

RLR but negatively correlated to LA, LDM, StemDM, and ShootDM.

RLR was negatively correlated to FDM.

PCA showed that biochar treatment separated all the measured

variables into distinct clusters, while irrigation treatment marginally

seemed to have an impact (Figure 5). On the PCA plot, PC1 and PC2

explained 48.4% and 11.7% of the variation, respectively. PC1 isolated

biochar addition on the right side of the plot; non-biochar control was

isolated on the left side of the plot. Specifically, RL, RA, RD, RV, RT,

RF, RC, RLD, RLR, CEC, SAN pool, SAK pool, SACa pool, PTN, PTP,

PTK, PTCa, LA, leaf Narea, leaf Narea-to-root Nlength ratio, LDM,

StemDM, FDM, ShootDM, [K]leaf, and [K]root contributed to biochar

clustering, while the concentrations of the other nutrients in the

aboveground organs, SAP pool, SLA, and RSR strongly facilitated

non-biochar clustering.
FIGURE 2

Soil cation exchange capacity (CEC) status of maize plants exposed to
different biochar (Control, SWP, and WSP) and irrigation (FI, DI, and
PRD) treatments. Values are the mean ± standard error (n = 4). * and
** indicate significant levels at p< 0.05 and p< 0.01, respectively. ns
indicates no statistical significance. Different letters in the bars indicate
significant differences between treatments at the p< 0.05 level by
Tukey’s test.
D
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FIGURE 1

(A) Soil available N pool (SAN pool), (B) soil available P pool (SAP pool),
(C) soil available K pool (SAK pool), and (D) soil available Ca pool (SACa
pool) of maize plants exposed to different biochar (Control, SWP and
WSP) and irrigation (FI, DI, and PRD) treatments. Values are the mean
± standard error (n = 4). * and *** indicate significant levels at p< 0.05
and p< 0.001, respectively. ns indicates no statistical significance.
Different letters in the bars indicate significant differences between
treatments at the p< 0.05 level by Tukey’s test.
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4 Discussion

4.1 Biochar and reduced irrigation affected
root morphology, nutrient uptake, and their
implications in altering shoot growth

The roots are critical in converting and cycling nutrients in the

soil–plant system. Numerous studies have demonstrated the effects of

biochar on the roots firstly due to its rich microscopic pore structure

and physicochemical properties. For instance, biochar addition

significantly lowered the soil bulk density while increasing the total

porosity, providing ample space for roots to grow and facilitating

root penetration and extension (Oguntunde et al., 2008). Biochar

tends to be alkaline in nature and may increase the pH of the soil,

which is conducive to promoting root development, particularly in

acidic soils (Yuan and Xu, 2011). In addition, the salutary effects of

biochar on microbiological activities could potentially affect the

rhizosphere environment and hence root growth (Warnock et al.,

2007). Other researchers have found that biochar may release small

molecules such as ethylene or produce hormone-like substances

(Fulton et al., 2013), which might affect root secretions, thus

stimulating and interfering with root physiological processes.

Likewise, in this study, biochar amendment particularly WSP

modified root growth with respect to root morphological traits, as

indicated by the increased total RL, RA, RD, RV, RT, RF, RC, and

RLD, with a consequent increase in root biomass, which was further

amplified by PRD regime. As shown previously by Liu et al. (2022),

PRD may stimulate root metabolic capacity and root activity by

increasing the root N concentration and root C/N ratio; this response

may be related to root penetration under alternating wetting/drying

cycle of the soil (Chaves et al., 2003). All these effects induced by the
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PRD regime could contribute to root growth, especially combined

with WSP amendment.

Biochar amendment has been observed to have significant effects

on the rhizosphere soil nutrient availability. In our present study,

compared to the unamended controls, SWP and especially WSP

amendment significantly increased SAN pool and CEC. These might

be correlated to biochar properties, especially in terms of N element and

CEC, where WSP possessed significantly higher values than SWP. The

higher CEC in soil under WSP addition could increase the inorganic N

content due to the fact that biochar can adsorb more NH+
4 -N and

strengthen the nitrification of NH+
4 -N into NO3-N (Xu et al., 2016). In

addition, the increased SAN pool in WSP-amended soil could

potentially be interpreted as lower N leaching or higher N

immobilization (Oladele et al., 2019), in which soil enzyme plays an

important role (Gao and Deluca, 2018). For instance, Song et al. (2020)

pointed out that wheat-straw biochar boosted the activities of b-
glucosidase and leucine aminopeptidase in maize rhizosphere soil,

and Gao and Deluca (2020) found that wood-based biochar

improved the relative abundance of bacterial amoA gene in the

rangeland ecosystem, which contributed to the immobilization of N.

Moreover, these superior properties of biochar regarding porosity and

specific surface area could enhance nutrient transport through diffusion

and/or mass flow (Oladele et al., 2019).

Previous studies have found that soil P availability was connected to

pH and that the high pH of biochar is generally caused by metal oxides

and carbonates with high P adsorption capacity, such as oxide forms of

Ca, Mg, Fe, and Al (Karunanithi et al., 2017); thus, P at neutral pH may

be relatively more effective. After mixing biochar and soil, P ion

precipitate with free Ca2+ and Mg 2+ is released from the biochar or

co-precipitate with mixed mineral complexes (Al-Si-Fe-Ca) on the

biochar surface (Shepherd et al., 2017). In the present study, WSP
TABLE 4 The effects of treatments and output of two-way ANOVA for soil available N (SAN), soil available P (SAP), soil available K (SAK), and soil exchange
Ca (SECa) content.

Biochar
(B)

Irrigation
(I)

SAN
(g pot−1)

SAP
(g pot−1)

SAK
(g pot−1)

SECa
(g pot−1)

Control

FI 0.14 ± 0.01 0.47a ± 0.02 1.22 ± 0.04 7.34c ± 0.16

PRD 0.13 ± 0.01 0.30b ± 0.04 0.97 ± 0.09 7.96bc ± 0.36

DI 0.14 ± 0.01 0.37ab ± 0.04 1.13 ± 0.05 7.57bc ± 0.08

SWP

FI 0.13 ± 0.00 0.29b ± 0.03 1.06 ± 0.0 6 7.67bc ± 0.63

PRD 0.14 ± 0.01 0.33ab ± 0.01 1.09 ± 0.06 7.56bc ± 0.30

DI 0.13 ± 0.00 0.36ab ± 0.03 1.00 ± 0.07 7.41bc ± 0.37

WSP

FI 0.12 ± 0.01 0.28b ± 0.02 2.10 ± 0.08 7.55bc ± 0.32

PRD 0.13 ± 0.01 0.25b ± 0.05 1.88 ± 0.14 9.10ab ± 0.47

DI 0.14 ± 0.01 0.23b ± 0.03 1.74 ± 0.08 10.80a ± 0.26

Output of two-way ANOVA (p-value)

Biochar (B) ns *** *** ***

Irrigation (I) ns ns * **

B * I ns * ns ***
f

The treatments are different biochar (Control, SWP, and WSP) and irrigation (FI, DI, and PRD).
Values are the mean ± standard error (n = 4). *, **, and *** indicate significant levels at p< 0.05, p< 0.01, and p< 0.001, respectively. ns indicates no statistical significance. Different letters following the
mean indicate significant differences between treatments at the p< 0.05 level by Tukey’s test.
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possesses greater pH and alkali metal ions, and the possible presence of

carbonate and calcite might enhance P absorption capacity, hereby

reducing SAP pool. Compared to WSP, SWP possessed higher C

content, which may result in a potentially higher aromatic C, less

crystalline mineral phases, and a more neutral pH. Our previous

results reported that P sorption and release may co-occur in SWP

addition (Bornø et al., 2018), consistent with the findings obtained

here. Therefore, the effect of biochar on SAP depends on the feedstock

of biochar.

WSP amendment caused greater SAK pool than the unamended

soils, whereas there was no such effect with the addition of SWP, in good

agreement with previous results reported by Liu et al. (2022). Generally,

biochar possesses ash that can facilitate the electrostatic attraction of K+

on the surface of the biochar–soil matrix, thereby reducing K+ leaching

losses (Liu et al., 2021), and most of the K incidental to biochar can

usually be absorbed by plants as available K. It has been shown that

biochar could enhance water-soluble and exchangeable K in the soil

(Oram et al., 2014). Furthermore, biochar amendment could contribute

to the dissolution of soil K-containing minerals through pH-mediated

increases in soil microbial biomass and enzyme activity (Rahimzadeh

et al., 2015), which consequently increased SAK content. Therefore, in

the present study, the greater SAK pool generated with the added WSP
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than SWP was attributed to the higher ash fraction, pH, and CEC status

of WSP, which would stimulate the activities of microorganisms and

enzymes engaged in the mobilization and/or metabolic processes of K in

soil (Gao and Deluca, 2018).

The SACa pool responded similarly to biochar application as SAK

pool, in line with the result reported by Lehmann et al. (2003). The WSP-

induced increase in the SACa pool could be attributed to its higher CEC. In

other words, the direct cation release from biochar dominated the water-

soluble Ca in the mixture, thus affecting Ca availability (Xu et al., 2013).

Moreover, the large amount of Ca contained in the WSP with soluble P in

the mixture may reduce the leaching and transport of available Ca, thus

increasing the bioavailability of Ca in the soil (Major et al., 2009).

In addition to biochar, soil nutrient availability might also be

influenced by soil water dynamics. The reduction process in soil

moisture could reduce nutrient diffusion from the soil matrix to the

soil solution, especially for the less mobile nutrients such as P and K

(Ghosh et al., 2020). In the present study, we found that SAP appeared

to be less affected by soil moisture, in agreement with the results of

our previous study (Liu et al., 2022), which may be related to soil type,

irrigation regimes, and drought intensity. Mayakaduwage et al. (2021)

reported that this effect was modulated by the form in which P was

added, and the addition of inorganic P resulted in a high
TABLE 5 The effects of treatments and output of two-way ANOVA for [N]leaf, [N]stem, [N]root, [P]leaf, [P]stem, [P]root, [K]leaf, [K]stem, [K]root, [Ca]leaf, [Ca]stem,
and [Ca]root of maize organs.

Biochar
(B)

Irrigation
(I)

[N]leaf
(g

kg−1)

[N]
stem

(g
kg−1)

[N]root
(g

kg−1)

[P]leaf
(g

kg−1)

[P]stem
(g

kg−1)

[P]root
(g

kg−1)

[K]leaf
(g

kg−1)

[K]stem
(g

kg−1)

[K]root
(g

kg−1)

[Ca]leaf
(g

kg−1)

[Ca]
stem

(g
kg−1)

[Ca]root
(g kg−1)

Control

FI
25.64 ±
0.35

18.96 ±
1.43

18.88 ±
1.44

5.34 ±
0.50

4.07a ±
0.16

2.35 ±
0.17

13.50 ±
0.30

16.43 ±
0.67

10.03 ±
0.99

11.55a ±
0.60

3.38a ±
0.28

10.03b ±
0.99

PRD
24.32 ±
0.85

16.86 ±
1.24

18.88 ±
0.40

4.32 ±
0.24

3.90a ±
0.19

2.64 ±
0.09

14.11 ±
0.70

18.44 ±
1.20

14.29 ±
0.52

9.36b ±
0.51

2.58b ±
0.21

14.29a ±
0.52

DI
23.84 ±
0.28

17.42 ±
1.80

19.50 ±
0.92

3.35 ±
0.06

3.71ab ±
0.11

2.69 ±
0.28

14.64 ±
0.34

18.34 ±
0.54

12.69 ±
0.35

7.60bc ±
0.43

2.49b ±
0.13

12.69ab ±
0.35

SWP

FI
25.32 ±
1.34

13.48 ±
0.38

17.72 ±
0.55

4.45 ±
0.21

3.32bc ±
0.10

2.53 ±
0.06

13.59 ±
0.46

13.97 ±
0.78

11.04 ±
0.31

7.91bc ±
0.40

2.33b ±
0.09

11.04b ±
0.31

PRD
23.45 ±
0.73

14.33 ±
0.24

20.27 ±
0.74

3.52 ±
0.21

3.21bc ±
0.05

2.81 ±
0.20

14.51 ±
0.32

15.14 ±
0.21

12.15 ±
0.20

6.90cd ±
0.43

2.06bc ±
0.05

12.15ab ±
0.20

DI
21.41 ±
0.36

15.19 ±
0.55

20.50 ±
0.50

3.75 ±
0.40

3.67ab ±
0.07

2.60 ±
0.27

15.46 ±
0.24

16.92 ±
0.46

11.61 ±
0.67

7.82bc ±
0.46

2.48b ±
0.21

11.61ab ±
0.67

WSP

FI
23.84 ±
0.20

13.17 ±
0.31

14.13 ±
0.83

3.53 ±
0.17

3.25bc ±
0.10

2.14 ±
0.21

14.14 ±
0.65

13.38 ±
0.47

10.04 ±
0.92

6.24cd ±
0.34

1.99bc ±
0.05

10.04b ±
0.92

PRD
21.41 ±
0.61

13.78 ±
0.25

15.35 ±
0.76

2.98 ±
0.10

2.95cd ±
0.07

2.03 ±
0.09

15.37 ±
0.67

14.84 ±
0.36

9.81 ±
0.61

6.45cd ±
0.22

1.92bc ±
0.16

9.81b ±
0.61

DI
18.80 ±
0.73

13.22 ±
0.20

17.11 ±
0.69

2.68 ±
0.15

2.65d ±
0.08

2.38 ±
0.08

18.02 ±
0.36

13.90 ±
0.59

11.39 ±
0.99

5.16d ±
0.22

1.56c ±
0.04

11.39ab ±
0.99

Output of two-way
ANOVA (p-value)

Biochar (B) *** *** *** *** *** ** *** *** ** *** *** **

Irrigation (I) *** ns ** *** ns ns *** ** ns *** ** **

B * I ns ns ns ns ** ns ns ns ns *** * *
fro
The treatments are different biochar (Control, SWP, and WSP) and irrigation (FI, DI, and PRD).
Values are the mean ± standard error (n = 4). *, **, and *** indicate significant levels at p< 0.05, p< 0.01, and p< 0.001, respectively. ns indicates no statistical significance. Different letters following the
mean indicate significant differences between treatments at the p< 0.05 level by Tukey’s test.
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concentration of labile phosphate after weeks of submergence.

Therefore, our findings suggested that the soil available nutrient

pools were a better representation of soil nutrient availability than

single soil available nutrients, where reduced irrigation treatments

significantly lowered soil available nutrient pools besides available Ca.

It is known that plants grow more slowly under reduced irrigation

than under well-water treatment, and this might minimize plant

demand for water and nutrients, leading to a buildup of soil organic C

and N with a slowdown decomposition of organic matter (Abadıá

et al., 2021) and, consequently, a marked decline in microbial

activities. These manifestations represent a substantial suppression
Frontiers in Plant Science 10119
of soil biological activity under restricted irrigation conditions, which

would negatively affect the mineralization process of soil minerals,

thereby weakening soil nutrient availability (Wang et al., 2017).

Generally, improvements in soil nutrient availability especially in

the case of increased root morphological parameters would facilitate

plant accessibility to the available nutrients and consequently increased

the accumulation of nutrients in the plant (Gahoonia and Nielsen,

2004). Echoing this, SWP and particularly WSP amendment

significantly increased PTN, PTP, PTK, and PTCa uptake, which

were positively correlated to root morphology (i.e., RL, RA, RD, RV,

RT, RF, RC, and RLD) and soil available nutrient pools (i.e., SAN,

SAK, and SACa pool), implying that the modified root morphology

and increased soil nutrient availability with biochar amendment could

independently and/or synergistically promote plant total nutrient

uptake and that the effect of root morphology is relatively more

pronounced. These changes in the roots may be a deep-seated

mechanism for increased PTP despite the reduction in SAP.

Interestingly, previous studies have suggested that nutrient uptake

might be positively correlated to plant biomass (Chen et al., 2021).

Consistent with this, here, biochar amendment especially WSP

increased ShootDM, which was closely associated with plant total

nutrient uptake. Overall, plants grown under biochar combined with

PRD tended to pursue an acquisition strategy by modifying root traits.

Thus, the modified root morphology and increased soil available

nutrient pools, and consequently the greater plant nutrients status,

might have facilitated the improved shoot growth and yield of maize in

biochar-added soils compared to the unamended soils.

Furthermore, soil available nutrients appeared to have strong

relationships with root morphological traits. In natural ecosystems,

there was evidence confirming their connectedness, with soil nutrient

availability being able to adequately nourish the dynamic

performance of roots (Vogt et al., 1995). However, our experiment

created relatively limited space belowground; thus, whether root traits

were dominated by soil available nutrients under such conditions is

unclear and needs to be further explored under field conditions.
4.2 The allometric relationships between
aboveground and belowground traits under
biochar and reduced irrigation regimes

Biochar amendment has been shown to modulate leaf development

(Liu et al., 2022). Here, we found that the plants grown under biochar

addition increased LA but depressed SLA compared to the non-biochar

plants; similar findings were shown by Olmo et al. (2014). Furthermore,

Niinemets (1999) reported that SLA was negatively correlated to leaf

thickness, suggesting a corresponding increase in leaf thickness when

SLA was reduced; this enables one to interpret that biochar addition

promoted leaf thickness and facilitated plant adaptation to changing

water-scarce environments (Galmes et al., 2007).

The allometric relationships of aboveground and belowground traits

in response to water and fertility constraints are extremely important for

deciphering the strategies of plants to cope with multiple environments

(Carmona et al., 2021). For instance, here the SLA was positively

correlated to SRL and SRA, which depends on plant competition for

specific nutrients and/or light effectiveness (Liu et al., 2017). This may
D

A

B

C

FIGURE 3

(A) Plant total N uptake (PTN), (B) plant total P uptake (PTP), (C) plant
total K uptake (PTK), and (D) plant total Ca uptake (PTCa) of maize
plants exposed to different biochar (Control, SWP, and WSP) and
irrigation (FI, DI, and PRD) treatments. Values are the mean ± standard
error (n = 4). * and *** indicate significant levels at p< 0.05 and p<
0.001, respectively. ns indicates no statistical significance.
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implicate that plant acquisition strategies for resources are synergistic

through aboveground and belowground. Moreover, in the present study,

the leaf Narea-to-root Nlength ratio increased with WSP amendment,

which facilitates plants to reduce fine root respiration rate under

drought conditions and thereby to increase root longevity (Eissenstat
Frontiers in Plant Science 11120
et al., 2000), while maintaining strong internal CO2 gradients to offset

prolonged stomatal closure (Wright and Westoby, 2002).

The decreased RSR was observed under biochar amendment,

especially under WSP. However, this result was not in accordance

with our expectation, which may be due to the fact that WSP
FIGURE 4

Heatmap of Pearson correlation coefficient between different traits of soil–plant systems across biochar and irrigation treatments. According to the
legend, the scale of the circles and the darkness of each box color correspond to R2 values; * indicates significant levels at p< 0.05. Increase and
decrease in abundance are indicated in the colored bar with green and brown, respectively.
TABLE 7 The effects of treatments and output of two-way ANOVA for [N]leaf per unit leaf (leaf Narea), [N]root per unit root length (root Nlength), leaf Narea-
to-root Nlength ratio (leaf Narea/root Nlength), root area-to-leaf area ratio (RLR), and root biomass-to-shoot biomass ratio (RSR) of maize plants.

Biochar
(B)

Irrigation
(I)

Leaf Narea

(g m−2)
Root Nlength

(mg m−1) Leaf Narea/Root Nlength RLR RSR

Control

FI 1.03 ± 0.04 1.74 ± 0.68 0.84 ± 0.24 0.54c ± 0.04 0.14 ± 0.04

PRD 0.91 ± 0.19 0.99 ± 0.10 0.91 ± 0.16 0.77bc ± 0.14 0.16 ± 0.02

DI 1.03 ± 0.07 1.12 ± 0.16 0.96 ± 0.11 1.09a ± 0.14 0.20 ± 0.03

SWP

FI 1.16 ± 0.07 1.45 ± 0.08 0.81 ± 0.08 0.76bc ± 0.07 0.15 ± 0.01

PRD 1.07 ± 0.03 1.30 ± 0.13 0.86 ± 0.11 0.82abc ± 0.05 0.17 ± 0.01

DI 0.91 ± 0.08 1.53 ± 0.32 0.65 ± 0.08 0.65bc ± 0.10 0.14 ± 0.01

WSP

FI 1.11 ± 0.03 1.02 ± 0.10 1.12 ± 0.11 0.62bc ± 0.08 0.13 ± 0.02

PRD 0.99 ± 0.03 1.14 ± 0.19 1.16 ± 0.09 1.11bc ± 0.23 0.13 ± 0.02

DI 1.05 ± 0.06 0.86 ± 0.05 1.00 ± 0.18 0.61ab ± 0.09 0.10 ± 0.01

Output of two-way ANOVA (p-value)

Biochar (B) ns ns * ns *

Irrigation (I) ns ns ns * ns

B * I ns ns ns * ns
fro
The treatments are different biochar (Control, SWP, and WSP) and irrigation (FI, DI, and PRD).
Values are the mean ± standard error (n = 4). * indicates significant levels at p< 0.05. ns indicates no statistical significance. Different letters following the mean indicate significant differences between
treatments at the p< 0.05 level by Tukey’s test.
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increased grain yield and resulted in higher total shoot biomass

and lower RSR. Therefore, RSR could not objectively represent

the actual ratio of water uptake to evapotranspiration in the

present study. This may also be an underlying factor in the

divergent results of many studies (Turner, 1996; Liu and Stützel,
Frontiers in Plant Science 12121
2004). Therefore, the balance between transpiration and absorption

capacity can be more scientifically expressed through the ratio of root

absorption area to leaf transpiration area (i.e., RLR). Here, compared

to FI, RLR was significantly increased under reduced irrigation

treatments, especially under PRD. The response of the RLR to

drought might be triggered by the absolute growth of the root

structure (Gazal and Kubiske, 2004), which provides a relationship

between the surface area of water uptake and transpiration losses

(Diaz-Espejo et al., 2012). This suggests a more conservative balance

between aboveground and belowground in PRD plants under the

same edaphic water limitation.
5 Conclusion

Collectively, the results of this study demonstrate that biochar

amendment could mitigate the partial adverse effects of reduced

irrigation. Particularly, WSP amendment combined with PRD

irrigation enhanced soil available N, K, and Ca pool and cation

exchange capacity status, with a tendency to engage the plant in an

acquisitive strategy by modifying root morphological traits, thereby

promoting plant total nutrient accumulation, shoot growth, and yield.

In addition, aboveground and belowground traits respond

synergistically to abiotic stresses in the environment created by the

co-creation of WSP and PRD, which is a considered reliable

agricultural strategy from the perspective of maize productivity and

soil nutrient availability in the face of both water deficit and soil

degradation. However, biochar amendment was found to adversely

affect soil available P pool. Accordingly, further research on P cycling

in the presence of biochar is needed in the future, especially the long-

term or field effects of biochar on soil available nutrients.
TABLE 6 The effects of treatments and output of two-way ANOVA for leaf area (LA), specific leaf area (SLA), leaf dry matter (LDM), stem dry matter
(StemDM), shoot dry matter (ShootDM), fruit dry matter (FDM), and root dry matter (RDM) of maize plants.

Biochar
(B)

Irrigation
(I)

LA
(cm2 plant−1)

SLA
(cm² g−1)

LDM
(g plant−1)

StemDM
(g plant−1)

FDM
(g plant−1)

ShootDM
(g plant−1)

RDM
(g plant−1)

Control

FI 1,124.75c ± 273.28 244.91 ± 6.41 4.59 ± 1.31 10.98 ± 1.86 4.15 ± 1.51 19.72 ± 4.65 2.60 ± 0.54

PRD 1,294.25bc ± 222.32 170.36 ± 19.03 4.50 ± 0.90 11.43 ± 1.41 5.50 ± 1.42 21.43 ± 3.60 3.56 ± 0.85

DI 969.50c ± 139.43 232.08 ± 4.46 4.18 ± 0.64 12.17 ± 1.00 5.55 ± 0.87 21.90 ± 2.10 0.85 ± 0.54

SWP

FI 2,032.00bc ± 93.30 219.15 ± 5.44 9.27 ± 0.56 20.15 ± 0.64 9.62 ± 1.85 39.04 ± 2.55 5.83 ± 0.78

PRD 1,622.50bc ± 151.64 217.42 ± 12.04 7.46 ± 0.81 15.85 ± 1.32 8.70 ± 1.25 32.00 ± 3.33 5.52 ± 0.72

DI 1,386.00bc ± 230.83 228.62 ± 20.52 6.06 ± 1.28 14.88 ± 2.50 6.72 ± 1.78 27.66 ± 5.50 3.99 ± 0.93

WSP

FI 3,148.25a ± 145.32 197.38 ± 13.42 15.95 ± 0.41 24.21 ± 2.91 23.01 ± 3.75 63.17 ± 1.06 8.07 ± 1.14

PRD 2,476.00ab ± 109.47 207.25 ± 1.25 14.54 ± 0.97 23.58 ± 0.97 18.61 ± 2.35 56.72 ± 1.55 7.50 ± 0.80

DI 2,377.65bc ± 136.19 179.89 ± 17.86 13.22 ± 0.63 25.46 ± 1.24 17.78 ± 1.34 56.45 ± 2.73 5.85 ± 0.66

Output of two-way ANOVA (p-value)

Biochar (B) *** *** *** *** *** *** **

Irrigation (I) * ns * ns ns ns ns

B * I * ns ns ns ns ns ns
The treatments are different biochar (Control, SWP, and WSP) and irrigation (FI, DI, and PRD).
Values are the mean ± standard error (n = 4). *, **, and *** indicate significant levels at p< 0.05, p< 0.01, and p< 0.001, respectively. ns indicates no statistical significance. Different letters following the
mean indicate significant differences between treatments at the p< 0.05 level by Tukey’s test.
FIGURE 5

Principal component analysis (PCA) of all the measured parameters on
maize plants grown under full (FI), deficit (DI), or partial root-zone drying
(PRD) irrigation without (Control) and with softwood (SWP) and wheat-
straw (WSP) biochar applied at 2%. The parameters are as follows:
aboveground traits (LA, SLA, LDM, StemDM, FDM, ShootDM, [N]leaf, [N]stem,
[P]leaf, [P]stem, [K]leaf, [K]stem, [Ca]leaf, [Ca]stem, and leaf Narea), belowground
traits (RDM, [N]root, [P]root, [K]root, [Ca]root, RL, RA, RD, RV, RT, RF, RC, SRL,
RLD, RTD, SRA, SRV, and root Nlength), and resource possession (CEC, SAN
pool, SAP pool, SAK pool, SACa pool, PTN, PTP, PTK, PTCa, RSR, RLR, and
leaf Narea/root Nlength). The black, blue, and green graphs represent FI, DI,
and PRD, respectively. The hollow and solid graphs represent non-biochar
controls and biochar additions, respectively.
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Low-level cadmium exposure
induced hormesis in peppermint
young plant by constantly
activating antioxidant activity
based on physiological and
transcriptomic analyses

Bin Wang1,2,3*, lvna Lin2,4, Xiao Yuan2, Yunna Zhu1,2,3,
Yukun Wang1,2,3, Donglin Li2,3, Jinming He1,3* and Yanhui Xiao1,2,3*

1Guangdong Provincial Key Laboratory of Utilization and Conservation of Food and Medicinal Resources
in Northern Region, Shaoguan University, Shaoguan, China, 2Henry Fok College of Biology and
Agriculture, Shaoguan University, Shaoguan, China, 3Shaoguan Aromatic Plant Engineering Research
Center, Shaoguan University, Shaoguan, China, 4College of Horticulture, South China Agricultural
University, Guangzhou, China
As one of the most toxic environmental pollutants, cadmium (Cd) has lastingly

been considered to have negative influences on plant growth and productivity.

Recently, increasing studies have shown that low level of Cd exposure could

induce hormetic effect which benefits to plants. However, the underlying

mechanisms of Cd-triggered hormesis are poorly understood. In this study, we

found that Cd stress treatment showed a hormetic effect on peppermint and Cd

treatment with 1.6 mg L-1 concertation manifested best stimulative effects. To

explore the hormesis mechanisms of Cd treatment, comparative transcriptome

analysis of peppermint young plants under low (1.6 mg L-1) and high (6.5 mg L-1)

level of Cd exposure at 0 h, 24 h and 72 h were conducted. Twelve of differentially

expressed genes (DEGs) were selected for qRT-PCR validation, and the expression

results confirmed the credibility of transcriptome data. KEGG analysis of DEGs

showed that the phenylpropanoid biosynthesis and photosynthesis were

important under both low and high level of Cd treatments. Interestingly, GO and

KEGG analysis of 99 DEGs specifically induced by low level of Cd treatment at 72 h

indicated that these DEGs weremainly involved in the pathway of phenylpropanoid

biosynthesis and their functions were associated with antioxidant activity. The

expression pattern of those genes in the phenylpropanoid biosynthesis pathway

and encoding antioxidant enzymes during 72 h of Cd exposure showed that low

level of Cd treatment induced a continuation in the upward trend but high level of

Cd treatment caused an inverted V-shape. The changes of physiological

parameters during Cd exposure were highly consistent with gene expression

pattern. These results strongly demonstrate that low level of Cd exposure

constantly enhanced antioxidant activity of peppermint to avoid oxidative

damages caused by Cd ion, while high level of Cd stress just induced a

temporary increase in antioxidant activity which was insufficient to cope with

lasting Cd toxicity. Overall, the results presented in this study shed a light on the

underlying mechanisms of the Cd-mediated hormesis in plant. Moreover, our
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study provided a safe method for the efficient utilization of mild Cd-contaminated

soil as peppermint is an important cash plant.
KEYWORDS

cadmium stress, hormesis effect, transcriptomic analysis, antioxidant system,
peppermint plant
Introduction

Farmland cadmium (Cd) pollution is a universal issue in many

countries especially developing countries (Yuan et al., 2021). For

example, it has been reported that Cd-contaminated soil covered an

area of more than 20% of the total farmland area in China (Tang et al.,

2016; Xie et al., 2021). Cd is one of the most toxic environmental

pollutants with a long biological half-life (Ismael et al., 2019; Yu et al.,

2022), which is concurred to give rise to continuously harmful effects

for farmland soil (Zhang et al., 2021). As a result, Cd ion can finally

enter into the human body through a contaminated food chain, due to

its high mobility from soil to plant and thus causing a Cd

accumulation in plant tissues (Clabeaux et al., 2011; Zhu et al.,

2018). The dietary ingestion of Cd-polluted foods causes severe Cd

toxicity for the human body, including growth inhibition and some

serious diseases (e.g. cardiovascular diseases, renal and gut and liver

damages, and even some cancers) (Jomova and Valko, 2011; Satarug

et al., 2011; Zhang and Reynolds, 2019; Lemaire et al., 2020).

Therefore, the remediation and utilization of Cd-contaminated

farmland soil via safe methods is an urgent and hard task, which is

distinguished from the remediation of other Cd-polluted soils such as

mine and urban soils, because it directly concerns the security and

quality of agricultural products.

Peppermint (Mentha piperita) is an oil producing plant from the

Lamiaceae family (Mahendran and Rahman, 2020). Previous studies

have been reported that peppermint plant has the ability to adapt and/

or resist Cd stress (Zheljazkov et al., 2006; Demrezen and Aksoy, 2010).

Essential oil is the major products of peppermint, which has wide

applications in the food and pharmaceutical and chemical industries

(Tholl, 2015). The extraction of essential oil without metals including

Cd from aromatic plant can be readily achieved by using some special

techniques such as steam distillation (Zheljazkov et al., 2006; Gautam

and Agrawal, 2017). Such reports indicate that planting aromatic plants

including peppermint may be a safe method for the utilization of Cd-

contaminated soils (Gautam and Agrawal, 2017). However, numerous

studies reported that Cd exposure had inhibitory effects on the growth

of most plants even under very low concentration, and thus resulting in

a reduced biomass (Liu et al., 2018; Michelle et al., 2019; Halim et al.,

2020; Zhu et al., 2021), which seriously restricts the yield of essential oil.

Therefore, it is essential to know whether and how different Cd

exposure levels influence the growth of peppermint plant.

The hormesis, a phenomenon improving plant life performance

under low Cd dosage, has been found in an increasing number of

plant species including some aromatic/medicinal plants (Carvalho

et al., 2020). For example, a low level (25 mg kg-1) of Cd exposure

promoted the growth and essential oil yield of sweet basil, but Cd
02125
treatments with high dosage resulted in adverse effects (Prasad et al.,

2011). In addition, the yield and quality of essential oil in lemongrass

were improved when the seedlings were grown on a heavy-metal-

contaminated soil in which Cd concentration was close to 50 mg kg-1,

but that was reduced when Cd concentration was exceeded 50 mg kg-1

(Gautam and Agrawal, 2017). Moreover, Cd exposure treatments at

Cd concertation varying from 0.37 mg kg-1 to 7.39 mg kg-1 promoted

the growth performance of Polygonatum sibiricum, a traditional

Chinese medicinal herb, with elevations in tuber biomass and plant

height, and Cd stress treatment under 0.37 mg kg-1 concertation had

the best stimulative effects on plant growth (Xie et al., 2021). And

therefore, the authors proposed that planting medicinal plants might

be a safe way for efficient utilization of low Cd-contaminated

farmland (Xie et al., 2021). Although Cd-induced hormesis is

observed in many plant species, the mechanisms mediated are

poorly understood.

Cd stress with high degree usually cause oxidative stress for plant

cells, because Cd ion can easily trigger excessive synthesis of reactive

oxygen species (ROS) or result in failure in scavenging ROS, which

will inevitably cause oxidative damages for the intracellular

biomacromolecules such as protein, lipid as well as nucleotide

(Yuan et al., 2013). Currently, it is suggested that Cd-induced

hormesis is closely related to the activation of antioxidant defense

system in plant (Jia et al., 2015; Muszyńska et al., 2018; Carvalho et al.,

2020; Makowski et al., 2020). For instance, the exposure of

Arabidopsis thaliana seedlings to a short-term Cd stress

significantly induced the activities of ascorbate peroxidase (APX),

catalase (CAT) and glutathione reductase (GR) (Carneiro et al., 2017).

The low level of Cd stress treatment induces the accumulation of

responded substances, such as anthocyanins, flavonoids, phenolics,

ascorbic acid and other free organic acids (Vinogradova and Glukhov,

2021), they are known non-enzymatic antioxidants in plants. These

reports suggest that improving antioxidant activity to scavenge ROS is

highly associated with hormetic effects in plant, and its mechanism

investigation is of great significance. However, the activation mode of

antioxidant system induced by Cd stress remains unclear. Firstly,

which concentrations of Cd treatment are antioxidants induced: all

Cd treatments? Secondly, are they activated in a transient manner or

in a sustained manner? Thirdly, at what levels are different

antioxidants induced: protein or gene level, or both? Fourthly, how

are different antioxidants induced: all at the same time or in a

specific pattern?

The objective of this study was to explore Cd-induced hormesis

effects and to reveal the possible mechanisms involved in that through

analyzing physiological and transcriptomic responses of peppermint

young plants in response to different degrees of Cd stress. The results
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presented in this work would provide helpful information for

understanding the mechanisms underlying Cd-induced hormesis

effects. Moreover, this study put forward a safe and efficient way

for the utilization of Cd-contaminated farmland soil.
Materials and methods

Plant materials and experimental design

Peppermint (Mentha piperita cv hengjing gaoyou) from the

variety of “Shanghai 9” is an excellent clone with strong lodging

resistance and high essential oil yield, which has a huge advantage for

the industrial application.

Rooted cuttings of peppermint were employed to investigate the

hormesis effects induced by Cd treatment in this study. Peppermint

young plants were cultured by using the method of cuttage at

Shaoguan university in March 2019 in Shaoguan, China. 1-week-

old rooted cuttings were moved to a vessel and incubated within 1/2

Hoagland solution for one week for acclimatization. Young plants

were grown in hydroponics containing Hoagland solution

supplemented with different concentrations of Cd ion (CdCl2,

Aladdin, China). The final concentrations of Cd ion in each

treatment are as follows: 0 mg L-1 (control), 0.8 mg L-1, 1.6 mg L-1,

3 mg L-1 or 6.5 mg L-1, respectively. During different concentrations

of Cd stress treatment, peppermint leaves were collected at 0 h, 24 h

and 72 h for further investigations. Each treatment was performed

three times, and contained a total of 54 clones (18 clones for each

biological replicate), and 6 clones from three replicates were collected

at each sampling point. Harvested leaf samples were quickly frozen

with liquid nitrogen and stored at -80 °C for subsequent experiments.
Determination of plant growth performance

The growth performance of peppermint young plants was

assessed when the rooted cuttings were exposed in different

concentrations of Cd solutions for 7 days. Before assessment, root

system of fresh young plants was washed with tap water and soaked

into a CaCl2 solution (10 mmol L-1) to remove and dissolve the

residual Cd. The roots were washed for three times. Residual moisture

on the surface of young plants was removed using clean tissues. The

plant height was determined using a dividing rule and the number of

lateral branches was recorded. The root system of peppermint young

plants was scanned using a MICROTEK scanner (MRS-9600 TFU2L,

China) following a standard flow. The fresh and dry weight of leaves,

shoots and roots were respectively evaluated using an electronic

balance. Before the measurement of dry weight, peppermint organs

were dried to a constant weight in an oven (at 70 °C). Each

measurement was carried out three times using different samples.
Hormetic analysis of Cd treatments

Hormetic analysis for fresh weight response variable of the whole

plant of peppermint young plants was performed with the model

developed by Brain and Cousens (1989).
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RNA extraction, cDNA library construction
and Illumina sequencing

Total RNA of peppermint samples was extracted using a

RNAprep Pure Plant Plus Kit (Tiangen, China) basing on the

manufactory’s instructions. The concentrations of total RNA were

measured with a NanoDrop 2000 spectrophotometer (Thermo, USA).

The purity and integrity of RNA were checked by an Agilent

Bioanalyzer 2100 system (Agilent Technologies, USA) and 1.0%

denaturing agarose gels, respectively. The cDNA library

construction and RNA sequencing were performed in the

Biomarker Biotechnology Corporation (Beijing, China). A total of

21 cDNA libraries were constructed using an Illumina TruSeqTM

RNA Sample Preparation Kit (Illumina, USA) following the

manufacturer’s recommendations. All libraries were sequenced

using the Illumina system HiSeq2500 following the standard

procedure. The detailed processes of cDNA library construction

and RNA sequencing were described in our former study (Wang

et al., 2021).
Transcriptome assembly and gene
functional annotation

Clean reads were generated after the removal of adapter

contaminations and trimming nucleotides with low quality-score.

Then the clean reads were processed for assembly by Trinity software

(Grabherr et al., 2011). The clean reads of each sample with high

quality were mapped to unigenes using HISAT (Hierarchical indexing

for spliced alignment of transcripts) method (Kim et al., 2015). The

mapped reads were used in the following analysis.

Finally, all unigenes were aligned against various public databases,

including NR (non-redundant protein database of the National

Center for Biotechnology Information), Swiss-Prot protein (http://

www.uniprot.org/), COG (Clusters of Orthologous Groups) (http://

www.ncbi.nlm.nih.gov/COG/), KOG (eu-Karyotic Orthologous

Groups), GO (Gene Ontology) (http://www.geneontology.org/) and

KEGG (Kyoto Encyclopedia of Genes and Genomes) (http://www.

genome.jp/kegg) databases, to annotate the specific gene function

using BLAST program (E value < 10-5) (Wang et al., 2021). The

GOseq R packages were employed to perform GO enrichment

analysis (Ashburner et al., 2000; Zhu et al., 2018). KEGG pathway

enrichment analysis was performed using KOBAS software (Kanehisa

et al., 2019). GO and KEGG analysis were performed using

BMKCloud (www.biocloud.net).
Identification of differentially expressed
genes (DEGs)

Gene expression values were presented with Fragments Per

kilobase per Million reads (FPKM) by the RSEM software (Li and

Dewey, 2011). The differences of gene expression values were

compared between treatments and the control by calculating FPKM

(Zhang et al., 2020). Genes with fold change (FC) of expression levels

≥1.5 and q-value (adjusted P-value) ≤0.01 were considered as

significant differentially expressed genes (DEGs) (Wang et al., 2021).
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Validation of transcriptomic data by
qRT-PCR

Twelve DEGs involved in Cd stress response were randomly

selected for qRT-PCR. Total RNA of peppermint leaves was

extracted using a RNAprep Pure Plant Plus Kit (Tiangen, China).

Subsequently, total RNA was treated with DNaseI to remove

residual DNA, and then the cDNA synthesis was performed

using a 1st Strand cDNA Synthesis Kit (Yeasen, China).

qRT-PCR analysis was carried out on a CFX96 Real-Time PCR

Detection System (Bio-Rad, USA) with the following program:

95°C for 1 min, followed by 40 cycles at 95°C for 15 s, 58°C for

15 s, and 72°C for 30 s.

The relative expression levels of the twelve genes were calculated

with the 2-DDCT method (Livak and Schmittgen, 2001; Schmittgen and

Livak, 2008). The actin gene (GenBank: KR082011.1) was used as an

internal control gene to perform normalization. The expression

patterns of actin in different samples were shown in Supplementary

Figure 1. The results indicated that the expression of this reference

gene was not significantly changed among different Cd-treated

samples and the control, demonstrating that the expression of this

gene is stable before and after Cd treatment. The specific primers of

genes for qRT-PCR were designed using the Primer-BLAST of NCBI

and were listed in Supplementary Table 1.
Determination of total phenol and total
flavonoid contents in peppermint

Total phenolic content (TPC) in peppermint leaves was

determined using the method of Folin-Ciocalteu (Ainsworth and

Gillespie, 2007). 1.0 g of fresh leaf samples and 5 mL of 1% (v/v)

HCl-methanol reagent were well homogenized with a 15 mL of

centrifuge tube using a handheld homogenizer. The homogenates

were held at ambient temperature (25 °C) for 3 hours and then were

centrifuged at 4 °C (12,000 × g) for 15 min. For the measurement of

TPC, 0.5 mL of supernatants, 1.5 mL of sodium carbonate (100

mM), and 1.0 mL of Folin-Ciocalteu reagent were well mixed in a

new tube and reacted at 25°C for 30 min in the dark. After 30 min of

reaction, the absorbance was determined at 765 nm using an UV-

visible spectrophotometer (MAPADA UV-1800, China). The TPC

was calculated based on a standard curve of gallic acid (GA) and the

results were expressed as milligram GA equation per kilogram of

fresh weight (mg kg-1 FW).

For the measurement of total flavonoid content (TFC), total

flavonoid in peppermint leaves was first extracted with 10 mL of

acetic acid and acetone mixing solution (0.5:70, v/v) at 4 °C for 2

hours with minor revisions (Valcarcel et al., 2015). Then, 1.5 mL of

supernatants, 1.0 mL of distilled water, 0.1 mL of 10% (w/v)

AlCl3·6H2O and 0.1 mL of 5% (w/v) NaNO2 and 0.3 mL of 1 M

NaOH were orderly added into a new tube and were fully mixed. The

absorbance was recorded at 510 nm using an UV-visible

spectrophotometer. The TFC was calculated based on a standard

curve of catechin and the results were expressed as milligram catechin

equation per kilogram of fresh weight (mg kg-1 FW).
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Determination of hydrogen peroxide (H2O2),
superoxide radicals (O2·−) and
malondialdehyde (MDA) contents

The H2O2 and MDA and O2·− contents were respectively

estimated using commercial kits (D799773, D799761 and D799771,

Sangong Biotech, China) according to the manufacturer’s

instructions. The results of O2·−, H2O2 and MDA contents based

on fresh weight (FW) were represented as mmol kg-1, mmol kg-1, and

mmol kg-1, respectively.
Assay of the activity of antioxidant enzymes
in peppermint

The activities of superoxide dismutase (SOD), catalase (CAT),

peroxidase (POD), and polyphenol oxidase (PPO) were detected by

the method described previously (Wang and Zhu, 2017; Wang et al.,

2022). First, crude enzyme was prepared before activity measurement.

The 1.0 g of fresh leaf samples was homogenized with a 5 ml of 1 mM

phosphate buffer (pH 7.0) containing 2% of polyvinylpyrrolidone

under 4 °C ice bath. The homogenates were centrifuged at 12, 000× g

for 15 min at 4 °C. The supernatants were collected to determine the

activity of related enzymes.

One unit of SOD activity was defined as the quantity of enzyme

which causes a 50% inhibition of nitro blue tetrazolium reduction at

560 nm. One unit of CAT activity was defined as the quantity of

enzyme that decomposes 1 mmol of H2O2 per min at 240 nm. One

unit of POD activity was defined as the quantity of enzyme that

oxidizes 20 mM concentrated guaiacol at 470 nm. The PPO activity

was measured by recording the decline of 4-methylcatechol at 398

nm. The unit of U kg-1 on a fresh weight basis was employed for

expressing the activities of the above enzymes.
Statistical analysis

There were three biological replicates for each experiment. The

Statistical Package for Social Science (SPSS) (SPSS Inc.) 20.0 software

was employed to conduct statistical analysis. The results of all

measurements were presented as the mean ± standard error (SE).

Analysis of statistical differences was performed using one-way

analysis of variance (ANOVA) or student’s t-test in the SPSS. P

values less than 0.05 were considered to represent significance.
Results

The growth performance of peppermint
young plants under different concentrations
of Cd treatments

As it is difficult to precisely control the concentration of Cd ion in

the Cd-polluted soils, Cd stress treatment experiments were

conducted with Hoagland cultivation containing different
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concentrations of Cd ion to investigate the effects of different degrees

of Cd stress on the growth of peppermint young plants. Under Cd

stress treatment for 7 days, the biomass (fresh and dry weight) of

peppermint young plants first increased and then decreased with the

elevation of the concentration of Cd ion and reached the highest

amount at a Cd concentration of 1.6 mg L-1 (Figures 1A–F).

Moreover, the cutting height (Figure 1G) and number of lateral

branch (Figure 1H) and projected area of root (Figure 1I) in low

levels of Cd treatments (0.8 and 1.6 mg L-1) were significantly higher
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than that in other treatments. In addition, low levels of Cd treatments

(0.8 and 1.6 mg L-1) obviously promoted the development of root

system (Figure 1J). The root morphology of the 0 mg L-1 and 3.0 mg

L-1 Cd groups was also similar in appearance.

Compared with the control (0 mg L-1), the visible biomass

decrease and root inhibition were not observed until the Cd

concentration reached 3.0 mg L-1, suggesting that peppermint

young plants exhibited strong Cd resistance. 6.5 mg L-1 Cd

treatment retarded the growth of peppermint young plants
A B
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C

FIGURE 1

The growth performance of peppermint young plants under different concentrations of Cd treatments. (A–C), fresh weight of leaves and shoots and
roots, respectively; (D–F), dry weight of leaves and shoots and roots, respectively; (G), the height of young plants; (H), the number of lateral shoots; (I),
projected area of root; (J), root morphology. The growth performance of young plants was determined following 7 days of Cd stress treatments. Each
value is presented as means ± standard error from three repeats. Statistical differences (p ≤ 0.05) between treatments are compared in the SPSS software
and indicated using different letters above the bars.
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(Figures 1A–I) and the roots tended to be dark, suggesting that this

Cd dosage would cause toxicities for peppermint (Figure 1J), and thus

resulting in a reduced biomass.

In order to test whether the effects of Cd treatments on

peppermint growth performance is hermetic, the data on fresh

weight of the whole plant were adjusted to the Brain and Cousens

model (Lushchak, 2014; Guzmán-Báez et al., 2021). An inverted U-

shaped dose-response hormetic curve was noted, which was

characterized by stimulation at low Cd concentrations but

inhibition at high Cd concentrations (Supplementary Figure 2). The

fresh weight of the whole plant had a maximum response at Cd

concentration between 0.8 and 1.6 mg/L. The mean value of this

variable decreased when the Cd concentration exceeded 3 mg/L.

These results together strongly demonstrated that Cd treatment

triggered hormesis on peppermint growth. However, the potential

mechanisms of the Cd-induced hormesis have not been revealed to

date in peppermint.
Global features and quality evaluation of
RNA-seq data

Transcriptomic analysis of peppermint leaves in response to

low and high degrees of Cd stress would shed light on the

underlying mechanisms of the Cd-induced hormesis effects. Cd

treatment at 1.6 mg L-1 concentration showed the best promoting

effects on young plant growth (the highest biomass), but Cd

treatment at 6.5 mg L-1 concentration significantly resulted in

retrograde effects on the growth performance (Figure 1).

Therefore, we analyzed the transcriptome profiles of young plants

growing under low level of Cd (1.6 mg L-1), high level of Cd (6.5 mg

L-1), and control condition (0 mg L-1 Cd) in this study, in order to

reveal possible mechanisms of hormesis that was induced by low-

level Cd exposure.

A total of 21 cDNA libraries involving 7 treatment groups

(control at 0 h, 24 h and 72 h, 1.6 mg L-1 Cd treatment at 24 h and

72 h, 6.5 mg L-1 Cd treatment at 24 h and 72 h, respectively) that each

group included three biological replicates were constructed. The

constructed libraries were then sequenced through Illumina HiSeq

platform. In total, 132.49 Gb of clean data were generated, and the size

of clean data for each sample exceeded 5.70 Gb. The GC contents of

the 21 libraries ranged from 48.89% to 50.17% with a mean value of

49.52%, and the minimum of Q30 percentage was 92.73%

(Supplementary Table 2). After assembly, a total of 97,329 unigenes

were generated, of which the lengths of 20,113 unigenes were longer

than 1 Kb. The N50 length of unigenes was 1,404 bp and the mean

length of unigenes was 734.16 bp (Supplementary Table 3). All

unigenes were aligned against several public databases including

NCBI Nr, Pfam, Swiss-Prot, KOG, KEGG, GO and COG databases

(Supplementary Data 1), and the successful annotated percentage was

46.60% (Supplementary Table 4). The mapping efficiency of 21

samples based on the blast varied from 67.52% to 69.42%, as shown

in Supplementary Table 5. These results indicated that the quality of

transcriptome data was high and met the needs for further

bioinformatics analysis.
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Transcriptome analysis of peppermint leaves
in response to different levels of Cd stress
treatment for 24 h

The transcriptomic profiles of peppermint leaf in the (control) (0

mg/L) and low-level (1.6 mg/L) and high-level (6.5 mg/L) Cd

treatments were obtained when young plants were treated for 24 h.

The expression differences of genes were compared within three

treatments using pairwise comparison, and the differentially

expressed genes (DEGs) were divided into up- or down-

regulated transcripts.

A total of 408 DEGs were identified between the comparison of

control and low-level Cd treatment (Figure 2A). Among them, low-

level Cd treatment induced the expression of 245 DEGs, but repressed

the expression of 163 DEGs. A total of 868 DEGs were identified

between the comparison of control and high-level Cd treatment

(Figure 2A). In which, the expression of 552 DEGs were up-

regulated but that of 316 DEGs were down-regulated by high-level

Cd treatment. There were 242 DEGs in the comparison group of low-

and high-level Cd treatment, and most of them were up-regulated by

high-level Cd stress (Figure 2A). This result implies that high level of

Cd treatment induced more extensive responses to Cd stress at the

initial stage.

Compared with the control, the expression of 580 DEGs (442 plus

138) were specifically affected by high level of Cd stress treatment, and

the expression of 120 DEGs (115 plus 5), by low level of Cd treatment

(Figure 2B). A total of 13 DEGs were commonly detected in all three

comparisons. 288 DEGs (275 plus 13) were commonly identified in

the comparison groups of 0 mg L-1 vs 6.5 mg L-1 and 0 mg L-1 vs 1.6

mg L-1, suggesting these DEGs might involve in Cd stress response.

151 DEGs (138 plus 13) were commonly found in the comparison

groups of 0 mg L-1 vs 6.5 mg L-1 and 1.6 mg L-1 vs 6.5 mg L-1. Only 18

DEGs (5 plus 13) were commonly screened in the comparison groups

of 0 mg L-1 vs 1.6 mg L-1 and 1.6 mg L-1 vs 6.5 mg L-1 (Figure 2B).

KEGG enrichment analysis was employed to predict the

biological functions of those DEGs. The functional annotation of

DEGs would provide useful information for understanding the

mechanisms how peppermint leaves respond to different levels of

Cd stress. The 20 most enriched KEGG pathways were displayed in

Figures 2C, D.

In the comparison group of 0 mg L-1 vs 1.6 mg L-1, DEGs were

significantly enriched in four pathways, including biosynthesis of

amino acids, ubiquinone and other terpenoid-quinone biosynthesis,

phenylpropanoid biosynthesis and phenylalanine, tyrosine and

tryptophan biosynthesis (Figure 2C). The number of DEGs in three

pathways including biosynthesis of amino acids (16 genes),

phenylpropanoid biosynthesis (14 genes), and phenylalanine,

tyrosine and tryptophan biosynthesis (12 genes) were more than

10 genes.

In the comparison group of 0 mg L-1 vs 6.5 mg L-1, porphyrin and

chlorophyll metabolism, and photosynthesis-antenna proteins were

the two most enriched pathways, in which 18 and 11 DEGs were

identified, respectively (Figure 2D). These results imply that high level

of Cd stress might cause damages on the photosynthesis system of

peppermint leaf, despite of undergoing short-term (24 h) Cd
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exposure. In addition, three pathways, phenylalanine and tyrosine

and tryptophan biosynthesis, ubiquinone and other terpenoid-

quinone biosynthesis, and phenylpropanoid biosynthesis, were also

significantly enriched. Most DEGs were enriched in the pathway of

phenylpropanoid biosynthesis (26 genes) (Figure 2D).

Based on the results obtained, two levels of Cd stress treatments

might influence the phenylpropanoid biosynthesis, and the increased

phenylpropanoid content would provide protective effects on

peppermint under Cd stress condition to reduce Cd- triggered

oxidative damages.
Transcriptome analysis of peppermint leaves
in response to different levels of Cd stress
treatment for 72 h

A total of 539 DEGs were identified from the comparison between

the control and 1.6 mgL-1 Cd treatment, of these DEGs, 290 DEGs

were up-regulated and 249 DEGs were down-regulated by low-level

Cd treatment (Figure 3A). High-level Cd treatment (6.5 mgL-1)

significantly affected the expression of 1054 DEGs comparing the

control, in which, 382 DEGs were induced but 672 DEGs were

repressed by high-level Cd treatment (Figure 3A). The number of

down-regulated DEGs were far more than that of up-regulated DEGs

in high-level Cd treatment (Figure 3A). Additionally, there were 865

DEGs in the comparison group of low- and high-level Cd treatment,

and most of them (636 genes) were down-regulated by high-level Cd

stress treatment (Figure 3A). These results suggest that long-term

(72 h) Cd heavy stress might repress stress responses or heavy Cd
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stress had caused deadly damages on peppermint leaves, and young

plants were no more “vigour” to reply to Cd stress.

Compared with the control, the expression of 787 DEGs (554 plus

233) were specifically affected by 6.5 mg L-1 Cd treatment, and the

expression of 262 DEGs (152 plus 110), by 1.6 mg L-1 Cd treatment

(Figure 3B). It was found that 17 DEGs were commonly detected in all

three comparisons. 277 DEGs (260 plus 17) were commonly

identified in the comparison groups of 0 mg L-1 vs 6.5 mg L-1 and

0 mg L-1 vs 1.6 mg L-1. 250 DEGs (233 plus 17) were commonly

detected in the comparison groups of 0 mg L-1 vs 6.5 mg L-1 and 1.6

mg L-1 vs 6.5 mg L-1. (Figure 3B). 127 DEGs (110 plus 17) were

commonly discerned in the comparison groups of 0 mg L-1 vs 1.6 mg

L-1 and 1.6 mg L-1 vs 6.5 mg L-1 and 110 DEGs were overlapped in

these two comparisons (Figure 3B).

In the comparison group of 0 mg L-1 vs 1.6 mg L-1, DEGs were

significantly enriched in the pathways of photosynthesis (16 genes),

photosynthesis-antenna proteins (15 genes), porphyrin and

chlorophyll metabolism (13 genes) and alpha-Linolenic acid

metabolism (11 genes) (Figure 3C). In the comparison group of 0

mg L-1 vs 6.5 mg L-1, DEGs were significantly enriched in the

pathways of plant hormone signal transduction (33 genes),

photosynthesis (17 genes), porphyrin and chlorophyll metabolism

(15 genes), and hotosynthesis-antenna proteins (13 genes)

(Figure 3D). These results together suggest that long-term Cd stress

might injure photosynthetic system of the peppermint leaves, but the

mechanisms regarding hormesis effects induced by low-level Cd

exposure were unclear.

The most DEGs (33 genes) were enriched in the pathway of plant

hormone signal transduction (Figure 3D), suggesting that
A B
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FIGURE 2

Transcriptomic profiles of peppermint leaf in response to low (1.6 mg L-1) and high (6.5 mg L-1) levels of Cd stress treatments at 24 h. (A), the number of
up- or down-regulated differentially expressed genes (DEGs); (B), the venn diagram of DEGs; (C), KEGG enrichment pathway of DEGs from the
comparison of 0 mg L-1 Cd treatment vs 1.6 mg L-1 Cd treatment; (D), KEGG enrichment pathway of DEGs from the comparison of 0 mg L-1 Cd
treatment vs 6.5 mg L-1 Cd treatment.
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endogenous hormones were involved in the Cd stress response under

high-level Cd condition.
Functional annotation of DEGs exclusively
induced by low level of Cd exposure

As low level of Cd treatment induced significant hormesis effects

on peppermint growth (Figure 1), analyzing the functional roles of

DEGs exclusively induced by 1.6 mg L-1 Cd treatment would reveal

the hormesis effects mediated by that. A total of 262 DEGs were

exclusively affected by low level of Cd exposure (Figure 4A). Among

them, the expressions of 99 DEGs were significantly up-regulated by

1.6 mg L-1 Cd treatment comparing with both 0 and 6.5 mg L-1 Cd

treatments (Figure 4A), signifying the important roles of them in Cd-

induced hormesis in peppermint young plants. Therefore, we mainly

analyzed the functional roles of the induced 99 DEGs through GO

and KEGG enrichment analysis.

KEGG enrichment analysis showed that the two most enriched

pathways were phenylpropanoid biosynthesis and alpha-Linolenic

acid metabolism, which comprised of 8 and 7 DEGs, respectively

(Figure 4B). 4 DEGs were also enriched in the pathway of

flavonoid biosynthesis.

GO analysis showed that the induced DEGs weremainly enriched in

the terms of response to oxidative stress, hydrogen peroxide catabolic

process and lipid metabolic process in the biological process category

(Figure 4C), integral component of membrane in cellular component

category, and heme binding, oxidoreductase activity, methyltransferase

activity, iron ion binding and peroxidase activity in the category of

molecular function (Supplementary Figure 3).
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Apart from antioxidant enzyme, many phenylpropanoids and

flavonoids are known non-enzymatic antioxidants (Zhou et al., 2022).

And therefore, the results of GO and KEGG analysis pointed to

antioxidant system. We supposed that low-level Cd exposure might

induce strong antioxidant activity under mild Cd stress condition,

and thus avoiding oxidative damages for peppermint tissues and

manifesting as stimulative effects on cutting growth. Therefore, the

analysis was focused on the biosynthesis phenylpropanoid and

flavonoid and enzymatic antioxidant activities of peppermint young

plants under different degrees of Cd stress conditions.
Effects of different degrees of Cd
stress treatments on the biosynthesis
of phenylpropanoids and flavonoids
and quinones

Total flavonoid contents (TFCs) of the control were not obviously

increased during the entire period of 72 h cultivation. The TFCs of

two Cd treatments were significantly increased after 24 h Cd

treatment when compared with the control (Figure 5A). However,

the increased TFCs in 6.5 mg L-1 Cd treatment was then declined to

the same level as the control at 72 h. Therefore, an inverted V-shape

was formed during high-level Cd exposure. But TFCs in 1.6 mg L-1 Cd

treatment was constantly increased and which showed significantly

higher levels when compared with the control and 6.5 mg L-1 Cd

treatment (Figure 5A).

A total of 4 DEGs involving in the flavonoid biosynthesis were

identified. The expression levels of all DEGs were continuously up-

regulated during low-level Cd exposure (Figure 5B), while their
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FIGURE 3

Transcriptomic profiles of peppermint leaf in response to low (1.6 mg L-1) and high (6.5 mg L-1) levels of Cd stress treatments at 72 h. (A), the number of
up- or down-regulated differentially expressed genes (DEGs); (B), the venn diagram of DEGs; (C), KEGG enrichment pathway of DEGs from the
comparison of 0 mg L-1 Cd treatment vs 1.6 mg L-1 Cd treatment; (D), KEGG enrichment pathway of DEGs from the comparison of 0 mg L-1 Cd
treatment vs 6.5 mg L-1 Cd treatment.
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expression levels were reached to peaks at 24 h and then declined at

72 h in high-level Cd stress treatment (Figure 5C). The overall

expression pattern of 4 DEGs in flavonoid biosynthesis was highly

consistent with the change trends of TFCs during Cd treatment

(Figures 5A–C). One gene (c80364.graph_c0) was strongly

responded to Cd treatments, implying that this gene might play a

dominant role in the biosynthesis of flavonoid compounds under Cd

stress condition.

The change trends of total phenolic content (TPC) in three

treatments were similar with TFC during Cd stress treatment

(Figure 5D). The TPCs in low level of Cd treatment were

continually increased as the time goes in the course of the Cd

treatment, and that was significantly higher than that in the control

at any time point, whereas that in high level of Cd treatment only

showed significantly higher levels than the control at 24 h

(Figure 5D). Similarly, an inverted V-shape for TPC was formed

during high-level Cd exposure.
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A total of 8 DEGs were identified that they were involved in the

phenylpropanoid biosynthesis. In low level of Cd treatment, the

expression levels of all 8 DEGs were increased with the evaluation

of treatment time and the expression levels of four genes

(c76886.graph_c0, c70804.graph_c0, c71175.graph_c0 and

c69641.graph_c0) were sharply increased after 24 h (Figure 5E).

However, the expression of these four genes were merely induced

by high level of Cd stress treatment at 24 h but that were reduced

thereafter. The rest of 4 genes (c71270.graph_c0, c72094.graph_c0,

c74544.graph_c2 and c66904.graph_c0) were not significantly

induced by high-level Cd treatment at any time point (Figure 5F).

PPO is a key enzyme in the formation of quinone compounds in

plant (Sullivan, 2015). The PPO activity of the control had barely

risen at all during 72 h. In low level of Cd treatment, PPO activity first

slightly reduced at 24 h and then sharply increased at 72 h. PPO

activity of high level of Cd treatment showed an opposite trend with

that of low level of Cd treatment (Figure 5G). At 72 h, PPO activity of
A B
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FIGURE 4

Functional annotation of DEGs exclusively induced by low level (1.6 mg L-1) of Cd exposure for 72 h. (A), the number of DEGs exclusively affected by 1.6
mg L-1 Cd exposure at 72 h; (B) GO and (C) KEGG enrichment analysis of DEGs exclusively induced by 1.6 mg L-1 Cd treatment.
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low level of Cd treatment was significantly higher than that of both

the control and high level of Cd treatment, and that of high level of Cd

treatment was significantly lower than that of the control (Figure 5G).

There were 5 DEGs encoding PPO. The expression levels of all PPO

genes were continuously increased during Cd treatment in low level of

Cd treatment (Figure 5H), while that were just induced by high-level

Cd treatment at 24 h (Figure 5I). These results together demonstrate

that Cd stress treatment induced the formation of quinones, and the

biosynthesis ability of quinones was inhibited after long exposure to

high-level Cd stress in peppermint leaves.

For the TFC, TPC, PPO activity and the expression patterns of

genes in the biosynthesis of phenylpropanoids and flavonoids and

quinones, inverted V-shapes were formed during high-level Cd

exposure, suggesting that the induction of the biosynthesis of those

antioxidants under Cd stress might be important mechanisms to

adapt Cd stress, and high dosage of Cd stress just induced a

temporary action on their biosynthesis and thus resulting in failure

to cope with a sustained heavy Cd stress. However, low-level Cd

exposure constantly induced their biosynthesis and accumulation,

which would provide sufficient antioxidants to alleviate Cd toxicity.

The genes responsible for the biosynthesis of phenylpropanoids and

flavonoids and quinones were not activated by Cd stress at the same

time, they were induced by an order manner under a yet

unknown mechanism.
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Effects of different degrees of Cd stress
treatments on enzymatic antioxidant activity

The change trends of H2O2, O2·− and MDA concentrations were

similar during Cd treatment (Figures 6A–C). The 6.5 mg L-1 Cd

treatment progressively increased in contents of H2O2, O
Ä
n−
2 and MDA

with the extended treatment, whereas those of the 0 and 1.6 mg L-1 Cd

treatments increased much less, indicating that heavy Cd stress

triggered oxidative burst. More importantly, no significant

differences in contents of H2O2, O2·− and MDA between the

control and low-level Cd treatment were observed (Figures 6A–C),

suggesting that low-level Cd exposure did not bring about severe

oxidative damages on peppermint young plants. This might be one of

the reasons why peppermint young plants could well grow under low

levels of Cd treatment but not, under high degree of Cd stress.

POD activity of the control was changed much less during 72 h

cultivation. POD activity of high-level Cd treatment was reduced with

treatment time, suggesting that high-level Cd treatment inactivated

POD activity via a yet unknown mechanism. POD activity of low-

level Cd treatment was sharply increased after 24 h and was significantly

higher than that of the other two treatments at 72 h (Figure 6D). Six

DEGs encoding POD were exclusively induced by low-level Cd

treatment. The expression levels of all genes were increased with

treatment time in low-level Cd treatment (Figure 6E). In high-level
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FIGURE 5

Effects of different degrees of Cd stress treatments on the biosynthesis of phenylpropanoids and flavonoids and quinones. (A), total flavonoid contents of
different Cd treatments in peppermint leaves; (B, C), the expression patterns of DEGs involved in the biosynthesis of flavonoids during low level of Cd
treatment (1.6 mg L-1) and high level of Cd treatment (6.5 mg L-1), respectively; (D), total phenolic contents in peppermint leaves; (E, F), the expression
patterns of DEGs involved in the biosynthesis of phenylpropanoid during low level of Cd treatment (1.6 mg L-1) and high level of Cd treatment (6.5 mg L-1),
respectively; (G), polyphenol oxidase (PPO) activity; (H, I), the expression patterns of DEGs encoding PPO during low level of Cd treatment (1.6 mg L-1) and
high level of Cd treatment (6.5 mg L-1), respectively. Each value is presented as means from three repeats. In figures (A, D, G), statistical differences (p ≤

0.05) between treatments are compared in the SPSS software and indicated using different letters above the bars.
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Cd treatment, the expression levels of four genes (c70804.graph_c0,

c76886.graph_c0, c71175.graph_c0 and c71175.graph_c1) were first

increased at 24 h and reduced thereafter (Figure 6F). Two genes

(c71270.graph_c0 and c68541.graph_c0) expression were progressively

reduced as treatment time increased (Figure 6F).

SOD activity of the control was almost unchanged during 72 h

cultivation. SOD activity of high-level Cd treatment was reached to a

peak at 24 h and then reduced to low level as same as the control at

72 h. In low-level Cd treatment, SOD activity was progressively

increased during Cd treatment (Figure 6G). Low level of Cd

treatment steady induced two genes (c73908.graph_c0 and

c72367.graph_c0) expression during 72 h (Figure 6H), while their

expression was only up-regulated at 24 h by high-level Cd treatment

(Figure 6I). The expression pattern of one gene (c75333.graph_c0)

during Cd treatment was similar in low- and high-level Cd treatment.

CAT activity in the control was gradually decreased in the next

72 h cultivation. Two concentrations of Cd treatments significantly
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enhanced CAT activity when compared with the control at 24 h

(Figure 6J). CAT activity of low-level Cd treatment was continued to

increase but that of high level of Cd treatment were reduced after 24 h

(Figure 6J). At 72 h, CAT activity of low-level Cd treatment was

significantly higher than that of the control and of high level of Cd

treatment (Figure 6J). Only one CAT gene (c77282.graph_c0) was

significantly induced by low-level Cd treatment at 72 h (Figure 6K),

while high-level Cd treatment significantly inhibited its expression

(Figure 6L). The expression patterns in low- and high Cd treatments

were diametrically opposed during Cd treatment.
Expression verification of DEGs through
qRT-PCR method

To validate the accuracy and credibility of transcriptome data, 12

DEGs were randomly selected according to the results of
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FIGURE 6

Changes of antioxidant activity and the expression patterns of DEGs encoding antioxidant enzymes during Cd exposure. (A), hydrogen peroxide (H2O2)
contents of different Cd treatments in peppermint leaves; (B), superoxide anion (O2·−) contents; (C), malondialdehyde (MDA) contents; (D), peroxidase
(POD) activity; (E, F), the expression patterns of DEGs encoding POD during low level of Cd treatment (1.6 mg L-1) and high level of Cd treatment (6.5 mg
L-1), respectively; (G), superoxide dismutase (SOD) activity; (H, I), the expression patterns of DEGs encoding SOD during low level of Cd treatment (1.6
mg L-1) and high level of Cd treatment (6.5 mg L-1), respectively; (J), catalase (CAT) activity; (K, L), the expression patterns of DEG encoding CAT during
low level of Cd treatment (1.6 mg L-1) and high level of Cd treatment (6.5 mg L-1), respectively. Each value is presented as means from three repeats. In
figures (A-D, G, J), statistical differences (p ≤ 0.05) between treatments are compared in the SPSS software and indicated using different letters above the
bars.
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transcriptomic analysis to measure the relative expression levels. The

expression patterns of 12 DEGs were determined at 0 h, 24 h and 72 h

following different concentrations of Cd stress treatments using

specific primers based on qRT-PCR method. Among 12 DEGs

selected, the expression of two genes including peppermint ZAT10

and AP2 like were down-regulated by Cd stress treatment, the rest of

DEGs were induced in RNA-Seq data (Figure 7). Only one gene, AP2

like, displayed a converse expression pattern determined by qRT-PCR

and RNA-Seq during Cd stress treatment. The overall expression

patterns of the rest of 11 DEGs determined by two methods were

highly consistent, although the fold changes did not match exactly

(Figure 7). These results indicated that the RNA-seq date were reliable

and the results of transcriptomic analysis were credible.
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Discussion

Peppermint traditionally grows as a cash crop in many countries

(Cunningham and Ow, 1996) including China, for the production of

either essential oils or herbage (Ahkami et al., 2015). In this study, we

examined the effects of varying degrees of Cd stress on the growth of

peppermint cuttings. The results showed that peppermint could

tolerate heavy Cd stress even over 3.0 mg L-1 concentration

(Figure 1). More importantly, low doses of Cd treatments (0.8 and

1.6 mg L-1) enhanced the growth performance of peppermint young

plants. These results suggest that peppermint plant had strong

tolerance to Cd stress and low-level Cd exposure would be able to

increase the yield of peppermint plant. Such beneficial effects offered
FIGURE 7

Quantitative real-time PCR (qRT-PCR) verification of the expression of 12 DEGs selected from RNA sequencing under Cd stress. The X-axis represents
treatment time. The Y-axis on the left represents the expression level of specific gene obtained from RNA-seq (histogram), and on the right, from qRT-
PCR analysis (line chart). Each value is presented as means ± standard error from three repeats. Standard errors are indicated in figures using the bars.
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peppermint much opportunity for application in the safe utilization

of mild Cd-contaminated farmland.

The chief purpose of peppermint is to extract essential oil

(Ahkami et al., 2015). In another respect, the Cd accumulation in

peppermint tissues must be given much attention to ensure the safety.

To confirm the safety of peppermint oil, we also determined the

contents of Cd ion in essential oil of peppermint planted on Cd-

contaminated farmland soil, and found that Cd ions were not

detected at all in essential oil (data not shown). The results from

Youssef (2021) concur with our results, in which high concentrations

of Cd treatments do not influence the essential oil quality of sweet

basil. These results suggest that peppermint could act as an alternative

cash crop to utilize the Cd-polluted soils safely and efficiently, which

let the heavy metal-contaminated farmland soils be profitable for

farmers. In addition, the most Cd were generally accumulated in

roots, followed by shoots and leaves in plant (Xie et al., 2021). The

increase in Cd concentration enhanced the yield and quality of

essential oil in sweet basil (Youssef, 2021). These natural advantages

of Cd effects help peppermint to be more suitable for safe

soil utilization.

The growth promotion derived from low levels of Cd exposure in

plant has recently aroused great interests from environmentalists

regarding pollution control technology for recently (Xie et al., 2021).

However, the poor understanding of Cd-induced hormesis

mechanisms in plant restricts the application of this beneficial

effect. It has been widely demonstrated that RNA seq combined

with bioinformatic analysis is an effective method to reveal the

molecular mechanisms of Cd tolerance in plant (Hu et al., 2014;

Huang et al., 2019; Derakhshani et al., 2020). Analyzing the

transcriptional changes of peppermint young plants in response to

different concentrations of Cd treatments would provide useful

information for understanding the Cd-induced hormesis. Thus, the

transcriptional responses of peppermint leave to low- and high-level

Cd ((1.6 and 6.5 mg L-1, respectively) were compared and analyzed at

a global level, to reveal the potential mechanisms of Cd-mediated

hormesis effects.

In this study, a total of 21 cDNA libraries of peppermint leaf were

sequenced through Illumina HiSeq platform. After sequencing, a total

of 132.49 Gb of clean data with high quality were obtained

(Supplementary Tables 2-5), and the credibility and reliability of

transcriptome data were validated through qRT-PCR method

(Figure 7). Among the assembled unigenes, 46.60% genes were

successfully annotated by public databases (Supplementary

Table 4). The annotated rate was higher than other plant species

without genomic information, i.e., 35.92% for wild paper mulberry

(Xu et al., 2019) and 40.38% for Crossostephium chinensis (Yang et al.,

2017), indicating the high quality of RNA-seq data. After comparative

analysis, the expressions of many transcripts were significantly

affected by different dosages of Cd treatments (Figures 2, 3),

suggesting that peppermint young plants made quick responses to

varying Cd.

The affected DEGs by Cd treatments at initial stage (24 h) were

mainly involved in the biosynthesis of amino acid and

phenylpropanoid (Figure 2), suggesting that these biological

processes were involved in the adaption to Cd stress in peppermint

leaves. However, the affected DEGs at 72 h were mainly enriched in

the photosynthetic system (Figure 3). Cd toxicity injures the
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photosynthetic apparatus, especially the light-harvesting complex

and photosystems I and II (Hasan et al., 2019). The results imply

that long-term exposure to high-level Cd brought about negative

impacts on photosynthetic system in peppermint leaves. It has also

been suggested that the improvement of photosynthetic efficiency by

short-term exposure to Cd might be an important mechanism of

hermetic effect in plant (Adamakis et al., 2020). The growth

performance of peppermint young plants was improved after the

application of low levels of Cd treatments (0.8 and 1.6 mg L-1) in this

study (Figure 1). The results imply that low-level Cd exposure

improved the photosynthetic efficiency of peppermint leaves, which

might be a reason why low-level Cd treatment increased the biomass

of peppermint cuttings. However, more investigations are needed to

study the effects of Cd exposure on photosynthetic system in

peppermint leaves.

In order to knowing more about the mechanisms of Cd-induced

hermetic effects, we mainly analyzed the roles of DEGs exclusively

induced by low level of Cd exposure. The results of KEGG and GO

analysis showed that the DEGs were mostly enriched in the

biosynthesis pathways of phenylpropanoid and flavonoid, as well as

the activity of scavenging ROS (Figure 4). These results imply that

low-level Cd exposure induced hermetic effects in peppermint

cuttings, probably, by activating the antioxidant system, and the

ROS scavenging ability of peppermint leaves was constantly

strengthened by low-level Cd exposure. To verify our findings, we

analyzed the changes of antioxidant attributes of peppermint leaves in

response to different Cd treatments.

Cd stress generally stimulates the generation of ROS, which will

cause oxidative damages on plant tissues (Auobi Amirabad et al.,

2020). Reducing ROS accumulation or enhancing detoxification may

be one of the defense mechanisms of Cd toxicity in plants (Lata et al.,

2019). MDA content is an indicator of membrane liquid peroxidation

(Davey et al., 2005), and the increased MDA content indicates

membrane lipid peroxidation. In the present study, high-level Cd

treatment resulted in significant increases in H2O2, O
Ä
n−
2 and MDA

contents, while low-level Cd exposure inhibited their increases

(Figures 6A–C). These results together suggest that high level of Cd

treatment caused severe oxidative damages on peppermint leaves,

while low level of Cd treatment did not.

A range of natural compounds act as ROS scavengers (Haider

et al., 2021). These include, but are not limited to non-enzymatic

scavengers, i.e., ascorbic acid, glutathione, phenylpropanoids,

flavonoids, and quinones; and enzymatic scavengers; i.e., POD,

CAT and SOD (Shahid et al., 2014). Phenolic acids such as some

henylpropanoids and flavonoids are the key substances for Cd

tolerance in plants (Gu et al., 2021). Pretreatment with

proanthocyanidins significantly alleviated Cd toxicity in industrial

hemp, an annual herbaceous cash crop, and proanthocyanidins

treatment induced the synthesis of secondary metabolites and

antioxidant compounds (Yin et al., 2022). Flavonoid amendment

enhanced Cd tolerance and had a significant stimulative effect on

symplasm transport of Cd in A. marina roots (Li et al., 2015). In this

study, low-level Cd treatment constantly induced the biosynthesis of

phenylpropanoids and flavonoids, and thus resulting in an elevation

of total flavonoid and phenolic contents (Figure 5). In addition, the

activities and gene expressions of PPO, a key enzyme responsive for

quinone formation, were incessantly enhanced by low level of Cd
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treatment (Figure 5), suggesting that low-level Cd treatment also

induced the quinone biosynthesis. These results suggest that the

incessant biosynthesis of phenylpropanoids and flavonoids and

quinones induced by low-level Cd treatment provided sufficient

non-enzymatic antioxidants to protect cells from oxidative

damages, and thus manifesting as beneficial effects on peppermint

growth under Cd stress condition.

Antioxidant enzymes influence plant Cd tolerance as they play a

crucial role in balancing the ROS level within the cell. Studies reported

that antioxidant enzymes caused alternation in their activities,

depending on Cd dosage and the cultivars of plants (Haider et al.,

2021). Treatment with Cd had shown to enhance SOD activity in

wheat (Milone et al., 2003). Cd toxicity trended to minimize the

enzymatic activities of SOD and CAT in pea (Sandalio et al., 2001).

Cd stress had no significant impact on the activity of POD in

pea plant (Tran and Popova, 2013), but POD was increased in

raddish treated with Cd (El-Beltagi et al., 2010). High CAT activity

resulted to improve tolerance in cultivars of Groenlandia densa L.

treated with Cd stress (Yilmaz and Parlak, 2011). In this study, we

found that low level of Cd treatment significantly enhanced the

activities and gene expression of POD, CAT and SOD during the

entire 72 h Cd treatment (Figure 6). The results suggest that low-level

Cd exposure could induced the activity of antioxidant enzyme at both

protein and gene levels in peppermint leaves. The enhanced activity

of antioxidant enzymes contributes to maintain lower ROS levels

within cells.

Although high-level Cd treatment induced strong antioxidant

defense response at initial stage (24 h), the induction was

unsustainable and thus leading to the failure to offset Cd-triggered

ROS burst. However, the antioxidant activity was continuously

strengthened by low-level Cd treatment during the entire period of

Cd exposure. The results strongly demonstrate that low-level Cd

exposure constantly enhanced the antioxidant capacity of

peppermint, which might be the possible mechanisms underlying

Cd-induced hermetic effects. However, we also noticed that all the

ROS scavengers were not activated by low level of Cd treatment at the

same time and the induced intensity differed greatly among ROS

scavengers (Figures 5, 6). These results suggest that the activated

mode and the induced intensity for ROS scavengers depended on Cd

concentration and treatment duration. All in all, our research

provided new insights for the Cd hermetic effects in peppermint

young plants.
Conclusion

Peppermint young plants showed strong Cd tolerance and low-

level Cd promoted the growth performance, suggesting that planting

peppermint may be a feasible strategy for the safe and efficient

utilization of Cd-contaminated farmland soil. Low level of Cd

exposure constantly induced the biosynthesis of phenylpropanoid

and flavonoid, enhanced activities of antioxidant enzymes, while high

level of Cd treatment at long period (72 h) inhibited them and caused

oxidative burst, suggesting that low level of Cd exposure constantly

induced the enhancement of antioxidant activity. The constant
Frontiers in Plant Science 14137
activation of antioxidant system by low-level Cd exposure suggests

the possible mechanisms of hermetic effects in peppermint

young plants.
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(2020). Hormesis in plants: The role of oxidative stress, auxins and photosynthesis in corn
treated with cd or Pb. Int. J. Mol. Sci. 21, 2099. doi: 10.3390/ijms21062099

Michelle, M., Mian, Z., David, R., Paul, H., and Chen, Z. H. (2019). Chloride transport
at plant soil interface modulates barley cd tolerance. Plant Soil 441, 409–421. doi: 10.1007/
s11104-019-04134-6

Milone, M. T., Sgherri, C., Clijsters, H., and Navari-Izzo, F. (2003). Antioxidative
responses of wheat treated with realistic concentration of cadmium. Environ. Exp. Bot. 50,
265–276. doi: 10.1016/S0098-8472(03)00037-6
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Mechanism of Zn alleviates Cd
toxicity in mangrove plants
(Kandelia obovata)

Shan Chen*

Third Institute of Oceanography, Ministry of Natural Resources, Xiamen, China
Cadmium (Cd) pollution is very common and serious in mangrove ecosystems

in China. Zinc (Zn) has been used to reduce Cd accumulation in plants, and

phenolic acid metabolism plays an important role in plant response to stress. In

present study, in order to clarify whether Zn alleviates Cd toxicity in mangrove

plants through phenolic acid metabolism, the Cd-contaminated Kandelia

obovata plants were treated with different concentrations of (0, 80,300, and

400 mg·kg–1) ZnSO4 in a set of pot experiments and the biomass, the contents

of Cd, Zn, soluble sugar, chlorophyll and the activities of 1,1-diphenyl-2-

picrylhydrazyl (DPPH), ferric-reducing antioxidant power (FRAP), L-

phenylalanine ammonia-lyase (PAL), shikimic acid dehydrogenase (SKDH),

cinnamyl alcohol dehydrogenase (CAD) and polyphenol oxidase (PPO) in the

leaves were analyzed. The results showed that Cd contents in the leaves of

Kandelia obovata ranged from 0.077 to 0.197 mg·kg–1 under different

treatments, and Zn contents ranged from 90.260 to 114.447 mg·kg–1. Low-

dose ZnSO4 treatment (80 mg·kg–1) performed significant positive effects on

the biomass, phenolic acid metabolism-related enzyme activities, antioxidant

capacity, and chlorophyll and soluble sugar contents in the leaves of Cd-

contaminated mangrove plants. At the meantime, the addition of low-dose

ZnSO4 promoted the biosynthesis of hydroxycinnamic acid, hydroxybenzoic

acid, and enhanced the plant antioxidant capacity, thus alleviated Cd toxicity in

mangrove plants.

KEYWORDS

zinc, cadmium, Kandelia obovata, phenolic acid metabolism, reactive oxygen species
Introduction

Mangroves are located in the interlaced zone of coastal areas in tropical regions, and

constitute a high-yield ecosystem that supports a variety of plants and animals through the

food chain (Bharathkumar et al., 2007). Some common and widely distributed mangrove

species, such as Aegiceras corniculatum, Sonneratia caseolaris and Kandelia obovata, have

useful metabolite extracts with great medicinal value (Chen et al., 2012). The economic
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value of mangroves brings much wealth to human beings;

however, various interferences of human activities, such as

mining wastes, metal smelting waste residues, and untreated

domestic sewage causes mangroves to suffer from serious heavy

metal pollution, and their habitats are decreasing in size (Das

et al., 2016). Previous research showed that mangroves suffer from

serious cadmium (Cd) and zinc (Zn) pollution, and are tolerant to

various metal pollution in their environment (Sundaramanickam

et al., 2016; Analuddin et al., 2017). Cd is a widely existing

nonessential element that is classified as a harmful heavy metal

to human health (Chao et al., 2009; Shang et al., 2020). Cd can be

absorbed and accumulated by some plants and flows into higher

nutrient level organisms through the intricate food chain

(Adamczyk-Szabela et al., 2020), threatening human health

(Bodin et al., 2013; Chen et al., 2021). Zn is a familiar essential

element of plants and animals, and plays a fundamental role in

stabilizing and protecting biofilms from oxidative and

peroxidative damage (Zhang et al., 2022). However, high levels

of Zn can also cause heavy metal pollution in mangrove

ecosystems, leading to restricted plant germination, reduced

root development and induced plant aging (Lefevre et al., 2014;

Chen et al., 2019). Cd and Zn are in the same group with similar

physical and chemical properties and always exist together in

nature (Zha et al., 2004; Mongkhonsin et al., 2016). Mongkhonsin

et al. (2016) proved that Zn can reduce Cd toxicity under Cd and

Zn treatments in Gynura pseudochina. Our previous studies also

found that 100 mg·kg–1 Zn treatment can ease Cd toxicity in K.

obovata (Chen et al., 2019). Many researchers have speculated that

this phenomenon is caused by phenolic acid metabolism, but no

one has specified what the mechanism is or tested any hypothesis.

Phenolic compounds are secondary metabolites consisting of

hydroxylated aromatic compounds and carbon-based compounds,

which are only found in plants and microorganisms (Tato et al.,

2013). Phenolic compounds can protect plant tissues from wounds,

oxidative damage, insects and pathogen infections (Ali et al., 2005).

For example,K. obovata contains various common phenols, such as

cinnamic acids, flavonoids and phenylpropanoid derivatives, and

their ecological functions have been tested in vitro antioxidant and

heavy metal bioavailability assays (Lu et al., 2007; Li et al., 2016;

Jiang et al., 2017). Phenolic compounds play a variety of important

chemical and biological functions in plants to adapt to various

changing environments. These physiological processes are

metabolic plasticity because plants can respond to external

pressures by rapidly inducing phenolic compound synthesis in a

reversible way (Tanveer et al., 2022). For instance, the addition of

Cd significantly increased the total content of phenol in mangrove

species such as K. obovata (Kováčik et al., 2009). Numerous studies

have also reported that the increase in phenolic compounds in plant

tissues and root secretions is a special response to different

biological and abiotic stresses (Tato et al., 2013). ZnSO4-treated

K. obovata plant showed higher biomass and stronger antioxidative
Frontiers in Plant Science 02
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capacity as compared to only CdCl2 treated K. obovata plant due to

the enhancement of its phenolic biosynthesis (Zhao and Zheng,

2015; Chen et al., 2019). Phenolic acids are mainly synthesized by

the shikimic acid and phenylpropanoid pathways (Ali et al., 2005;

Barros et al., 2019). The precursors of shikimic acid-mediated

phenolic acid synthesis are mainly aromatic amino acids,

phenylpropyl amino acids, and tryptophan produced by simple

carbohydrate glycolysis and the pentose phosphate pathway

(Abdulrazzak et al., 2006). The shikimic acid pathway is a

common pathway that provides precursors for subsequent

secondary metabolites. It also shows how primary and secondary

aromatic metabolism are related. It has been estimated that 60% of

the total plant biomass consists of molecules passing through the

shikimic acid pathway (Tato et al., 2013). According to the above

analysis, the soluble sugar content in plant leaves directly influences

the amount of phenolic compound synthesis, and the synthesis of

soluble sugar is formed by the photosynthesis of plants, while plant

photosynthetic ability is closely related to leaf chlorophyll content.

Therefore, this experiment measured the soluble sugar content and

chlorophyll content of plants to assess their phenolic acid

metabolism. Phenolic compound metabolism-related enzymes

include L-phenylalanine ammonia-lyase (PAL), which can

catalyze phenylalanine to cinnamate; shikimic acid dehydrogenase

(SKDH), which can provide substrate for PAL; cinnamyl alcohol

dehydrogenase (CAD), which can provide precursors for the

synthesis of lignin; and polyphenol oxidase (PPO), which can

catalyze the oxidation of catechol to catechol diquinone and act

on the substrate monophenol monooxygenase (Kováčik et al.,

2009). These phenolic acids are considered to be effective

substances protecting plants against oxidative damage caused by

heavy metal stress. The structure of phenolic acids endows them

with a strong ability to scavenge free radicals and chelate heavy

metals, which prevents Fenton reactions. In particular, phenolic

acids such as caffeic acid, chlorogenic acid, ferulic acid, and p-

coumaric acid have been shown to have greater antioxidant capacity

than hydroxyl derivatives of benzoic acid such as p-hydroxybenzoic

acid, vanillic acid, and syringic acid (Sgherri et al., 2003). Phenolic

acids not only function in free radical scavenging but also inhibits

lipid peroxidation and electron donors (Shi et al., 2010; Maqsood

et al., 2014). Therefore, they can be used as excellent reaction

substrates for some antioxidant enzymes (peroxidases) to reduce

oxidative stress (Oh et al., 2009; Posmyk et al., 2009). In addition,

phenolic acids can protect photosynthetic organs from light damage

under heavy metal stress (Burchard and Weissenbock, 2000;

MacFarlane and Burchett, 2000). Recently, it has been reported

that phenolic acid content is related to the heavy metal tolerance

process of mangroves, particularly which can prevent mangrove

plants against oxidative damage caused by heavy metal stress

(Michalak, 2006; Das et al., 2016; Rui et al., 2016; Jiang et al.,

2017). 1,1-Diphenyl-2-picrylhydrazyl (DPPH) is a free radical that

can remain stable at room temperature and produces a violet
frontiersin.org
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solution in ethanol. However, it can be reduced in the presence of

an antioxidant molecule, giving rise to uncolored ethanol solutions.

The use of DPPH provides a simple and rapid method for

evaluating antioxidants (Mensor et al., 2001; Adjimani and Asare,

2015). Ferric-reducing antioxidant power (FRAP) is another

method to estimate the antioxidant capacity of phenolic acids

(Afroz et al., 2016).

To date, nutrient supply has been an effective method to

induce tolerance responses to different heavy metals in plants,

such as selenium (Se), phosphorus (P) and silicon (Si) (Xie et al.,

2014; Cui et al., 2017), or organic acid supplies, such as salicylic

acid (SA) and jasmonic acid (JA). They act against stress by

enhancing antioxidant activity or chelating with heavy metals

that stimulate plant growth (Irtelli and Navari-Izzo, 2006; Khan

et al., 2016; Liu et al., 2016). However, there are few studies on

the effects of heavy metal interactions on phenolic acid

metabolism in plants. Therefore, the purpose of this study was

to explore the following questions: whether the addition of

ZnSO4 could alleviate the toxicity of Cd on plants, and

whether its resistance could be attributed to heavy metal

interaction effects of phenolic acid metabolism in K. obovata.
Materials and methods

Plant material collection and treatments

In this study, mature K. obovata hypocotyls were obtained

from Jiulongjiang Estuary, Fujian Province, China. The

hypocotyls of K. obovata were soaked in mass concentration

of 1 % KMnO4 solution for 24 h, and then rinsed with distilled

water. Hypocotyls with strong vitality were selected for sand

culture until four-leaf seedlings were obtained, and then

seedlings of the same size were transplanted to 2L plastic

buckets in soil culture.

The soil was collected from the Cd-contaminated mangrove

wetland, Jiulongjiang Estuary. Sampling points were located at

24°28′ N, 117°24′ E. The background values of Cd and Zn in

sediments were 3.99 and 367.54 mg·kg–1, respectively. The

collected soil was treated with ZnSO4 (ZnSO4·7H2O) after

debris removal. The addition of ZnSO4 were 0, 80, 300, and

400 mg·kg–1 for Zn0, Zn80, Zn300 and Zn400 treatments,

respectively. The treatment without ZnSO4 addition (Zn0)

was used as the control, then the soils were stirred well for 30

days before the seedlings were transplanted into cultivation for

60 days. Each treatment was repeated three times.
Determination of chlorophyll
content in leaves

The mature leaves with no middle veins were cut into small

pieces, and 0.2 g of the fresh leaves was weighed in a mortar
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containing a small amount of calcium carbonate and quartz sand.

Then, 5 ml of 95% ethanol was added to the mortar, and

homogenized until the tissues turned white. The mixture was

filtered through a funnel, and distilled water was added to the

filtrate to equal 25 ml. The absorbance of the filtrate was measured

at wavelengths of 645 and 663 nm. The chlorophyll content was

calculated by the equation of Sae-Lee et al. (2012).
Determination of soluble sugar in leaves

Soluble sugar was extracted from freeze-dried powder (0.1 g)

of leaves with 1.5 mL sodium phosphate buffer (pH 6.8). The

samples were centrifuged for 20 min at 12,000 × g, and 0.5 mL

supernatant was measured and mixed with 0.5 mL phenol (5 %)

and 2.5 mL concentrated sulfuric acid. The mixture was shaken

well, and left at room temperature for 30 min to color. Then, the

absorbance was measured with distilled water as the blank at the

wavelength of 485 nm. The standard curve was drawn with

sucrose (100 mg·L–1) as the standard solution (Falahi et al., 2018).
Determination of Cd and Zn content

In order to determine the content of Cd2+ and Zn2+ in the

leaves, 0.05 g of dried K. obovata leaves were digested with 5 ml

nitric acid and 1 ml H2O2 for 4 h, and then diluted with 50 ml

distilled water. The total content of Cd2+ and Zn2+ in the leaves

was measured directly by inductively coupled plasma mass

spectrometry (ICP-MS) (Agilent 7500 ICP-MS, USA) (Chen

et al., 2019).
Detection of phenolic acids by high-
performance liquid chromatography
coupled to triple-quadrupole mass
spectrometry (HPLC-QQQ-MS)

For the qualitative and quantitative determination of

phenolic acids 0.1 g of ground lyophilized plant leaves were

leached with 3 ml of water by oscillating at 300 rpm at 4°C for

4 h, followed by overnight maceration. The resulting extract was

centrifuged at 7,500 rpm at 4°C for 10 min, and filtered with

through a 0.45 mm polyvinylidene fluoride (PVDF) membrane.

The Agilent 1290 LC 6490 QQQ was used for HPLC-MS

analysis. Chromatographic column specifications were as

follows: 00D-4462-YD, Kinetex 2.6 m C18 100A, and New

Column 100 × 3.0 mm high-performance chromatographic

column. The mobile phase consisted of two solvents: (A) 2%

glacial acetic acid, and (B) methanol; the gradient program

started with 75% of mobile phase A at 1 min, which decreased

to 73 % in 8 min and then to 50 % in 3 min and after that

increased to 75 % in 2 min. The velocity of the mobile phase was
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0.3 ml min–1, and the injection sample volume was 0.5 ml. The
column temperature was 30°C, and the pressure was 500 bar.

The mass spectrometer was operated in a multiple reaction

monitoring mode (MRM). Mass spectrometric detection was

operated in a negative ion mode after electrospray ionization.

The following parameters were used for the mass spectrometer:

capillary voltage, 3,371 V; drying gas (nitrogen) temperature,

350°C; flow, 11.0 L min–1; and collision gas, nitrogen (99.999%)

(Chen et al., 2020). The m/z ratios for precursor and product

ions of target analytes, as well as collision energies and retention

times, are presented in Figures 1, S1 (Supplementary Materials),

and Table 1, respectively.
Phenolic acid metabolism-related
enzyme assay

To determine the PAL activities, 0.2 g of fresh leaves were

homogenized in liquid nitrogen, and then extracted with 4 ml

buffer solution (50 mMTris pH 8.5, 14.4 mM 2-meryl ethanol, 5%

w/v insoluble polyvinyl polypyrrolidone). The homogenate was

centrifuged at 12,000 × g for 15 min at 4°C. Then, 0.5 mM, pH 8.0

Tris-HCl buffer and 10 mM L-phenylalanine solution were added

to the obtained supernatant, and the mixture was incubated at

35 °C for 2 h. The reaction was terminated with 50 ml of 5 M

hydrochloric acid. The content of reacted L-phenylalanine in the

presence of PAL was determined by UV-spectrophotometry at

290 nm. The total protein concentration in the extract was

measured by the Bradford (1976) method. PAL activity was

expressed as nmol·min−1·mg−1 protein (Ali et al., 2006).

To determine the SKDH, CAD and PPO activities, fresh

leaves were homogenized in a mortar with 50 mM potassium

phosphate buffer (pH 7.0) at 4°C. The obtained homogenates

were stored in an ice bath and centrifuged successively at a speed

of 15,000 g for 15 min at 4°C (Kováčik et al., 2009; Blasco et al.,

2013). The obtained supernatant was the crude enzyme extract.
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To determine SKDH activity, 0.1 M Tris-HCl buffer (pH 9),

1.45 ml of 2 mM shikimic acid, and 1.45 ml of 0.5 mM NADP

was gradually added to the 0.1 mL crude enzyme solution. The

absorbance was read at 340 nm over 1 min, and the molar

absorbance of 6.22 mM–1 cm–1 was used to calculate its activity.

CAD activity was measured by using 0.1 M Tris-HCl buffer (pH

8.8). The reaction tube contained 1.45 ml of 1 mM coniferyl

alcohol, 1.45 ml of 1 mM NADP and 0.1 ml of supernatant.

Measurement and calculation of CAD activity were calculated

the same way as SKDH activity. PPO detection experiment was

carried out in a reaction centrifuge tube containing 2.85 ml of

50 mM (pH 7.0) potassium phosphate buffer, 50 ml of 60 mM

catechol and 0.1 ml of crude enzyme extract. The absorbance

was read at 420 nm after 2 min. Activity was expressed as units

of activity (UA) in which one unit of PPO was defined as the

change in one unit of absorbance min–1 protein content (UA

mg–1g–1 FW and recalculated with the known protein) (Kováčik

et al., 2009).
DPPH (1,1-diphenyl-2-picrylhydrazyl)
free radical-scavenging activity and
ferric-reducing antioxidant power (FRAP)
of phenolic acids in leaves assay

A total of 3 ml of distilled water was added to 0.1 g of ground

freeze-dried leaves. Then, the homogenate was shaken at 300 rpm

at 4°C for 4 h, and subsequently centrifuged at 7,500 rpm at 4°C

for 10 min. The supernatant was filtered with a 0.22 mm
membrane to obtain the phenolic acid crude extract of the leaves.

A 0.1 g·L–1 DPPH solution was made by dissolving in a small

amount of toluene and then diluting with 60% ethanol. Two

milliliters of phenolic acid crude extract was transferred to 2 ml of

0.1 g·L–1 DPPH solution, and then rapidly mixed and stored at

room temperature for 20 min without light. The absorbance was

measured at 517 nm with 60% ethanol as a blank. The DPPH
FIGURE 1

A total ion chromatogram (TIC) of phenolic acid mixture standards. The peak number represents the twelve phenolic acids as follows: 1,
Pyrogallic acid; 2, Coumaric acid; 3, Protocatechuic acid; 4, Chlorogenic acid; 5, 4-Hydroxy benzoic acid; 6, Caffeic acid; 7, Syringic acid; 8,
Vanillin; 9, Ferulic acid; 10, Benzoic acid; 11, Salicylic acid; 12, Cinnamic acid.
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radical scavenging activity was then calculated (Afroz et al., 2016).

The preparation method of the FRAP reagent was the same

methods as described by Afroz et al. (2016). The above phenolic

acid crude extract of 200 ml was mixed with 1.5 ml of FRAP

reagent and reacted at 37°C for 4 min. The absorbance of the

mixture was measured at 593 nm using distilled water as the

blank. Then, the FRAP of phenolic acids in the leaves

was calculated.
Statistical analysis

All data related to biomass, Cd, Zn and phenolic acid content

and enzyme activity of the K. obovata leaves were submitted to

SPSS 25 software for variance analysis (ANOVA), the results were

expressed as the Mean ± SD, Pearson correlation analysis was

used for detecting relationship among the index of biomass, Cd

content, Zn content, soluble sugar content, chlorophyll content,

DPPH, FRAP, PAL ability, SKDH ability, CAD ability and PPO
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ability. Duncan multi-range test was conducted at the significance

level (P ≤ 0.05) of 5 % to compare the differences among them.
Results

Effects of ZnSO4 treatments on the
biomass and heavy metal content of Cd-
contaminated K. obovata leaves

As shown in Table 2, the addition of ZnSO4 treatments

significantly affected the leaves biomass, Cd content and Zn

content of Cd-contaminated K. obovata. In contrast to the

control (Zn0 treatment), the leaves biomass increased 13.7 %

under Zn80 treatment, but the results significantly decreased by

15.1 and 33.4 % under Zn300 and Zn400 treatments,

respectively. At the meantime, the Cd content in the leaves

significantly reduced by 31.9 % under Zn80 treatment, but the

results significantly increased by 74.3 and 72.5 % under Zn300
TABLE 2 Effects of ZnSO4 treatments on biomass, cadmium content and zinc content in the leaves of cadmium contaminated K. obovata.

Treatments Biomass (g·plant–1) Cd content (mg·kg–1) Zn content (mg·kg–1)

Zn0 1.820 ± 0.170 c 0.113 ± 0.015 b 90.260 ± 4.860 a

Zn80 2.070 ± 0.163 c 0.077 ± 0.006 a 100.450 ± 2.234 ab

Zn300 1.545 ± 0.105 b 0.197 ± 0.003 c 109.339 ± 3.638 bc

Zn400 1.213 ± 0.094 a 0.195 ± 0.005 c 114.447 ± 10.229 c

p-value *** *** **
Values are the mean ± SD (n = 3). Means followed by the same letter do not differ significantly. Levels of significance: **p < 0.01; ***p < 0.001.
TABLE 1 LC-ESI-QQQ-MS/MS analysis of these phenolic acids.

Compound Molecular formula Retention time (min)
Collision energy ESI-MS m/z

E1 (V) E2 (V) [M-H] MS/MS fragment

Pyrogallic acid C6H6O3 1.954 20 10 124.9 79.1, 97

Coumaric acid C6H4O4 2.264 0 0 139.09 139.1, 95

Protocatechuic acid C7H6O4 2.519 10 5 153 109.1, 153

Chlorogenic acid C16H18O9 3.259 15 5 353 190.8, 352.9

4-Hydroxybenzoic acid C7H6O3 3.844 10 0 137.1 93.1, 137.1

Caffeic acid C9H8O4 4.418 30 30 179 134, 88.9

Syringic acid C9H10O5 4.858 15 30 197.17 123, 95

Vanillin C8H8O3 5.246 5 5 150.9 136.1, 151

Ferulic acid C10H10O4 8.283 5 5 192.9 177.8, 134

Benzoic acid C7H6O2 10.374 0 10 121 121, 77.1

Salicylic acid C7H6O3 11.308 15 5 137.1 93.1, 137.1

Cinnamic acid C9H8O2 12.592 5 5 147.1 103, 147
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and Zn400 treatments, respectively (Table 2). Zn content in the

leaves increased by 11.3 % under Zn80 treatment, but the results

significantly increased by 21.3 and 26.7 % under Zn300 and

Zn400 treatments, respectively (Table 2).
Effects of ZnSO4 treatments on the
contents of total chlorophyll (ChlT) and
soluble sugar in the leaves of Cd-
contaminated K. obovata

As shown in Figure 2A, the highest total chlorophyll content

in the leaves (1.825 mg·g–1 FW) was observed at Zn80 treatment,

which was higher than that of Zn300 or Zn400 treatments, but

no significant difference was found between Zn80 and Zn0,

Zn300 and Zn400 treatments. By comparing with the control

(64.80 mg·g–1), the soluble sugar contents under Zn300 and

Zn400 treatments significantly increased by 13.5 and 22.2 %,

respectively, but it significantly decreased by 6.7 % under Zn80

treatment (Figure 2B).
Effects of ZnSO4 treatments on phenolic
compounds content in the leaves of Cd-
contaminated K. obovata

As shown in Table 3, the contents of phenolic compounds

(not including Sal) obviously increased under Zn300 and Zn400

treatments, but no significant differences were found between

Zn80 and Zn0 treatments. The maximum contents of Gal, Pro,

Sal, Ben, Fer, Cou and Chl were found in Zn300 treatment, and

the contents of Gal, Pro, Ben, Fer, Cou and Chl were significantly

higher than that of Zn400 treatment. The maximum contents of

Hyd and Cin were found in Zn400 treatment, but there were no

significant differences between Zn300 and Zn400 treatments
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(Table 3). It is worth noting that, among all detected phenolic

acids, Hyd, Cin and Chl were the main phenolic compounds in

the levels of treated plants (Table 3 and Figure S2).
Effects of ZnSO4 treatments on phenolic
acid metabolism related enzyme
activities in the leaves of Cd-
contaminated K. obovata

The activities of phenolic acid metabolism related enzymes

were obviously impacted by the addition of ZnSO4 treatments

(Table 4). Compared with the control, PAL activity in leaves of

the plants significantly increased by 22.4% and 43.4%, under

Zn300 and Zn400 treatments. However, it declined by 27.7 %

under Zn80 treatment (Table 4). The activities of SKDH, CAD

and PPO in leaves of the plant totally increased with the levels of

ZnSO4 treatments, and the strongest activity were detected

under Zn400 treatment, which were by 86.2, 38.8 and 97.2 %

higher than those of the control, respectively. But there were no

differences in the activities of SKDH, CAD and PPO between

Zn80 treatment and the control (Table 4).
Effects of ZnSO4 treatment on
antioxidant activity of Cd-contaminated
K. obovata leaves

As shown in Figure 3, the DPPH free radical scavenging activity

and FRAP values remarkably increased by Zn300 and Zn400

treatments. However, there were no significant differences were

observed between Zn80 treatment and the control (Figures 3A, B).

With respect to the control, the DPPH free radical scavenging

activity increased by 115.6~127.3 %, and the FRAP values increased

by 31.1~38.7 % under Zn300 and Zn400 treatments (Figure 3A, B).
BA

FIGURE 2

The contents of total chlorophyll (A), soluble sugar (B) in leaves of Cd-contaminated K. obovata under different concentration of Zn treatments.
The data are shown as the means ± SD (n=3).
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Correlations among the physiological
index in the leaves

As shown in Table 5, the leaves biomass had a positive

correlation with chlorophyll content (r = 0.74), but showed a

negative correlation with soluble sugar content (r = –0.90), Cd

content (r = –0.89) Zn content (r = –0.61), SKDH activity (r = –

0.88), CAD activity (r = –0.83) and PPO activity (r = –0.87). The

positive correlations were found between Zn content and soluble

sugar content (r = 0.94), the activities of SKDH (r = 0.78), CAD

(r = 0.80), PPO (r = 0.80), DPPH (r = 0.79) and FRAP (r = 0.64)

in leaves. Cd contents in leaves were highly positively correlated

to Zn content (r = 0.66), soluble sugar content (r = 0.94), the

activities of DPPH (r = 0.95), FRAP (r = 0.86), PAL (r = 0.90),

SKDH (r = 0.87), CAD (r = 0.91), and PPO (r = 0.92) in leaves,

whereas Cd contents in leaves had a negative correlation with

chlorophylls content (r = -0.74) in leaves (Table 5). Thus, we can

see that Cd treatments inhibited the growth of K. obovata, while

Zn application improved the free radical-scavenging ability of

K. obovata.
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Discussion

Biomass, Cd and Zn content of K.
obovata leaves

Biomass is one of the important indicators that reflect

whether the growth of a plant is restrained (Kováčik and

Bačkor, 2007; Wang et al., 2016). The addition of 300 or 400

mg·kg–1 ZnSO4 inhibited the growth of K. obovata, while 80

mg·kg–1 ZnSO4 promoted the growth of K. obovata (Table 2).

These results suggest that treatment with this concentration of

Zn2+ (≤ 80 mg·kg–1 ZnSO4) may initiate a special heavy metal

tolerance mechanism to alleviate the Cd toxicity in Kandelia

obovata plants to some extent.

The toxicity of heavy metal stress to plants not only causes

plant growth to slow down, but also leads to the accumulation

of heavy metals in plant leaves (Armas et al., 2014).

The accumulation of Cd2+ and Zn2+ ions in plant leaves

can trigger membrane lipid peroxidation (Jia et al., 2017),

causing the production of reactive oxygen species (ROS)
TABLE 4 Effects of ZnSO4Effects of ZnSO4 treatments on phenolic compounds metabolism related enzymes activity in the leaves of Cd-
contaminated K. obovata.

Activity
Treatments

p-value
Zn0 Zn80 Zn300 Zn400

PAL (nmol·min–1·mg–1) 20.30 ± 3.16 b 14.67 ± 0.47 a 24.84 ± 0.71 c 29.11 ± 1.33 d ***

SKDH (nmol·min–1·mg–1) 215.24 ± 4.333a 226.79 ± 4.60 a 325.24 ± 13.29 b 400.79 ± 18.44 c ***

CAD (nmol·min–1·mg–1) 223.82 ± 6.14 a 230.55 ± 16.39 a 294.49 ± 13.82 b 310.69 ± 9.29 b ***

PPO (UA·mg–1) 1.44 ± 0.06 a 1.50 ± 0.05 a 2.44 ± 0.12 b 2.84 ± 0.09 c ***
fron
Values are the mean ± SD (n = 3). Means followed by the same letter do not differ significantly. Levels of significance: ***, P < 0.001. PAL, L- phenylalanine ammonia-lyase; SKDH, shikimic
acid dehydrogenase; CAD, cinnamyl alcohol dehydrogenase; PPO, polyphenol oxidase.
TABLE 3 Effects of ZnSO4 treatments on phenolic compounds (PCs) in Cd-contaminated K. obovata.

PCs (µg·g–1)
Treatment

p-value
Zn0 Zn80 Zn300 Zn400

Pyrogallic acid 0.015 ± 0.003 a 0.013 ± 0.002 a 0.151 ± 0.027 b 0.038 ± 0.010 a ***

4-Hydroxybenzoic acid 1.359 ± 0.130 a 0.988 ± 0.291a 3.633 ± 1.392 b 4.180 ± 0.727 b ***

Protocatechuic acid 0.033 ± 0.006 a 0.030 ± 0.002 a 0.076 ± 0.008 b 0.035 ± 0.016 a *

Salicylic acid 0.027 ± 0.010 a 0.022 ± 0.003 a 0.079 ± 0.030 b 0.054 ± 0.032 ab ns

Benzoic acid 0.068 ± 0.005 a 0.073 ± 0.004 a 0.222 ± 0.037 c 0.118 ± 0.016 b ***

Ferulic acid 0.089 ± 0.017 a 0.108 ± 0.025 a 0.204 ± 0.025 b 0.134 ± 0.050 a ***

Couramic acid 0.022 ± 0.009 a 0.016 ± 0.001 a 0.415 ± 0.008 c 0.158 ± 0.074 b *

Chlorogenic acid 2.007 ± 0.072 a 1.847 ± 0.133 a 6.228 ± 1.854 b 1.696 ± 1.974 a ***

Cinnamic acid 0.601 ± 0.045 a 0.668 ± 0.223 a 2.589 ± 0.455 b 2.785 ± 0.374 b ***
Values are the mean ± SD (n = 3). Means followed by the same letter do not differ significantly. Levels of significance: *, P < 0.05; ***, P < 0.001; ns, not significant. Gal, pyrogallic acid; Hyd,
4-hydroxy benzoic acid; Pro, protocatechuic acid; Sal, salicylic acid; Ben, benzoic acid; Fer, ferulic acid; Cou, coumaric acid; Chl, chlorogenic acid; Cin, cinnamic acid.
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(Weng et al., 2012). In this study, the control plants showed lower

ion concentrations of Cd2+ and Zn2+ than those in plants treated

with 300 or 400 mg·kg–1 ZnSO4 (Table 2). The contents of Cd
2+

and Zn2+ in leaves treated with high concentrations of ZnSO4

could account for the depress K. obovata leaf biomass found in

these treatments (Table 2). In addition, 300 or 400 mg·kg–1

ZnSO4 caused an increase in the Cd2+ and Zn2+ concentrations

compared to the control treatment (Table 2), probably because of

the synergism between the Cd2+ and Zn2+. However, 80 mg·kg–1

ZnSO4 treatment inhibited the Cd2+ absorption in leaves

(Table 2), likely due to the antagonism between the Cd2+ and

Zn2+. Therefore, it can be seen that Cd and Zn have antagonistic
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effects under low concentration Zn treatment and synergistic

effects under high concentration Zn treatment. The past report

also confirmed these findings (Wang et al., 2016). This

phenomenon could be explained by the competition between

Zn and Cd because of their similar chemical properties (Wang

et al., 2016). Zn is an essential element for plant growth at low

concentrations, whereas Cd is a non-essential metal for plants

with a low toxicity threshold (5–10 mg·kg–1) (Wang et al., 2016).

To counteract the toxicity of Cd, plants must increase the

transport of Zn from roots to shoots. Another group of authors

have suggested that the interaction between Cd and Zn is

synergistic. In heavy metal hyper accumulative plants, the
TABLE 5 Pearson correlation coefficients among biomass, the contents of Cd, Zn, soluble sugar, chlorophyll and the activities of DPPH, FRAP,
PAL, SKDH, CAD and PPO in the leaves of Cd-contaminated Kandelia obovata.

Physiological
index

Cd
content

Zn
content

Soluble sugar
content

Chlorophyll
content DPPH FRAP PAL

activity
SKDH
activity

CAD
activity

PPO
activity

Biomass –0.89** –0.61* –0.90** 0.74** –0.86** –0.76** –0.88** –0.88** –0.83** –0.87**

Cd content 1 0.66* 0.94** –0.74** 0.95** 0.86** 0.90** 0.87** 0.91** 0.92**

Zn content 1 0.70* –0.56 0.79** 0.64* 0.57 0.78** 0.80** 0.80**

Soluble sugar
content

1 –0.72** 0.93** 0.87** 0.96** 0.95** 0.91** 0.95**

Chlorophyll
content

1 –0.71* –0.55 –0.67* –0.72** –0.74** –0.76**

DPPH 1 0.90** 0.84** 0.94** 0.96** 0.97**

FRAP 1 0.73** 0.84** 0.89** 0.87**

PAL activity 1 0.88** 0.82** 0.87**

SKDH activity 1 0.93** 0.98**

CAD activity 1 0.97**
fron
*Correlation is less than or equal to 0.05 level (2-tailed); **Correlation is less than or equal to 0.01 level (2-tailed).
BA

FIGURE 3

The scavenging ability of DPPH (A) and FRAP (B) of phenolic acids in leaves of Cdcontaminated K. obovata under different concentration of Zn
treatments. The data are shown as the means ± SD (n=3). DPPH, 1,1-diphenyl-2-picrylhydrazyl; FRAP, ferric-reducing antioxidant power.
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accumulation of Zn in the stems was positively correlated with

the Cd levels in plants, and the author believes that the

stimulation of Cd accumulation in stems was related to the

increased xylem transport of Cd from roots to shoots (Wang et

al., 2016). Additionally, it was reported that most accumulated Zn

could be bonding to polygalacturonic acids and carbohydrates in

the cell wall (Xing et al., 2008). It has been reported that another

possible mechanism for A. marina with excessive Zn

accumulation is to secrete excess Zn through leaf glands

(MacFarlane and Burchett, 2000). Under Cd and Zn pollution

conditions, the growth of K. obovata was only slightly affected by

Zn300 treatment, but an obvious reduction of foliar biomass of K.

obovata was observed in Zn400 treatment. These results imply

that low concentration Zn2+ treatment could alleviate Cd toxicity,

but high concentration Zn2+ treatment could increase the toxicity

of heavy metals to K. obovata. The main mechanism of Zn2+

treatment alleviate the stress by Cd pollution in K. obovata can be

explained by the improvement of antioxidant capacity induced by

Zn2+. This can be further confirmed by the metabolism of

phenolic acids and their oxidation abilities (Lavid et al., 2001;

Sgherri et al., 2003; Kováč ik et al., 2009).
Chlorophyll content, soluble
carbohydrate content, and their
relationships with phenolic
acid metabolism

Phenolic acids are synthesized from the amino acids produced

by glycolysis, which is closely related to the photosynthesis of plants

(Cocetta et al., 2015). Chlorophyll consists the foundation of plant

photosynthesis (Li et al., 2022). The reduction of total chlorophyll

content was often found in biologically stressed plants which under

nutrient imbalance or oxidative stress induced by heavy metal stress

(Wang et al., 2011). In present study, we found that the total

chlorophyll content in leaves decreased under Zn300 and Zn400

treatments, however, increased under Zn80 treatment (Figure 2A).

The above results showed that adding 80 mg·kg–1 ZnSO4 under

high concentration of Cd pollution could enhance the

photosynthesis of plants, and increase the biomass, while adding

300 or 400 mg·kg–1 ZnSO4 treaments weaken the photosynthesis of

plants. Soluble sugar is one of the products of photosynthesis, the

levels of soluble sugar directly influenced the biosynthesis of

phenolic acids, and the accumulation of flavonoid compounds

(Cocetta et al., 2015). In our study, the change trend of soluble

sugar content in leaves of K. obovata under Zn stress was contrary

to that of total chlorophyll content (Figure 2B). This can be

comfirmed by the significant negative correlationship between

total chlorophyll content and soluble sugar content, and the

significant positive correlationship between soluble sugar content

and phenolic acids (Table 5). Therefore, the soluble sugar content

can indirectly reflect the amount of phenolic acid synthesis.

However, we only know that the synthesis of phenolic acid is
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based on sugar metabolism. So, it is necessary to further explore

whether the high sugar content does necessarily lead to the high

metabolism of phenolic acids.
Effects of heavy metal stress on phenolic
acid metabolism

Phenolic acids are often produced when animals and plants are

subjected to abiotic and biotic stresses. In previous studies, Loponen

et al. (2001) found that birch leaves from contaminated areas had

higher levels of several low-molecular weight phenols than birch

leaves from control areas. Blasco et al. (2013) found that phenolic

acids are powerful antioxidants that can scavenge free radicals and

other oxidizing substances. However, little work has been done on

the response of phenolic acids to heavy metals in mangrove plants.

Some studies have suggested that high concentrations of Zn and/or

Cd promote phenolic acid synthesis in herbal plants

(Mongkhonsin et al., 2016). Higher levels of phenolic compounds

were found in both young and old leaves ofMatricaria chamomilla

following long-term exposure to 60 and 120 mM CdCl2 (Kováčik

et al., 2009). Similar results were found in blueberry plantlets in

response to Cd pollution (Manquian-Cerda et al., 2016). Whereas,

whether low concentration of Zn treatment alleviating Cd toxicity is

due to the upregulated metabolism of some phenolic compounds, it

needed to be uncovered. This study found that long-term exposure

to Zn300 or Zn400 treatments obviously increased the content of

some phenolic acid metabolites (Table 3), but the effects of 80

mg·kg–1 ZnSO4 treatment was not as significant as those treated

with 300 or 400 mg·kg–1 ZnSO4. This discrepancy in findings may

be due to the heavy metal endurance of plant (Sgherri et al., 2003)

and the higher concentrations of Cd (3.99 mg·kg–1), and Zn (367.54

mg·kg–1) in soil sediments of this experiment. Additionally,

previous results have shown that inhibiting phenolic acid

metabolism would result in early death of leaves of transgenic

tobacco plant and change its cell morphology (Lodovico et al.,

1998). Therefore, most of the studies have shown that phenolic acid

metabolism is closely related to the normal growth of plants.

Indeed, soluble sugar is formed by the photosynthesis of plants,

which is closely linked to shikimic acid pathway and directly

influences the amount of phenolic compound synthesis (Tato

et al., 2013). So the same change trends of phenolic acid content

and soluble sugar content in the leaves of Cd-contaminated K.

obovata under different ZnSO4 treatments. It can be concluded that

the higher the soluble sugar content in the leaves, the more phenolic

acid synthesis occurs.
Mechanism of heavy metal tolerance
involved in phenolic acid metabolism

In our work, the application of ZnSO4 treatment in Cd-

contaminated sediment, especially 300 and 400 mg·kg–1 ZnSO4
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treatments, raised the content of phenolic acids in leaves of K.

obovata (Table 3). The enhancement of phenolic acid content

caused by ZnSO4 addition allowed plants to survive high

concentrations of Cd stress (Tables 2, 3). These phenolic acids are

considered to play an important role in protecting the K. obovata

from oxidative damage caused by Cd stress. Because phenolic acids

are strong antioxidants, they can scavenge free radicals and ROS

(Kim et al., 2006). The properties of phenolic acids are determined

by their structures, which mainly depend on the number and

position of the hydroxyl groups on the aromatic ring (Kim et al.,

2006). The phenolic acids in K. obovata plants are usually divided

into two groups: benzoic and cinnamic acid derivatives. The

antioxidant activity of cinnamic acid derivatives such as ferulic

acid, caffeic acid and p-coumaric acid was higher than that of

hydroxybenzoic acid derivatives such as p-hydroxybenzoic acid

vanillic acid and salicylic acid (Kim et al., 2006). That is because

that the presence of the CH=CH–COOH group in the

hydroxycinnamic acids is considered to be key for the

significantly higher antioxidative efficiency compared to

the COOH in the hydroxybenzoic acids (Kim et al., 2006). In

addition, phenolic acids can mitigate the effects of oxidative stress

due to its electron donor functions and can be used as an excellent

substrate for some antioxidant enzymes (Blasco et al., 2013). Table 3

shows that the application of ZnSO4 significantly induces the

biosynthesis of cinnamic acid and benzoic acid, which can

scavenge free radicals efficiently and stimulate antioxidant activity

under different types of adverse stress in plants (Blasco et al., 2013),

and the 300 and 400 mg·kg–1 ZnSO4 treatments can stimulate the

synthesis of benzoic and cinnamic acid derivatives more effectively

than the 80 mg·kg–1 ZnSO4 treatment. Therefore, under the same

concentration of Cd stress, plants treated with ZnSO4 at low

concentration are more resistant to Cd than those without

ZnSO4. This is because zinc ion can enhance the plant's tolerance

to heavymetals by stimulating themetabolism of phenolic acid. The

Zn supplementation could not only be inhibitory for Cd-induced

oxidative stress (Garg and Kaur, 2013) by inducing the biosynthesis

of phenolic compounds (Mongkhonsin et al., 2016), but also be

used as a remediation agent for heavy metals (Rai et al., 2019). The

plant phytoavailability of Cd (≥ 54.13%) was significantly reduced

in the soil mixed with single superphosphate, triple superphosphate,

and calcium magnesium phosphate sepiolite in conjunction with

ZnSO4 (Guo et al., 2017). All of these studies indicated that ZnSO4

can alleviate Cd stress and ZnSO4 is an effective remediation agent

for Cd pollution soil.

It was reported that the activities of PAL, SKDH, CAD and

PPO were enhanced for plants to better resist Cd pollution (Irtelli

and Navari-Izzo, 2006; Kováčik et al., 2009). Similar results can be

found in our work (Table 4). PAL mediates phenylalanine to

produce cinnamic acid, which is a key branching point in

primary and secondary metabolism, and it is also the first and

most important regulatory step in the formation of many phenolic

acids (Cocetta et al., 2015). SKDH is a member of shikimate

pathway which can convert simple carbohydrates into aromatic
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amino acids including phenylalanine (Kováčik et al., 2009). It is one

of the enzymes that controls the reaction of carbohydrates toward to

phenolic acids and provides a substrate for PAL (Blasco et al., 2013;

Chen et al., 2019). Plants can generate gallic acid and 4-

hydroxybenzoate through shikimate pathways (Zhou et al., 2019).

The 4-hydroxybenzoate and 3,4-dihydroxybenzoic acid are

produced by general phenylpropanoid pathway with cinnamic

acid precursor. Cinnamic acid is also a precursor for the synthesis

of benzoic acid, salicylic acid, caffeic acid, ferulic acid, coumaric acid

and vanillin (Renault et al., 2017; Barros et al., 2019). Cinnamic acid

and p-coumaric acid are substrates of CAD (Barros et al., 2019),

which provide precursors for the biosynthesis of lignin (Chen et al.,

2019). In fact, phenolic compounds are the substrates of enzymatic

browning reactions, which can form colored quinones under the

enzymatic oxidation by PPO (Léchaudel et al., 2018). However, the

high level of PPO activity reduces the free oxygen level available for

ROS production, which may be one of the reason for the reduced

ROS level of cellular under stress conditions (Léchaudel et al., 2018).

As can be seen from Table 4, the lowest activities of the SKDH,

CAD, and PPO found in the control plants (Table 4),

corresponding to the minimum concentrations of phenolic acids

in K. obovata plants. On the contrary, the application of 300 or 400

mg·kg–1 ZnSO4 treatment increased the activity of PAL, SKDH,

CAD and PPO compared with the 80 mg·kg–1 ZnSO4 treatment

(Table 4). These findings could explain why the concentration of

phenolic acids increased (Table 3), why phenolic acids can protect

plants against heavy metal stress, and why the leaf biomass of the 80

mg·kg–1 ZnSO4 treatment group was higher than that of the 300

and 400 mg·kg–1 ZnSO4 treatments groups. It has been reported

that stronger phenolic acid metabolism related enzyme activities

and the content of phenolic acids are linked to the resistance of

plants to abiotic stress (Blasco et al., 2013). Zn2+ treatment

contributed to the increase in SKDH enzyme activity, which may

be due to the promoting influence of Zn on photosynthesis and

carbohydrate synthesis. And the additional carbohydrates can be

provided tomeet the increased synthesis of phenolic acids under Cd

stress. PPO activity is correlated with the production of quinine and

ROS, so the increase in PPO activity will aggravate oxidative stress

(Blasco et al., 2013). The results showed that K. obovata had the

lowest foliar biomass under the 400 mg·kg–1 ZnSO4 treatment

(Table 2), but its PPO activity was the highest (Table 4), which is

related to the greater oxidative stress and the formation of more

ROS in these plants. While, the application of 80 mg·kg–1 ZnSO4

inhibited PPO activity (Table 4), the reduced PPO activity would

decrease the concentration of H2O2 in the plant, and thus, enhance

the plant’s ability to resist stress (Thipyapong et al., 2004).
Free radical scavenging ability of
phenolic acids

DPPH and FRAP are important indexes to measure the

antioxidant potential of phenolic acid effectively (Cocetta et al.,
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2015). The DPPH and FRAP values in plant leaves increased under

ZnSO4 treatment; adding 300 or 400 mg·kg–1 ZnSO4 increased the

antioxidant capacity of phenolic acid extracts from leaves. In

addition, some phenolic acid content of plants under high

concentration ZnSO4 treatment was also higher than that of

under low concentration ZnSO4 treatment (Table 3). Therefore,

the higher the content of some phenolic acids in leaves, the stronger

the antioxidant capacity of leaves and the stronger the resistance to

Cd oxidative damage. It can also be seen from the Pearson

correlation values in Table 5 that the content of Cd and Zn in

leaves is highly positively correlated with the activity of enzymes

related to phenolic acid metabolism and the content of chlorophyll

is highly negatively correlated with the activity of those enzymes;

however, the soluble sugar content and the antioxidant capacity

were highly positively correlated with the activity of those enzymes.

These results indicated that under the pollution of Cd and Zn, K.

obovata can stimulate the metabolism of phenolic compounds,

sugar metabolism, and photosynthesis related to phenolic acid

metabolism to improve the antioxidant capacity of plants to resist

the oxidative damage caused by heavy metal stress; 80 mg·kg–1

ZnSO4 can alleviate Cd toxicity by improving the ability of phenolic

acid metabolism of plants.
Conclusion

Our findings showed that the application of ZnSO4 to Cd-

contaminated sediment increased phenolic acid contents and

related enzyme activities in leaves of K. obovata. These increases

also led to an increase of the biosynthesis of hydroxycinnamic acids,

and hydroxybenzoic acid and their derivatives, which have a strong

ROS scavenging ability in plant leaves, and can be used as protective

compounds for mangrove plants under Cd stress conditions.

Overall, this work revealed that the application of repair agents

containing low concentrations of ZnSO4 is an effective strategy to

raise the resistance of Cd contaminated mangrove plants. This is

not only beneficial to improve the growth and reduce Cd

accumulation of mangrove plants, but also increase the

nutritional value of animal diets, including phenolic compounds

the trace element of Zn, in the food chains of mangrove ecosystems.
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Merging the occurrence
possibility into gene
co-expression network
deciphers the importance of
exogenous 2-oxoglutarate in
improving the growth of
rice seedlings under
thiocyanate stress

Yu-Xi Feng †, Li Yang †, Yu-Juan Lin, Ying Song
and Xiao-Zhang Yu *

College of Environmental Science and Engineering, Guilin University of Technology, Guilin, China
Thiocyanate (SCN−) can find its way into cultivated fields, which might hamper

the harmony in carbon and nitrogen metabolism (CNM) of plants, ebbing their

quality and productivity. In the current study, we investigated the role of the

exogenous application of 2-oxoglutarate (2-OG) in maintaining homeostasis of

CNM in rice seedlings under SCN− stress. Results showed that SCN− exposure

significantly repressed the gene expression and activities of CNM-related

enzymes (e.g., phosphoenolpyruvate carboxylase, NADP-dependent isocitrate

dehydrogenases, and isocitrate dehydrogenases) in rice seedlings, thereby

reducing their relative growth rate (RGR). Exogenous application of 2-OG

effectively mitigated the toxic effects of SCN− on rice seedlings, judged by the

aforementioned parameters. The co-expression network analysis showed that

genes activated in CNM pathways were categorized into four modules (Modules

1–4). In order to identify the key module activated in CNM in rice seedlings

exposed to SCN−, the results from real-time quantitative PCR (RT-qPCR) tests

were used to calculate the possibility of the occurrence of genes grouped in four

different modules. Notably, Module 3 showed the highest occurrence

probability, which is mainly related to N metabolism and 2-OG synthesis. We

can conclude that exogenous application of 2-OG can modify the imbalance of

CNM caused by SCN− exposure through regulating N metabolism and 2-OG

synthesis in rice seedlings.
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rice, thiocyanate, 2-OG, carbon metabolism, nitrogen metabolism
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1 Introduction

Carbon (C) and nitrogen (N) are the two primary nutrient

species, and their adequate supply and dynamic balance of both

elements should be essential for regulating cellular functions during

plant growth and development (Zheng, 2009; Naseeruddin et al.,

2018). It is well known that C-rich biomolecules (e.g., sucrose,

glucose, and fructose) provide the majority of energy and C-

skeletons for ammonium (NH4
+) assimilation, while N-containing

compounds are parts of organic (e.g., amino acids and proteins) and

simple inorganic compounds (e.g., nitrate [NO3
−] and NH4

+),

which can be synthesized through the incorporation of NH4
+ into

the C-skeletons (Zheng, 2009). At the enzymatic level, nitrate

reductase (NR), glutamine synthetase (GS), sucrose-phosphate

synthase (SPS), trehalose-6-phosphate synthase (TPS), and

glutamyl tRNA synthetase (ERS) play a dominant role in

regulating the carbon and nitrogen metabolism (CNM) in plants

(Coruzzi and Zhou, 2001). However, various environmental stimuli,

such as pollutants, drought, salinity, fertilization, and extreme

temperature, can influence and destabilize CNM-associated

enzymes, thereby weakening the yield and quality of crops (Xin

et al., 2019; Alves et al., 2021; Guo et al., 2021).

Thiocyanate (SCN−), being part and parcel of many industrial

activities (e.g., manufacturing of chemical insecticide and herbicide,

production of thiourea, metal separation, and gold mining), is

continuously marking its imprint in a clean environment (Yu and

Zhang, 2013). Notably, gold ore processing generates a large

amount of SCN− because of the lixiviant cyanide complexed with

the reduced sulfur species in the gold-bearing ore (Gao et al., 2022).

Even mine waste is treated before being discharged, with the aim to

convert cyanide into SCN− (Gould et al., 2012). Different governing

bodies have issued standards regarding the discharge of cyanide-

rich effluent in the environment considering its environmental risk

and health hazard (Mudder and Botz, 2004); however, discharge of

SCN− in effluent has not been restricted by standards, ultimately

raising SCN− level in the effluent (Gould et al., 2012). Indeed, the

levels of SCN− at 1,000 mg SCN/L were detected in gold tailings

wastewaters (Gao et al., 2022). Persistence of higher levels of SCN−

in soils, sediments, rivers, and aquatic biota in nearby areas of gold

mines has been observed, which eventually makes its entry into the

food chain and poses a threat to all living organisms (Bhunia et al.,

2000; Yu and Zhang, 2013; Sun et al., 2018; Lin et al., 2020). Indeed,

accumulation of SCN− in plants can cause serious damage to plant

growth and development by decreasing nutrient balance and

transpiration, degrading photosynthetic pigments, changing the

free amino acid composition, and inhibiting the activities of

antioxidant enzymes (Hansson et al., 2008; Yu and Zhang, 2013).

Our previous studies at the physio-biochemical and molecular

levels also indicated that SCN− exposure is able to result in the

dysfunction of chloroplast (Yang et al., 2021). These studies

suggested that the negative effects of SCN− exposure on the CNM

in rice seedlings are detectable.

In recent years, the application of plant growth regulators

has been suggested to curtail the negative impact imposed by

various abiotic factors (Yang et al., 2021). It is evident that 2-

oxoglutarate (2-OG) is a key organic acid involved in the
Frontiers in Plant Science 02154
processes of CNM in plants (Yue et al., 2018; Ji et al., 2020).

Specifically, the GS initially converts NH4
+ into glutamine in an

ATP-dependent reaction; afterward, the glutamate synthase

(GOGAT) catalyzes the conversion of glutamine and 2-OG

into two molecules of glutamate. Clearly, there is a mandatory

interaction between N metabolism and C metabolism (Gálvez

et al., 1999). In addition, exogenous application of 2-OG can

enhance the activities of phosphoenolpyruvate carboxylase

(PEPC), GS, and NADP-dependent isocitrate dehydrogenases

(NADP-ICDH) in roots of rice (Yuan et al., 2007). Feeding of

exogenous 2-OG can also improve the transcripts of N

metabolism-related genes in plants (Araújo et al., 2014). These

studies suggested the positive feedback of exogenous 2-OG on

the CNM in plants. To date, little is known about the role of

exogenous 2-OG in regulating the imbalance of CNM induced by

SCN− in plants.

Rice (Oryza sativa L.) is one of the most important staple food

crops worldwide, especially in eastern Asia countries (Mostofa et al.,

2014). Nowadays, agricultural crops suffer from various

environmental issues. The SCN− is a typical N-containing

pollutant that can be assimilated by rice plants. Therefore, in the

present study, we hypothesized that SCN− can disturb the CNM in

rice plants during the detoxification of exogenous SCN−, while the

application of exogenous 2-OG can maintain homeostasis of CNM

in rice seedlings in response to SCN− exposure. To prove this

hypothesis, the following works were performed: 1) we estimated

the relative growth rate and percentage of carbon/nitrogen of rice

seedlings under SCN− exposure with or without exogenous 2-OG,

2) we analyzed the effects of exogenous 2-OG on CNM-related

genes and enzymes under SCN− stress, and 3) we clarified the

strategies of exogenous 2-OG to regulate the imbalance of CNM in

rice plants under SCN− exposure by merging the occurrence

possibility into a co-expression module analysis. Overall, this

study provides new evidence to expand our understanding of

exogenous 2-OG to regulate the imbalance of CNM in rice plants

during SCN− exposure.
2 Methods and materials

2.1 Plant growth and experiment design

The seeds of a regular medium-maturing indica rice (O. sativa

L. XZX 45) were sowed in river sand after being soaked in distilled

water for 24 h and then moved inside an artificial climate chamber

with a controlled temperature of 25°C ± 0.5°C at a relative humidity

of 60% ± 2% Zhang et al., 2022. The rice seedlings were irrigated

daily with a modified 8692 nutrient solution, which was described

in our previous work (Yang et al., 2021). The modified 8692

nutrient solution with KNO3 (39.5 mg N/L) was used. After 16-

day growth, rice seedlings of similar size were collected and

incubated in a MES-Tris solution (pH = 6.0) for 4 h to remove

additional ions from the root surface and the apparent free space.

These pretreated seedlings were transferred into a nutrient solution

spiked with SCN− and utilized in subsequent experiments. Two

treatment series were conducted:
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(1) SCN− treatments: SCN− spiked solutions at concentrations

of 0 (control 1), 24.0, 96.0, and 300.0 mg SCN/L. Control 1

refers to the nutrient solution without SCN− and exogenous

2-OG.

(2) “SCN− + 2-OG” treatments: seedlings were pretreated with

a 2-OG solution at a concentration of 4 mmol/L for 4 h

(Fritz et al., 2006), and then seedlings were exposed to

SCN− solution at 0 (control 2), 24.0, 96.0, and 300.0 mg

SCN/L. Control 2 refers to the nutrient solution without

SCN−, but with exogenous 2-OG.
Exposure concentrations of SCN− used were based on three

different effective concentrations (ECs), i.e., EC20, EC50, and EC75,

referring to the 20%, 50%, and 75% inhibition of relative growth

rates of rice seedlings, respectively (Lin et al., 2020). All seedlings

were placed in the plant growth chamber for a 3-day exposure.

Potassium thiocyanate (KSCN) of analytical grade purity with

98.5% purity was purchased from Sinopharm Chemical Reagent

Co., Ltd. (Shanghai, China). a-Ketoglutaric acid (2-OG) of

analytical grade purity with 98.0% purity was obtained from

Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). To

minimize water loss and prevent algae growth, each flask was

covered with aluminum foil. Each treatment concentration was

performed with four independent replicates.
2.2 Analysis of growth parameter

The relative growth rate (RGR) is one of the most crucial

parameters to reflect the performance of plants under various

stresses (Lin et al., 2020). The RGR (%) was calculated using the

biomass change of young seedlings during SCN− exposure, as

follows:

RGR =
W(F) −W(I)

W(I)
� 100% ; (1)

whereW(I) andW(F) are the initial and final fresh weights of rice

seedlings, respectively.
2.3 Measurement of total C and N contents
in rice tissues

After exposure to the SCN− solution for 3 days, rice seedlings

were harvested and separated into roots and shoots. After being

washed with double-distilled water, plant materials were oven dried

at 90°C for 48 h and weighed. Then, 0.010 g of oven-dried plant

materials was grained into fine powder. Total C and N (%) were

measured by a vario elemental analyzer (vario EL) (Brown

et al., 2007).
2.4 Measurements of activities of CNM-
related enzymes in rice tissues

Activities of enzymes related to C metabolism, including PEPC

(Osuna et al., 1996),ERS (Ratinaud et al., 1983), TPS (Goddijn et al.,
tiers in Plant Science 03155
1997), and SPS (Feng et al., 2019) in rice tissues were assayed

(detailed information is shown in Supplementary material M1).

Activities of enzymes activated in N metabolism, namely, NR

(Ahanger et al., 2021), nitrite reductase (NiR) (Lin et al., 2022a), and

GS (Hou et al., 2019) in rice tissues were determined (detailed

information is shown in Supplementary material M1).

Activities of enzymes involved in 2-OG biosynthesis, i.e.,

NADP-ICDH (Gálvez et al., 1994), isocitrate dehydrogenases

(NAD-IDH) (Gálvez et al., 1994), and glutamate dehydrogenases

(GDH) (Turano et al., 1996), were also measured (detailed

information is shown in Supplementary material M1).
2.5 RNA extraction and RT-qPCR analysis

Real-time quantitative PCR (RT-qPCR) was used to quantify

the expression levels of CNM-related enzymes in rice seedlings after

SCN− exposure. Total RNA was extracted from both the root and

shoot of all rice samples by using an Ultrapure RNA Kit (CWBio,

Taizhou, China). DNase I (CWBio, Taizhou, China) was used to

remove genomic DNA contamination, if any, from RNA extract.

Then, the total RNA was purified by an RNeasy MinElute Cleanup

Kit (Qiagen, Hilden, Germany). Each sample was prepared in four

independent biological replicates.

A total of 40 genes encoding enzymes or proteins activated in the

CNM pathways were searched from the databases, including RGAP

(http://rice.plantbiology.msu.edu/analyses_search_blast.shtml),

NCBI (https://www.ncbi.nlm.nih.gov/), and RAPDB (http://

rapdb.dna.affrc.go.jp/). Expression of genes was assayed after SCN−

exposure by RT-qPCR analysis, including PEPC (Osppc1, Osppc2a,

Osppc3, and Osppc4), ERS (OsERS1, OsERS2, and OsERS3), TPS

(OsTPS1, OsTPS4, OsTPS5, OsTPS8, and OsTPS9), SPS (OsSPS1,

OsSPS2, OsSPS4, OsSPS5, and OsSPS6), NR (OsNIA1, OsNIA2, and

OsNR1), NiR (OsNiR1, OsNiR2, and OsNiR3), GS (OsGS1;1,OsGS1;2,

OsGS1;3, and OsGS2), NADP-ICDH (OsICDH1, OsICDH2,

OsICDH3, and OsICDH4), NAD-IDH (OsIDHc;2, OsIDHc;1,

OsIDHa, and OsIDH1), and GDH (OsGDH1, OsGDH2, OsGDH3,

and OsGDH4). All genes primer sequences are listed in Table S1. RT-

qPCR cycling conditions were as follows: 1) denaturation at 95°C for

10 s, 2) annealing at 58°C for 30 s, and 3) extension at 72°C for 32 s.

This cycle was imitated 40 times. The RT-qPCR analysis was

executed using the 7500 Fast Real-Time PCR system (Applied

Biosystems, Foster City, CA, USA) and SYBR green chemistry. Rice

GAPDH (glyceraldehyde-3-phosphate dehydrogenase ,

LOC_Os08g03290.1) was selected as the housekeeping gene (Yang

et al., 2021). The standard 2−DDCT method was used to calculate the

relative expression of each of the targeted genes (Schmittgen and

Livak, 2008). All values were represented as cumulative means ±

standard deviation of four independent replicates.
2.6 Identification of key regulatory genes in
the CNM regulatory module

2.6.1 Co-expression network analysis
In order to establish the CNM regulatory module with statistical

significance, all CNM-related genes were uploaded to the STRING
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(https://version-10-5.string-db.org/) software, and the protein–

protein interaction (PPI) networks (combined score >0.4) were

constructed. Then, the modules (resolution = 0.8) with higher

visualization were performed by the program Gephi 0.9.2 (Lin

et al., 2022b).

2.6.2 Estimation of the normcdf of
CNM-related genes

In order to identify the key module activated in CNM in rice

seedlings exposed to SCN−, the results from PCR tests were used to

calculate the possibility of the occurrence of genes grouped in four

different modules. We first converted the data through the functions

of “COMPUTE x_new=SQRT(X)” or “COMPUTE x_new = LN(x)”

in the SPSS software since they were non-normally distributed.

Then, the normcdf was calculated statistically.
2.7 Data analysis

Tukey’s multiple range tests were used to assess the statistical

significance at the level of 0.01 or 0.05. Different letters refer to the

significant difference between the treatments and control (p< 0.05).

The asterisk symbol refers to the significant difference between

SCN−-treated and “SCN− + 2-OG”-treated seedlings (p< 0.05).
3 Results

3.1 Relative growth rate of rice seedlings

A remarkable (p< 0.05) reduction in RGR of rice seedlings was

observed at all SCN− treatments after 3-day exposure in comparison

to the control (Figure 1A). Similarly, in the case of “SCN− + 2-OG”

treatments in rice seedlings, a decrease in RGR that was visible in all

treated plants reversed to that of control (p< 0.05). However, the

RGR of rice seedlings under “SCN− + 2-OG” treatments was

significantly (p< 0.05) higher than that of SCN− treatments,

suggesting that the inoculation of 2-OG could mitigate the

negative effect of SCN− on plant biomass growth.
3.2 The total amount of C and N in
rice seedlings

The C% in rice roots (shoots) was 36.99%, 36.94%, 36.58%, and

37.04% (40.31%, 40.15%, 39.35%, and 39.93%, respectively) under

0, 24, 96, and 300 mg SCN/L treatments, respectively. The

application of exogenous 2-OG caused a negligible effect on the C

% in rice tissues compared with their respective SCN− treatments

(Figures 1B, C). The N% in rice roots (shoots) was 2.0%, 2.26%,

3.16%, and 5.28% (2.79%, 3.44%, 3.43%, and 3.61%, respectively)

under 0, 24, 96, and 300 mg SCN/L treatments, respectively, while

application of exogenous 2-OG significantly decreased the N% in

rice tissues compared with their respective SCN− treatments

(Figures 1D, E).
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3.3 Response of CNM-related genes in
rice plants

Mostly, more than one isogene was encoded with the specific

enzyme in plants, in which the activity of the enzyme was regulated

and/or governed by these isogenes together. However, each specific

isogene does not carry the same weight during the regulation

process, wherein there is always a master regulator gene (Yang

et al., 2021), which chiefly controls the enzyme activity. Here, the

upregulated master regulator genes in rice seedlings were described,

while downregulated genes are not described in the

following sections.

3.3.1 Response of C metabolism-related genes
As shown in Figure 2A, PEPC, upregulated genes in roots were

Osppc4, Osppc2a, and Osppc2b, at all SCN− treatments, while

Osppc1, Osppc2a, and Osppc2b were upregulated in shoots. In

roots of rice seedlings from the “SCN− + 2-OG” treatments,

Osppc4 and Osppc3 were upregulated, while Osppc4, Osppc1, and

Osppc2a showed remarkable expression in shoots.

Expression of ERS-related genes is shown in Figure 2A, ERS,

wherein OsERS1, OsERS2, and OsERS3 were generally upregulated

in SCN−-exposed rice parts, i.e., in roots and shoots. However, the

expression levels of OsERS1, OsERS2, and OsERS3 showed raised

pattern in shoots of rice plants from the “SCN− + 2-OG” treatments.

Figure 2A, TPS, depicts that higher expression levels of TPS-

related genes of OSTPS5 and OSTPS1 were prominent in roots in

SCN− treatments, while OSTPS5 and OSTPS8 had greater

expression in shoots. Interestingly, when rice seedlings were

pretreated with 2-OG, OSTPS5, OSTPS8, and OSTPS9 were

upregulated in roots. However, the expression levels of five TPS

isogenes in shoots conferred a variance tendency, which reinforced

at 0 mg SCN/L and then declined at 24 mg SCN/L.

Upregulation of three SPS isogenes (OsSPS1, OsSPS3, and

OsSPS5) was observed in roots in all SCN− treatments (Figure 2A,

SPS), while only OsSPS2 was upregulated in shoots. Differential

expression patterns were found in SPS-related genes of roots in

“SCN− + 2-OG” treatments. The expression levels of OsSPS1,

OsSPS3, and OsSPS5 in roots from the “SCN− + 2-OG”

treatments were higher than those of SCN− treatments. OsSPS1

and OsSPS5 were upregulated in shoots of “SCN− + 2-OG”

treatments, which differed from SCN− treatments.

3.3.2 Response of N metabolism relative genes
Positive expressions of NR genes, i.e., OsNIA1, OsNIA2, and

OsNR1, were observed in roots after SCN− exposure (Figure 2B,

NR). However, the expression levels of OsNIA1, OsNIA2, and

OsNR1 in shoots showed a disparate trend with an initial

escalation from 24 mg SCN/L and then dropped at 96 mg SCN/L.

In the case of rice seedlings from the “SCN− + 2-OG” treatments,

higher expression levels of OsNIA1, OsNIA2, and OsNR1 were

observed in rice shoots.

Within NiR genes, only OsNiR-1 was upregulated in roots at all

SCN− treatments (Figure 2B, NiR), while upregulation of OsNiR-1

and OsNiR-3 was detected in shoots. Interestingly, the expression
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levels of OsNiR-1, OsNiR-2, and OsNiR-3 conferred an accelerating

pattern in both roots and shoots of the “SCN− + 2-OG” treatments.

Differential expression of GS-related genes was observed

between roots and shoots, with significant upregulation of OsGS2,
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OsGS1;2, and OsGS1;3 in roots and shoots (OsGS2 and OsGS1;3)

(Figure 2B, GS). However, the expression levels of OsGS2, OsGS1;2,

OsGS1;1, and OsGS1;3 showed linear inclination with increasing

SCN− concentrations in both rice tissues by inoculation of 2-OG.
A

B D

EC

FIGURE 1

(A) Relative growth rate of rice seedlings under SCN− exposure in the presence or absence of 2-OG. (B) The percentage of C in rice shoots. (C) The
percentage of C in rice roots. (D) The percentage of N in rice shoots. (E) The percentage of N in rice roots. Values are the mean of four independent
biological replicates ± standard deviation. Different letters refer to the significant difference between treatment and control (p< 0.05). 2-OG, 2-
oxoglutarate.
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3.3.3 Genes involved in the biosynthesis of 2-OG
Transcriptional changes of NAD-IDH genes are shown in

Figure 2C, IDH. As apparent from the figures, OsIDHa and

OsIDHc;1 were upregulated in roots, while OsIDHc;2 and OsIDH1

were overexpressed in shoots. When rice seedlings were pretreated

with 2-OG, upregulation of OsIDHc;1 was observed in roots, and

OsIDHa, OsIDHc;2, and OsIDH1 were upregulated in shoots.

As presented in Figure 2C, ICDH, OsICDH2, OsICDH3, and

OSICDH4 were significantly (p< 0.05) upregulated in roots after

SCN− exposure, while positive expressions (p< 0.05) of OsICDH1,

OsICDH2, and OsICDH4 were observed in shoots. Interestingly,

OsICDH1, OsICDH2, and OsICDH4 in roots presented an

upregulated pattern in the “SCN− + 2-OG” treatments and the

expression levels of OsICDH2, OsICDH3, and OsICDH4 were

remarkable in shoots.

Upregulation of OsGDH1, OsGDH2, and OsGDH4 was

observed in both rice tissues after SCN− exposure (Figure 2C,

GDH), while significantly (p< 0.05) higher expressions of

OsGDH1, OsGDH2, and OsGDH3 were observed in roots, and

significant upregulation of OsGDH1, OsGDH2, and OsGDH4 was

detected in shoots of the “SCN− + 2-OG” treatments.
3.4 Response of CNM-related
enzyme activities

3.4.1 Response of C metabolism-related
enzyme activities

The activities of CNM-related enzymes were assayed in SCN−

and “SCN− + 2-OG” treatment plants (Figure 3). The activity of

PEPC in roots was affirmatively increased (p< 0.05) after SCN−

exposure compared with the control, while the activity of PEPC in

shoots presented a downward tendency. The activity of ERS in roots
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was significantly inhibited (p< 0.05) after SCN− exposure in

comparison with the control, while the activity of ERS was

increased in shoots. Activities of TSP and SPS presented

significant increasing patterns in both roots and shoots in the

presence of SCN− stress (p< 0.05). Under “SCN− + 2-OG”

treatments, activities of PEPC, ERS, TSP, and SPS intensified in

roots compared to control (p > 0.05), while activities of ERS, TSP,

and SPS showed a decrement in shoots unlike control (p > 0.05).

3.4.2 Response of N metabolism-related
enzyme activities

Activities of NR and NiR in roots presented an exponential

emulate compared with the control (p< 0.05), while activities of NR

and NiR in shoots illustrated an inverted “U” shape curve under

SCN− stress (Figure 3). The analogous activity of GS was noticed in

both roots and shoots of SCN− stress (p< 0.05), following linearity

with stress concentration. Under “SCN− + 2-OG” treatments,

activities of NR, NiR, and GS showed a similar pattern of

increment in both roots and shoots (p< 0.05).

Overall, the activities of all selected enzymes in “SCN− + 2-OG”

treatments were generally higher than those of SCN− treatments.

Exogenous 2-OG had a pronounced impact on enzyme activities in

shoots, unlike its counterpart. To reveal the regulation mechanism

of exogenous 2-OG on the CNM in rice plants under SCN−

exposure, we distinguished the effects of exogenous 2-OG on C

and N metabolism in rice tissues.
3.4.3 Response of 2-OG biosynthesis-related
enzyme activities

The activity of NAD-IDH was inhibited significantly (p< 0.05)

in both roots and shoots under SCN− exposure compared with the

control (Figure 3). The activity of NADP-ICDH in SCN−-exposed
A B C

FIGURE 2

Response of CNM-related genes in rice roots and shoots under SCN− stress in the presence or absence of 2-OG. (A) Response of C metabolism-
related genes. (B) Response of N metabolism-related genes. (C) 2-OG synthesis-related genes. The asterisk symbol refers to the significant
difference between SCN−-treated (24.0, 96.0, and 300.0 mg SCN/L) and SCN−+2-OG-treated (0, 24.0, 96.0, and 300.0 mg SCN/L) seedlings and
control 1 (p< 0.05). CNM, carbon and nitrogen metabolism; 2-OG, 2-oxoglutarate.
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roots was prominently enhanced; nevertheless, the scenario was

reversed in the case of shoots (p< 0.05). Elevated activity of GDH

was observed in both roots and shoots in the presence of SCN− (p<

0.05). Under “SCN− + 2-OG” treatments, the activities of NAD-

IDH, NADP-ICDH, and GDH were generally increased in rice

tissues, except for GDH in shoots of rice seedlings. These results

indicated that the modification mechanism of exogenous 2-OG on

CNM-related enzymes in rice seedlings under SCN− exposure

varied greatly.
3.5 Identification of key regulatory genes in
the CNM regulatory module

3.5.1 Co-expression analysis of
CNM-related genes

Plants have evolved the coordinated actions responsible for

their diverse physiological processes via either direct or indirect

gene connections. In order to elucidate the functional module of

genes activated in the CNM process, a co-expression network was
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performed by the STRING program, and four modules were

obtained. Detailed information on gene interaction strengths in

these four modules is given in Table S2. Interestingly, all modules

had similar interaction contributions, namely Module 1 (25.0%),

Module 2 (25.0%), Module 3 (27.5%), and Module 4 (22.5%)

(Figure 4A). We also noticed that the genes grouped in Modules

1 and 2 were involved in C metabolism (11 genes) and biosynthesis

of 2-OG (10 genes), respectively; genes categorized in Module 3

were responsible for N metabolism (five genes) and biosynthesis of

2-OG (five genes). In addition, genes grouped in Module 4 were

activated in C metabolism (one gene) and N metabolism (five

genes) and biosynthesis of 2-OG (three genes) (Figure 4B).
3.5.2 The occurrence probability of
CNM-related genes

The normcdf of rice shoots was quite different between under

SCN− and SCN−+2-OG treatments, based on the non-linear

regression (Figure 5). Herein, the threshold for the highest

occurrence probability was set, p > 0.75. Therefore, Module 3

showed the highest occurrence probability, suggesting that the
FIGURE 3

Response of CNM-related enzyme activities in rice roots and shoots under SCN− stress in the presence or absence of 2-OG. The asterisk symbol
refers to the significant difference between SCN−-treated (24.0, 96.0, and 300.0 mg SCN/L) and SCN−+2-OG-treated (0, 24.0, 96.0, and 300.0 mg
SCN/L) seedlings and control 1 (p< 0.05). CNM, carbon and nitrogen metabolism; 2-OG, 2-oxoglutarate.
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exogenous application of 2-OG mainly regulated the expression of

genes activated in the N metabolism and 2-OG synthesis to modify

the imbalance of CNM in rice plants imposed by SCN− exposure. In

fact, a similar conclusion was also reached in the analysis of C and N

fractions in rice tissues. We noticed that the change of C fraction in

rice shoots was almost constant (Figures 1B, C), while the change of

N in rice shoots was evident between SCN− treatments and “SCN− +

2-OG” treatments (Figures 1D, E).

4 Discussion

4.1 Exogenous 2-OG promotes plant
growth via regulating CNM during
SCN− exposure

The growth and development of plants are tightly coordinated

with the balance of cellular CNM (Zheng, 2009). Once plants suffer

from environmental stresses, the CNM in plants could be disrupted,

thereby causing an imbalance of CNM and eventually resulting in a

reduction in plant growth (Reddy et al., 2004). In this current study,
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the imbalance of CNM in rice seedlings due to SCN− exposure was

judged by the relative growth rate (Figure 1A), in which SCN−

exposure led to a significant reduction in RGR of rice seedlings (p<

0.05), indicating a severe impact on the balance of CNM in rice

seedlings under SCN− stress. Also, we found that SCN− exposure

significantly affected the percentage of N in rice seedlings

(Figures 1D, E). This is because SCN− exposure can result in the

dysfunction of chloroplast (Yang et al., 2021) and repress the

activities of NR, GS, and glutamate synthase (GOGAT) in rice

seedlings (Lin et al., 2022a). In addition, SCN−-treated rice seedlings

with 2-OG supplied had significantly (p< 0.05) higher RGR than

those without exogenous 2-OG, suggesting a positive effect of

exogenous 2-OG on the RGR of rice seedlings corresponding to

SCN− exposure. It is known that 2-OG is a decisive chemical

involved in the homeostasis of CNM in higher plants (Yuan et al.,

2007). Also, exogenous 2-OG enhances photosynthesis and

increases the levels of C-skeletons in rice plants, thus affecting the

N metabolism (Yuan et al., 2007; Zheng, 2009). Therefore, the

imbalance of CNM in rice seedlings due to SCN− exposure could be

positively modified by exogenous 2-OG.
A

B

FIGURE 4

(A) Genetic matrix integrative analysis of CNM-related genes. (B) The number of CNM genes in each matrix. CNM, carbon, and nitrogen metabolism.
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4.2 Modification of 2-OG in balancing
CNM in SCN−-treated rice plants

Herein, the main N source present in the nutrient solution to

support plant growth is NO3
−. In plants, only a small fraction of

NO3
− is assimilated in roots after uptake, and a greater part is
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translocated into shoots and assimilated into NH4
+ and amino

acids. Photosynthesis in the chloroplast is a major process for C

metabolism in plants during their entire period of life (Lemaitre

et al., 2007). Therefore, modification of 2-OG on CNM-

related genes and enzyme activities in rice shoots will be

discussed accordingly.
A

B

D

E

FC

FIGURE 5

Occurrence P (p > 0.75) of CNM-related genetic expression in rice shoots under (A) 24 mg SCN/L, (B) 96 mg SCN/L, and (C) 300 mg SCN/L
treatments and under (D) 24 mg SCN/L + 2-OG, (E) 96 mg SCN/L + 2-OG, and (F) 300 mg SCN/L + 2-OG treatments. CNM, carbon and nitrogen
metabolism; 2-OG, 2-oxoglutarate.
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4.2.1 Effects of SCN− on innate 2-OG synthesis
It is known that there are three innate routines for the

biosynthesis of 2-OG in plants, in which the PEPC pathway and

the NADP-ICDH/NAD-IDH pathway belong to C metabolism, and

the GDH pathway is mainly involved in N metabolism. In this

study, we focused on correlating and perceiving the most competent

pathway in controlling the generation of 2-OG and regulating the

imbalance of CNM in rice seedlings caused by SCN− exposure.

The PEPC pathway in plants is an anaplerotic reaction to

replenish the tricarboxylic acid (TCA) cycle with intermediates

that are withdrawn for different biosynthesis pathways and N

metabolism (Lemaitre et al., 2007). For example, PEPC is able to

catalyze phosphoenolpyruvic acid (PEP) into 2-OG, and 2-OG

synthesis from malate can be suppressed by the knockdown of

Osppc4, therefore causing a decrease in plant growth and leaf area

(Masumoto et al., 2010), suggesting that Osppc4 is crucial for the

growth of rice plants. In the present study, significant

downregulation of Osppc4 was observed in shoots of rice

seedlings after SCN− exposure (Figure 2C). The activity of PEPC

was decreased in shoots after SCN− treatments (Figure 3),

suggesting that the synthesis of 2-OG in shoots from the PEPC

pathway was repressed by SCN− exposure.

The second pathway of 2-OG generation is the NADP-ICDH/

NAD-IDH pathway (Ferrario-Mery et al., 2001), in which citrate

can be either exported from mitochondria to cytosol for 2-OG

synthesis by cytosolic enzymes aconitase NADP-ICDH or

transformed into 2-OG in mitochondria by TCA cycle enzyme

aconitase NAD-IDH (Yuan et al., 2007). Indeed, NAD-IDH is often

regarded as a major governing point in plants (Lemaitre et al.,

2007), which is encoded with one single gene OsIDHa in rice plants

(Lancien et al., 1998). Herein, significant downregulation of

OsIDHa was detected in shoots after SCN− exposure (Figure 2C),

suggesting that SCN− exposure could inhibit the expression of

OsIDHa in shoots. A significant correlation was obtained in the

enzymatic assay of NAD-IDH, wherein a decrease in the activity of

NAD-IDH was observed in shoots of rice seedlings exposed to

SCN− (Figure 3). Results from both C-related pathways indicated

that SCN− exposure significantly repressed both pathways to

produce 2-OG, thereby causing a severe impact on the C

metabolism and breaking the balance of CNM.

The third source to produce 2-OG is from the GDH pathway, in

which the oxidative deamination of glutamate (Glu) into 2-OG is

catalyzed by GDH. It has been reported that exogenous 2-OG

increased the activities of GDH in wheat seedlings and promoted

yield productivity under drought stress (Lancien et al., 1998).

Additionally, GDH plays a unique role in the formation of NH4
+

and 2-OG during the assimilation of Glu (Lodwig et al., 2003). We

found that the expression levels of OsGDH1 and OsGDH2 were

significantly upregulated in shoots after SCN− treatments

(Figure 2C). The change of GDH activity in shoots was

constructive against SCN− exposure (Figure 3). These results

indicated that SCN− exposure does not disturb the conversion of

Glu into 2-OG through the activation of GDH. Combined with the

results from C-related pathways of 2-OG, we have sufficient reasons

to conclude that the imbalance of CNM in rice seedlings was
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evident due to SCN− exposure through repressing the two C-

related pathways.

4.2.2 Effects of SCN− on innate 2-OG synthesis in
the presence of exogenous 2-OG

Compared with SCN− treatments (Figure 2C), the expression

levels of Osppc4 in shoots of rice seedlings under “SCN− + 2-OG”

treatments were significantly upregulated, and the activity of PEPC

in shoots was also positively responsive, suggesting that the

application of 2-OG enhances the enzyme activity of PEPC and

might stimulate the generation of 2-OG. A similar conclusion was

also predicted in the second pathway of 2-OG generation due to the

application of exogenous 2-OG, wherein a correlation between

upregulated expression of OsIDHa and increases in NAD-IDH

activity was obtained. Additionally, the expression levels of

OsGDH1 and OsGDH2 in shoots of rice seedlings fed with 2-OG

were significantly upregulated, and an increase of GDH activity in

shoots was also detected (Figure 3), suggesting that the conversion

of Glu into 2-OG was independent of the application of 2-OG. Co-

expression network analysis showed that the GDH-related genes in

Module 1 had a higher connection degree with others (Figure 4A).

Apparently, these results indicated that the two C-related pathways

were significantly activated due to the application of 2-OG, in which

sufficient 2-OG in plant cells was able to modify the imbalance of

CNM in rice seedlings caused by SCN− exposure, subsequently

decreasing the negative impact on rice seedlings, which was judged

by a measurable increase in biomass growth of rice seedlings from

the SCN−-treated rice seedlings with 2-OG, compared with the

SCN−-treated rice seedlings without 2-OG.
4.3 Responses of other CNM-related
enzymes and genes in rice plants after
SCN− exposure

4.3.1 Effects of SCN− on C metabolism in
rice plants

The TPS and SPS are primary targeted cytosolic enzymes

involved in the C metabolism (Coruzzi and Zhou, 2001). Previous

studies indicated that the expressions of OsTPS2, OsTPS5, and

OsTPS6 in rice were negatively correlated with sucrose starvation

(Wang et al., 2007). The expression of SPS genes was positively

correlated with non-structure carbohydrate content in the leaf,

wherein OsSPS1 expression and SPS activity were affirmatively

corresponding to spike number and grain yield (Li and Cui,

2018). However, another study showed that mRNA levels of

OsSPS1 and OsSPS6 were negatively correlated with sucrose

concentrations (Yonekura et al., 2013). In the present study,

upregulation of OsTPS5 was detected in both rice tissues under

SCN− stress (Figure 2). In addition, upregulated OsSPS1 was also

evident in both roots and shoots. Meanwhile, increases in TPS and

SPS activities in rice tissues were detectable (Figure 3). These results

indicated that SCN− exposure stimulated the expression of C

metabolism-related master regulation genes, thus regulating the

enzyme activities. Enzyme ERS has an important role in
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maintaining the physiological homeostasis of amino acids and C

metabolism as well as redox status (Yang et al., 2018). Like TPS and

SPS, upregulation of OsERS1 was distinguished in both rice tissues

after SCN− stress (Figure 2). Also, we observed that responses of

OsERS1 to SCN− exposure were identical to the enzyme activity of

ERS in rice tissues (Figure 2).

4.3.2 Effects of SCN− on N metabolism in
rice plants

NR, NiR, and GS are three key enzymes involved in N

assimilation. The conversion of NO3
− into NH4

+ is catalyzed by the

enzymes NR and NiR, which is a rate-limiting step in NO3
−

assimilation. In the present study, three isogenes of NR (OsNIA1,

OsNIA12, and OsNR1) and NiR (OsNiR-1, OsNiR-2, and OsNiR-3)

showed a declining expression pattern in shoots after SCN− exposure,

of which SCN− treatments at 24.0 and 96.0 mg/L positively regulated

transcriptional changes in OsNR1, and 300.0 mg SCN/L treatment

demonstrated a negative response (Figure 2). Enzymatic assay

showed that activities of NR and NiR had a positive correlation

with gene expression (Figure 3), suggesting that low-to-moderate

concentrations of SCN− exposure might stimulate the conversion of

NO3
−, and higher SCN− concentrations had a negative effect on this

process, whereas a similar conclusion was also reached by Lin et al.
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(2022a). Another crucial enzyme in N metabolism is GS, which is

responsible for converting NH4
+ into glutamine. In this study, almost

all GS genes were upregulated in the SCN− treatments (Figure 2). It is

established that GS in most plants occurs as GS2 in plastids and GS1

in the cytosol. The role of GS1 is to assimilate NH4
+ in roots and

reassimilate NH4
+ in leaves, whereas GS2 is mainly responsible for

assimilating NH4
+ derived fromNO3

− reduction in plastids (Lin et al.,

2022a). The enzymatic assay also showed that activities of GS had a

positive correlation to gene expression (Figure 3), suggesting that

SCN− treatments do not inhibit the activity of GS and subsequently

increase the conversion of NH4
+.

4.3.3 Effects of exogenous 2-OG on CNM in rice
plants under SCN− stress

Compared with SCN− treatments (Figure 2), exogenous 2-OG

decreased the expression of OsTPS5 in shoots of rice seedlings after

SCN− exposure. Similarly, the downregulation of OsSPS6 and

OsERS1 was also detectable. Enzymatic assays indicated that the

application of 2-OG decreased the activities of TPS, SPS, and ERS in

shoots of rice seedlings (Figure 3). A co-expression network analysis

showed that the C metabolism-related genes in Module 2 and

Module 4 had a lower connection degree with others (Figure 4A).

However, we noticed that NR and NiR genes were upregulated in
FIGURE 6

Overview of exogenous 2-OG-mediated CNM in rice tissues under SCN− stress. 2-OG, 2-oxoglutarate; CNM, carbon and nitrogen metabolism.
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SCN−-treated rice seedlings inoculated with 2-OG, wherein

enzymes of NR and NiR were positively responsive to 2-OG

application, indicating that the application of 2-OG had a positive

impact on the conversion of NO3
−. A previous study also reported

that feeding of 2-OG increased transcripts of the NR gene in

tobacco leaf (Ferrario-Mery et al., 2001). Additionally, under

“SCN− + 2-OG” treatments, the expression levels of OsGS1;2 were

significantly higher than those under SCN− treatments, suggesting

that the application of 2-OG also increases the conversion of NH4
+

derived from the main N source of NO3
− supplied. A co-expression

network analysis showed that the N metabolism-related genes in

Module 3 and Module 4 had a higher connection degree with others

(Figure 4A). These results indicated that sufficient 2-OG in plant

cells can modify the imbalance of N metabolism-related genes in

rice seedlings caused by SCN− exposure.
5 Conclusion

The balance of CNM in rice seedlings can be broken by SCN−

exposure, resulting in a significant reduction in the biomass growth

of rice seedlings. The application of exogenous 2-OG showed a

positive regulatory effect on the imbalance of CNM in rice seedlings

under SCN− stress. Higher connection degrees of genes in each

module in rice plants under SCN− and “SCN− + 2-OG” treatments

are marked in Figure 6. Although our findings provide new insight

into the role of exogenous 2-OG in minimizing the negative effect of

SCN− exposure on rice plants through regulating the pathways

involved in CNM, the global molecular map of regulatory genes

involved in CNM remains unclear. Further comprehensive studies

are needed to experimentally prove the influence of exogenous 2-

OG as a chemical regulator on the quality and quantity of

agricultural crops through the “omics” technology, such as

transcriptome, proteome, and metabolome.
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Characteristics of historical
precipitation for winter wheat
cropping in the semi-arid
and semi-humid area

Dan Fang1†, Jingyao Huang1†, Weiwei Sun1, Najeeb Ullah2‡,
Suwen Jin3 and Youhong Song1*

1School of Agronomy, Anhui Agricultural University, Hefei, Anhui, China, 2Faculty of Science, Universiti
Brunei Darussalam, Gadong, Brunei, 3Anhui Provincial Meteorological Information Center, Anhui,
Meteorological Service, Hefei, Anhui, China
Winter wheat (Triticum aestivum L.) is one of major crops in the area along Huai

river, China where it is a semi-arid and semi-humid region with sufficient

precipitation for an entire season, but with uneven distribution within various

growth stages. The instability of precipitation is an important factor in limiting

wheat production potential under climate change. Therefore, it is essential to

characterise the precipitation associated with different crop developmental

stages. Based on climate data from 1999 to 2020 in six representative

meteorological stations, we characterised the historical precipitation relating

to seven key growth stages in winter wheat. There is no clear trend of interannual

variation of precipitation for wheat season, with an average of precipitation of

414.4 ± 121.2 mm. In terms of the distribution of precipitation grade within a

season, light rain was dominant. Continuous rain occurred frequently during the

pre-winter seedling and overwintering stages. The critical period of water

demand, such as jointing and booting, has less precipitation. The fluctuation

range of precipitation in sowing, heading-filling and maturation stages is large,

which means that there is flood and drought at times. In conclusion, these

findings provide a foundation for instructing winter wheat cropping in

confronting with waterlogging and drought risk due to uneven precipitation in

‘Yanhuai’ region, China.

KEYWORDS

winter wheat, waterlogging, drought, phenological development, precipitation grade,
continuous rainfall
Introduction

The both sides along the Huai River in Anhui Province, China are named as ‘Yanhuai’,

which is a large, low-lying Plain located adjacent to the river and some of its tributaries.

This region is an important commodity grain supplier, both regionally and nationally. The

cultivation system is dominated by an annual relay double cropping system, including
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wheat-rice, wheat-maize and wheat-soybean. The winter wheat in

this area is with a relatively fixed growing window i.e. from mid-

October to early June, next year (Wang et al., 2011). The ‘Yanhuai’

area is located at the southern part of the Huaibei Plain and to the

northern part of the middle and lower reaches of the Yangtze River,

which is classified as a semi-arid and semi-humid area. The

spatiotemporal distribution of precipitation resources within crop

growing season is quite uneven due to monsoonal climate. In

particular, great variability in intensity and frequency of

precipitation often causes frequent waterlogging and drought,

resulting in huge risk for wheat cropping.

Spatiotemporal variation in precipitation across Anhui

Province has been reported (Ding et al., 2016; Jiang and Sun,

2012; Du et al., 2021). A study from over 50-year data suggests an

increasing trend in annual precipitation of Anhui Province with a

highly interdecadal variability in the summer rainfall. In space,

precipitation in the whole Province shows a decreasing trend from

Southeast to Northwest (Nie et al., 2017). Spatiotemporal

distribution analysis for different magnitudes of precipitation in

the ‘Yanhuai’ region suggests that the precipitation mainly

occurred in the form of middle, large, and torrential rain events

(Zhu et al., 2019). Uncertain and erratic distribution of

precipitation is the major limitation to crop growth in the

‘Yanhuai ’ basin (Nie et al., 2019). The distribution of

precipitation among various growth stages of winter wheat crop

is uneven, which may compromise the potential of crop yield (Yao

et al., 2017). Hence, it is necessary to characterise the features of

precipitation with regards to winter wheat season in the ‘Yanhuai’

region, China.

Previous studies are primarily focused on the spatiotemporal

distribution of precipitation (Ye and Li, 2017; Yu et al., 2017; Sun

et al., 2019) and characteristics of precipitation intensity in this

region (Liu et al., 2021; Yin et al., 2021). However, the pattern of

precipitation with regards to wheat growth and development has

seldom been reported. As such, the existing information is

inadequate in advising wheat sustainable farming under this

particular climate scenario. Therefore, the objective of this

study is to investigate the spatiotemporal distribution of
Frontiers in Plant Science 02167
precipitation in relating to wheat developmental stages, and

quantify the characteristics of the precipitation amount and

days, distribution of different grades, and continuous rain

events based on climate data from 1999 to 2020 at six

meteorological stations.
Materials and methods

Study area

The Huai River runs through fromWest to East in North Anhui

Province, China, which is located in Anhui Province with a total

length of 430 kilometers. It has a drainage area of 21,434 km2,

accounting for 15.3% of the Anhui provincial territory. Six

meteorological stations i.e. Yingshang, Huoqiu, Fengtai, Shouxian,

Huaiyuan, and Fengyang along the ‘Yanhuai’ in Anhui Province

(Figure 1), located at the latitude of 32° 22’–32 °59’N and the

longitude of 116°14’–117°33’E (Table 1), were chosen in this study.

The ‘Yanhuai’ region is located at the transition zone between the

warm temperate zone and subtropical zone, which has many low-

lying, flood diversion and retention areas. The majority of

precipitation occurs from May to October, with an annual

average of 846.5 mm (Yu et al., 2007).

Growth stages of winter wheat
Based on local practice, the life cycle of winter wheat along the

Huai River in Anhui Province was divided into seven growth

stages (Table 2).
Data source and analysis

The meteorological data obtained from the Anhui Provincial

Meteorological Information Center, including daily precipitation,

precipitation days, and sunlit hours, during the wheat growing

seasons from 1999 to 2020 at the six meteorological stations

(Figure 1), were obtained. These data were analyzed for
FIGURE 1

Locations of the six meteorological stations i.e. Yingshang, Huoqiu, Fengtai, Shouxian, Huaiyuan, and Fengyang in ‘Yanhuai’ region.
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characterising the precipitation distribution during wheat growing

season in ‘Yanhuai’ region.

Grade of precipitation
According to the “Grade of precipitation standard” National

GB/T28592-2012 (AQSIQ, 2012), precipitation can be divided into

seven grades, based on the amount of precipitation over a 24-hour

period (Table 3). If daily precipitation including fog, dew, and frost

is ≥ 0.1 mm, it is counted as a precipitation day.

Analysis of continuous rain features
When precipitation occurs for 3 consecutive days or more (daily

precipitation ≥ 0.1 mm), it is regarded as continuous rain. A break

in precipitation for 1 day is allowed in the middle of continuous

rainfall events of more than 3 days, but the sunlit time of that day is

considered to be less than 2 h. During continuous rain, a trace of

precipitation is allowed, but the sunlit time on that day is considered

to be less than 4 h (Anhui Meteorological Bureau Data Room,

1983). Based on the difference in the number of rainy days,

continuous rainy days are divided into 3–6 days and ≥ 7 days

(Chen et al., 2009; Liu et al., 2012).
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Data analysis

Microsoft Office Excel (Microsoft Excel 2016, Microsoft, USA)

was used to analyze the data of winter wheat during each specific

growth stage. Coefficient of variation (CV) was used to indicate the

fluctuation of historical data.
Results

Distribution of precipitation during wheat
growing season

Precipitation characteristics from 1999 to 2020 at six sites

(Figure 1) are shown in Table 4. Precipitation during wheat

growing season varied with years, with an average of six stations

ranging from 141.4 to 709.2 mm over the 22 years. The highest

precipitation occurred in 2017 at Huoqiu and other five stations in

2016; the lowest precipitation in all six meteorological stations was

observed in 2010. The maximum precipitation was 808.5 mm

(Huoqiu), while the minimum precipitation was 127.0 mm

(Shouxian), and the range is 681.5 mm. The overall CV ranged

from 0.27 to 0.34, indicating that variability of precipitation over

wheat season was moderate.
Distribution of precipitation during
different wheat growth stages

The precipitation distribution during different wheat growth

stages was fluctuant, and the variability for each meteorological

station was similar (Figure 2). The average precipitation during the

pre-winter seedling (S2), overwintering (S3), heading-filling (S6),

and maturation stages (S7) were relatively large with a value over

60 mm; during the sowing (S1), jointing (S4), and booting stages
TABLE 2 Growth stages of winter wheat and associated calendar in Huaibei Plain, Anhui Province, China.

Growth
stage

S1 S2 S3 S4 S5 S6 S7

Sowing Pre-winter Seed-
ling Overwintering Jointing Booting Heading-Filling Maturation

Time
Mid to late

Oct
Nov to Dec Jan to Feb Mar

Early to mid-
Apr

Late Apr to mid-
May

Late May to early
Jun
TABLE 3 Grade of precipitation over a 24-hour period.

Grade 24-hour precipitation (mm)

G0 Scattered rain <0.1

G1 Light rain 0.1–9.9

G2 Moderate rain 10.0–24.9

G3 Heavy rain 25.0–49.9

G4 Rainstorm 50.0–99.9

G5 Torrential rain 100.0–249.9

G6 Extraordinary rainstorm ≥250.0
TABLE 1 Basic information of the six meteorological stations i.e. Yingshang, Huoqiu, Fengtai, Shouxian, Huaiyuan, and Fengyang in ‘Yanhuai’ region.

Station Name Latitude Longitude Altitude (m)

Yingshang 32.39 116.14 25.2

Huoqiu 32.22 116.18 27.9

Fengtai 32.43 116.46 23.0

Shouxian 32.26 116.47 25.7

Huaiyuan 32.59 117.04 24.5

Fengyang 32.51 117.33 24.6
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(S5) were relatively small. The precipitation fluctuated greatly

during the maturation (S7) and sowing stages (S1) but remained

relatively stable during the overwintering stage (S3).

Precipitation amount distribution during seven wheat growth

stages across the 22 years is presented in the heatmap (Figure 3).

Where, 0% indicates no precipitation, and 100% represents the

proportion of the current year’s precipitation to the maximum

precipitation from 1999 to 2020 at this stage. The ‘Yanhuai’ region

is subjected to alternation of waterlogging and drought, in

addition, the frequencies of waterlogging were relatively high
Frontiers in Plant Science 04169
during the pre-winter seedling, overwintering and heading-

filling stages.

Drought that persists for years was observed during the sowing

and booting stage. The minimum value for the precipitation and the

number of precipitation days of the six stations all appeared in 2010.

Both were the fewest since 1961. The continuous lack of precipitation

led to severe drought in autumn, winter and spring. During the sowing

stage for wheat in 2016, the soil was so wet after more than 12

consecutive days of rain that the wheat could not be planted as

scheduled. The number of days for precipitation were significantly
TABLE 4 Precipitation characteristics during wheat growing season from 1999 to 2020 at six meteorological stations.

Maximum (mm) Minimum (mm) Mean (mm) CV

Yingshang 771.2 137.8 425.0 0.31

Huoqiu 808.5 166.6 455.5 0.29

Fengtai 706.3 134.1 414.0 0.28

Shouxian 780.8 127.0 416.3 0.34

Huaiyuan 589.1 153.4 374.7 0.27

Fengyang 708.3 129.5 401.1 0.32
frontiers
FIGURE 2

Average precipitation during wheat growth stages in ‘Yanhuai’ region i.e. (A) Yingshang, (B) Huoqiu, (C) Fengtai, (D) Shouxian, (E) Huaiyuan, and
(F) Fengyang from 1999 to 2020.
in.org

https://doi.org/10.3389/fpls.2023.1049824
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Fang et al. 10.3389/fpls.2023.1049824
greater than usual, while the sunshine duration was significantly lesser.

In the early and middle of May in 2018, there was a lot of

precipitation, especially concentrated heavy precipitation, resulting

in extreme wet soil, for winter wheat in the head-filling stage. Serious

waterlogging occurred during the maturation stage for wheat in 2000.

Such extreme weather processes can be seen in Figure 3.
Distribution of precipitation days during
wheat growing season

Distribution of annual precipitation days from 1999 to 2020 at

six sites i.e., Yingshang, Huoqiu, Fengtai, Shouxian, Huaiyuan, and

Fengyang is shown in Table 5. Precipitation days of wheat growing

season varied across the years, and the average precipitation days of

six stations ranged from 38 days to 78 days over the 22 years. The

year with the maximum precipitation days during wheat season

greatly differed, while the minimum precipitation days occurred in

2010. The CV of precipitation days ranged from 0.16 to 0.17, and

the randomicity of growing season precipitation days was

determined as the mild variability.
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Different grades of precipitation during
various wheat growth stages

Frequency in Precipitation days in different
precipitation grades

The frequencies of precipitation days in different grades

during various wheat growth stages across six sites i.e.,

Yingshang, Huoqiu, Fengtai, Shouxian, Huaiyuan, and

Fengyang are shown in Figure 4. Light rain, moderate rain,

and heavy rain occurred during seven wheat growth stages.

During each wheat growth stage, for the different-grade rain,

the light rain occurs the most frequently, followed by the

moderate rain, and the heavy rain and rainstorm occur less

frequently than the moderate rain, while torrential rain is rare.

Rainstorm occurred during the sowing (0.2-0.4%), booting (0.2-

0.7%), heading-filling (0.2-0.6%), and maturation (0.9-1.5%)

stages but did not occur during the overwintering stage.

Torrential rain only occurred during the heading-filling (0-

0.2%) and maturation (0.4-1.1%) stages. It is noted that

extraordinary rainstorms were not observed in none of the six

meteorological stations.
FIGURE 3

Precipitation during various wheat growth stages including Sowing (S1), Pre-winter seedling (S2), Overwintering (S3), Jointing (S4), Booting (S5),
Head-filling (S6) and Maturation (S7) in ‘Yanhuai’ region i.e. (A) Yingshang, (B) Huoqiu, (C) Fengtai, (D) Shouxian, (E) Huaiyuan, and (F) Fengyang from
1999 to 2020. The greater greenness indicates more precipitation and wetter, while the greater redness indicates less precipitation and drier.
TABLE 5 Annual precipitation days with regards to the whole wheat growing season from 1999 to 2020 at six meteorological stations i.e. Yingshang,
Huoqiu, Fengtai, Shouxian, Huaiyuan, and Fengyang, located in Yanhuai region.

Maximum Minimum Mean CV

Yingshang 78 35 63 0.16

Huoqiu 85 41 67 0.17

Fengtai 81 37 64 0.17

Shouxian 77 36 63 0.17

Huaiyuan 72 35 60 0.17

Fengyang 78 43 62 0.16
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Precipitation percentage in different
precipitation grades

The percentages of precipitation from various grades at different

wheat growth stages at six sites i.e. Yingshang, Huoqiu, Fengtai,

Shouxian, Huaiyuan, and Fengyang are shown in Figure 5. The

percentages of rainfall in different grades and a significant difference

during seven wheat growth stages is shown (Figure 5). Light rain and

moderate rain were dominant during the pre-winter seedling and

overwintering stages, while light, moderate, and heavy rain were

dominant during the sowing, jointing, and booting stages. Torrential

rain only occurred during the maturation stage at six sites.
Distribution of continuous rain during
different wheat growth stages

Frequency of continuous rain during different
wheat growth stages

The frequencies of continuous rain during each wheat growth

stage at six sites i.e. Yingshang, Huoqiu, Fengtai, Shouxian,
Frontiers in Plant Science 06171
Huaiyuan, and Fengyang are shown in Figure 6. The frequencies

of continuous rain varied among different growth stages.

Continuous rain lasting more than 7 days occurred more

frequently during the sowing (4.5-7.4%), overwintering (2.4-

5.5%), pre-winter seedling (3.6-5.1%) stages, and rarely occurred

during the other growth stages. It can be seen from the figure

that continuous rain is more likely to occur during the early

growth stages of winter wheat. The longest continuous rainy

days occurred during the sowing stage were 12 days (Yingshang,

Huoqiu, Shouxian, and Huaiyuan) and 14 days (Fengtai and

Fengyang), respectively.

Precipitation percentage of continuous rain
during different wheat growth stages

The precipitation percentage of continuous rain during each

growth stage at six sites i.e. Yingshang, Huoqiu, Fengtai, Shouxian,

Huaiyuan, and Fengyang is shown (Figure 7). The precipitation

percentage of continuous rain lasting 3–6 days was highest during

the overwintering stage (50.3-71.8%), followed by the pre-winter

seedling stage (42.9-55.6%). The precipitation percentage of
A

B

D

E

F

C

FIGURE 4

Frequencies of precipitation days in precipitation grades during wheat growth stages in Yanhuai region i.e. (A) Yingshang, (B) Huoqiu, (C) Fengtai,
(D) Shouxian, (E) Huaiyuan, and (F) Fengyang from 1999 to 2020.
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continuous rain lasting more than 7 days was highest during the

sowing stage (29.3-38.7%), followed by the pre-winter seedling

(10.1-25.9%) and overwintering (16.8-20.5%) stages. The data

reveals that the precipitation type during the early growth stages

(S1-S3) is mainly dominated by continuous rain. The maximum

precipitation occurred during the sowing stage (Huoqiu and

Fengyang) and the maturation stage (Yingshang, Fengtai,

Shouxian, and Huaiyuan).
Discussion

Characteristics of waterlogging
and drought

The climatic productivity potential of winter wheat in the Huai

River Basin is restricted by precipitation episode in the growing

season (Yuan et al., 2016). Precipitation appears sufficient during

the growing season of winter wheat in the region, nevertheless the

distribution of precipitation is fairly uneven, causing high risk of
Frontiers in Plant Science 07172
drought or waterlogging events. The impacts are also influenced by

meteorological condition e.g. sunshine, soil environment e.g. soil

texture and crops themselves e.g. water demand, root characteristics

(Dickin and Wright, 2008; Licausi and Perata, 2009; Katerji et al.,

2010; Zhang et al., 2010; Araki et al., 2012b; Zhang et al., 2021). This

study mainly considered the influence of precipitation and

sunshine, and thus focused on characterising the precipitation

during winter wheat growing season.

The representative soil types in ‘Yanhuai’ region, include sand

ginger black soil, tidal soil and silty soil. The soil is short of

organic matter and hard to keep soil water. Root growth has a

close relationship with soil water content (Lv et al., 2010). Either

too much or insufficient soil water are adverse conditions for root

growth. The soil moisture refers to the soil water status in the

main root system activity layer of crops (Inoue et al., 2004). In

this study, soil moisture was used as an index to determine

whether the soil is too dry or too wet. And soil moisture

measured is normally at the depth of 0-20 cm, 20-40cm in the

particular region due to shallow soil layers. Soil moisture less than

60% is considered drought, while more than 80% is waterlogging.
A
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C

FIGURE 5

Precipitation amount percentage at different precipitation grades during wheat growth stages in ‘Yanhuai’ region i.e. (A) Yingshang, (B) Huoqiu,
(C) Fengtai, (D) Shouxian, (E) Huaiyuan, and (F) Fengyang from 1999 to 2020.
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Therefore, in the growing season of wheat, the influence of soil

moisture profile and soil texture on available soil water holding

capacity and wheat root will be considered in future. Due to the

differences in drainage and irrigation conditions and the cost,

many farmers did not take irrigation measures, so irrigation and

drainage methods were not investigated in this study. The losses

caused by drought and waterlogging with the same intensity to

areas with good drainage and irrigation conditions are less than

those with poor conditions, which is the manifestation of regional

vulnerability differences (Zhang et al., 2007). Drought and flood

indicators should take more account of the impact on agriculture.

On the basis of collecting crop growth information of wheat

growing season, combined with some meteorological ,

phenological and soil observation data, the disaster monitoring,

diagnosis and analysis model will be established (Ge et al., 2016;

Ge et al., 2017).

The water requirement of winter wheat of the whole growing

period and different growth stages during 1961-2010 in China

were estimated (Sun et al., 2013). Combined with the spatial

distribution characteristics of precipitation, the water-meeting
Frontiers in Plant Science 08173
situation of winter wheat during the growing season was

analyzed. Results revealed that water requirement of winter

wheat in Anhui Province is 300-400 mm. By comparing the

water deficit of the most serious areas, the growth stage of the

water deficit of the least seriously is from sowing to over-

wintering and the growth stage of the water deficit of the most

severe is from flowering to ripening. However, the results of this

study showed that winter wheat was always dry during sowing

stage and waterlogging occasionally occurred during heading-

filling stage. The metrological data from the 22 years indicated

that ‘Yanhuai’ region was subjected to alternation of waterlogging

and drought. The frequencies of waterlogging were relatively high

during the pre-winter seedling, overwintering and heading-filling

stages. Drought that persists for years was observed during the

sowing and booting stage. The continuous lack of precipitation

led to severe autumn, winter and spring drought in 2010.

Waterlogging and drought that persists for years or the

alternating occurrence of waterlogging and drought (from

drought to waterlogging and from waterlogging to drought) in

the same year are often observed.
A
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FIGURE 6

Frequencies of continuous rain during different winter wheat growth stages in Yanhuai region i.e. (A) Yingshang, (B) Huoqiu, (C) Fengtai,
(D) Shouxian, (E) Huaiyuan, and (F) Fengyang from 1999 to 2020.
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Cropping risk and cultivation practices of
wheat production in ‘Yanhuai’ region

The ‘Yanhuai’ region is an important commodity grain

production base. Good knowledge of waterlogging and drought

behaviors is of great importance in the planning and management

of agricultural activities in this region. The interannual fluctuation

of precipitation is large, and the interannual relative variability of

precipitation is the largest in autumn. Maintaining the balance of

groundwater exploitation and replenishment, combining drainage

and storage, aiming at improving the efficiency of water resources

utilization, vigorously developing efficient water-saving irrigation

technology is the key measure to deal with the adverse effects of

frequent meteorological droughts on crop production, and also an

important measure to ensure water resources and food security.

As observed in this study, continuous rains may occur at each

stage in winter wheat growing season. In the mechanized

agriculture, these continuous rains may delay crop sowing and

impact the harvesting activities (Chen et al., 2009). Further,

frequent rains and low temperature during the pre-winter
Frontiers in Plant Science 09174
seedling and overwintering stages, and sudden temperature

increases during jointing stage, could cause severe aphid

outbreaks. After heading and flowering, aphids will erupt again in

high temperature and humidity (Zhao et al., 2016). The booting

stage is the sensitive stage of wheat waterlogging injury (Li et al.,

2001). The number of rainy days during the heading-filling stage is

the most important factor for the occurrence of scab (Zhao et al.,

2016). Waterlogging during booting to maturation stage which are

the key periods of yield formation can lead to reduced production

(Li et al., 2001). Continuous rain during maturation stage, may

induce pre-harvest sprouting in winter wheat (Zhao et al., 2016). To

minimize this damage, it is necessary to plow the soil on sunny days

after rice harvest. After rainfall in spring, timely dredge furrows can

ensure the smooth drainage of the field, to prevent waterlogging,

and reduce disease, insect and grass damage. Selecting suitable

fertilizer and growth regulator during different growth stages can

alleviate waterlogging damage to a certain extent (Gao et al., 2020).

Considering the water and heat resources and the actual situation of

agriculture, it is of great significance to modify the tillage system in

minimise impacts of likely waterlogging and drought.
A

B

D

E

F

C

FIGURE 7

Precipitation amount percentages of continuous rain during different wheat growth stages in Yanhuai region i.e. (A) Yingshang, (B) Huoqiu,
(C) Fengtai, (D) Shouxian, (E) Huaiyuan, and (F) Fengyang from 1999 to 2020.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1049824
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Fang et al. 10.3389/fpls.2023.1049824
Conclusion

Precipitation during wheat growing season varied greatly with

years in the wheat producing regions of Huai river in Anhui

Province, China. Precipitation is unevenly distributed across

winter wheat developmental phases. Continuous rain occurred

frequently during the pre-winter seedling and overwintering

stages, and timely drainage measure is needed at this time. There

is less precipitation in key water demand periods such as jointing

and booting, so irrigation should be timely. The precipitation

fluctuated greatly in sowing, heading, filling and maturity, and

drought and flood occurred from time to time. Our work guides to

take effective measures for irrigation or drainage management based

on the precipitation characteristics of winter wheat at different

growth stages. Our findings provide a scientific basis for disaster

prevention and mitigation in wheat sustainable production in the

‘Yanhuai’ region or similar climate zones.
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Foliar application of putrescine
alleviates terminal drought
stress by modulating water
status, membrane stability,
and yield- related traits in
wheat (Triticum aestivum L.)

Allah Wasaya1,2*, Iqra Rehman1,2, Atta Mohi Ud Din3,
Muhammad Hayder Bin Khalid3, Tauqeer Ahmad Yasir2,
Muhammad Mansoor Javaid4, Mohamed El-Hefnawy5,
Marian Brestic6*, Md Atikur Rahman7 and Ayman El Sabagh8,9*

1Department of Agronomy, Bahauddin Zakariya University Multan, Multan, Pakistan, 2College of
Agriculture, University of Layyah, Layyah, Pakistan, 3National Research Center of Intercropping, The
Islamia University of Bahawalpur, Multan, Pakistan, 4Department of Agronomy, College of Agriculture,
University of Sargodha, Sargodha, Pakistan, 5Department of Chemistry, Rabigh College of Sciences and
Arts, King Abdulaziz University, Jeddah, Saudi Arabia, 6Department of Plant Physiology, Slovak University
of Agriculture, Nitra, Slovakia, 7Grassland and Forage Division, National Institute of Animal Science, Rural
Development Administration, Cheonan, Republic of Korea, 8Department of Agronomy, Faculty of
Agriculture, Kafrelsheikh University, Kafr al-Sheik, Egypt, 9Department of Field Crops, Faculty of
Agriculture, Siirt University, Siirt, Türkiye
Drought stress is one of the major limitations to the growth and yield productivity

of cereal crops. It severely impairs the early growing and grain -filling stages of

wheat. Therefore, cost- effective and eco-friendly approaches for alleviating

drought stress in cereal crops are in high demand. Polyamines, such as

putrescine, have a significant effect on improving crop yield under drought-

stress conditions. Therefore, the current study was executed with the aim of

exploring the significance of putrescine in alleviating drought stress and improving

yield- related traits in wheat. Two distinct wheat cultivars (Fakhar-e-Bhakkar and

Anaj-2017) were treated with the foliar application of different concentrations

(control, 0.5, 1.0, and 1.5 PPM) of putrescine (put) under two moisture conditions

(well- watered and terminal drought stress). The results demonstrate that the

imposition of terminal drought stress significantly reduces different physiological

and yield- related traits of both wheat cultivars. The reduction of relative water

content (RWC%), membrane stability index (MSI), leaf area, tillers per plant, biomass

yield, number of spikelets per spike, 100-grain weight, grain yield per plant, and

straw yield was greater in Anaj-2017 than in Fakhar-e-Bhakkar cultivar. The results

further explain that the foliar application of increased concentrations of putrescine

from 0.0 to 1.0 PPM gradually improved physiological and yield traits, whereas

these traits declined with the application of putrescine at the highest dose (1.5

PPM). The exogenous application of 1.0 PPM putrescine improved the relative

water content (19.76%), specific leaf area (41.47%), and leaf area ratio (35.84%)

compared with the controlled treatment. A higher grain yield (28.0 g plant-1) and

100-grain weight (3.8 g) were obtained with the foliar application of 1.0 PPM
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putrescine compared with controlled treatments. The findings of this study

confirm the protective role of putrescine against terminal drought stress. It is

therefore recommended to use putrescine at a concentration of 1.0 PPM, which

could help alleviate terminal drought stress and attain better wheat yield.
KEYWORDS

bread wheat, yield, terminal drought, putrescine, leaf area ratio, membrane stability index
Introduction

Drought stress is a serious threat to cereal crop growth,

development, and productivity (Toulotte et al., 2022). The early

growth and grain- filling phases of cereal crops are significantly

affected by drought (Vijayaraghavareddy et al., 2021). Low water

levels reduce vegetative growth, post-anthesis photosynthetic

capacity, and grain yield in wheat (Cui et al., 2015). Drought occurs

frequently in fields that alter the physiological and molecular

characteristics of plants (Rahman et al., 2022; Islam et al., 2023 ).

Drought stress reduces cell division, cell proliferation, and stem

elongation, which leads to severe impairments to plant growth and

productivity (Azooz and Youssef, 2010; Farooq et al., 2013; Wasaya

et al., 2018). Plant morphology and physiology are adversely affected

by environmental stresses, including drought, which ultimately

reduce crop growth and agricultural yield (Sabagh et al., 2020).

Drought stress leads to regulating several oxidative stress indicators,

including the generation of reactive oxygen species (ROS), cellular

injury, peroxidation of lipids, and membrane stability in plants (Kar,

2011; Rahman et al., 2015; Sabagh et al., 2021). Therefore, affordable

and eco-friendly approaches are highly desirable for the improvement

of economically important cereal crops under drought- stress

conditions. Several eco-friendly approaches have been documented

for abiotic stress tolerance and plant improvements (Sabagh et al.,

2021; Khan et al., 2022; Raza et al., 2022a; Raza et al., 2022b). A

numerical group of signaling molecules and growth regulators has

been reported to alleviate drought stress in economically important

crop plants, including cereals (Abd Elbar et al., 2019; Rahman et al.,

2021; Islam et al.,2022).

Wheat (Triticum aestivum) is one of the most widely cultivated

cereal crops across the globe, from subtropical to temperate climates,

predominantly in the Mediterranean and semi-arid regions (Ahmed

et al., 2019). It directly contributes to food security as it is considered

the second-most significant staple food crop in the world (Zaheer

et al., 2021). However, global plant production is at risk due to

environmental changes, a decline in water levels, and irregular rain

patterns, which severely influence crop growth stages (Nielsen et al.,

2010; Rahman et al., 2018; Schmidt et al., 2020; Ahmed et al., 2022;

Chauhan et al., 2022). For instance, the flowering and grain- filling

stages of wheat are highly critical for yield protection, whereas the

onset of terminal drought stress during these phases may cause a

reduction in the number of kernels/ears and kernel weight and may be

responsible for huge yield loss (Liu et al., 2015; Liu et al., 2016; Ebeed

et al., 2017; Dong et al., 2017; Habib-ur-Rahman et al., 2022).
02178
Similarly, drought stress at anthesis can inflict a more profound

impact on grain filling, leading to a shortened period of grain filling

and altered enzymatic activities (Ahmadi and Baker, 2001; Shah and

Paulsen, 2003; Pireivatlou, 2010; Farooq et al., 2014). Drought causes

tissue dehydration, leading to metabolic impairment at critical growth

stages of wheat crops (Farooq et al., 2009b; Hasan et al., 2021).

Moreover, terminal drought disturbs stomatal oscillations, reduces

transpiration and water- use efficiency (WUE), and decreases

chlorophyll content and nutrient uptake, collectively resulting in

yield reduction (Farooq et al., 2009a; Dawood et al., 2019; Yasir

et al., 2019). It also imposes adverse effects on the physio-

morphological responses of plants, resulting in significant yield

reduction (Iqbal et al., 2019; Ejaz et al., 2022). For instance,

drought stress induces the excessive production of ROS and inhibits

antioxidant enzyme activity, which impairs photosynthesis, increases

lipid peroxidation, and destroys cell membrane structure (Farooq

et al., 2009a; Miller et al., 2010; Ju et al., 2020). Since crop genotype is

an important determinant of drought response, different cultivars

within crop species may differ strongly in their response and

adaptation to drought stress (Abid et al., 2018; Mohammadi et al.,

2018). Therefore, the response of wheat genotypes against drought

stress, combined with their stress mitigation potential, must be

studied to improve the drought tolerance of wheat genotypes

in Pakistan.

Nowadays, different strategies are being employed to mitigate

drought stress in crop plants. One such strategy is the exogenous

application of polyamines (PAs) (Phornvillay et al., 2019; Seifikalhor

et al., 2020; Zhang et al., 2020; Çığ et al., 2021; Irshad et al., 2021).

PAs, such as putrescine, are responsible for accumulating osmolytes

and endogenous PAs in stressful environments, which help crop

plants to protect themselves against stressful conditions (Ebeed et al.,

2017). Putrescine (Put) is a type of PA found in all living organisms

(Abd Elbar et al., 2019). The exogenous application of putrescine

alleviated drought stress by regulating physio-biochemical traits in

sugar beet (Islam et al.,2022), regulating protein and fatty acids in

thylakoid membrane under several abiotic stresses, including drought

in plants (Rahman et al., 2014; Shu et al., 2015), and improving shoot/

root dry matter ratio, morph-anatomical changes in roots, stems, and

leaves to avoid tissue dehydration in Thymus vulgaris (Abd Elbar

et al., 2019). Additionally, putrescine helps enhance the stability of cell

membranes by preventing excessive water loss, ultimately retaining

photosynthetic efficiency under adverse environmental conditions

(Grigorova et al., 2012). The foliar spray of putrescine can trigger

different physiological processes and induce osmotic adjustment in
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plants (Chen et al., 2019). It was also reported that putrescine foliar

spray might slow aging and protect cell membranes from oxidative

damage by removing free radicals in plants under drought-stress

conditions (Hussein et al., 2019). These studies justify the beneficial

effect of Put in plant abiotic stress. Under the current climate change

scenario, there is a high demand for eco-friendly strategies for abiotic

stress alleviation in crop plants in arid and semi-arid regions.

Therefore, this study was undertaken to explore the insights of Put-

mediated drought stress alleviation in wheat, along with how Put

regulates agricultural and physiological yield attributes under water-

deficient conditions. These studies open a new avenue of drought-

stress alleviation in field crop research that might be useful to the

plant breeder and farmer for improving drought stress tolerance in

plants through breeding programs.
Materials and methods

Experimental sites, plant material,
and treatments

The present experiment was conducted under Lath House at the

College of Agriculture, Bahauddin Zakariya University, Bahadur Sub-

Campus Layyah, Punjab, Pakistan. Viable seeds of two different wheat

varieties, Fakhar-e-Bhakkar (V1) and Anaj-2017 (V2), arranged by

the Arid Zone Research Institute (AZRI) Bhakkar, Punjab, Pakistan,

were used as experimental material. The pots were filled with soil and

farmyard manure at a ratio of 2:1. Earthen pots (14 cm in diameter

and 70 cm in height) were filled with 11 kg of well- pulverized sieved

soil. The pots were irrigated uniformly and then, upon reaching

optimum moisture conditions, eight seeds per pot were sown at a

depth of 2 cm on 20th November 2020. The pots were irrigated

regularly, and thinning was performed at the three-leaf stage of the

seedlings to keep three plants per pot for observations. Commercial

fertilizers were applied according to the recommended doses as

follows: 0.66 g pot-1 nitrogen (as urea), 0.55 g pot-1 phosphorus as

DAP (di-ammonium phosphate), 0.44 g pot-1 potassium as SOP

(sulfate of potash) respectively. The crop was grown until the heading

stage without drought imposition by watering the pots as and when

required. At the heading stage, the pots were divided into two groups:

well-watered (normal or control) and terminal drought (40% water

holding capacity (WHC)). To maintain WHC, the pots were weighed

regularly after every alternative day of drought imposition, and a

difference in weight was achieved by adding water to attain the

required weight. After one week of drought imposition at the

heading stage, the wheat plants were sprayed with four different

concentrations (PPM) of putrescine viz. putrescine 0 (control, put1),

0.5 (put 2), 1.0 (put 3), and 1.5 PPM (put 4). In the control treatment,

plants were sprayed with distilled water, while the rest of the

treatment groups were sprayed with different concentrations of

putrescine, as per the treatment doses. The experiment containing

three replications of each treatment under the factorial arrangement

was laid out as a Completely Randomized Design (CRD). The

experiment consisted of 48 experimental pots in total. Wheat plants

were harvested on 14th April 2021 at physiological maturity. The

harvested plants were sundried for a week and yield-related traits

were collected.
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Measurement of leaf area, specific leaf area,
and leaf area ratio

Leaf area (LA), specific leaf area (SLA), and leaf area ratio (LAR)

were determined after 7 days of putrescine treatment. The LA, SLA,

and LAR were calculated from destructive flag leaf samples by

following a distinct formula. The following Quarrie and Jones LA

equation was used for measuring leaf area (Aldesuquy et al., 2014).

Leaf area ðcm2Þ = Length �Width� 0:75

The SLA and LAR were calculated using following formula

(Amanullah et al., 2007).

Specific Leaf Area = Leaf area ÷ leaf dry weight plant −1(cm2g−1)

Leaf  Area  Ratio

= Leaf   area   plant−1 ÷ total   dry  weight   plant  −1 (cm2g−1)

The plant height (cm), number of tillers per plant, and plant

biomass were measured for non-treated and treated plants. Plant

samples were kept at 71°C in a hot air oven for 48 hours, then total

biomass yields (dry weight basis) were recorded for two distinct wheat

varieties, respectively.
Determination of membrane stability index

After 7 days of foliar application of putrescine, fully matured

leaves were detached from each treated plant. Two pieces of fresh flag

leaves, each of 0.2 g, were taken and divided into small strips then put

in glass test tubes containing 10 ml of distilled water. Two sets of test

tubes were prepared. One set of test tubes was put in a water bath for

approximately 30 minutes with the temperature set at 40°C, then the

EC (electrical conductivity) of each test tube sample was recorded

using an EC meter and was designated C1. Meanwhile, the second set

of test tubes was put in a water bath for about 15 minutes at 100°C; its

EC (electrical conductivity) was noted and represented as C2. The

MSI was estimated according to the given formula presented by

Sairam et al. (1997).

MSI = 1 −
C1

C2

� �� �
� 100
Determination of relative water content

Fresh, fully emerged flag leaves were collected from each

experimental pot after 7 days of putrescine application and kept in

a polythene bag, which was quickly shifted in the laboratory to

estimate the relative water content (RWC). After moving the plant

samples to the laboratory, the fresh weight (FW) of the detached

leaves was recorded. Afterward, these leaves were dipped in distilled

water and kept in dark conditions at room temperature for 24 hrs to

record the turgid weight (TW). After recording the TW, leaf samples

were air -dried in a hot air oven at a temperature of 70°C. The leaf

samples were completely dried until a constant weight was achieved,
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then the dry weight (DW) was recorded using an electronic digital

balance. The RWC was estimated according to the formula presented

by Barrs and Weatherley (1962).

RWC = ½FW − DW=TW − DW� � 100
Determination of yield -related traits

Yield and related traits, like spike length (cm) per plant, spike weight

(g) per plant, number of spikelets per spike, 100-grain weight (g), grain

yield per plant, harvest index (HI), and straw yield were recorded for the

wheat varieties, respectively, after plant harvesting. Three plants from

each pot were randomly selected and the productive tillers per plant

were counted manually. Moreover, the height (from the stem base to the

apex of the ear) of three plants at maturity was recorded via ameter scale

and was later averaged. Similarly, ten spikes per pot were selected

randomly, and the length of each spike was measured using a scale then

averaged to determine the spike length per plant. T hese selected spikes

were then used for the calculation of the number of spikelets per spike

and averaged. Three plants were harvested manually after reaching

physiological maturity and sundried for a week, and biological yield was

recorded using an electrical balance. The spikes were then separated

from these three plants and threshed to record grain yield and the

number of grains per spike. After threshing, 100 grains were counted

from the seed lot of each pot to record the 100-grain weight. The harvest

index (HI) was calculated considering the ratio of grain and biological

yield as a percentage (%).
Statistical analysis

Data regarding all the traits were analyzed statistically by

performing an analysis of a variance (ANOVA) test using the

software, Statistix 8.1. Tukey’s test was applied in order to draw

data means and the significant difference at P<0.05 (Steel et al., 1997).

Bar graphs for the mean and interactive study were generated on

graphing and analysis software, OriginPro Version 9.8.0.200.
Results

Effect of putrescine on the leaf area of
wheat genotypes under drought stress

Drought stress significantly reduced the LA, LAR, and SLA of

both wheat genotypes. Moreover, these indices were considerably

reduced in the Anaj-2017 (V2) wheat variety compared to the Fakhar-

e-Bhakkar (V1) variety (Figure 1). However, the putrescine

application mitigated the impact of drought stress in both the

genotypes, and the foliar application of 1.0 PPM seemed most

suitable against drought stress. Maximum LA and LAR were

recorded in Fakhar-e-Bhakkar with the foliar application of 1.0

PPM putrescine, while the minimum LA and LAR were recorded

under controlled conditions. The foliar application of 1.0 PPM

putrescine produced 39% more LA, 30% SLA, and 26% more LAR

compared with controlled treatments (Figure 1).
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Effect of putrescine on plant height, tillers
per plant, and biomass accumulation of
wheat genotypes under drought stress

The plant height of both genotypes was significantly affected

under both normal and drought conditions (Figure 2). Among wheat

cultivars, V1 attained significantly greater plant height, tillers per

plant, and biomass accumulation than cultivar V2, under both normal

and terminal stress conditions. Although putrescine improved the

performance of both genotypes, especially under drought conditions,

genotype V1 was more responsive to Putrescine than V2. Regarding

plant height, putrescine application under all levels produced greater

plant height than controlled treatments. Regarding the biomass per

plant under all putrescine treatments, the 1.0 PPM was statistically

superior to other concentrations, especially under drought conditions.
Effect of putrescine on spike length, spike
weight, and spikelet per spike of wheat
genotypes under drought stress

Wheat genotype Fakhar-e-Bhakkar (V1) showed a larger and

heavier spike than the Anaj-2017 (V2), particularly under drought

conditions (Figure 3), which suggests that V2 is more sensitive to

terminal drought. The application of putrescine, particularly at 1.00

PPM, significantly reduced drought impact, which was more obvious

in V1. The interaction between drought stress, genotypes, and

putrescine application showed an insignificant effect on spike length

and spikelets per spike (Figure 3), while it was found to significantly

affect spike weight per plant. Under terminal drought stress,

significantly, the spike weight per plant was observed with the

foliar application of 1.0 PPM putrescine compared with other

treatments (Figure 3).
Effect of putrescine on MSI and RWC of
wheat genotypes under drought stress

The figure shows that higher RWC and MSI were recorded in

Fakhar-e-Bhakkar under well-watered conditions with the foliar

application of 1.0 PPM putrescine compared with other treatments.

However, considering the drought treatments, the foliar application

of 1.0 PPM putrescine maintained higher RWC and MSI in Fakhar-e-

Bhakkar compared with other combinations, while less RWC and

MSI was observed in Anaj2017 with water spray under terminal

drought stress (Figure 4).
Effect of putrescine on grain yield of wheat
genotypes under drought stress

Drought stress significantly reduced the grain yield and 100-grain

weight in both genotypes (Figure 5). Statistically, a higher 100-grain

weight was recorded in Fakhar-e-Bhakkar under both well-watered

and terminal drought stress with the foliar application of putrescine.

However, a higher grain yield was recorded under well-watered

conditions with putrescine application. Regarding terminal drought
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stress, Fakhar-e-Bhakkar produced a higher grain yield per plant with

the foliar application of 1.0 PPM putrescine compared with other

treatments. Similarly, a higher straw yield was recorded in Fakhar-e-

Bhakkar with the foliar application of 1.0 PPM putrescine compared

with other combinations. A higher harvest index was observed in

Fakhar-e-Bhakkar under well-watered conditions, which was

statistically on par with all other combinations (Figure 5).
Discussion

Climate change has worsened the outbreak of drought stress,

particularly in the later reproductive stages of wheat. Therefore, the

evaluation of different strategies to mitigate drought stress is necessary

to enable wheat genotypes to perform well under drought conditions.

This study investigates the drought tolerance and response of two

wheat cultivars against putrescine application. The overall results of our

study show that the wheat cultivar Fakhar-e-Bhakkar performed better

against drought stress than Anaj-2017. In addition, in both genotypes,
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among four treatments of putrescine; the application of 1.0 PPM was

found most effective against drought stress (Figure 1).
Putrescine application improved the leaf
area and leaf area ratio in wheat

Under drought stress, plants experience numerous morphological

changes, such as reduced leaf size, leaf rolling, leaf senescence, and

limited leaf extension, which could be the reason for lower LAR (leaf

area ratio), LA (leaf area), and SLA in drought conditions. As Basu

et al. (2016) reported drought stress could be the silent cause of leaf

area reduction due to leaf rolling that minimizes water loss and

decreases the activity of photosynthesis and the accumulation of dry

matter. Reduced leaf area under drought stress might be due to

reduced cell turgidity leading to a reduction in cell elongation, an

imbalanced antioxidant defense system, and a higher number of

reactive oxygen species (ROS) (Alishah et al., 2006; DaCosta and

Huang, 2007; Zahoor et al., 2020). Similarly, Put improved leaf area,
A
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FIGURE 1

Effect of putrescine on the leaf area (A), leaf area ratio (B), and specific leaf area (C) of two wheat cultivars under normal and terminal drought
conditions. Abbreviation: PPM, parts per million, Put1, putrescine 0 PPM (untreated control); Put2, putrescine 0.5 PPM; Put3, putrescine 1.0 PPM; Put4,
putrescine 1.5 PPM. The different letters above the bar columns indicate significant differences in mean ± SE at p< 0.05. At least three independent
biological replications were considered for each treatment.
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LAR, and SLA in the present study due to the regulation of LAI,

turgidity, and photosynthetic activity (Farooq et al., 2009b).
Putrescine application helped the wheat to
retain higher biomass under drought stress

The current study shows that drought stress had no significant

effect on plant height and the number of tillers per plant in wheat, as

the timing and length of drought stress execution are important

factors affecting plant height and tiller number. Drought stress at the

heading stage had little influence on plant height due to the cessation

of stem elongation and vegetative growth. Wheat tillers cease to grow

between the commencement of stem elongation and anthesis.

Drought stress during the grain- filling stage in wheat reduces plant

height by up to 7% (Caverzan et al., 2016a). Many researchers have

found that water stress causes a considerable reduction in plant
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growth, which can be reflected in leaf area, dry weight, and other

important growth parameters and functions (Kilic and Yağbasanlar,

2010; Budak et al., 2013; El Sabagh et al., 2019). Similarly, drought

stress significantly reduced the biomass and tillers in wheat genotypes

in this study, but the 0.5-1.0 PPM application of putrescine mitigated

the drought effects. In addition, the higher number of tillers in the

Fakhr-e-Bhakkar genotype suggests that it has higher drought

tolerance (Figure 2).
Putrescine application improved the spike
length and number of spikelets under
drought stress

Data analysis unveiled that drought and putrescine both

considerably affect grain yield. Drought execution in wheat

genotypes at the heading stage reduced the number of spikelets per
A

B C

FIGURE 2

The effect of putrescine on the plant height (A), tiller per plant (B), and biomass (g plant-1) (C) of two wheat cultivars under normal and terminal drought
conditions. Abbreviation: PPM, parts per million, Put1, putrescine 0 PPM (untreated control); Put2, putrescine 0.5 PPM; Put3, putrescine 1.0 PPM; Put4,
putrescine 1.5 PPM. The different letters above the bar columns indicate significant differences in mean ± SE at p< 0.05. At least three independent
biological replications were considered for each treatment.
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plant, causing a reduction in yield. Exogenous putrescine application

of 1.0 PPM recorded a positive effect on spikelets per spike and the

spike weight when compared with the control treatment (Figure 3)

because of improved and higher RWC, MSI, and spikelet numbers.

Scientists declared that grain yield was boosted due to increased

spikelet numbers per spike (Philipp et al., 2018; Sakuma and

Schnurbusch, 2020). Similarly, increased grain yield under

putrescine application might be due to an improvement in growth

and yield components as putrescine is involved in the production of

abscisic acid (ABA) as well as osmotic adjustment and free radicals

under abiotic stress (Velikova et al., 2000; Al-Kandari et al., 2009;

Alcázar et al., 2010).
Putrescine application reduced the
oxidative damage caused by drought
stress in wheat genotypes

Data analysis of RWC and MSI revealed that drought-stressed

plants have a lower water content than well-watered plants. Drought
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stress enforces physiological changes in the integrity of plant cell

membranes. Consistent with Awasthi et al. (2014), drought stress

boosts electrolyte leakage and enhances the instability of the

membrane, together with lessening the chlorophyll content, having

a huge impact on RWC. According to Reddy et al. (2004), drought

stress has an inverse relationship with the water content of plant

tissue; an increase in the severity and duration of drought stress

results in reduced water content. Our investigation results of RWC

and MSI also show that prolonged drought conditions diminish the

membrane stability index and RWC. Alternatively, the exogenous

putrescine application at the heading stage under terminal drought

stress helped to retain the RWC inside the plant and reduced

electrolyte leakage and ROS in contrast with no putrescine

application. Putrescine, being a scavenger of “free radicals” or ROS

detoxifiers, protected the membrane from oxidative injury. There is

strong evidence to suggest that polyamines (PAs), like putrescine,

have the ability to eliminate ROS by binding the conjugates directly

(Hussain et al., 2011). Putrescine application within the 0.5-1.0 PPM

range under drought stress alleviated the cell membrane injury in

both wheat genotypes (Figure 4).
A
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FIGURE 3

The effect of putrescine on the spike length (A), spike weight (B), and spikelets per spike (C) of two wheat cultivars under normal and terminal drought
conditions. Abbreviation: PPM, parts per million, Put1, putrescine 0 PPM (untreated control); Put2, putrescine 0.5 PPM; Put3, putrescine 1.0 PPM; Put4,
putrescine 1.5 PPM. The different letters above the bar columns indicate significant differences in mean ± SE at p< 0.05. At least three independent
biological replications were considered for each treatment.
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Foliar putrescine application upgraded the status of RWC

(relative water content) under drought stress in wheat. It enhanced

the organic compatible solute accretion that helps to avoid water loss

in plants by increasing solute potential (Alcázar et al., 2010). The

improvement in RWC through the foliar application of putrescine

might be due to ROS’s scavenging role and ability to regulate osmotic

balance (Al-Kandari et al., 2009; Alcázar et al., 2010). Exogenous

application of putrescine improved MSI under drought stress. This

might be due to the regulation of membrane integrity and antioxidant

activity mediated by the translation of specific genes, which helps

plants to resist ROS produced under drought stress (Bajguz, 2000;

Takahashi and Kakehi, 2009).
Putrescine application helps to retain the
yield and harvest index of wheat under
drought stress

Data analysis demonstrated that water stress imposes the most

prominent adverse effects in the Anaj-2017 genotype. Drought stress

at the heading stage influenced the yield of terminal stress-sensitive

wheat genotype and attributed to the severe reduction in yield

components, namely biological yield, spikelet number, and grain

weight. It was observed that drought stress reduced the yield of

drought-sensitive wheat genotypes as a result of a decrease in

photosynthetic parameters and chlorophyll content (Wasaya et al.,

2021). Thus, it is obvious that stomata behavior, water status, and

photosynthesis response to drought stress distinguish between

sensitive genotypes and drought-tolerant genotypes (Munns et al.,

2010). In relative terms, the foliar application of putrescine at the

heading stage not only improves the yield of wheat genotypes but also

assists in mitigating drought stress (Figure 5).
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Data analysis showed that Fakhar-e-Bhakkar produced higher

biological and grain yields than Anaj-2017 under drought stress, which

could be attributed to the higher number of spikelets per spike, spike

weight per plant relative to water content, and 100-grain weight. It was

observed that some genotypes are able to complete the life cycle under

moisture stress and maintain their yield compared with drought-

susceptible genotypes due to their genetic makeup (Ahmad et al.,

2009). Grain weight and spikelet number are the most effective and

essential variables that could influence the grain yield of the wheat

genotype (Leilah and Alkhateeb, 2005). Drought stress execution in the

reproductive phase affects the traits contributing to yield parameters

(Bayoumi et al., 2008). Fakhar-e-Bhakkar is a drought- resistant wheat

genotype and attained the highest plant height, biomass, number of

tillers, spike weight, number of spikelets per spike, grain weight per spike,

100-grain weight, and grain yield under drought stress and well-watered

conditions. Because of its prodigious genetic makeup and its enzymatic

defense system and osmolyte accumulation, the adverse effects of

drought stress in the Fakhar-e-Bhakkar genotype are mitigated.

Meanwhile, the wheat genotype Anaj-2017 recorded the lowest grain

yield, being drought-sensitive, because sink capacity for dry matter

accumulation is susceptible to drought conditions; nonetheless, this

may be responsible for its low yield (Bayoumi et al., 2008).
Conclusion

The current study recommends that the foliar application of

polyamine, such as putrescine, is the best approach to tackle and

mitigate undesirable drought effects in wheat. A higher grain yield

was achieved under the putrescine application, probably due to

improved spike weight, spikelet numbers, and 100-grain weight,
A B

FIGURE 4

The effect of putrescine on the relative water content (A) and membrane stability index (%) (B) of two wheat cultivars under normal and terminal drought
conditions. Abbreviation: PPM, parts per million, Put1, putrescine 0 PPM (untreated control); Put2, putrescine 0.5 PPM; Put3, putrescine 1.0 PPM; Put4,
putrescine 1.5 PPM. The different letters above the bar columns indicate significant differences in mean ± SE at p< 0.05. At least three independent
biological replications were considered for each treatment.
frontiersin.org

https://doi.org/10.3389/fpls.2022.1000877
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wasaya et al. 10.3389/fpls.2022.1000877
particularly in the stress-tolerant genotype (Fakhar-e-Bhakkar).

According to the research findings, the foliar application of

putrescine improved the membrane stability index and relative

water content, which results in enhanced 100-grain weight and

spike weight. Wheat cultivar Fakhar-e-Bhakkar showed more

tolerance against terminal drought than Anaj-2017. Similarly,

Fakhar-e-Bhakkar was most responsive to the putrescine

application, and the foliar application of putrescine (1.0 PPM) has

the potential to stabilize wheat against terminal drought stress. Our

study suggests that Fakhar-e-Bhakkar has the potential to grow and

survive in low- water and well-watered conditions, so farmers can

grow this wheat genotype for longer with better outcomes.
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