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Editorial on the Research Topic
Abiotic stresses in field crops: response, impacts and management
under climate change scenario

Agriculture faces significant challenges from environmental factors like drought, heat,
waterlogging, cold, soil salinity, nutrient deficiency, and heavy metal contamination
(Pathalk, 2023). These stresses impair plant function, limiting growth and productivity.
With climate change increasing the frequency and intensity of these stresses, food and
nutrition security are at risk. Plants employ various tolerance mechanisms at molecular,
biochemical, physiological, and morpho-anatomical levels, which vary by species and stress
type (Rane et al., 2021). This editorial highlights promising research showcasing advanced
understanding of plant responses to abiotic stresses. Through 14 publications (13 original
research and 1 review) editorial covers various aspects of managing the emerging and
future abiotic stresses through innovative G x E x M (genotype by environment by
management) practices for improving the tolerance as well as adaptation and mitigation
strategies for enhanced sustainability of crop production systems.

Oat (Avena nuda L.) is a moderately salt-tolerant cereal crop, and understanding its
salinity tolerance mechanisms can improve production in salt-affected areas. Liu et al.
studied the salt tolerance of the naked oat line Bayoul, treating 17-day-old seedlings with
varying NaCl concentrations for 12 days. Optimal growth was observed at 50 mM NaCl.
Despite reduced water uptake and nutrient imbalances, Bayoul maintained root growth,
indicating roots play a key role in its salt tolerance through increased Na™ concentrations
in root cell sap while maintaining membrane integrity and osmotic potential.

Azrai et al. applied machine learning (ML) to predict maize grain yield and stress
tolerance index (STI) under normal and drought conditions. Thirty-five genotypes were
evaluated across three sites, and ML models were optimized using genetic algorithms (GA)
and ensemble methods. Results showed that ensemble models optimized by grid search had

5 frontiersin.org
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the best performance, with R? values of 0.92 for grain yield and
0.82 for STI. The Multi-trait Genotype-Ideotype Distance (MGIDI)
approach accurately identified superior hybrids (H06, H10, H13,
H35), highlighting the potential of ML and MGIDI in drought-
tolerant maize breeding.

Excess soil iron (Fe) toxicity is a major challenge for rice
cultivation in acidic soils. Sonu et al. assessed sixteen rice genotypes
under varying iron (Fe) levels to evaluate their responses to Fe
toxicity, focusing on seedling root systems. Hydroponic screening
identified 460 ppm Fe as a critical threshold, significantly affecting
root traits and biomass. Genotypes were classified into tolerant
and sensitive categories using leaf bronzing scores and a response
stability index. Tolerant varieties, such as ILS 12-5, were identified,
while popular varieties like BPT 5204 and Pusa 44 showed high
sensitivity to Fe toxicity.

Traditional rice

monocropping in uplands is not

environmentally —sustainable and profitable. Pan et al.
assessed the energy flow, carbon balance, and GWP of five
monocropping systems (rice, finger millet, black gram, horse
gram, pigeon pea) and four intercropping systems (rice+black
gram, rice+horse gram, finger millet+black gram, finger
millet+horse gram). Rice+black gram and rice+horse gram
were the most energy-efficient, with better carbon efficiency
and sustainability. Pigeon pea and finger millet+horse gram
offered higher rice equivalent yields and benefit-cost ratios.
Overall, pigeon pea and finger millet-based intercropping
systems were the best options for eastern India’s rainfed
upland agro-ecosystem.

High carbon losses in Mollisols pose a substantial challenge
to food security and climate regulation. Liang et al. assessed
fertilization strategies on crop yield, soil organic carbon (SOC)
stock, and carbon sequestration efficiency under climate change
scenarios in Northeast China using the SPACSYS model. Higher
temperatures reduced maize yield by 14.5% in Harbin and
13.3% in Gongzhuling, and soybean yield by 10.6%. SOC
sequestration efficiency decreased with increased carbon input.
Manure application resulted in higher carbon sequestration
efficiency compared to other treatments, making it an effective
practice for climate change mitigation in Mollisols.

Basavaraj et al. screened cowpea varieties for waterlogging
tolerance by evaluating morpho-physiological and root traits under
10 days of waterlogging stress at the seedling stage. Waterlogging
reduced plant height, leaf area, chlorophyll content, and NDVI,
but tolerant varieties like DC15 and PL4 exhibited increased
adventitious root (AR) number and length. Correlation and PCA
analyses revealed a positive link between AR formation/length and
waterlogging tolerance, suggesting these traits as valuable markers
for breeding waterlogging-tolerant cowpeas.

Smallholder maize farming in sub-Saharan Africa is highly
vulnerable to drought, threatening food security and livelihoods.
Ndlovu et al. mapped genomic regions associated with water
stress tolerance in tropical maize using three F3 populations
(753 families) evaluated in Kenya and Zimbabwe. High-density
SNP markers identified 93 QTLs under well-watered and 41
under water-stressed conditions, with significant QTLs for grain
yield, plant height, ear height, and anthesis-silking interval. These
findings highlight the potential of genomic selection for improving
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maize breeding to enhance drought tolerance and support food
security in sub-Saharan Africa.

Drought is a major concern in chickpea breeding, controlled by
multiple genes. Harish et al. examined 125 chickpea landraces from
the West Asia and North Africa (WANA) region, and 4 varieties,
to identify marker-trait associations (MTAs) and candidate genes
for drought tolerance. Thirteen physio-morphological traits were
analyzed over two vyears at two locations, revealing strong
correlations between seed yield and biological yield. Using
genotypic data from 6,367 SNPs, 52 significant SNPs were
identified, including genes related to drought tolerance such as
GHRI1, WAT1, and beta-galactosidase, which will aid in improving
drought tolerance in chickpea breeding.

Cadmium (Cd) contamination in agricultural soils is a global
concern due to its harmful effects on human health. Igbal et al.
investigated the impact of vermicompost (VC) on soil properties,
plant physiology, leaf ultrastructure, antioxidant defense, and rice
yields under Cd stress. Results showed that Cd toxicity decreased
soil quality, photosynthesis, and antioxidant activity, leading to
lower rice yields. However, VC application improved soil health,
enhanced physiological functions, and boosted antioxidant enzyme
activities, reducing Cd uptake and alleviating oxidative damage.
The treatment (50 mg Cd + 6t ha~! VC) significantly increased
grain yields, highlighting potential of vermicompost towards
sustainable rice production in Cd-contaminated soils.

Climate change directly affects cotton yield by damaging
morphological development and plant growth. Fan et al. used the
AquaCrop model and 30 years of meteorological data (1988-2017)
to optimize irrigation and planting dates for cotton under limited
water conditions. Results showed that higher irrigation quotas
increased yield and biomass, with 495 mm achieving optimal water
efficiency. Planting in late March to early April suits regions with
abundant water, while late April to early May is better for water-
scarce areas, using early-maturing varieties.

Continuous drought stress threatens food security, yet crop
responses remain uncertain. Cui et al. calibrated and validated
the AquaCrop model using summer maize data from 2017
to 2018 to simulate growth under various drought scenarios.
The model analyzed transpiration (Tr), biomass accumulation,
and yield formation at two growth stages. Results showed that
drought at the seedling stage significantly reduced transpiration
and biomass, with severe drought during the seedling and
jointing stages causing total yield loss. The study emphasized
the importance of avoiding severe drought at these stages for
sustainable maize yield.

Chakrabarti et al. investigated the effects of elevated ozone
(O3) and carbon dioxide (CO2) on rice productivity in northern
India over two kharif seasons (2020-2021). Using Free Air Ozone-
Carbon dioxide Enrichment (FAOCE) rings, three rice varieties
(Pusa Basmati 1121, Nagina 22, IR64 Drtl) were examined
under varying nitrogen (N) management. Elevated O3 reduced
photosynthesis, stomatal conductance, and transpiration, resulting
a 6.9-9% yield reduction. Elevated CO, partially compensated for
yield losses, particularly in Nagina 22. Additional N (125% RDN)
improved grain N uptake under elevated O3 and CO; conditions.

Siddiqui investigated the effects of cypermethrin, a widely
used synthetic pyrethroid, on growth, pollen morphology,

frontiersin.org
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fertility, and antioxidant activities in Cicer arietinum L.

The
pods, seeds, and yield but also increased pollen wrinkling,

exposure not only reduced plant height, branches,
reduced fertility, impacted chlorophyll and carotenoid content.
Cypermethrin also affected hydrogen peroxide scavenging,
lipid peroxidation, and antioxidant enzyme activities in a
dose-dependent manner. These findings highlight the need
for further research on the ecological and health risks of
cypermethrin exposure.

Wang et al. conducted a review on drought and heat
ryegrass L) from
showcasing publications

stress in perennial
1994 to 2024
China and the USA. Keyword analysis revealed “growth,

(Lolium  perenne
consistent from
“endophytic fungiy and “yield” in drought studies, while
“growth,” “gene; and “leaf” were common in heat stress
research. Most studies focused on phenotype, resistance
endophytes. The

the need for further molecular research on drought-heat

mechanisms, and review  emphasized
stress interactions.

Overall, this comprehensive range of research highlights the
need for a multifaceted approach to understand the interactions
and impacts of combined stresses, crucial for developing stress-
tolerant crops and devising mitigation strategies for various

climatic challenges.

References

Pathak, H. (2023). Impact, adaptation, and mitigation of climate change in
Indian agriculture. Environ. Monit. Assess. 195:52. doi: 10.1007/s10661-022-10
537-3

Frontiersin Sustainable Food Systems

10.3389/fsufs.2024.1539301

Author contributions

AP: Conceptualization, Writing — original draft, Writing -
review & editing. AD: Supervision, Writing - review & editing. ML:
Writing - review & editing. MK: Writing - review & editing. MA:
Writing - review & editing. PB: Writing — review & editing. KP:
Supervision, Writing - review & editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Rane, J., Singh, A. K., Kumar, M., Boraiah, K. M., Meena, K. K., Pradhan, A, et al.
(2021). The adaptation and tolerance of major cereals and legumes to important abiotic
stresses. Int. J. Mol. Sci. 22:12970. doi: 10.3390/ijms222312970

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1539301
https://doi.org/10.3389/fsufs.2024.1458552
https://doi.org/10.1007/s10661-022-10537-3
https://doi.org/10.3390/ijms222312970
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY

Md. Khairul Alam,

Bangladesh Agricultural Research Institute,
Bangladesh

REVIEWED BY

Michela Janni,

Institute of Materials for Electronics and
Magnetism National Research Council, Italy
Oli Fakir,

Bangladesh Agricultural Research Institute,
Bangladesh

*CORRESPONDENCE

Liyun Liu
liuliyun79419@163.com

Mohammad Sohidul Islam
ag.islam.agn@tch.hstu.ac.bd

*PRESENT ADDRESS

Liyun Liu,

Graduate School of Engineering,
Osaka University, Suita, Japan

RECEIVED 10 November 2023
ACCEPTED 28 December 2023
PUBLISHED 19 January 2024

CITATION

Liu L, Assaha DVM, Islam MS, Rajendran K,
Theivasigamani P, Soufan W, Ayman ES and
Ueda A (2024) Effect of NaCl on
physiological, biochemical, and ionic
parameters of naked oat (Avena nuda L.) line
Bayoul.

Front. Sustain. Food Syst. 7:1336350.

doi: 10.3389/fsufs.2023.1336350

COPYRIGHT

© 2024 Liu, Assaha, Islam, Rajendran,
Theivasigamani, Soufan, Ayman and Ueda.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited,
in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Sustainable Food Systems

Frontiers in Sustainable Food Systems

TYPE Original Research
PUBLISHED 19 January 2024
pol 10.3389/fsufs.2023.1336350

Effect of NaCl on physiological,
biochemical, and ionic
parameters of naked oat (Avena
nuda L.) line Bayoul

Liyun Liu'*!, Dekoum V. M. Assaha?, Mohammad Sohidul Islam?*,
Karthika Rajendran?, Parthasarathi Theivasigamani?,
Walid Soufan®, El Sabagh Ayman®” and Akihiro Ueda*

!Graduate School of Integrated Sciences for Life, Hiroshima University, Higashihiroshima, Japan,
2Department of Agriculture, Higher Technical Teachers' Training College, University of Buea, Yaounde,
Cameroon, *Department of Agronomy, Hajee Mohammad Danesh Science and Technology
University, Dinajpur, Bangladesh, *VIT School of Agricultural Innovations and Advanced Learning
(VAIAL), Vellore Institute of Technology (VIT), Vellore, India, °Department of Plant Production, College
of Food and Agriculture Sciences, King Saud University, Riyadh, Saudi Arabia, ®Department of
Agronomy, Faculty of Agriculture, Kafrelsheikh University, Kafrelsheikh, Egypt, ’"Department of Field
Crops, Faculty of Agriculture, Siirt University, Siirt, Turkiye

Oat (Avena nuda L)) is a globally important cereal crop grown for its nutritious
grains and is considered as moderately salt-tolerant. Studying salinity tolerant
mechanisms of oats could assist breeders in increasing oat production and
their economic income in salt-affected areas, as the total amount of saline
land in the world is still increasing. The present study was carried out to better
understand the salt tolerance mechanism of the naked oat line Bayoul. A soil
experiment was conducted on 17 days-old Bayoul seedlings treated with varying
concentrations of NaCl for a period of 12 days. Bayoul plants grew optimally
when treated with 50 mM NaCl, demonstrating their salinity tolerance. Reduced
water uptake, decreased Ca?*, Mg?*, K*, and guaiacol peroxidase activity, as well
as increased Na* concentration in leaves, all contributed to a reduction in shoot
growth. However, the damage to ionic homeostasis caused by increased Na*
concentrations and decreased K* concentrations in the roots of Bayoul did not
inhibitits root growth, indicating that the main salt-tolerant mechanismin Bayoul
existed in its roots. Further, a hydroponic experiment found that increasing Na*
concentration in root cell sap enhanced root growth, while maintaining the
integrity of root cell membranes. The accumulated Na* may have facilitated the
root growth of Bayoul exposed to NaCl by effectively adjusting cellular osmotic
potential, thereby ensuring root cell turgor and expansion.
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1 Introduction

Saline land is increasing in arid, semi-arid, and coastal regions due to the use of medium
or high-saline water for irrigation. It is important to search for salinity-tolerant crops to meet
the food demand of a growing population and to enhance the economic and ecological values
of these regions, where crop production and food safety face significant challenges (Gupta and
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Huang, 2014). In plants, salinity causes osmotic stress, followed by
ionic stress, which induces secondary stresses including oxidative
stresses (Wang et al., 2022). Osmotic stress inhibits water assimilation
and ionic stress causes ionic toxicity in salt-stressed plant tissues due
to excessive accumulation of sodium (Na*) ions (Negrao et al., 2017).

In general, Na* ions are not essential for plant growth, and
excessive concentrations of these ions are toxic to the most plant
species. The increased concentration of Na* in salt-stressed plant
tissues frequently inhibits the uptake of other nutrients, including K-,
Ca*, and Mg”, resulting in nutrient deficiency (Keutgen and
Pawelzik, 2009; Assaha et al., 2017b). Thus, the maintenance of ionic
homeostasis in plants by modulating ion transporters, channels, and
H* pumps is essential for plant tolerance to salinity (Almeida et al.,
2017). Plants regulate Na* uptake through transporters or channels to
prevent excessive accumulation in the cytosol, returning Na* to
growth medium or apoplast, or compartmentalizing it into vacuoles
(Lv et al., 2012). Cytosolic Na* ions are compartmentalized into
vacuoles for efficient Na* detoxification, reducing cytosol toxic effects
and maintaining osmotic potential, ensuring water uptake in cells
(Apse and Blumwald, 2007; Lv et al., 2012). Na* are employed as a
cost-effective osmolyte in plant tissues subjected to salt stress (Hariadi
et al,, 2011). Oxidative stress disrupts the balance between reactive
oxygen species production and scavenging, leading to cell membrane
damage and ion leakage (Gill and Tuteja, 2010; Huang et al., 2019).
Plants utilize both non-enzymatic and enzymatic antioxidant defense
systems, primarily catalase (CAT), glutathione peroxidase (GPX), and
guaiacol peroxidase (POX), to prevent oxidative damage.

The naked oat (Avena nuda L.), which originated in Mongolia and
northern China, differs from the common oat (Avena sativa L.) in
morphology, nutritional value, and growth environment (Tang et al.,
2019). Because of its rich supply of vitamins, minerals, carbohydrates,
lipids, and oil, naked oats constitute an essential cereal crop that is
grown all over the world and utilized for both human and livestock
food (Carlson and Kaeppler, 2007; Daou and Zhang, 2012;
Boczkowska and Tarczyk, 2013; Diao, 2017). In recent years, oat has
received more attention due to its various grain bioactive compounds,
which have been linked to a lower risk of cardiovascular disease, type
2 diabetes, gastrointestinal disorders, and cancer (Martinez-
Villaluenga and Penas, 2017). This traditional Chinese cereal is
gaining popularity due to its cold weather tolerance, adaptation to
short growing seasons and poor soil fertility (Daou and Zhang, 2012;
Boczkowska and Tarczyk, 2013; Bai et al., 2018). On the contrary, the
growth of naked oats is significantly impeded and its efficient
utilization and development are restricted by abiotic stresses such as
salinity and drought (Liu et al., 2020a,b; Zhang et al., 2022). When
treated to drought stress, Huazao2 had lower yield, grain per panicle,
grain weight per thousand grains, and transpiration rate (Zhang et al.,
2022). Due to an imbalance in ionic homeostasis in its leaves, the
growth of a 34days-old Mengnongdal seedling is inhibited when
exposed to 100 mM NaCl (Liu et al., 2020a). The application of 50 mM
sodic-alkalinity caused a reduction in the activities of antioxidant
enzymes in a 20 days-old Yankel seedling, which affected its growth
(Liu et al., 2020b). The study of salinity-tolerant naked oat lines and
their mechanisms can be beneficial for crop breeding in salt-affected
areas due to increasing agricultural difficulties. Figure 1 depicts the
mechanisms of salinity tolerance in oats. Enhanced salt tolerance in
oats is achieved through the induction of adaptive stress mechanisms.
The upregulation of NHX1 compartmentalize Na* into vacuole while
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the upregulation of SOSI returns Na* to growth media, resulting in
Na* detoxification and ionic equilibrium in the cytosol. Superoxide
dismutase (SOD) and glutathione reductase (GR) catalyze the
conversion of O, to H,0,, which is further detoxified to water and
oxygen by GPX and CAT. By maintaining ion homeostasis and
detoxifying oxidative damage within its cellular environment, these
mechanisms enable the plant to effectively endure and survive in
environments with high salinity. The utilization of this adaptation
mechanism confers benefits and exhibits discernible impacts in
different growing regions of naked oats. Depending on the specific
target organ, these mechanisms have different effects on different plant
organs, such as flowers, fruits, leaves, roots, and cellular components.

Bayoul, a widely grown line in Inner Mongolia, Hebei, Shanxi,
and Gansu, China, has a high recovery ability from high salinity due
to its ionic homeostasis and osmolyte production in its leaves (Diao,
2017; Liu and Saneoka, 2022). This high recovery capacity from high
salinity reveals its high salinity tolerance. However, its salinity
tolerance mechanism remains unclear. The study aims to identify the
adaptive mechanisms of Bayoul in response to low and moderate
salinity levels using soil and hydroponic experiments. We investigated
various parameters including leaf antioxidative enzyme activities,
growth, assimilation of Na* and K* in all organs, water status,
malondialdehyde (MDA) and Mg** and Ca** ions, in the leaves of soil
experiment. Furthermore, we assessed the vigor of the roots in the
hydroponic experiment, osmotic potential (¥'x), Na* assimilation, and
MDA concentration.

2 Materials and methods

2.1 Experiment 1: growth conditions of
Bayoul in a soil experiment

The Inner Mongolia Agricultural University in China provided
assistance with the cultivation of oat line Bayoul (Avena nuda L.)
seeds, which were stored at 4°C -until germination. Seeds were
incubated at room temperature for 24 h before being sowed directly in
350 cm’ pots filled with commercial healthy soil and a plastic mesh at
the bottom of pots. Pots were irrigated twice daily for 7 days, then five
uniform seedings were selected and irrigated twice with a nutrient
solution including 4.2mM NO;-N, 0.3mM NH,-N, 1.ImM K,O,
1.0mM CaO, 0.4mM MgO, 0.2mM P,0s, 12.1 uM Fe, 5.4 pM B,0Os,
5.3uM MnO, 0.3 pM Zn, 0.1 pM Cu, and 0.08 pM Mo. Seedlings were
treated with a nutrient solution containing varying concentrations of
NaCl [0mM (control), 50mM, and up to 100 mM NaCl] in increments
of 50mM to reach a final concentration on day 17 for an additional
12days in order to prevent seedling mortality of young oat seedlings
exposed to salinity. The treatment consisted of four pots, with each pot
having five plants deemed a replication to ensure statistical analysis
accuracy. The soil experiment was carried out in a vinyl house with
natural light, with 61% humidity, 17°C-25°C day/10°C-17°C
night temperature.

2.1.1 Growth analysis and relative water content

in the leaves of Bayoul under soil experiment
After 12 days of soil experiment treatment, tiller numbers of

the seedlings were counted and the seedlings were washed with
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FIGURE 1
The oat plant’s response mechanism to salt tolerance initiates adaptive stress mechanisms, allowing it to adapt and endure high salinity conditions by
effectively managing and balancing ions within its cells. This adaptive mechanism is advantageous and manifests different effects in various plant
organs. These superior mechanisms influence various plant organs, including flowers and fruits, leaves, roots, and cellular components, in a variety of
ways, depending on the target organ. In addition, it upregulates a number of mechanisms, including HKT1, SOS1, and NHX1, leading to an increase in
abscisic acid (ABA) levels.

tap water. Seedlings were cleaned, separated into leaves, sheaths,
and roots, and oven-dried at 70°C for 3 days to determine their
dry weights. The young leaf, sheath, and root tissues were flash-
frozen in liquid nitrogen and stored at —80°C until use for
analyses. The second fully expanded young leaves were frozen in
liquid nitrogen and stored at —80°C for further analysis. Mekawy
etal. (2015) provide a comprehensive account of the methodology
employed to ascertain the relative water content (RWC). The fresh
weight of leaves was recorded before soaking in fresh distilled
water for 24 h under light. After gently removing extra water from
the wet surface, the turgor weight of leaves was measured. The
leaves were then oven-dried for 3 days at 80°C and the dry weight
was recorded. The leaf relative water content was determined
using the following formula: 100 x (fresh weight-dry weight)/
(turgor weight-dry weight).

2.1.2 Na* and K* in the different organs, and Ca?*
and Mg?* concentrations in the leaves of Bayoul
under soil experiment

Approximately 500 mg of oven-dried organs were digested with
HNO; at 100°C for 12 h and then with HNO;™ H,0, (1:1v/v) at 200°C
for 20 min for cations. After dilution with distilled water, The Na* and
K* concentrations in leaves, sheaths, and roots were measured using
an ANA-135 flame photometer (Eiko Instruments Inc., Tokyo, Japan),
while the Ca®* and Mg** concentrations in leaves were measured using
an AA-6200 atomic absorption flame emission spectrophotometer
(Shimadzu Corporation Industrial Company, Kyoto, Japan). The Na*,
K*, Ca*, and Mg* standards were used to calculate their
concentrations in the organs.
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2.1.3 Malondialdehyde analysis in the leaves of
Bayoul under soil experiment

The MDA concentration in the second fully expanded young
leaves was evaluated to assess leaf lipid peroxidation (Draper and
Hadley, 1990). Young leaves were finely pulverized in liquid nitrogen
using a mortar and pestle. MDA was extracted from the powder using
a 10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer solution containing thiobarbituric acid, tricarboxylic
acid, butylated hydroxytoluene, 2% ethanol, and 0.25N HCI. After
heating at 100°C for 30min, the absorbance of the reaction
supernatant was measured spectrophotometrically (U-3310; Hitachi,
Tokyo, Japan) at 532 and 600nm. The MDA concentration was
determined using its extinction coefficient (1.55mM™" cm™).

2.1.4 Antioxidative enzyme activities in the leaves
of Bayoul under soil experiment

Soluble antioxidant enzymes were extracted from finely crushed
powder in liquid nitrogen using a potassium phosphate buffer (pH
7.8) containing 1 mM ascorbic acid, 0.5 mM ethylenediaminetetraacetic
acid, and 2% polyvinylpolypyrrolidone. Antioxidant enzyme activities
in soluble protein and the concentration of soluble protein in crude
extract were evaluated using the supernatant obtained after
centrifugation (10,000g, 4°C, 15min). CAT activity was determined
by measuring the initial rate of H,O, disappearance at 240 nm, GPX
activity by measuring tetraguaiacol absorbance at 470 nm, and GR
activity by measuring the absorbance of oxidized NADPH at 340 nm
in their respective reaction mixtures (Foyer and Halliwell, 1976; Aebi,
1984; Velikova et al., 2000; Liu et al., 2017). The reaction mixture for
CAT activity contained 50 mM potassium phosphate buffer (pH 7.0),
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10mM hydrogen peroxide (H,0,), and 1% enzyme extract, and CAT
activity was calculated using the molar extinction coefficient for H,0,
(0.04mM™" cm™). The reaction mixture for GPX activity contains
70 mM potassium phosphate buffer (pH 7.0), 15 mM guaiacol, 10 mM
hydrogen peroxide (H,0,), and 2% enzyme extract, and GPX activity
was determined using the molar extinction coefficient for tetraguaiacol
(26.6mM™" cm™). The reaction mixture for GR activity contained
40 mM potassium phosphate buffer (pH 7.5), 0.78 mM glutathione,
0.4mM EDTA, 0.02mM NADPH, and 2% enzyme extract, and GR
activity was estimated using the molar extinction coefficient for
NADPH (6.22mM™ cm™). The DC protein assay kit (BioRad
Laboratories, Inc.) was used to determine the amount of soluble
protein in the enzyme extraction.

2.2 Experiment 2: growth conditions of
Bayoul in a hydroponic system

The seeds were germinated on damp towel paper for 3 days after
being incubated at room temperature for 24h. The seedlings were
transferred to a hydroponic system comprised of plastic mesh
covering 1.3L plastic containers with tap water. After 5days of
germination, tap water was replaced with a nutrient solution according
to section 2.1. Twelve-days-old seedlings were cultivated
hydroponically for 6days under 0 (control), 25 and 50mM NaCl
concentrations. Throughout the experiment, the pH of the nutrient
solution was maintained between 5.9 and 6.2 with 1N KOH. The
study consisted of four containers in each treatment, with four
seedlings grown in each container, representing one replicate. The tap
water and nutrition solution were replaced twice a day and aerated
continuously with pumps. The experiment was conducted under
natural light conditions in the greenhouse, which was kept at a
temperature range of 23°C-31°C during the day and 15°C-23°C
at night.

2.2.1 Plant growth, and oxidative damage and
vigor in the root of Bayoul under hydroponic
system

The fresh weight of shoots and roots was measured after being
washed with tap water and placed on a wiper to remove any water.
MDA concentration in the roots was measured in the same manner
as in the soil experiment to determine oxidative damage.

Fresh root samples (0.1 g) were incubated for 10 min at room
temperature in 5mL of 0.1 M phosphate buffer (pH 7.0) containing
125 pg of -naphthylamine (Zhang et al., 2017). After incubating for
one hour at 25°C, 0.2 mL of the resulting solution was combined with
1 mL of distilled water, 0.1 mL of 1% sulfanilic acid, and 0.1 mL of 0.1%
sodium nitrite. After being incubated for 5 min, the mixture was once
more diluted with 1.1 mL of distilled water, and results were recorded
using a spectrophotometer at 510 nm. Root vigor was measured in
micrograms of a -naphthylamine per gramme of FW per hour (pg
a-NA g FW h).

2.2.2 Osmotic potential and Na* concentration in
the roots of Bayoul under hydroponic system
Fresh roots were filled into microtubes, then placed in a 5mL
microtube and centrifuged at 1,500 x g for 10 min to collect cell sap.
The Wescor 5,500 vapor pressure osmometer (Wescor Inc., Logan, UT,
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United States) was used to measure the Wn of the cell sap after
centrifugation. Using a flame photometer (ANA-135; Eiko
Instruments Inc., Tokyo, Japan), the Na* concentrations of 100-fold
diluted root cell fluid were then determined. The ¥r of Na* was
subsequently computed by applying the Van't Hoff equation derived
by Liu et al. (2020a). The contribution of ¥z for Na* to the total ¥z
was calculated using the equation: Contribution of ¥r for
Na*=100 x Y= of Na*/ V.

2.3 Statistical analysis

All collected data were analyzed using one-way analysis of
variance (ANOVA) with IBM SPSS version 25 (IBM Corp., Armonk,
NY, United States). Duncan’s multiple range test was used to perform
multiple comparisons at p <0.05. The values are the means (standard
errors; SE) of four replicates. The values are the means (+ standard
errors; SE) of four replicates. The association between root biomass
and other root characteristics was examined by a visual exploratory
tool for correlation matrix using the corrplot package in the R
programming language.

3 Results
3.1 Experiment 1

3.1.1 Effect of NaCl on biomass accumulation in
soil experiment

At a concentration of 50 mM, NaCl greatly accelerated the growth
of leaves and sheaths while inhibiting it at a concentration of
100 mM. When exposed to 50 mM NaCl, the DW of Bayoul leaves
and sheaths increased by 13% and 16%, respectively, but decreased by
10% and 9% when exposed to 100mM NaCl. In contrast, neither
50 mM nor 100 mM NaCl concentrations changed root DW (Figure 2).
When the concentration of NaCl was increased from 0 mM to 50 mM
and then to 100 mM, the number of tillers in Bayoul decreased by
16% and 28%, respectively (Table 1).

3.1.2 Water uptake capacity, and Mg?*
concentrations in the leaves of Bayoul in soil
experiment

The RWC in leaves was determined to investigate the water status
of oat seedlings under salinity. When compared to control plants,
RWC in the leaves was unaffected at 50 mM NaCl and considerably
decreased (13%) at 100 mM NaCl (Figure 3). The Mg in leaves was
measured to examine the nutrient deficiency induced by salinity. The
Mg?* concentration in the leaves decreased by 13% at 100 mM NaCl,
compared to 6% at 50mM NaCl (), and by 0.15mgg™" DW (Table 1).

3.1.3 Na* and K* homeostasis in the different
plant organs of Bayoul in soil experiment

Tonic homeostasis in plant tissues is frequently disrupted as a
result of the accumulation of excess Na* and depletion of other ions.
When compared to controls, NaCl significantly increased Na*
assimilation in all plant organs examined (Figure 4A). With an
increase in salinity from 50 to 100mM NaCl, leaf and root Na*
concentrations did not differ significantly; Na* concentrations in the
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TABLE 1 Tiller number, Mg?* concentration, and activities of catalase (CAT), glutathione reductase (GR), and guaiacol peroxidase (GPX) in the leaves of
naked oat (Avena nuda L.) cultivar Bayoul soil grown with nutrient solution with 0 (control), 50, and 100 mM NaCl for 12 days.

Treatments Tiller number Mg* conc_:;entration CAT ('.“ GR (*.‘M m.g:l GPX (.”M n.qg__l
(mgg™ DW) protein min protein min-) protein min-)

Control 45+0.65° 2.05+0.02° 16.91 + 1.44° 21.6 +0.92° 96.85 + 6.27°

50 mM 3.75 + 0.25° 1.93 +0.06% 17.73 +0.78* 22,99 + 151° 100.23 + 14.11*

100mM 3.25+0.48" 1.78 +£0.05" 15.9 £2.13* 22.99 +1.51° 36.4 £4.97°

Values are means of four replicates + standard error. Different lower-case letters indicate significant differences among the treatments at p <0.05.

sheaths increased from 50 mM to 100 mM as NaCl. Compared to the
controls, NaCl significantly decreased K* concentrations in the leaves,
sheaths, and roots (Figure 4B). The K* concentration in the leaves and
roots was reduced by 61% and 48% more at 100mM than at 50 mM
NaCl (51% and 16%). The K* concentration in the sheaths was
reduced by 59% and 60% at 50 mM and 100 mM NaCl, respectively.
All NaCl treatments increased the Na*/K" ratio in the leaves, sheaths,
and roots comparable to the control, with the highest ratios recorded
at 100mM (Figure 4C).

3.1.4 Effect of NaCl on the parameters related to
cell membrane integrity in the leaves of Bayoul
The MDA concentration was measured to determine leaf damage
under salinity (Figure 5A). MDA concentrations in the leaves
increased significantly with increasing NaCl concentrations, with the
highest level measured at 100mM NaCl. However, there were no
significant differences between 50 mM and 100 mM NaCl in terms of
MDA concentration. Regulates A number of cell membrane functions
that are associated with cell membrane integrity are regulated by Ca®*.
The Ca** concentration in the leaves decreased by 36% and 46% at
50 mM and 100 mM NaCl, respectively, with no significant difference
between the two concentrations (Figure 5B). To investigate the
antioxidative capacity of oat seedlings to salinity, antioxidant enzyme
activities were measured. The activities of CAT and GR in the leaves
were not affected at either by 50mM or 100mM NaCl. However,
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50mM NaCl had no effect on GPX activity, whereas 100 mM NaCl
reduced it significantly (62%) (Table 1).

3.2 Experiment 2

3.2.1 Effect of NaCl on growth biomass of whole
seedlings, and water cell membrane integrity,
uptake ability, and role of Na* in the roots of
Bayoul

The shoot FW increased by 15% at 25 mM and was unaffected at
50 mM NaCl, while the root FW increased by 22% at 25 mM and 21%
at 50mM NaCl (Table 2). MDA concentration was used to assess root
damage (Figure 6A), while-naphthylamine-oxidizing activity was used
to evaluate root vigor (Table 2). In comparison to the control plants,
neither 25mM nor 50mM NaCl had any influence on MDA
concentrations or root vigor (Figure 6A and Table 2).

Due to osmotic stress, the assimilation of Na* frequently causes
water deficiency in plant tissues. To determine the effect of NaCl on
water loss in Bayoul roots, the root ¥x was measured (Figure 6B). In
comparison to the controls, the highest root Wr was observed at
control, followed by 25 and 50 mM NaCl. Compared to the control
plants, 25 mM and 50 mM NaCl increased Na* concentrations in root
cell sap by 428 and 728 times, respectively (Figure 6C). To investigate
the possibility of Na* sequestration in the vacuole of root cell vacuoles,
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the Na* contribution to root ¥ was determined. In comparison to the
control plants, it increased at 25 mM (4.8-fold) and 50 mM NaCl (8.3-
fold) (Figure 6D).

3.3 Correlation coefficient

The correlation coeflicient of root biomass and other root
characteristics in Bayoul was significantly influenced by NaCl
(Figure 7). The positive correlation between root biomass (DW-S and
FW-H) and Na* concentration (Na-S and Na-H) in both soil and
hydroponic experiments, as well as the positive correlation between
the Na* contribution to root ¥z (Wy,/¥Wr-H) and FW-H, suggested
that Na* has a beneficial effect on root growth. The negative correlation
between K* concentration (K-S), root vigor (vigor-H), ¥z-H, and root
biomass indicated that reduced K*, root vigor, and W= had no effect
on root growth. The cell membrane integrity of roots was highlighted
as the positive correlation between the MDA-H and FW-H.

4 Discussion

4.1 Greater Na* allocation to the shoots
under high salinity may be related to shoot
reduction in Bayou 1

Salinity significantly decreases naked oat production, and earlier
research investigated the short-term salinity tolerant mechanism in
naked oats at the protein level (Chen et al., 2022). The short-term
salinity tolerance mechanism in Bayoul was determined at the
physiological level in this investigation. Among plant salinity tolerance
mechanisms, the exclusion of Na* from the shoot, i.e., the ability to
restrict Na* transport and accumulation in the shoot, is of most
importance, particularly in glycophytes (Munns and Tester, 2008;
Assaha et al., 2017b; Wangsawang et al., 2018). The restriction of Na*
allocation to young leaves is critical to Na* detoxification at the whole-
plant level (Munns, 2002). This study found that low salinity had a
positive effect on the growth and development of this line since
Bayoul did not appear to have any control over Na* allocation to the
leaves and sheaths. Furthermore, this delivery of Na* coincided with
improved growths of leaves and sheaths at 50mM in the soil
experiment (Figures 2, 4A). Mild salt stress improves the production
and nutritional quality of several vegetable species (Rouphael and
Kyriacou, 2018), which supports the observation of greater DW in
leaves and sheaths in this study (Figure 2). In spinach, 50 mM NaCl
enhances total yield, branch number, and antioxidant activity (Sogoni
etal, 2021). It is possible that some of the Na* supplied to the leaves
and sheaths from roots was detoxified by some mechanisms at 50 mM
NaCl. However, increasing the salinity to 100 mM NaCl inhibited the
growth of leaves and sheaths due to increased Na* buildup (Figures 2,
4A). Root Na* retention mechanisms are typically activated at this
time, however they appeared inefficient, as Na* concentrations in
roots levelled off with Na* concentrations in leaves and sheaths
(Figure 4A). It is possible that the high Na*/K* ratio, particularly in the
leaves, caused significant damage to leaf tissues and impeded cellular
activities using K* because the increase in shoot Na* coincided with a
decrease in shoot K* (Munns and Tester, 2008). Therefore, the
reduction in shoot growth may also be significantly influenced by the
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FIGURE 5
Concentrations of malondialdehyde (MDA) (A) and Ca?* (B) in the leaves of naked oat (Avena nuda L.) line Bayoul soil grown with nutrient solution
with 0 (control), 50, and 100 mM NaCl for 12 days.

TABLE 2 Fresh weight (FW) in the shoot, root FW and root vigor in the
roots of naked oat (Avena nuda L.) cultivar Bayoul hydroponically grown
with nutrient solution with 0 (control), 25, and 50 mM NaCl for 6 days.

Treatments Shoot FW  Root FW (g Root vigor

(g plant?) plant?) (mg a-NA

gt FW h)
Control 105 +0.02° 0.58 +0.01° 0.81 +0.06°
25mM 1.21 +0.04* 0.71 % 0.02* 0.75 + 0.02°
50mM 0.99 0.04° 0.70 + 0.01° 0.71+0.01°

Values are means of four replicates + standard error. Different lower-case letters indicate
significant differences among the treatments at p <0.05.

decrease in shoot K* caused by high salt levels. However, the reduction
in root growth was not related to the decrease in root K* and an
increase in root Na* and the root Na*/K" ratio (Figures 2, 4). It was
hypothesized that increased Na* in roots would be compartmentalized
into the vacuole rather than K* by NHXI1 transporter, allowing roots
to retain their K*-protective functions in the cytosol. This maintenance
of K*-protective functions in root cytosol may aid in growth of roots
under salinity. This effect is also demonstrated by the transformation
of a barley (Hordeum vulgare) VP gene, HVP10, into rice (Fu et al.,
2022). Transgenic rice overexpressing HVP10 exhibits greater salt
tolerance than wild type, as well as Na* sequestration in the root
vacuole and K* maintenance in roots (Fu et al., 2022).

4.2 NaCl treatments induce oxidative stress
in the leaves of soil experiment

Under salinity, Na* outside of the cytosol causes oxidative stress,
resulting in the production of MDA, which is the final product of
peroxidation and alters cell membrane integrity (Gill and Tuteja,
2010). Due to the application of NaCl, increased MDA concentrations
were observed in the leaves of Bayoul (Figure 5A), indicating the
presence of oxidative stress in the leaves. According to the findings,
decreased water status (Figure 3) and Mg?* concentration (Table 1), as
well as increased Na* assimilation caused by NaCl may reduce
photosynthetic capacity and, consequently, decrease photosynthetic
electron transport activity, resulting in unfavorable dissipation of
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surplus light energy and overproduction of reactive oxygen species
(ROS). Overproduction of ROS such as hydrogen peroxide (H,0,) in
chloroplast photosystem II (PSII) induces oxidative stress in Bayoul
leaves. Plants typically utilize antioxidative enzymes such as CAT, GR,
and GPX for ROS neutralization to combat oxidative stress and
prevent membrane peroxidation (Couto et al., 2016; Huang et al,,
2019). SOD protects against ROS-induced damage by catalyzing the
conversion of O,™ to H,0,, which is further catalyzed by CAT, GPX,
and other peroxidases (Couto et al., 2016; Huang et al., 2019). In this
instance, the maintenance of CAT activity maintained the
decomposition of H,0, to water and oxygen, thereby protecting the
cells in the leaves from oxidative stress caused by H,0,. The
maintenance of GR activity ensured the production of reduced
glutathione, a key cellular antioxidant, and thus the protection of leaf
cells against oxidative damage. However, a reduction in GPX activity
decreased the capacity of the cell to eliminate excess H,0, and had no
effect on the cell’s ability to withstand oxidative stress induced by H,O,
in the leaves. Meanwhile, Ca** can maintain membrane integrity,
resulting in a reduction of MDA concentration under abiotic stress (Li
etal., 2020); thus, the reduction of Ca** concentration (Figure 5B) may
primarily weaken the permeability of cell membrane and damage the
cell membrane integrity of Bayoul leaves.

Likewise, higher shoot FW was observed at 25 mM NaCl and was
maintained at 50mM NaCl compared to the control plants in the
hydroponic system (Table 2). However, the root FW increased at both
25mM and 50mM NaCl (Table 2), indicating that the roots are
tolerant to salinity. Further analysis revealed the same MDA
concentrations in the roots regardless of salinity treatment
(Figure 6A), as well as a consistently increasing Na* concentration in
root cell sap (Figure 6C), indicating that increased Na* concentrations
in roots help maintain cell membrane integrity rather than diminish
it. Moreover, root vigor is a comprehensive indicator of the number of
living cells and their metabolic activity in roots; consequently, root
vigor is a crucial attribute for the growth of terrestrial plants under
environmental stress (Kajikawa et al., 2010; Zhang et al., 2019). The
decrease in root vigor is associated with a decrease in root cell
metabolism and the number of living root cells (Zhang et al., 2019).
Here, the maintenance of root vigor (Table 2) suggests that the roots
have maintained their capacity to adapt to either low or high salinity.
Together, increased Na® concentrations did not affect the cell
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metabolic mechanisms in the roots of Bayoul and may play a
significant role in hydroponic root cell division and expansion.

4.3 Bayoul uses Na* in the roots as an
osmolyte to osmotically adjust to salt
stress

Low water potential in the root environment causes water loss
through the roots when exposed to high salinity; therefore, plants
require osmolytes to continue water absorption and maintain
positive turgor and root cell growth (Puniran-Hartley et al., 2014).
Among the various osmolytes, soluble organic osmolytes are
essential for achieving this goal. However, organic osmolytes
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biosynthesis is an energy-demanding process (Munns et al., 2020),
making inorganic osmolytes a more cost-effective option to
organic osmolytes in the short term (Puniran-Hartley et al., 2014).
Numerous plants, including halophytes, withstand salinity by
sequestering Na* in vacuoles to prevent its deleterious effects on
the cytosol (Flowers et al., 2015). Here, Na* concentrations in
roots of Bayoul steadily increased with increasing salinity,
without any growth restriction in the roots (Figures 2, 4A, 6C and
Table 2), indicating that Na* accumulation was harmless to the
roots as the stress increased from 50 to 100 mM NaCl in soil
experiment or from 25 mM to 50 mM in hydroponic system. It is
possible that sequestered Na* into vacuoles as an inorganic
osmolyte supported cell expansion in roots and lateral root
development. Similarly, the salinity tolerance of Talinum
paniculatum is predominantly due to its ability to retain Na* in the
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roots without inhibiting root growth in both low and high salinity
conditions (Assaha et al, 2017a). Here, the progressively
increasing root Na* concentrations limited the transport of this
toxic ion from roots to shoots (Figure 4A), thereby partially
preventing Na* toxicity in the shoots in the soil experiment and
hydroponic system.

Certain physiological mechanisms prevent the deleterious
effects of Na* on the roots of Bayoul as evidenced by the fact that
root DW was maintained in the soil experiment while root FW
increased in the hydroponic system. To confirm these mechanisms,
further research was conducted. Analyses demonstrated that
osmotic adjustment was crucial and that the role of Na* was
extremely essential, as Na* significantly contributed to the root ¥x
(Figures 6B,D). These findings suggest that Bayoul has evolved
mechanisms for the selective sequestration of Na* into its root cell
vacuoles for osmotic adjustment. This Na* sequestration enables the
cytoplasm to sustain significantly lower Na* concentrations, thereby
maintaining optimal cytosolic K* required for normal metabolic
processes in the roots of Bayoul under conditions of salt stress. The
ionic homeostasis between Na* and K* in the cytosol contributed to
the maintenance of normal molecular functions in root cells, as well
as root vigor and growth. Therefore, in the present investigation, it
was safe to predict that the root Na* in the cell sap was highest
under 50 mM NaCl stress (Figure 6C), with a greater proportion of
this Na* sequestered in the vacuoles in the hydroponic system. This
physiological mechanism can also be demonstrated by the
significant correlation between Na* concentration and root DW in
the soil experiment and the positive correlation between Na*
concentration in root cell sap and root FW in the hydroponic
system (Figure 7).

5 Conclusion

Despite a reduction in shoot growth under high NaCl stress
due to decreased water absorption capacity, Ca** and Mg*
concentrations in the leaves, Bayoul appeared to tolerate the
salinity. The optimal plant growth of Bayoul was found under low
NaCl stress in either soil experiment or hydroponic system, rather
than at control, implying the existence of salinity tolerant
mechanisms in Bayoul. The novel discovery was the maintenance
of root growth in a soil experiment (100 mM) and enhanced root
FW in a hydroponic system at the highest NaCl concentration
(50 mM). As a result, Bayoul’s enhanced salinity tolerance is
dependent on mechanisms that occur mostly inside the roots.
Further investigation revealed that one of these processes is
osmotic adjustment caused by Na* as the principal osmolyte in the
roots, with a positive association between root Na* and root
biomass in both the soil experiment and the hydroponic system.
As a result, Bayoul has a high tolerance to salinity and the ability
to sequester Na* in root cell vacuoles. This method of Na*
sequestration in the roots may be required to prevent Na*
translocation to the shoots. This study provided the initial
evidence demonstrating the salt tolerance of Bayoul, as indicated
by the continued growth of its root system under conditions of
low salinity.
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The frequent occurrence of drought, halting from unpredictable climate-
induced weather patterns, presents significant challenges in breeding
drought-tolerant maize to identify adaptable genotypes. The study explores
the optimization of machine learning (ML) to predict both the grain yield and
stress tolerance index (STI) of maize under normal and drought-induced stress.
In total, 35 genotypes, comprising 31 hybrid candidates and four commercial
varieties, were meticulously evaluated across three normal and drought-treated
sites. Three popular ML were optimized using a genetic algorithm (GA) and
ensemble ML to enhance data capture. Additionally, a Multi-trait Genotype-
Ideotype Distance (MGIDI) was also involved to identify superior maize hybrids
well-suited for drought conditions. The results highlight that the ensemble
meta-models optimized by grid search exhibit robust performance with high
accuracy across the testing datasets (R? = 0.92 for grain yield and 0.82 for STI).
The RF optimized by GA algorithm demonstrates slightly lower performance
(R? = 0.91 for grain yield and 0.79 for STI), surpassing the predictive performance
of individual SVM-GA and KNN-GA models. Selection of the best-performing
hybrids indicated that out of the six hybrids with the highest STI values, both
the ensemble and MGIDI can accurately predict four hybrids, namely HO06, H10,
H13, and H35. Thus, combining ML with MGIDI enables researchers to discern
traits for each genotype and holds promise for advancing the field of drought-
tolerant maize breeding and expediting the development of resilient varieties.
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Introduction

The heightened concern relies on the impacts of global climate
change on the intricate issue of plant water stress. The erratic shifts in
precipitation patterns, coupled with increased temperatures, and the
consequential elevation in evapotranspiration rates, collectively
underscore a pivotal facet in the challenge of worsening drought
conditions. These transformative alterations directly undermine the
availability of water availability for plant growth, thereby magnifying
the severity of drought scenarios. Consequently, this disruption results
in a reduction in soil moisture content, while concurrently impeding
the crucial uptake of water by the roots of plants. Furthermore, the
heightened frequency and intensity of prolonged heatwaves, along
with the changing climate, accelerate the evaporation process, which
in turn intensifies the propensity for rapid water depletion, profoundly
impacting the physiological well-being of plants.

The occurrence of drought in tropical regions, particularly in
equatorial countries holds significant implications for agricultural
productivity and necessitates adaptations in planting strategies.
Banziger et al. (2000) thoroughly investigated physical factors within
the environment that exert stress on the cultivation of maize.
Furthermore, Monneveux et al. (2008) underline a substantial
reduction in maize productivity, ranging from 45% to 75%, due to
water stress during the critical flowering period extending up to
2weeks after silking. Moreover, in prolonged stress conditions,
vulnerable genotypes exhibit an inability to produce viable seeds. The
pursuit of drought-tolerant varieties demands a comprehensive plant
breeding approach. It is noteworthy that the implementation of multi-
location trials constitutes an essential prologue to more comprehensive
field adaptation trials (Azrai et al., 2023).

As the dryland areas commonly exhibit limited water resources
and low soil fertility, the process of genotype selection, usually aimed
at identifying maize genotypes capable in efficient water uptake, holds
significant importance within the realm of plant breeding, particularly
for enhancing drought tolerance traits. The improvement of water use
efficiency, achievable through the enhancement of plant water status,
serves to facilitate the optimal distribution of assimilates and the
improve kernel formation. Consequently, subjecting the maize
genotypes assigned for development to rigorous pre-selection under
water stress conditions before releasing as superior cultivars becomes
imperative. Hence, the process of selecting for drought tolerance
presents a multifaceted challenge, given the intricate interactions
between genotypes and their environment.

Improving the selection efficiency of drought-tolerant maize
genotypes involves directly observing their performance under water
stress. Evaluating agronomic, morphological, and physiological traits
linked to the plant’s drought tolerance greatly assists in enhancing
adaptation (Banziger et al, 2000). A thorough examination of
agronomic, morphological, and physiological attributes across various
hybrid maize genotypes grown under intense water stress has the
potential to correlate with the resulting grain yield. Numerous
techniques have been utilized to assess the superiority of genotype
either based on single drought-tolerant traits, including the AMMI
and GGE biplot methods. However, the imperative arises to account
for multiple traits due to preferences expanding beyond a single factor.
To tackle this challenge, Olivoto and Nardino (2021) introduced the
MGIDI index for concurrent genotype selection grounded in
multiple traits.
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Cutting-edge computational technologies such as high-
performance computing, specialized bioinformatics tools, and
advancements in artificial intelligence (AI) and ML techniques are
presently employed for the comprehensive analysis of intricate
datasets. These innovative approaches empower breeders to derive
significant and insightful conclusions from their data, thereby
enabling the formulation of enhanced and streamlined breeding
strategies. Furthermore, these techniques contribute to an enhanced
comprehension of the underlying genetic foundations governing
plant traits (Yoosefzadeh-Najafabadi et al., 2021b). Numerous
strategies encompassing ML and deep learning, have emerged for
exploring genotype stability under diverse abiotic and biotic stresses.
These approaches extent various abiotic stress scenarios. Cheng et al.
(2021) introduced a systematic feature reduction technique within
ML, substantially boosting predictive precision in gene-to-trait
models. Singh et al. (2023) incorporate modern image acquisition
and ML to identify key determinants of biomass accumulation,
encompassing both architectural and physiological traits.
Meanwhile, the use of leaf reflectance has enabled the extraction of
plant water status indicators via near-infrared and short-wave
infrared canopy emissions. Other studies have capitalized on the
potential of ensemble ML and deep learning models in various
agricultural contexts, such as rapid maize parental line identification
and classification using stacking ensemble ML (Aqil et al., 2022),
accurate soybean vyield and biomass estimation through
hyperspectral vegetation indices (Yoosefzadeh-Najafabadi et al,
2021a), genotype classification under varying light conditions
(Sakeef et al.,, 2023), leaf chlorophyll status assessment based on
SPAD readings, encompassing different nitrogen levels (Zainuddin
and Aqil, 2021), and successful prediction of grain yield by utilizing
these techniques across a range of environmental and phenological
data (Srivastava et al., 2022). These studies exemplify the adaptability
of ML and deep learning models in evaluating the performance of
genotypes and making yield adjustments under a wide range of
abiotic stress conditions.

Biotic stress typically become apparent during the initial stages of
plant growth, posing intricate challenges concerning their manual
differentiation and necessitating a substantial investment of time.
Consequently, the integration of artificial intelligence (AI) and ML has
yielded significant advancements in the detection and management of
agricultural diseases. Noteworthy studies encompass the utilization of
a novel convolution model featuring modified rectified linear unit
activation for the identification of diseases in cucumber plants
(Agarwal et al., 2021), underscoring the considerable potential of AI
in this domain. A deeper exploration of machine vision techniques to
detect diseases in corn leaves (Austria et al., 2022), coupled with the
use of MobileNet for maize seedling and weed detection (Cheng et al.,
2021), as well as the innovative hybridization of ResNet and YOLO for
paddy leaf disease recognition (Ganesan and Chinnappan, 2022), have
provided invaluable insights. Roy and Bhaduri (2021) contributed a
sophisticated deep learning model capable of multi-class disease
detection. The efficacy of Al in managing crop diseases extends to
maize diseases, as evidenced by the boosted framework (Gokulnath
and Devi, 2020). Another noteworthy contribution by Sharma et al.
(2020) involves a method that combines ML techniques with image
preprocessing to classify plant diseases. Furthermore, the complex
field scenarios of maize leaf blight detection have been effectively
addressed through the utilization of deep learning techniques (Sun
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et al, 2020), and optimized neural network tailored for the
identification of diseases in maize leaves (Waheed et al., 2020).

The objective of the research was to enhance the predictive
accuracy of the grain yield and stress tolerance index of maize hybrids
through fine-tuning via ensembles machine learning and genetic
algorithms. Furthermore, the study compared the effectiveness of ML
with MGIDI to select the best-performing hybrid candidates under
normal and drought conditions.

Materials and methods
Experimental sites and genetic materials

The genetic material involved in the drought trials included a
collection of 31 single cross hybrids, designated as HO1 (DTHO1)
through H31 (DTH31), along with four commercial hybrids as checks,
namely Bimal4 (N51/MR 15), Bisi 18 (a commercial hybrid of BISI
International), P 31 (hybrid of PT. Dupont Indonesia) and Pertiwi 3
(Supplementary Table S1). The N51 line was derived from
Recombinant Inbred Lines (RILs) of the Syngenta genotype
population through bulk selfing on a plant-to-plant basis, emphasizing
drought tolerance. These hybridizations were undertaken with the
intent of generating a wide spectrum of genotypes, exhibiting the
potential for enhanced drought resilience. Meanwhile, the choice of
the four commercial varieties was established in their proven ability
to exhibit good resilience and achieve higher grain yields than other
commercial varieties during cultivation in dry seasons in Indonesia.

For the assessment of potential drought-tolerant hybrid
candidates during the cropping seasons of 2020-2021, three distinct
locations were selected. These sites included the Maros experimental
station/E1 (East longitude: 119°50; South longitude: —5°31), the
Bajeng experimental station/E2 (East longitude: 119°57; South
longitude: —5°33), and the Bontobili experimental station/E3 (East
longitude: 119°58; South longitude: —5°01). These locations
represented a diverse range of soil types, including Ultisols, Oxisols,
and Inceptisols. Ultisols are rich in nutrients and suitable for farming
while Oxisols are less fertile but offer good drainage and ecological
importance. At the Maros site, the soil is classified as Inceptisols with
varying fertility levels, ranging from low to moderate. The presence of
these different soil types highlights the importance of considering soil
factors when evaluating maize growth, as they significantly impact
drought tolerance.

At each experimental site, there were two experimental plots: one
with normal treatment involving regular plant watering and the other
subjected to drought treatment, where irrigation halted at 40 DAP. The
experimental plots followed a randomized complete block design
(RCBD) with three replications. Plots were organized into four rows,
each spanning 5 meters, with plant spacing set at 70 cm between rows
and 20 cm within rows, and with 1 seed per hole. Fertilization was
done twice, an initial application of 350kg of NPK (15:15:15) and
150kg of urea (46% N) per ha at 10 days after planting (DAP), followed
by a second application of urea of 200kg/ha at 30 DAP. Throughout
the trial, negligible insect infestations were observed. Harvesting was
done when plants reached physiological maturity (100-110 DAP).
Maize cobs were harvested within a five-meter section from the
middle rows of each replicate to ensure a representative sample for
calculating yields. The collected ears from each plot were processed
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for yield component analysis. The moisture content of the maize
kernels was measured using a digital grain moisture tester with
0.01 g resolution.

Managed water stress and phenotypic data

All tested maize genotypes under water stress conditions were
subjected to the CIMMYT procedure (Binziger et al., 2000), which
involves imposing water stress on the plants from the flowering stage
(50 DAP) until the milk-ripe stage (75 DAP). The water stress
treatment was applied by withholding water supply when the plants
were 40 DAP, causing the plants to experience water stress leading up
to flowering at 50 DAP. This stress continued until the milky to kernel
hardening stages (80 DAP), after which the plants were irrigated
again. Observations encompassed a range of agronomic traits and
yield components. From each plot, a random selection sample hybrid
was gathered for analysis. The observed traits were: (1) plant height
(PH), (2) ear height (EH), (3) stem diameter (SD), (4) leaf area (LA),
(5) day to tasseling (DT), (6) day to silking (DS), (7) anthesis silking
interval (ASI), (8) leaf angle (LAG), (9) SPAD, (10) husk cover (HC),
(11) ear length (EL), (12) ear diameter (ED), (13) number of rows per
cob (NR), (14) number of kernels per row (NKR), (15) 1,000 kernel
weight (1,000 KW), (16) shelling percentage (SP), and (17) grain yield
(GY). Both the stress tolerance index (STI) (Fernandez, 1992) and
tolerance index (TOL) (Rosielle and Hamblin, 1981) were computed
as metrics to quantify drought tolerance. These indices were calculated
using the formulas (1) and (2) as follows:

Yox ¥

STI=-2= )
(%)

TOL=Y,-Y @)

Where Y is the mean yield of each genotype under water stress,
Y, is the mean yield of each genotype under normal condition, Y, is
the grand mean of yield under normal conditions.

Selection of ML model input

Feature selection (FS) was used to identify important attributes,
eliminating irrelevant and redundant ones. This process allows for the
creation of an optimized subset of features that remains unchanged by
transformations, thereby improving the clarity and interpretability of
learning models based on the selected feature subset. The underlying
principle behind adopting feature selection includes the reduction of
storage requirements and execution time, data dimensionality, and
addressing concerns related to overfitting, thus promoting the
refinement of model generalization. Consequently, feature selection
improves the potential for enhancing model performance (Akhiat
etal., 2019).

Three feature selection methods were utilized to assess the
relationship between input variables and grain yield, namely
Univariate Feature Selection (F-test), Recursive Feature Elimination
(RFE), and LASSO (Least Absolute Shrinkage and Selection Operator)
Regression. The study analyzed 17 agronomic parameters and yield
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components, evaluating model performance through R* key metric.
In the comparative analysis, LASSO and F-test demonstrated superior
performance, boasting an R* of 0.81, which outperformed the
RFE. LASSO regression is additionally favored due to its utilization of
fewer model inputs, thereby effectively reducing data dimensionality.
The excellence of LASSO’s feature selection lay in its distinctive
regularization methodology, adeptly penalizing substantial coefficients
and compelling some to precisely zero, thereby eliminating irrelevant
variables while maintaining model efficacy. LASSO model have also
been applied as a powerful tools for reducing data dimensionality in
crop yield prediction (Jhajharia et al., 2023). Feature selection using
LASSO regression has selected 10 out of 16 agronomy and yield
component parameters to predict grain yield and STI. The 10 selected
variables as model inputs include ear height (EH), leaf area (LA), days
to silking (DS), leaf angle (SD), SPAD, ear length (EL), ear diameter
(ED), number of rows per cob (NR), number of kernels per row
(NKR), and 1,000-kernel weight (1,000 KW). This formulation led to
the refined model depicting grain yield and stress tolerance index,
encapsulated by the function f (EH, LA, DS, SD, SPAD, EL, ED, NR,
NKR, 1,000 KW). We examine the same model function to predict the
stress tolerance index of each hybrid grown under normal and
drought conditions.

Development of model prediction through
fusing ML with genetic algorithm, and
ensemble learning

The GA is a stochastic optimization method that operates
independently of derivatives, derives its inspiration from natural
selection and biological evolution. It showcases superior performance
in comparison to other optimization approaches, spanning multiple
dimensions. GA possesses a reduced susceptibility to being trapped
in local minima. Notably, GA functions as a population-centric
computational model, deeply rooted in principles of population
genetics. It’s recognized primarily as a function optimizer, having
displayed its efficacy as a robust global optimization technique,
especiallyadept athandling multi-modal and non-continuous processes.

Figure 1 illustrates a representation of the novel hybrid algorithms,
which are rooted in the SVM-GA, KNN-GA, and RF-GA frameworks.
This conceptual model delineates an amalgamated approach to artificial
intelligence, fusing together various ML techniques. These chromosomes
experience selection, crossover (mixing), and mutation processes to
generate new solution generations. The effectiveness of each solution is
assessed using a pre-defined goal. As generations progress, the algorithm
moves closer to optimal or nearly optimal parameter values, allowing
effective parameter adjustment for different uses. The synergy is fortified
by the optimization of network hyperparameters through the utilization
of GA. The hyperparameters are meticulously fine-tuned by generating
a population of candidate solutions (sets of hyperparameters), assessing
their performance on a testing set and subsequently evolving the
population across multiple generations to discover the optimal set of
hyperparameters. Afterward, the ML technique, guided by GAs
processes, undertakes the training of the network.

Another predictive model that has gained popularity recently is
ensemble ML. In this approach, datasets undergo a process of selecting
base models followed by an ensuing meta-modelling step prior to
generating predictions. The diagram of the ensemble ML process for
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yield prediction is shown in Figure 2. The diagram begins with
thorough data preprocessing, including standardization. Afterward,
the datasets are randomly divided into training and testing sets. The
process of the training phase involves three specific ML models: SVM,
KNN, and RE To enhance parameter search efficiency and improve
model predictions, a comprehensive search process fine-tunes the
settings of each model using grid search. The algorithm generates
three foundational base models, which are then input into the meta-
model (SVM, KNN, and RF). This meta-model combines the separate
predictions made by the SVM, KNN, and RF models mentioned
earlier, resulting in an overall collective prediction. This combined
prediction is applied to the testing dataset, generating yield predictions
that are compared against actual yield values.

During the model running, 70% of the dataset was allocated for
model training, while the remaining 30% was used for generating
predictions. The accuracy of these predictions is evaluated using
common metrics like R-squared (R?), Mean Absolute Error (MAE),
Root Mean Square Error (RMSE), and Normalized Root Mean Square
Error (n-RMSE), n-RMSE percentages falling within the 0%-10%
range are considered as “excellent,” those ranging from 10%-20% are
classified as “good,” values between 20%-30% are categorized as “fair,”
and any percentages exceeding 30% are considered “poor” (Jamieson
etal, 1991; Singh et al., 2023).

Nine combinations of ML and optimization models were
subjected to training and prediction using cloud-based software
services, GPU-based Google Colab. Nevertheless, the foundational
structure of the models relies on comprehensive agronomy and yield
component information for maize hybrids under both normal and
drought treatment conditions. This data serves as a critical input,
contributing to the accurate generation of predictions for grain yield
and stress tolerance index. To construct predictive models for both
grain yield and stress tolerance index, three classical ML algorithms,
SVM, KNN and RF were employed, alongside traditional ML
optimization using Genetic Algorithms (GA). These methods were
coupled with ensemble techniques, where each SVM, KNN, and RF
ML model was considered as a meta-model. In the search of enhancing
predictive performance, the thoughtful adjustment of hyperparameters
was integrated (Supplementary Table S2). Cross-validation was
performed to some ML models to enable the training of higher-level
ML models. To evaluate the effectiveness of all ML models, a
comprehensive 10-fold cross-validation strategy was adopted.

The selection and manipulation of parameters for the SVM model
involves a suite of hyperparameters, including the regularization
parameter, kernel function and coefficient, as well as auxiliary
parameters. Important parameters for KNN encompass leaf size, the
number of neighbors, and the weighting scheme, while parameter
configuration of RF model include n estimators for tree count, control
over tree depth, and the quantity of features considered for optimal
partitioning. The choice of a maximum of 50 iterations establishes a
finite yet sufficient exploration horizon, balancing computational
efficiency with the pursuit of optimal solutions. The modest
population size of 10 individuals per generation, coupled with a 0.1
mutation probability, fosters exploration within the solution
landscape. The elitism ratio of 0.01, along with the parents’ portion of
0.3 and a crossover probability of 0.5 was set to optimize the
adjustment of hyperparameters (Supplementary Table 52).

The study also employed an MGIDI approach to discern the most
appropriate genotypes, leveraging multi trait data (Olivoto and
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FIGURE 1
Schematic representation of ML optimized by GA for yield prediction.

Nardino, 2021). Initially, the scaling process was implemented for each
individual trait under consideration. Subsequently, a Factor Analysis
(FA) was performed to facilitate the reduction of data dimensions and
reveal underlying relationship structures. Finally, the computation of
the MGIDI was done by quantifying the Euclidean distance between
genotype scores and an ideotype defined. This index was evaluated
through the application of the subsequent formula:

f 5705
MGIDI = Z[(y,-j —yj) }
j=1

The score of the ith genotype in the jth factor (i=1,2, ..., j=1,
2, ..., f) is represented by y;;, where ¢ and f denote the number of
genotypes and factors, respectively. The score of the jth trait for the
ideal genotype is represented by y ;. The genotype with the lowest
MGIDI value is considered to be more closely aligned with the ideal
genotype, encapsulating the desired attributes for all evaluated traits.
In the genotype selection procedure, selection discrepancies were
computed for all traits while maintaining a selection intensity of 30%.

The ML script was executed in Google Colaboratory (Colab)
environment, which is available at https://colab.research.google.
com/?utm_source=scs-index. During the process of executing ML

Frontiers in Sustainable Food Systems

algorithms within Google Colab, pivotal libraries, i.e., scikit-learn
KNN and RE, as well as SVM implementation from sklearn.svim, were
employed. To expedite computations, Colab provides GPU
acceleration, enhancing the speed of model training and tuning.
Moreover, GridSearchCV from the scikit-learn library was employed
to optimize parameters, enabling a thorough exploration of
hyperparameters for each individual algorithm. This ensemble/meta-
learning process adeptly harnesses Colab’s computational resources,
libraries, and GPU acceleration to achieve refined predictions by
amalgamating the strengths of KNN, RE and SVM algorithms. In
addition, genotype-versus-environment plots and MGIDI index
calculations were generated using the “gamem” and “mgidi” functions
of the “metan” package (Olivoto et al., 2019).

Results and discussion

Analysis of hybrid performance under
normal and drought condition

Based on visual inspection and the analysis of grain yield and

other agronomic datasets, it has been determined that trial plots
subjected to normal irrigation treatment produced a more favorable
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FIGURE 2
Conceptual architecture of proposed ensemble model used in the study.

conditions for obtaining yield potency, as contrasting to plots
subjected to drought treatments. The combined analysis of variance
revealed the distinct influence of the environment on grain yield and
agronomic parameters of maize genotypes (Supplementary Table S3).
The analysis involved five environments (three normal and two
drought), with the environment effect separated into drought effect
(df=1) and location within the drought effect (df=4). The effect of the
drought treatment was evident across all observed traits, excluding the
husk cover trait. Similarly, the effect of location within the drought
treatment was significant for all 17 observed traits, except husk cover,
indicating that variations in trial location have an impact on genotype
performance. The genotype’s effect was notable for all observed traits,
except for SPAD, ED, and 1,000 KW traits, underscoring the
phenotypic diversity of the hybrids in terms of agronomic, yield
components, and grain yield. The interaction between genotype and
location was significant for all observed traits. Additionally, the
interaction between genotype and drought was significant for all traits,
except husk cover and anthesis-to-silking interval. When examining
the grain yields of hybrid maize, a notable finding exhibits significantly
greater productivity in plots that receive regular irrigation. Figure 3
depicts the box plot graph of grain yield variation under normal and
drought conditions (=525 for all environments).

Figure 3 indicated a significant difference in maize yield across the
entire plot for the normal/irrigated and drought plots. Several
genotypes consistently produced grain yields comparable to the best
of commercial variety (Bisi 18) under both irrigated and drought
conditions. The PH and EH traits of maize genotypes exhibited a
significant increase under normal conditions compared to drought
conditions. Physiological traits, such as chlorophyll content (SPAD),
showed significantly higher levels under normal conditions compared
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to drought conditions. This finding affirms that drought reduces
chlorophyll concentration in maize leaves, leading to a reduction in
nitrogen concentration (Kira et al., 2016; Széles et al., 2023). A
significant reduction was also found in LA trait under drought
condition, suggesting the plant’s response to water scarcity by
adjusting its foliage area. Araus et al. (2021) found that the inability to
maintain a larger area of green leaves under water stress conditions
results in less sunlight being utilized for photosynthesis, thereby
reducing yields. Several maize varieties exhibit leaf curling as a
response to water stress, leading to a reduction in the
photosynthetically active leaf extension of the plant. Additionally, it
aids in reducing dehydration and lowering water consumption,
especially during periods of high evaporation (Jordan, 1983). In
addition to morphological aspect, water management such as the
timing and intensity of water stress also have significant effects on
maize growth (Cakir, 2004). Substantial reductions were also observed
in number of kernel rows (NR), number of kernels per row (NKR),
and 1,000 kernel weight (1,000 KW) under drought conditions, which
might be indicative of the plant’s allocation of resources towards
kernel development in the face of water scarcity.

Phenotypic traits correlation

A heatmap of correlation analyses was conducted among 17 traits
to identify those related to grain yield, as illustrated in Figure 4.
Particularly, a significant positive correlation emerged between yield
plant height and ear height (r=0.66***), SPAD reading with leaf area
(r=-0.43**), including highly correlated between grain yield with EL
(0.75%%%), ED (0.70***), NKR (0.71***), EH (0.48**), LA (—0.41**),
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Box plots depicting the grain yield variation under normal and drought conditions (n = 105 for each environment, n = 525 for all environments,
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NR (0.41**), and SP (0.39**). Plants subjected to drought stress exhibit
the induction of reactive oxygen species (ROS) within cells, resulting
in damage to chloroplasts and cell membranes. This leads to the rapid
deterioration of chloroplasts, crucial sites for photosynthesis in leaves.
The compromised chloroplasts diminish the maize plant’s capacity to
produce energy and biomass (Sachdev et al., 2021). The impact of
drought stress on chlorophyll is quantified by lower leaf chlorophyll
meter (SPAD) values. Correlation analysis reveals a statistically
significant correlation (r=0.31**) between chlorophyll meter values
and yield. This underscores the notion that maize plants capable of
mitigating chloroplast damage under drought conditions yield higher
grain quantities. Drought-tolerant plants adept at safeguarding
chloroplast structures from damage enable leaves to sustain their
greenness during drought stress, optimizing sunlight utilization for
photosynthesis and consequently achieving elevated yields (Zahra
et al., 2023).

The maize plant’s ability to shield leaf structures from drought-
induced damage exhibits a significant correlation (r=—-0.43**) with
leaf angle. Leaf angle, an imperative agronomic trait in maize,
influences the plant’s adaptability to drought conditions
(Chotewutmontri and Barkan, 2016; Shao et al., 2016). A reduced leaf
angle mitigates chloroplast exposure to intense light, preventing
chloroplast damage (Zhang et al., 2022). Furthermore, a smaller leaf
angle enhances planting density and maize plant biomass yield by
facilitating greater light penetration through the canopy to reach lower
leaves. Leaf angle demonstrates a noteworthy positive correlation with
yield and yield components, with correlation coefficients ranging from
0.30 to 0.39. Therefore, manipulating leaf angles through selective
breeding practices emerges as a pertinent strategy for augmenting the
productivity and resilience of maize plants across diverse
environmental conditions.

Yield components, such as cob length, cob diameter, seed row
number, and seed number per row, manifest positive correlations
with maize yield under drought stress conditions, featuring
correlation coefficients ranging from 0.41** to 0.75***. These
characteristics serve as reliable indicators of drought tolerance and
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valuable criteria for the selection of maize varieties to enhance yield
under conditions of limited water availability.

Assessment of ML-GA and ensemble ML
performances on grain yield prediction

The research integrates various foundational models to enhance
grain yield predictive ability. The ensemble SVM, KNN, and RF
models are structured with a meta-model at the helm, which employs
SVM, KNN, and RF models as base models, respectively. Results of
model performances during the training and prediction stages are
shown in Table 1. The evaluation of the examined ML models centered
around minimizing error. Moreover, model performance was assessed
by minimizing the #n-RMSE, which approaches below 10% for strong
performance. R*> indicated perfect correlation at 1 and no
correlation at 0.

Table 1 provides metric of the individual models, with both the
SVM and KNN models delivering commendable results—each
exhibiting a R* value of 0.90 on the training set. However, in the case
of SVM, there is a perceptible reduction in performance on the testing
dataset (R?=0.69), potentially suggesting a challenge in generalization.
On the other hand, the KNN model maintains a relatively high R? of
0.77 on the testing set, indicating a robust balance between predictive
accuracy and generalization. The RF model emerges as a standout
performer, consistently achieving an R* of 0.97 and 0.81 on both the
training and testing datasets. This striking consistency underscores
RF’s ability to generalize effectively, capturing complex relationships
within the data. Sahu et al. (2017) reported that RF showed strong
generalization capabilities for predicting grain yields in India.

The integration of RF with GA resulted in a significant
enhancement in predicting grain yields, leading to an accuracy
increase from 0.81 to 0.91 on testing datasets. Ensemble models,
adeptly integrating predictions from multiple individual models,
consistently present optimal results. These ensembles meta-model of
SVM, KNN, and RF exhibit robustly high R* values across both
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FIGURE 4
Heatmap of correlation analysis among agronomic and yield components under both normal and drought conditions.

TABLE 1 Assessment of model metrics for grain yield prediction.

Training Testing
RMSE n-RMSE RMSE (tha™) n-RMSE (%)
SVM 0.90 0.68 0.905 0.071 0.69 1.21 1.772 13.91
KNN 0.90 0.65 0.894 0.069 0.77 1.04 1415 11.10
RF 0.97 0.28 0.381 0.030 0.81 0.99 1.267 9.91
SVM +GA 0.86 0.84 1.083 0.086 0.71 1.31 1.597 12.60
KNN+GA 0.89 0.79 1.065 0.083 0.74 L12 1.481 11.70
RF+GA 0.98 0.29 0.387 0.031 0.91 0.66 0.886 7.01
Ensemble SVM 0.97 0.28 0451 0.035 0.91 0.64 0.876 6.93
Ensemble KNN 0.98 0.29 0.388 0.030 0.92 0.62 0.842 6.60
Ensemble RF 0.97 0.29 0.409 0.032 091 0.74 0.871 6.80

training and testing datasets. Utilizing an ensemble approach that ~ The excellence of these ensemble models might be rooted in the
incorporated three ML models as meta-models consistently resulted  diversity of underlying models within the ensemble itself, contributing
in high accuracy, with an R® consistently surpassing 0.91 (Figure 5).  to a more thorough exploration of the feature landscape.
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The analysis of the normalized n-RMSE values reveals distinctive
performance characteristics among the considered crop vyield
prediction models. Ensemble modeling, combining predictions from
KNN, RE and SVM, stands out as a paradigm of excellence,
showcasing an impressive n-RMSE range of 6.60% to 6.93%, classified
as excellent prediction. This ensemble approach capitalizes on the
diverse strengths of individual algorithms, resulting in a highly
accurate and robust predictive model. Similarly, the standalone RF
model and its optimized counterpart, RF+GA, exhibit notable
excellence with #n-RMSE values of 9.91% and 7.01%, respectively.
These results underscore the significant impact of genetic algorithms
in refining their predictive capabilities. In contrast, SVM emerges as
the least favorable model for grain yield prediction, registering the
highest n-RMSE value of 13.91%.

Comparative metrics for assessing model robustness in grain yield
prediction in terms of R?>, MAE, RMSE and n-RMSE are shown in
Figure 5. Ensemble algorithms demonstrated superior performance
in crop yield prediction (Ahmed, 2023), while RF is the optimized
algorithm for accurately forecasting maize yields at the county level
through the integration of diverse data sources (Pham and Olafsson,
2018). Aqil et al. (2022) reported that incorporating ensemble
machine learning may enhance the accuracy of classifying maize
plants. Figure 6 depicts a simple scatter plot presenting the correlation
between observed and predicted grain yields across the nine analyzed
models. These results underscore the significant impact of optimizing
models via GA and ensemble to enhance their predictive capabilities.

Water stress tolerance indices prediction

The performance of the developed GA and ensemble ML models
was also evaluated based on a quantitative assessment. Table 2 presents
a similar assessment of model performance metrics for predicting the

10.3389/fsufs.2024.1334421

STI of genotypes cultivated in both irrigated and drought fields.
Among the individual models, the RF model exhibited remarkable
performance in both the training and testing phases, achieving high
R? values of 0.95 and 0.78, respectively. This indicates that the RF
model captured a substantial portion of the variability in stress
tolerance index predictions. The Ensemble KNN also demonstrated
strong predictive accuracy, with R* values of 0.96 and 0.82 for training
and testing, respectively. This suggests that the ensemble approach
effectively harnessed the collective strengths of individual KNN
models to enhance predictive accuracy and generalization.
Additionally, the ensemble SVM and RF models yielded competitive
results with R values of 0.94 for both training and testing.

The analysis of the normalized n-RMSE values for STT indicated
that none of the examined models had n-RMSE values falling below
10%, signifying reduced accuracy in predictive ability, although
they remain within the “good” category with #n-RMSE <20%.
Ensemble KNN produced the lowest #-RMSE of 14.12% and is
classified as a good prediction. The standalone SVM model
produced the highest n-RMSE of 16.81%. The diminished accuracy
in the predictive model is attributed to its failure to capture the
underlying patterns or relationships in the data, resulting in larger
prediction errors.

These ensemble methods leverage diverse models to improve
predictive performance. The remaining models, including SVM,
KNN, and their variants with GA optimization, displayed slightly
lower R? values in comparison. These results emphasize that ensemble
techniques, particularly the Ensemble KNN and Ensemble RF models,
stand out as robust approaches for predicting the stress tolerance
index. The high R* values achieved by these models indicate their
capability to effectively capture and explain the variations in stress
tolerance, making them valuable tools for accurate stress tolerance
predictions. Comparative metrics for assessing model robustness in
stress tolerance index prediction in terms of R?>, MAE, RMSE and
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Scatter plot of the observed vs. predicted grain yield for nine examined ensemble models and GA-ML models.

TABLE 2 Assessment of model metrics for stress tolerance index prediction.

Training Testing
RMSE n-RMSE RMSE n-RMSE (%)
SVM 0.92 0.08 0.09 0.92 0.77 0.11 0.143 16.81
KNN 0.84 0.09 0.12 0.84 073 0.23 0.148 14.72
RF 0.95 0.05 0.01 0.95 0.78 0.10 0.136 14.31
SVM +GA 0.81 0.12 0.13 0.81 0.80 0.09 0.127 14.70
KNN+GA 0.82 0.11 0.14 0.82 0.79 0.10 0.177 15.60
RF+GA 0.84 0.09 0.13 0.84 0.80 0.08 0.152 15.01
Ensemble SVM 0.94 0.06 0.07 0.94 0.80 0.08 0.129 15.12
Ensemble KNN 0.96 0.04 0.01 0.96 0.82 0.002 0.123 14.12
Ensemble RF 0.94 0.05 0.06 0.94 0.79 0.009 0.137 15.61

n-RMSE are shown in Figure 7. Aqil et al. (2022) reported that
ensemble ML perform comparably with deep learning in the
classification of maize tassels, reinforcing the efficacy of ensemble
approaches in classification problems. The criteria for identifying a
drought-tolerant maize genotype, as determined by STI value, involve
a direct correlation: the greater the STI value of a maize genotype, the
higher its productivity under stress conditions, including drought
level. These findings highlight the potential of STI as a selective
criterion for identifying maize genotypes capable of achieving high
yields under stress conditions. Moradi et al. (2012) similarly reported
that utilizing STI for selecting hybrid maize varieties can effectively
identify tolerant genotypes with the potential for high yields in stress-
prone environments.
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The average yield in drought displayed a significantly positive
correlation with yields in normal conditions, indicating that higher
STI values corresponded to greater genotype tolerance. A three-
dimensional plot was employed to visually represent the mean yield
of hybrids under both irrigated and drought treatment (Figure 8). The
correlation coefficient between Y, and TOL is 0.70, suggesting a
moderately positive relationship, while the correlation between Y and
TOL is —0.51, indicating a moderate negative association. This
implies that as Y, increases, there is a tendency for TOL to increase,
while as Y; increases, TOL tends to decrease. These findings suggest
that the STT and TOL could be incorporated into the selection criteria
for identifying high-yielding genotypes under both normal and
drought conditions. Among the test hybrids, 10 hybrids exhibited
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Comparative metrics for the nine examined ensembles and GA-ML models in STI prediction.

high ST1 values, including H33, H21, H17, H19, H14, H13, H10, H35,
H30, and HO6, with STI values ranging from 0.7 to 1.10. This suggests
that these hybrids demonstrated greater tolerance to water stress. On
the other hand, the two commercial checks, H32 and H34 displayed
heightened vulnerability to drought and had lower grain yield than
test varieties.

MGIDI based maize hybrid selection

A comprehensive multi-trait methodology was implemented to
ascertain the optimal hybrid pairings, with due consideration not only
to maize yield but also covering various plant aspects and yield
attributes. The genotype selection process included an initial
evaluation of traits sensitive to multicollinearity. Restricted Maximum
Likelihood (REM)/Best Linear Unbiased Prediction (BLUP) was used
to calculate variance aspects within a mixed-effects framework, with
genotype considered as a random effect and replication as a fixed
effect. The likelihood ratio test results revealed that all assessed traits
demonstrated a statistically significant genotype effect, surpassing the
significance threshold of p<0.05. Additionally, a more in-depth
examination of these traits using the REML/BLUP approach revealed
six principal components, which both accounted for 93.67% of the
total variation.

This indicates that the six PC effectively captured a considerable
degree of diversity within the characteristics. Similarly, the
communalities of the variables ranged from 0.23 for the shelling
percentage to 0.79 for trait plant height, with average uniqueness’s is
0.66. These figures imply that a substantial proportion of each
variable’s variability was elucidated by those components. The
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assessment of precision in determining the mean trait value reveals
significant genetic diversity among the hybrid genotypes, as evidenced
by an accuracy level surpassing 0.86. This remarkable level of accuracy
enables precise estimation of the genetic trait value. To maintain
robust interpretative power and simplify data complexity, the nine
analyzed traits were categorized into two factors, designated as FA. The
factorial loadings and communalities resulting from factor analysis
with varimax rotation are presented in Table 3. Communality refers
to the shared characteristics or traits among different genotypes, while
average uniqueness indicates the distinctive features or traits specific
to each genotype. FA1 is associated with attributes such as plant
height, ear height, days to tasseling, and shelling percentage, whereas
FA2 is linked to characteristics including grain yield, leaf area, 1,000
kernel weight, ear length, and ear diameter. Factor values offer insights
into the degree of each trait’s relationship with the underlying factor,
with higher loadings indicating stronger associations.

FA1 prominently encapsulates traits relating to plant morphology
and developmental attributes, exemplified by the involvement of
variables such as plant height (PH), ear height (EH), days to tasseling
(DT), and shelling percentage (SP). Notably, the distinct negative
loadings exhibited by PH, EH, DT, and SP on FAlexhibit strong
negative loadings (—0.86, —0.85, —0.87, and —0.36, respectively). This
indicates that these variables are inversely related to FA1; when FA1
increases, these variables tend to decrease. Furthermore, FA1l
markedly high communalities (0.79, 0.76, 0.76, and 0.23, respectively),
underscore the robust interconnections among these traits,
highlighting their mutual reliance on common underlying factors
within the FA1 concept. FA2 predominantly encapsulates traits
associated with crop yield and physical attributes, encompassing key
variables such as grain yield (GY), leaf area (LA), ear length (EL), ear
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TABLE 3 The factorial loadings and communalities acquired through varimax rotation in the factor analysis.

VAR FA1 FA2 Communality Uniqueness's Note

1 PH -0.86 —0.22 0.79 021 FAL PH, EH, DT, SP

2EH -0.85 —0.17 0.76 0.24

3DT -0.87 -0.05 0.76 0.24

4GY 023 0.75 0.62 0.38 FA2: GY, LA, EL, ED, 1,000 KRN
5LA ~0.16 0.79 0.65 035

6 EL 037 0.58 0.48 0.52

7ED 0.54 0.62 0.67 0.33

81,000 KRN 0.26 0.82 0.74 0.26

9SP ~0.36 -0.32 0.23 0.77

diameter (ED), and 1,000 kernel weight (1,000 KRN). FA2 display
positive loadings (ranging from 0.58 to 0.82). This signifies a positive
relationship between these variables and FA2, suggesting that when
FA2 scores increase, these variables tend to increase as well. These
strong loadings indicate that these variables are closely linked to FA2
and contribute substantially to its definition. These intricate findings
offer a nuanced perspective on the intricate architecture of these plant
traits, affording researchers valuable insights into potential trait
groupings and interrelationships. This newfound understanding paves
the way for more refined and targeted research endeavors, ultimately
enhancing the efficacy and precision of agricultural practices and crop
enhancement strategies.
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The MGIDI index has been employed for the comprehensive
evaluation of all measured traits. The procedure involves
normalizing traits through BLUP to ascertain the genotype’s mean
performance, followed by factor analysis and the computation of
the genetic distance of hybrids from the ideotype. By utilizing a
two-way table as the input dataset and applying a row-ranking
approach based on desired outcomes, MGIDI provides an effective
framework for evaluating the inherent strengths and weaknesses of
the chosen genotypes. It offers an efficacious means of assessing the
strengths and weaknesses inherent in the selected genotypes. The
predicted genetic gains pertaining to the relevant traits within the
MGIDI index are presented in Table 4. Specifically, an apparent
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reduction of —1.09% is anticipated in plant height, a characteristic
considered desirable under certain circumstances due to its
potential to mitigate lodging susceptibility and harvesting efficiency.
Furthermore, ear height exhibits a more substantial decline of
—2.02%, a phenomenon that is poised to enhance overall crop
stability. This observation aligns with Andayani et al. (2018), which
explain the negative implications of excessive plant height on
stability and productivity, particularly in regions characterized by
heavy precipitation and strong winds, such as equatorial zones.
Days to tasseling exhibits a marginal decline of —0.0572%,
indicative of relatively stable performance in this trait, while grain
yield demonstrates a nearly imperceptible decrease of —0.0003%,
underscoring the relative success of endeavors to maintain or
augment yield within the context of FA1. Within the framework of
FA2, leaf area is projected to experience an incremental increase of
0.00189%, thereby potentially augmenting photosynthetic efficiency
and subsequent crop yields. Ear length is anticipated to extend by
0.0726%, signifying an increase in ear length, a factor poised to
positively influence overall yield. Furthermore, ear diameter is
expected to expand by 0.101%, likely leading to larger and
potentially more productive ears. The 1,000 kernel weight is
predicted to elevate by 0.128%, which bodes well for the
improvement of seed size and quality. However, it is in the context
of shelling percentage that the most substantial gain is observed,
registering a notable increase of 4.8%. The heritability values within
this study exhibit considerable variability, ranging from 0.30 for
traits such as ear length and leaf angle to values exceeding 0.50 for
traits including days to shelling percentage, ear diameter, and 1,000
kernel weight.

Based on Table 4, the overall gain achieved was 5.10% for traits
targeted for improvement and a reduction of —3.16% for traits
designated for minimization. Figure 9 presents a concise visual
representation of genotype rankings based on their MGIDI index
values, highlighting specific genotypes that align with the
predefined selection criteria. Among the examined genotypes,
H13, H31, H35, H06, H10, and HO8 emerged as distinguished
performers, denoted by their prominent highlighting, signifying
their remarkable accomplishments. Additionally, four other
genotypes, namely H11, H25, H32, and H30, also secured positions
among the top 10 best-performing genotypes, showcasing their

TABLE 4 Predicted genetic gain for the effective traits in the MGIDI index.

10.3389/fsufs.2024.1334421

favorable characteristics across a spectrum of traits. These
genotypes exhibit attributes that make them well-suited for the
intended study or purpose. It is required to acknowledge, however,
that while a robust correlation exists between genotype attributes
and trait values, external environmental factors may impose
limitations on the realization of heightened trait values. The
MGIDI provides valuable insights into the strengths and
weaknesses inherent in diverse genotypes, offering a convenient
framework for discerning their advantages and limitations
within the intricate context of multifaceted traits (Olivoto and
Nardino, 2021).

Strengths and weakness of hybrids

The comprehensive evaluation of genotype attributes,
effectively categorizing their influence on MGIDI divided into two
distinct factors is shown in Figure 10. Particularly, attributes
directing substantial influence located in a central position within
the diagram, while those exerting a more marginal effect find their
placement towards the periphery. The insights derived from this
data regarding attribute contributions hold a potential role in the
judicious selection of suitable parental contributors for the
purpose of crossbreeding programs. It is evident that FA1 exerted
a obviously greater influence on the MGIDI for genotypes H35,
H25, and H31. This observation implies that these hybrids
exhibited a relatively less favorable performance in terms of key
attributes such as PH, EH, DT and SP traits. Conversely, FA1 had
a notably diminished impact on the MGIDI of hybrids H08, H10,
HO08, H13, H30, H32, H25, and H35, thereby indicating their
proficiency and excellence in manifesting the specified traits
associated with FA1. FA2 had a more substantial influence on the
MGIDI of genotypes H08, H10, H08, H13, H30, H32, while
manifesting a relatively moderate effect on genotypes H25 and
H35. Consequently, this distinction resulted in the latter two
genotypes demonstrating strengths associated with FA2 within the
framework. Optimal improvements are aspired for the traits GY,
LA, EL, ED and 1,000 KRN within the domain of FA2. FA2
exhibits elevated values for these specific attributes to signify
favorable outcomes.

Factor VAR Xo Xs SD (%) h? el SG (%) Goal
FA1 PH 210 207 —2.78 —1.32 0.393 -1.09 Decrease
FA1 EH 106 103 —-2.93 —2.75 0.69 —2.02 Decrease
FA1 DT 53.3 53.1 —0.203 —0.381 0.282 —0.0572 Decrease
FA1 GY 0.793 0.792 —0.000893 —0.113 0.315 —0.0003 Increase
FA2 LA 5.68 5.7 0.0239 0.421 0.0791 0.00189 Increase
FA2 EL 742 745 2.38 0.321 0.0305 0.0726 Increase
FA2 ED 15.4 15.6 0.179 1.16 0.567 0.101 Increase
FA2 1,000 KRN 45.1 45.4 0.269 0.597 0.475 0.128 Increase
FA2 SP 333 344 10.9 3.26 0.441 4.8 Increase
Total (Increase) 5.102

Total (Decrease) -3.16
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FIGURE 9
Maize hybrid ranking based on MGIDI, with highlighted top performers in red.

Through a comprehensive assessment of multiple traits, the
process of genotype ranking has determined that among the chosen
hybrids (H13, H31, H35, H06, H10, and HO8), these six specifically
exhibit the highest levels of performance. This ranking has been
derived from their adeptness in seamlessly integrating grain yield with
other target attributes. The practical application of the multiple trait
combination index as an evaluative instrument has afforded
researchers the ability to discern the traits that exert the most
profound impact on each genotype. Yan and Frégeau-Reid (2018)
reported that assessment of a genotype’s advantage must transcend the
confines of isolated trait measurements. Instead, the evaluation should
focus on the genotype’s proficiency in harmonizing grain yield with
other meticulously chosen agronomic and yield components, thereby
presenting a more holistic measure in assessment of screening or
crossing program.

Conclusion

The study intricately investigated the interaction between ML
techniques and a multi-trait selection model, resulting in the
prediction of both grain yield and drought tolerance for maize crosses
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exposed to normal and drought-induced stress conditions. The
results indicated that the optimized ML with GA and ensembles can
substantially outperform the single ML model. Moreover, the
incorporation of the Multi-trait Genotype-Ideotype Distance
emerged as a crucial tool for identifying superior maize hybrids well-
suited to drought-afflicted conditions, with its predictive performance
benchmarked against that of the ML models. The empirical findings
highlighted the elevated accuracy achieved by the RF-GA
combination (R*=0.91 for grain yield and 0.79 for stress tolerance
index), while the SVM-GA and KNN-GA models exhibited less
favorable predictions. The remarkable consistency in achieving
optimal outcomes was exemplified by the ensemble models, which
harnessed the predictive capabilities of diverse individual models.
These ensemble meta-models, incorporating SVM, KNN, and RF,
consistently yielded R*>0.92 for grain yield and 0.82 for STI across
the testing datasets. The resounding effectiveness of these ensemble
models can be attributed to the inherent diversity within the
ensemble itself, enabling a comprehensive exploration of the intricate
feature landscape. Among the six hybrids with the highest STT values,
both the ML-based optimized model and MGIDI accurately predict
four hybrids with high drought tolerance index, namely H06, H10,
H13, and H35.
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Introduction: Toxicity due to excess soil iron (Fe) is a significant concern for rice
cultivation in lowland areas with acidic soils. Toxic levels of Fe adversely affect
plant growth by disrupting the absorption of essential macronutrients, and by
causing cellular damage. To understand the responses to excess Fe, particularly
on seedling root system, this study evaluated rice genotypes under varying Fe
levels.

Methods: Sixteen diverse rice genotypes were hydroponically screened under
induced Fe levels, ranging from normal to excess. Morphological and root
system characteristics were observed. The onset of leaf bronzing was monitored
to identify the toxic response to the excess Fe. Additionally, agronomic and root
characteristics were measured to classify genotypes into tolerant and sensitive
categories by computing a response stability index.

Results: Our results revealed that 460 ppm of Fe in the nutrient solution served
as a critical threshold for screening genotypes during the seedling stage. Fe
toxicity significantly affected root system traits, emphasizing the consequential
impact on aerial biomass and nutrient deprivation. To classify genotypes into
tolerant and sensitive categories, leaf bronzing score was used as a major
indicator of Fe stress. However, the response stability index provided a robust
basis for classification for the growth performance. Apart from the established
tolerant varieties, we could identify a previously unrecognized tolerant variety,
ILS 12-5 in this study. Some of the popular mega varieties, including BPT 5204
and Pusa 44, were found to be highly sensitive.

Discussion: Our findings suggest that root system damage, particularly in
root length, surface area, and root volume, is the key factor contributing to
the sensitivity responses under Fe toxicity. Tolerant genotypes were found to
retain more healthy roots than the sensitive ones. Fe exclusion, by reducing
Fe?* uptake, may be a major mechanism for tolerance among these genotypes.
Further field evaluations are necessary to confirm the behavior of identified
tolerant and sensitive lines under natural conditions. Insights from the study
provide potential scope for enhancement of tolerance through breeding
programs as well as throw light on the role root system in conferring tolerance.
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1 Introduction

Rice serves as a fundamental dietary staple for approximately 3.5
billion people globally, contributing to 23% of the worldwide per
capita energy and 16% of protein intake. To accommodate the rising
food needs due to the swelling global population from 2000 to 2050,
projections suggest that rice production should increase by 35%
between 2000 and 2050 (Jaggard et al., 2010; Timmer et al., 2010;
Singh et al., 2022). Despite continuous research in past years, there has
been limited noticeable genetic improvement in rice yields, indicating
a saturation of yield potential in certain favorable environments
(Mahender et al., 2019).

Rice yields are susceptible to a range of biotic and abiotic stresses.
These stresses may operate in isolation or synergistically, with their
impacts fluctuating based on local environmental conditions and the
specific rice variety cultivated (Zhang et al., 2013; Ma et al., 2015;
Sikirou et al., 2015; Mongon et al., 2017; Kobayashi et al., 2018).
Abiotic stresses including salinity, drought, temperature extremes,
nutrient imbalances, soil acidity, and ion toxicity are recognized to
markedly affect rice grain yields. In acidic soils, a surplus of iron (Fe)
is commonly observed, exerting a detrimental effect on the
assimilation of essential nutrients, notably phosphorus and potassium
(Saleem et al., 2023). Given the anticipated increase in these stress
factors due to climate shifts, there is a consensus on the imperative
need for cultivating rice varieties, which is resilient to multiple
stresses, especially considering unforeseen future challenges.
Significant strides in research are made, leading to the development
of rice genotypes tolerant to several biotic and abiotic stresses across
various ecosystems. However, the challenge of addressing iron (Fe)
toxicity in rice remains a critical area that demands intensified and
concentrated research efforts (Kar and Panda, 2020).

Fe is a crucial microelement required by all plants for their proper
growth and development. It is fundamental to the structure and
function of vital biomolecules, such as iron-sulfur (FeS) proteins,
ferredoxins, heme proteins, and numerous other cofactors. Its pivotal
role encompasses processes such as chlorophyll production and
maturation, photosynthesis, and mitochondrial functions. The redox
characteristics of Fe render it indispensable, underscoring its
irreplaceable nature in biological mechanisms (Marschner and
Rombheld, 1995; Robinson et al., 1999; Waters and Eide, 2002; Rout
et al., 2014; Miiller et al., 2015; Bashir et al., 2017; Connorton et al.,
2017; Liand Lan, 2017).

Plants primarily absorb Fe from the soil in the form of ferrous
(Fe*) ions. The prevalent form of Fe in soil is ferric (Fe**), notably in
its oxide form known as ferric oxide or hematite. However, soil
acidification can aid in the conversion of Fe** to the bioavailable Fe**
form, facilitating optimal uptake by plants. In soils abundant in
sesquioxides, intense rainfall and podsolization contribute to soil
acidification and subsequent accumulation of Fe ions. Fe enrichment
is a distinguishing feature of acid-sulfate soils and low-lying
waterlogged terrains. The spectrum of Fe concentration in soil ranges
from 10 to 1,000 ppm, and a concentration > 300 ppm is considered
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critical for toxicity in rice (Dobermann and Fairhurst, 2000).
Depending on the intervening factors, Fe toxicity can occur even at
lower concentrations, and therefore, contextual intervention may
be required to alleviate toxic responses in various soils.

The toxic responses of Fe can exert a significant impact on rice
cultivation, as observed particularly in Southeast Asian countries such
as China, India, Philippines, Thailand, Malaysia, and Indonesia (Asch
et al., 2005; Fageria et al., 2008; Matthus et al., 2015). In India, the
major Fe-impacted regions are spread across North-eastern states
such as Assam, Arunachal Pradesh, Meghalaya, Nagaland, Mizoram,
and Sikkim, along with other states such as Kerala, Odisha, and West
Bengal. High acidity and leaching are the common features of soils in
the North-east India. Acidity forms due to the weathering of the acidic
parental rocks that are rich in Al and Fe. High rainfall together with
cultivation practices such as Jhum (slash and burn) encourages
continuous soil erosion in these areas, accumulating large quantity of
Fe in the lower altitudes and Al in the upper regions, rendering soils
marginally fertile.

Rice exhibits a sensitive reaction to toxic levels of Fe in soil. Under
toxicity, 18-30% grain yield reduction was observed and under severe
conditions the damage can extend to complete crop failure (Audebert
and Sahrawat, 2000; Chérif et al., 2009). Rice cultivars, exposed to
excess of Fe in the soil, display different adaptive mechanisms, that
result in toxicity tolerance (Vose, 1982). These mechanisms invoke
sequestration responses such as taking up excess Fe and storing it in
vacuoles and apoplasts, followed by a detoxification process that
activates antioxidant enzymes to counteract the harmful effects of
Fe-induced ROS. In certain instances, roots may undergo Fe exclusion,
thereby preventing the excessive absorption of the ion. Overall, these
mechanisms help plants to survive and grow under conditions of Fe
toxicity. In regions characterized by persistent iron toxicity, effective
management techniques include soil amendment and water
management (Becker and Asch, 2005; Audebert and Fofana, 2009).
However, the most sustainable and effective approach involves the
identification and cultivation of rice varieties tolerant to Fe toxicity
(Abifarin, 1989; Onaga et al., 2016; Pawar et al., 2017). When used
alongside proper soil management practices, tolerant varieties can
reduce the need for soil amendments and increase rice yields in
lowland areas (Sahrawat et al., 1996; Mahender et al., 2019). Therefore,
breeding for tolerance is imperative for Fe-prone areas and ecosystems.

The identification of cultivars resistant to Fe toxicity involves
various methodologies, including field-based trials, pot experiments,
and hydroponic studies (Hoan et al., 1992; Silveira et al., 2007;
Vasconcelos and Grusak, 2014). Though field screening replicates the
real time stress originating from the intricate chemical composition
of flooded soil, it proves to be laborious, costly, and cumbersome due
to the considerable variability in the soil. Conducting the pot
experiments, on the other hand, necessitates a substantial quantity of
pots and experimental space, leading to increased expenses.
Furthermore, it involves the challenge of maintaining consistent stress
levels uniformly across all pots (Elec et al., 2013). Among these
methods, hydroponics has been widely used to screen for Fe toxicity
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tolerance as it is the most convenient in maintaining uniform stress
levels for a large number of plants in various crops such as maize,
chickpea including rice (Mahmoudi et al., 2007; Carvalhais et al,,
2011; Dotaniya et al., 2013; Mamidi et al., 2014; Kabir et al., 2016). It
has also been used in screening for parameters related to other
essential nutrients, such as nitrogen and phosphorus use efficiency
(Archana et al., 2021). Although hydroponic experiments may not
simulate the actual field conditions, it is reasonably useful in
identifying tolerant responses among the genotypes that can be used
for further practical use.

Among the various response traits, leaf bronzing is considered one
of the most important criteria for screening Fe toxicity tolerance.
However, root attributes, such as total root length, root average
diameter, root surface area, root projected area, root volume, and
number of root tips play a significant role in differentiation between
tolerant and resistant genotypes (Pathirana et al., 2002). Besides, the
reports of critical Fe concentrations for identifying tolerant and
sensitive genotypes were also found to vary across studies, making it
difficult to choose a common threshold. Several of these studies lack
confidence since they are made on a few genotypes or carried out in
one season/location. Therefore, in this report, we present
standardization of protocol for Fe toxicity screening along with the
effect of Fe toxicity on different morphophysiological parameters
leading to the identification and grouping of tolerant and susceptible
genotypes. The objective of our investigation is to ascertain the
threshold of Fe toxicity concentration, employing it as a criterion for
screening and distinguishing between tolerant and susceptible rice
genotypes. This selection process is crucial for subsequent integration
into breeding programs and investigations at identifying specific
genes/QTLs associated with this trait.

2 Materials and methods
2.1 Plant materials

The experiment materials comprised 16 rice genotypes collected
from the Division of Genetics, ICAR-Indian Agricultural Research
Institute, New Delhi (IARI), details of which are briefed in Table 1.
Among these, Shahsarang was an established Fe toxicity tolerant
variety (Debnath et al, 2021) while IR 64 was a known sensitive
cultivar (Sikirou et al., 2016; Turhadi et al., 2019). The remaining
genotypes represented popular cultivars in Basmati, non-basmati, aus
and japonica type.

2.2 Hydroponic screening

The hydroponic system was set up at the National Phytotron
Facility at IARI with 1X modified Hoagland mixture as the basic
nutrient solution for providing optimal nutrients for rice seedlings
(Hoagland and Arnon, 1950; Gamborg and Wetter, 1975). In total, 1L
of the nutrient solution consisted of 610.0 mg of KNO;, 120.0 mg of
NH,H,PO,, 950.0mg of Ca (NO;),.4H,0, 490.0 mg of MgSO,.7H,0,
50.0 mg of FeSO,.7H,0, 2.0 mg of MnCl,.4H,0, 0.02mg of H,M00,,
3.0mg of H;BO;, 0.25 mg of ZnSO,.7H,0, 0.1 mg of CuSO,.5H,0, and
33.0mg of Na,EDTA. The pH of the nutrient solution was maintained
between 5.0 and 5.5.
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TABLE 1 Plant material used in hydroponic experiment.

Genotype Source/Origin Description

ILS 12-5 ICAR-IARI Breeding line

NPT 34 India New plant type breeding line
Pusa 1,176 IARI Breeding line

Pusa 1,342 IARI Breeding line

Megha SA2 Meghalaya Cultivar., Fe toxicity tolerant
Shahsarang Meghalaya Cultivar., Fe toxicity tolerant

IRGC 127653 Indian cultivar Selection from NCS102

Sonasal West Bengal Indian aromatic landrace

RTN 10B ICAR-TARI Maintainer parent

BPT 5204 IARI Mega-variety

Nagina 22 India Drought tolerant aus variety

PB1 TARI Popular Basmati variety

PB 1121 TARI Popular Basmati variety

PR 126 PAU, Ludhiana Green super rice variety

Pusa 44 ICAR-IARI Mega-variety, high yielding

IR 64 IRRI Mega-variety, Fe toxicity sensitive

Initially, the seeds of all the genotypes were surface sterilized using
3% sodium hypochlorite solution by shaking for 1min, and
subsequently, washing with ultrapure water three times. Sterilized
seeds are then placed on a germination paper and kept in an incubator
for germination at 25-30°C. After 6-7days, seedlings presenting
uniform shoot and root growth were transferred to 100 mm? wells
punched on an expanded polystyrene (EPS) float sheet of size
24 %36 x 2 cm. Each sheet had 80 wells spaced at 10 x 20 mm.

The sheet was layered with a nylon net of 2mm mesh size on the
underside to prevent seedlings from drowning in the nutrient solution.
Each well supported one seedling. The EPS floats were placedina 10 L
rectangular plastic trough of inner dimensions of 24 x 36 x 12 cm filled
with 7L nutrient solutions, with all the roots submerged. Each EPS
float supported 16 genotypes with two genotypes accommodated in
one row with five plants each. Two such trays per treatment were
maintained, which represented two replications. The basic nutrient
medium contained 10ppm (0.2mM) of Fe, and therefore, the
treatment system included varying Fe levels, such as 10p pm (Tj),
260 ppm (T,), 360 ppm (T,), and 460 ppm (T;) equivalent to 0.2, 4.7,
6.5, and 8.3 mM of Fe. For imposing treatments, for each replication,
36.5g of FeSO,.7H,0 was freshly dissolved in 400 mL of basic nutrient
solution and made up to 500mL. In addition, 55.0g of citric acid
monohydrate was dissolved separately in 500 mL of nutrient solution.
For making T, treatment, 119 mL of FeSO, solution and 125 mL of
citric acid solution were added to the trough, and the volume was
made up to 7 L. Similarly, for T, and T; treatments, 167 mL and 214 mL
of Fe solution were added respectively, together with 260 ppm of citric
acid solution each. The T, treatment received only 250 mL of citric
acid solution. Citric acid was added to improve the effective availability
of Fe in plants (Hoagland and Arnon, 1950).

The nutrient solution was changed every 7 days, and the pH of the
nutrient solution was maintained between 5.0 and 5.5 using 0.1 M HCI
or 0.1 M NaOH daily. Initially, all the trays were maintained uniformly
for 7 days in the basic nutrient solution. On the 8th day, in different
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TABLE 2 Modified score scale used to score leaf bronzing.

Score Leaf area Description
affected (%)

0 0 Healthy leaves, no symptoms

1 1-10 Very few small brown specks on oldest leaves

3 11-29 Brown specks on oldest leaves more spread and
enlarged; few brown specks on middle leaves

5 30-69 >50% of old leaves covered by brown lesions;
enlarged brown specks on middle leaves

7 70-89 Old leaves entirely covered by brown lesions
more than 50% of middle leaves covered by
brown lesions

9 90-99 ‘Whole plant covered with brown lesions;
youngest leaf may look green

10 100 Whole plant dying or dead

treatments, half the strength of the Fe concentrations was added to
prevent the sudden shock of Fe flooding in the plants. On the 15th day,
the strength was increased to full strength. Thereafter, the genotypes
were critically observed for the appearance of the symptoms. The data
on both root and shoot-related traits were recorded after 35 days of
sowing (Figure 1).

2.3 Phenotyping

The plants were evaluated non-destructively for leaf bronzing
score (LBS) after 10 days of the full-strength stress treatment using a
modified score scale (Table 2 and Supplementary Figure S1),
integrating the observations from the study by Shimizu et al. (2005)
and Wissuwa et al. (2006). Thirty-five days after sowing, all five sample
plants per genotype were individually picked from the wells, and
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measurements of maximum root length (RL) and shoot length (SL)
were taken. Subsequently, the plants were dissected into root and
shoot sections. After blotting dry with an absorbent paper, the fresh
weight of the shoot was measured. The root section was immediately
scanned with a WinRHIZO® optical scanner (model Expression
12000XL, Epson Inc.), to measure root system architectural traits
(Arsenault et al., 1995), such as root volume (RV), total root length
(TRL), average diameter (AD), and surface area (SA). Following
measurement, the root samples were blotted dry with an absorbent
paper, and their fresh weight was measured. Both root and shoot
samples were then oven-dried at 60°C for 72h, to determine the
corresponding dry weight, and the biomass (BM) was calculated by
summing up the shoot and root dry weight. Oven-dried shoot samples
were subsequently used to estimate shoot Fe concentration (SFC). For
this purpose, all five dry samples per genotype were pooled and
ground in a porcelain mortar. A 250 mg portion of these powdered
samples was then wet-digested in 4mL of 65% HNO; at 180°C for 8 h.
The digest was subsequently diluted to 25 mL with distilled water and
filtered. The filtrate was used to measure the Fe content using atomic
absorption spectroscopy (AAS). Standard Fe solutions were prepared
through serial dilutions ranging from 1 to 10 ppm.

2.4 Data analyses

The experiment was conducted in a completely randomized
design with two factors, different levels of Fe and genotypes. The
experiment was repeated twice, by setting the second experiment
immediately after the first with the same setup, treatments and the
management. The experimental data were subjected to analysis of
variance using PBTools v.1.4.1 The degree of concordance (DoC) of
the screening was calculated from the squared correlations between
the experiment for every trait. The adjusted mean values were used for
further analyses. The box plots were drawn from the average data, and
the means were compared using Duncan’s multiple range test.

frontiersin.org


https://doi.org/10.3389/fsufs.2023.1334487
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Sonu et al.

Response stability of different traits relative to the unstressed
treatment (T,) was calculated for the treatment with maximum stress
(T5) by calculating the response stability index (RSI), which was
similar to the yield stability index proposed by Bouslama and
Schapaugh (1984). A correlogram of all the traits was visualized using
the corrplot package in the R statistical environment. A principal
component analysis (PCA) was performed to identify the most
variable traits using princomp() function in the R stats package, and
the biplots were drawn using the factoextra package. The contribution
of different traits to principal components is graphically visualized
using Circos Table Viewer v0.63-10 (Krzywinski et al, 2009).
Principal component scores were utilized for the hierarchical
clustering of genotypes, employing the Euclidean distances and the
farthest neighbor clustering method. The clustering was performed
using the pheatmap package under the R statistical environment.

3 Results

In both the screenings, a similar response to Fe concentration was
observed among the genotypes. Combined analysis of variance
indicated a significant variation of genotypes, Fe levels, and their
interaction on all the root-related and shoot-related traits, except for
root length in the screening 1. However, variation due to time of
screening and respective interaction with genotypes was found
non-significant except for LBS and RDW (Table 3 and
Supplementary Table S1). The concordance of both experiments was
high and significant as revealed by the degree of concordance, which
was above 80% for all the traits except for RL.

3.1 Phenotypic variation for Fe levels

Comparison based on the significant difference of treatment mean
values for the traits indicated that, irrespective of the genotypes, there

10.3389/fsufs.2023.1334487

was a significant increase in LBS and SFC while there was a reduction
in SL, SEW, SDW, RFW, RDW, TRL, and SA as the Fe concentration
increased (Figure 2). The mean LBS substantially increased from
0.34 in T, condition to 1.69 at T}, 5.28 at T,, and 6.62 at T,. The range
of leaf bronzing was from 0.4 to 3.8 at T\, 3.0 to 7.0 at T, and 3.0 to
9.0 at T; of Fe, implying that the highest variability for LBS was
observed at T; of Fe treatment compared with T, and T, of Fe
treatment (Table 4). A similar effect could also be observed for SFC
among the treatments with the lowest mean 1.76 at T, 6.41 ppm at T},
11.01 ppm at T,, and 14.87 ppm at T;. Beyond T, the treatment means
did not vary significantly for SL, TRL, and SA. The SL was found
reduced from 48.57 cm in T, to an average of 27.2 cm among the rest
of the Fe levels. Significant change in treatment mean could
be observed beyond T, for several traits, such as SFW, SDW, RL, RFW,
RV, and AD (‘Table 4). The lowest values for most of the traits were
encountered in T;, which was significantly lower than T, for RV and
RL. The relative differences over mean (RDM) among the treatments
also showed distinct variations after T, for almost all the traits, except
SL and SA, for which no significant reduction could be observed.
Among the treatments with high Fe levels, RDM values were higher
in Tj for traits, such as RL, RDW, and RV, whereas this level showed
effects at par with T, for the remaining traits, except for SFW, SDW,
and RFW. Coupled with the highest variance, T; was the treatment
that could reveal significant variation among the genotypes for the Fe
and was therefore considered as the

toxicity response

critical concentration.

3.2 Response of genotypes

The response stability index of the genotypes under maximum
stress exhibited varying degrees of response across the traits (Table 5).
As mentioned previously, the most significant deviations were
observed for LBS and SFC. In the case of LBS, the lowest index values
were found in the already known tolerant cultivars such as Shahsarang

TABLE 3 Combined analysis of variance showing the partitioned variance across various components.

Traits Mean squares
Season (S) Fe level (Fe) Genotype (G)

LBS 52.9%% 1394.6%% 20,77+ 34,87 9.6%% 5.6%% 2.3%% 0.88
SEC 0.5 5161.3%* 8.7 57,3 51.4%% 0.4 7.5%% 0.92
SL 1.78 18573.4%* 324 1515.27%% 247.9%%* 14.9 22.1 0.96
SFW 0.3 15.7%% 0.1 1.5%% 0.3%* 0.01 0.01 0.98
SDW 0.01 1.3%% 0.01 0.08%* 0.03%% 0.01 0.01 0.96
RL 0.4 53.7%% 8.2%% 65.8%% 5.7%% 0.5 1.9 0.76
TRL 501.7 132297.4%%* 424.2 23272.7%%* 3432.8%%* 80.6 1714 0.96
RFW 0.01 2.2%% 0.02 0.8%* 0.1%% 0.01 0.01 0.94
RDW 0.02%% 0.9%% 0.01%% 0.03%* 0.01%% 0.01%% 0.01%% 0.85
RV 0.01 0.6%+ 0.01 0.2%% 0.03%% 0.01 0.01 0.92
AD 0.01 0.8%* 0.01 0.06%* 0.01%% 0.01 0.01 0.85
SA 1.46 2213.2%% 31.2 750.4%% 65.1%% 3.8 16.8 0.88

LBS, leaf bronzing score; SFC, shoot iron concentration in mg/kg; SL, shoot length in ¢cm; RL, maximum root length in cm; SFW, shoot fresh weight in g; SDW, shoot dry weight in g; RFW,
root fresh weight in g; RDW, root dry weight in g; TRL, total root length in cm; RV, root volume in cm®; AD, average diameter in mm; SA, surface area in cm? DoC; degree of concordance; **
significant at 1% level.

Frontiers in Sustainable Food Systems 40 frontiersin.org


https://doi.org/10.3389/fsufs.2023.1334487
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Sonu et al.

10.3389/fsufs.2023.1334487

LBS SFC SL
10 25 80
g 20 70
7 60
6 15 50
5 * 40 *
4 10 30 *
3 B
2 5 i 20
1 =a 19
0 0 0
SFW SDW RL
1.8 0.50 16
1.6 0.45 14
14 0.40 12
1.2 0.35
10 0.30 10
0.8 0.25 8 °
- 0.20 * 6
0.6 0.15
0.4 ﬁ o 0.10 @ 4
0.2 0.05 B
0.0 0.00 0
TRL RFW RDW
300 1.0 0.35
0.9
250 08 03 +
0.25
200 0.7
° 0.6 0.2
150 0.5
$ 0.4 0.15
100 . 0.3 0.1
50 L 0.2
0.1 0.05
0 0.0 0
RV AD SA
0.6 0.7 . 40
0.5 0.65 ° 35
° 0.6 30 —
0.4 0.55 25 .
0.3 0.5 20
0.2 0.45 $ 15
0.4 10
01 0.35 5
0 To T1 T2 Ts it To T1 T2 Ts 0 ToT1 T2 Ts
FIGURE 2
Box plots showing mean variability in root and shoot traits under four Fe concentrations. LBS, leaf bronzing score; SFC, shoot iron concentration in
mg/kg; SL, shoot length in cm; RL, maximum root length in cm; SFW, shoot fresh weight in mg; SDW, shoot dry weight in mg; RFW, root fresh weight
in mg; RDW, root dry weight in mg; TRL, total root length in cm; RV, root volume in mm?; AD, average diameter in pm; SA, surface area in cm?.

(6.3) and Megha SA2 (7.2), while the high index values were observed
in RTN 10B (62.0), Pusa 1,342, and IR 64 (43.0 each), as well as BPT
5204 (41.0). Similarly, for SFC, the lowest index values were recorded
for NPT 34 (3.5), followed by ILS 12-5 (5.2). The remaining traits did
not show significant differences among the index values. Consequently,
the index sum was used to compare the overall response of the
genotypes. Based on this analysis, Shahsarang (17.4), ILS 12-5 (20.4),
and Megha SA2 (21.3) were identified as the genotypes, displaying a
high level of tolerance to Fe toxicity. Among the sensitive genotypes,
RTN 10B had the highest index sum (78.0), followed by IR 64 (57.3),
BPT 5204 (55.6), and Pusa 1,342 (54.3).

At the maximum toxicity level, Shahsarang and Megha SA2
displayed LBS values of 4.0 and 3.4, respectively, whereas the
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susceptible variety IR 64 had an LBS value of 8.6
(Supplementary Table 52). The lowest SEC was observed in NPT 34
(9.34), while the highest was found in IR 64 (20.6). PB 1121 exhibited
the highest SL at 32.3 cm, followed closely by Shahsarang at 32.1 cm,
with BPT 5204 having the shortest SL with an average value of
19.6cm. In terms of SFW among genotypes under the highest
toxicity, it ranged from 0.5mg (ILS 12-5) to 0.1 g for IRGC 127653.
A similar pattern was observed for SDW. Among the root traits, RL
ranged from 7.8 cm (NPT 34) to 14.0 cm (ILS 12-5) under high toxic
conditions. As for REW, ILS 13-5 had the highest value at 569.0 mg,
followed by Megha SA2 and Shahsarang with an average dry weight
of 506.0mg. The same genotypes showed a similar response for
RDW. Root biomass, as determined by RFW and RDW, was low
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TABLE 4 Phenotypic means of Fe level treatment across different traits.

Fe level treatments

T, T, LE
(260 ppm) (360 ppm) (460 ppm)

Mean RDM Mean RDM ICET! RDM
LBS 0.34¢ 0.0 1.69 € —38.8 528" —-103.1 6.62° —38.5
SEFC 1.76 ¢ 0.0 6.41°¢ —54.6 11.01° —54.0 14.87* —45.3
SL 48.57 0.0 28.65° 61.2 27.35° 4.0 25.53° 5.6
SFW 928.7% 0.0 447.1° 99.0 333.6 247 229.5¢ 20.6
SDW 290.4° 0.0 179.9° 63.8 125.7°¢ 29.0 90.1°¢ 232
RL 12.97* 0.0 12.67® 24 12.27° 32 11.63 ¢ 5.2
TRL 182.14° 0.0 143.41° 27.2 128.02° 10.8 116.07° 8.4
REW 566.6* 0.0 440.2° 30.6 395.1% 9.4 285.3°¢ 259
RDW 249.4° 0.0 149.3° 69.0 107.9¢ 27.6 74.7¢ 27.6
RV 363.3° 0.0 314.8° 16.8 298.8* 3.4 217.1° 26.9
AD 591.3° 0.0 555.7° 5.8 4753 15.5 439.2° 7.7
SA 27.76° 0.0 22.83° 21.7 21.56° 5.6 18.88° 11.8

LBS, leaf bronzing score; SFC, shoot iron concentration in mg/kg; SL, shoot length in cm; RL, maximum root length in cm; SFW, shoot fresh weight in g; SDW, shoot dry weight in g; RFW,
root fresh weight in g; RDW, root dry weight in g; TRL, total root length in cm; RV, root volume in cm’; AD, average diameter in mm; SA, surface area in cm?. Trait means superscripted with
same letters are significantly not significant across different Fe treatments at p <0.05 by Duncan’s multiple range test.

TABLE 5 Response stability index of different genotypes at maximum Fe toxicity stress.

Genotype Response stability index
SFW SDW RL TRL RFW RDW

BPT 5204 41.0 9.8 0.6 08 03 04 03 0.4 05 0.6 0.6 0.7 55,6
ILS 12-5 115 52 0.6 1.0 03 03 0.7 0.4 0.7 0.8 0.8 0.8 204
IR 64 43.0 9.8 0.6 1.0 02 02 0.4 0.2 0.7 0.6 0.7 0.7 57.3
IRGC 127653 35.0 9.3 04 0.9 02 02 0.4 0.2 05 0.6 0.6 0.7 496
Megha SA2 7.2 10.3 05 0.9 03 04 0.6 0.4 0.8 0.8 0.8 0.8 213
Nagina 22 28.0 18.9 04 11 02 02 03 0.2 0.7 0.6 0.6 0.8 51.9
NPT 34 247 35 05 0.8 04 0.6 0.6 03 05 0.7 0.7 0.7 324
PB1 28.0 113 0.6 0.9 02 02 04 03 0.6 0.7 0.6 0.6 442
PB 1121 124 9.2 0.6 0.9 02 02 0.4 0.2 05 0.6 05 0.8 26.5
PR 126 15.0 7.2 0.6 0.8 04 05 0.7 0.1 0.8 0.8 0.8 0.7 26.0
Pusa 1,176 10.9 9.7 0.6 1.0 0.2 0.3 0.6 0.3 0.9 0.9 0.8 0.7 243
Pusa 1,342 43.0 7.4 0.6 0.9 0.4 03 05 03 0.9 0.7 0.6 0.8 543
Pusa 44 28.0 7.0 0.7 0.9 02 04 0.4 0.2 0.7 0.7 0.8 0.7 39.5
RTN 10B 62.0 11.9 0.6 0.9 03 05 0.5 0.2 0.7 0.8 0.8 0.7 78.0
Shahsarang 6.3 7.2 05 0.9 03 04 0.8 0.6 0.6 0.7 0.7 0.7 17.4
Sonasal 133 9.3 05 0.7 02 03 05 03 05 0.6 05 0.7 27.9

LBS, leaf bronzing score; SFC, shoot iron concentration in mg/kg; SL, shoot length in ¢cm; RL, maximum root length in cm; SFW, shoot fresh weight in mg; SDW, shoot dry weight in mg; RFW,
root fresh weight in mg; RDW, root dry weight in mg; TRL, total root length in cm; RV, root volume in mm?®; AD, average diameter in pm; SA, surface area in cm’ * index sum is the sum of
index values across traits — for traits where the response reduces with increase in Fe level, the value of (1-index) was used while summing.

among sensitive genotypes, such as RTN 10B, IR 64, BPT 5204,  (13.3cm?), BPT 5204 (14.3cm?), IR 64 (18.5cm?), and others had
and others. lower values for this trait. However, the AD of the roots showed

Root system architectural traits, such as SA, AD, and RV, under  relatively low variation among the genotypes under T;. RV was more
high toxicity levels, also highlighted the differences between tolerant  robust in the tolerant genotypes, particularly in ILS 12-5 (363.0 mm°)
and sensitive genotypes. SA was greater in Megha SA2 (31.0cm?), ILS ~ and Megha SA2 (314.0 mm®), while the lowest RV was observed in
12-5 (30.8cm?), and Shahsarang (28.8cm?), whereas Pusa 1,342 NPT 24 (127.0mm’).
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3.3 Trait correlations and modelling the
genotypic response for biomass

Correlation of component traits at maximum toxicity showed
LBS having a negative but significant association with SFC, SFW,
SDW, BM, PA, SA, AD, and RV. Trait pairs such as SFW:SDW and
PA:SA:RV were autocorrelated. SFC exhibited high a positive
association with SL, while SL indicated positive and significant
associations with biomass traits, such as SFW, SDW, and BM and PA,
SA, and RV. RL showed a positive association with TRL, SA, and
RV. TRL also had a positive association with RFW, PA, SA, and
RV. All the root system architecture traits indicated high association
)
autocorrelations, further analyses were carried out with eight traits,
viz., LBS, SFC, SL, BM, RL, TRL, AD, and RV.

Considering the total dry matter (weight) as the important

among themselves ( Since several traits showed

response variable under Fe toxicity among the rice seedlings, 25
regression models with best fit were identified using seven dependent
). Among the models, the best-fit
model with the highest R? value, lowest Akaike information criterion

variables (

(AIC), and lowest Mallow’s Cp was the model having two parameters,
LBS and AD. This model explained 72% of the total variation in BM
with the following coefficients. Additionally, the model also provided
the lowest error variance of 850.0 among all the models. The Durbin-
Watson (DW) statistic p-value shows no serial autocorrelation in the
residuals at the 95.0% confidence level. The model coefficients are
provided in following equation.

10.3389/fsufs.2023.1334487

BM ~23.24-17.65*LBS +0.59*AD
The model statistics are presented in . Although this mode
accounted for the maximum variation in BM, the value of ps of AD
remained at a non-significant level, signifying an inconspicuous
contribution to this trait. Therefore, the model was modified as
BM ~313.5-22.51*LBS, accounting for 62.5% of the total variation.

3.4 Multidimensional classification of
genotypes

Taking into consideration of the variables that exhibited weak
association among themselves, eight principal components (PCs) were
extracted by PCA. The first two components were identified significant
). The biplot
of PC1 versus PC2 showed that the Fe toxicity tolerant genotypes
Megha SA2, ILS 12-5, Shahsarang, and Sonasal located at the upper
right quadrant. The upper left quadrant consisted of moderately
sensitive genotypes such as NPT 34, Pusa 1,342, and BPT 5204. The
lower right quadrant encompassed the moderately tolerant genotypes
PB 1121 and PB 1, while sensitive genotypes IR 64, IRGC 127653,
Nagina 22, and Pusa 44 fell in the lower left quadrant. Analyzing the

as they accounted for 74.3% of the total variation (

influence of traits on PCl, greater contribution could be observed
from traits like RV, BM, LBS, AD, and TRL, all demonstrating nearly
equal levels of contributions. Conversely, on PC2, RL and FSC
exhibited significant contributions.

LBS SFC sL RL SFW RFW TRL PA SA AD RV BM
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FIGURE 3
Correlogram showing Pearson correlation coefficient among the traits under the maximum Fe toxicity treatment. LBS, leaf bronzing score; SFC, shoot
iron concentration in mg/kg; SL, shoot length in cm; RL, maximum root length in cm; SFW, shoot fresh weight in mg; RFW, root fresh weight in mg;
TRL, total root length in cm; RV, root volume in mm?; AD, average diameter in pm; PA, projected area in cm2; SA, surface area in cm? BM, Biomass in
mg, ns, not significant at p <0.05; *p <0.05; **p < 0.01, ***p <0.001.
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PCA-based clustering generated three clusters of genotypes.
Cluster 1 comprised of NPT 34, Pusa 1,342, Pusa 44, and BPT 5204,
making it a group of sensitive genotypes. ILS 12-5, Megha SA2, and
Shahsarang formed the Cluster 3, having tolerance to Fe toxicity. The
Cluster 2 comprised of remaining genotypes that showed an
intermediate response. Surprisingly, IR 64 was found included in this
cluster, even though it is a well-known sensitive cultivar. Other
members in the Cluster 2 were Pusa 1,176, PB 1, Sonasal, PB 1121,
IRGC 127653, RTN 10B, PR 126, IR 64, and Nagina 22 (Figure 4).

4 Discussion

Fe toxicity is a nutritional stress that commonly affects lowland
rice. In India, approximately 11.7 mha of rice area is affected by excess
Fe in soil, potentially interfering with crop production. Identifying

TABLE 6 Refining the model for biomass (BM) under high toxicity
treatment.

10.3389/fsufs.2023.1334487

genotypes that can significantly withstand excess Fe stress is crucial
for sustaining rice production in affected soils. Given that Fe affects
the rice crop at all stages, an early-stage evaluation can help in
identifying tolerant genotypes, justifying the usefulness of artificial
screening. Although several studies have been reported, there seem to
be many disagreements regarding the level of critical toxicity imposed
(Elec et al., 2013; Rout et al., 2014; Reddy et al., 2015; Suma et al.,
2022). Dobermann and Fairhurst (2000) identified 300-500 ppm to
be a critical level of toxicity in soil for rice; however, the level changes
with respect to soil properties and crop growth stage. Therefore, Fe
toxicity screening requires standardization of screening conditions
before setting up of experiments. Furthermore, conditions for soil-
based screening needed to be customized depending on the soil type
and properties, which warrants multiple testing, making it a
cumbersome process. Soil-based or field-based screening (Gridley
etal,, 2006; Sikirou et al., 2016), pot culture (Sikirou et al., 2016), and
hydroponics (Wan et al., 2003; Shimizu et al.,, 2005) are the major ways
of studying genotype response. However, hydroponics is considered
to be quick, efficient, and reliable (Suma et al., 2022). Among the
various traits, LBS is considered as the most important parameter to
study genotype response (Sikirou et al., 2016; Rumanti et al., 2017;
Devi et al,, 2018; Siriwardana et al., 2018). This is because the plants
under excess Fe level produce a characteristic ‘bronzing’ symptom,
due to the formation of numerous brown specks on the leaves (Wu
etal, 2014). Bronzing occurs when the plants are deprived of oxygen
supply from roots, and excess Fe accumulates in the leaves and shoots,
leading to the Fenton reaction, cellular damage, and consequent
yellowing and browning of tissues (Aung and Masuda, 2020). Plants
that are adapted to Fe toxic ecologies show lesser bronzing than the
un-adapted sensitive genotypes (Turhadi et al, 2019). Bronzing
typically occurs on the lower leaves, starting to tip downward, and
entire leaves can turn yellow or brown in severe cases. Bronzing is
accompanied with growth retardation and plaque formation on the
roots. are available on various

Although many reports

Parameter Modell valueofp Model2 P-value
Intercept 23.24 0.87 313.54 0.00
LBS —17.65 0.00 —22.51 0.00
AD 0.59 0.06
Variance 14167.70 0.00 24609.00 0.00
Residual 850.00 1055.46
R 71.94 62.48
Adjusted R 67.63 59.80
SE 29.15 32.49
Durbin-Watson 1.94 0.44 1.88 0.39
statistic
LBS, leaf bronzing score; AD, average diameter in cm? SE, standard error.
o
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o
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M
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FIGURE 4
AD, average diameter in pm; BM, Biomass in mg.

PCA-biplots depicting genotype clusters and trait contribution visualized via Circos-diagram for major principal components. LBS, leaf bronzing score;
SFC, shoot iron concentration in mg/kg; SL, shoot length in cm; RL, maximum root length in cm; TRL, total root length in cm; RV, root volume in mm?;
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morphophysiological traits in different genotypes, not many deals
with the effect of Fe toxicity on root system architecture (RSA)
attributes. This study forms one such preliminary attempt to detail the
effect of Fe toxicity stress on root system in rice.

We have selected 16 genotypes, of which two were well-known
Fe tolerant cultivars adapted to North-eastern ecology. These
genotypes, Shahsarang and Megha SA2, are widely cultivated in the
North-east states of India, such as Meghalaya, Mizoram, Manipur,
and Nagaland. Shahsarang is a high-yielding hybrid derivative of
Mirikrak/Rasi, with semi-dwarf and non-lodging habit. Among the
several features of this variety, traits such as tolerance to Fe toxicity
and adaptation to cold and low light stand out as typical. Megha SA
2 (Megha Semi-Aromatic 2) or RCPL 1-160 is a fine grain high-
yielding semi-dwarf variety, with adaptation to lowlands of
low-altitude ecology. Being established and tolerant to excess Fe,
these varieties would help in comparative evaluation. In addition, IR
64 was included, a mega variety that was established as sensitive to
excess Fe from various studies (Wu et al., 1997; Mackill and Khush,
2018; Turhadi et al., 2019). The remaining genotypes were selected at
random but represented mega varieties, Basmati cultivars, stress-
tolerant cultivars, and green super rice. The selection of an optimal
set of genotypes provided an opportunity to evaluate the response to
different Fe concentrations on various morphological traits and
identify the critical iron concentration for screening. Critical iron
concentration is a parameter influenced by tested genotypes, a form
of Fe applied, and solution pH (De Dorlodot et al., 2005; Nozoe et al.,
2008). Sharp contrast between tolerant and sensitive genotypes with
respect to Fe toxicity symptoms and variation for traits was the main
criterion to choose the optimum combination (Elec et al., 2013).
Accordingly, 460 ppm of Fe was selected as critical, as it provided
larger variance among the traits and could display remarkable
contrasts between known tolerant and sensitive genotypes, and
largest decrease in most of the morphologic traits from normal.

High contrast among various traits is desirable to differentiate
genotypes from extreme responses under stress (Rinyu et al., 1995;
Houle, 1998). Although significant variation could be observed on
all the traits under normal Fe concentration, LBS and SFC increased
with Fe level, indicating the progressive influence of toxicity. These
observations are in concordance with several previous reports
(Zhang et al., 2017; Onyango et al., 2018). A sharp increase in LBS
among the genotypes with increased levels of Fe could imply an
increased accumulation of toxic levels of Fe ions, driving Fenton
reactions and cellular damage. One of the important features of
excess Fe uptake in plants is the accumulation of Fe in the cellular
component as revealed by the increase in SFC with increasing
toxicity stress. In tolerant genotypes, accumulation of excess Fe**
ions in vacuoles (plastids) forms a mode of tolerance (Asch et al.,
2005; Wu et al,, 2014; Santos et al., 2018). However, tolerant varieties,
Shahsarang and Megha SA2, accumulated less Fe in the shoot as
compared with IR 64, which indicated a different mechanism in
operation in these genotypes. These varieties may have exclusion
(type I) mechanism, wherein excess Fe is prevented from uptake by
oxidation and precipitation on the root surface (Becker and Asch,
2005; Saikia and Baruah, 2012; Wu et al., 2014; Dufey et al., 2015;
Sikirou et al., 2016; Turhadi et al., 2018; Bresolin et al., 2019; Aung
and Masuda, 2020). As reported earlier, leaf bronzing remained the
most important parameter and straightforward indicator of the
intensity of Fe toxicity stress in this study (Wan et al., 2003; Asch
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etal, 2005; Dufey et al,, 2009). As a result, increased bronzing with
increasing levels of Fe indicated a strong positive correlation. Since
the stress induced a reduction in all other traits, SFC, LBS showed a
strong negative relationship with all those traits that showed a
progressive reduction with increasing Fe levels. However, although
the SFC exhibited a positive correlation with LBS, earlier studies
indicate that the iron content in plant tissue may not always
be associated with bronzing scores (Nugraha et al., 2016b; Turhadi
et al., 2018; Sitaresmi et al., 2021).

Several earlier studies have reported a reduction in SL under Fe
toxicity (Rout et al., 2014; Bresolin et al., 2019; Suma et al., 2022),
we did not observe any significant difference in the height of seedlings
at different Fe concentrations. However, reduction in RL was
significant at critical Fe level, confirming root growth inhibition as one
of the primary damages due to Fe toxicity. Toxic levels of Fe interfere
with and inhibit cell division and elongation of the primary roots and,
subsequently, the growth of lateral roots (Li et al., 2016a; Hamim et al,
2018; Suma et al., 2022). Since RL reduction appears after the primary
damage to the root system, a concomitant reduction in nutrient
uptake can be expected as a consequence. However, in the seedling
stage evaluation, no apparent reduction in shoot growth was observed
because of the short-term exposure to stress. Therefore, shoot traits
cannot be considered as reliable parameters for screening genotypes
for Fe toxicity response particularly in the seedling stage. Nevertheless,
shoot and root biomass (fresh and dry weight) showed significant
differences with increasing Fe stress, aligning with earlier studies
(Dufey et al., 2009; Wu et al., 2014; Nugraha et al., 2016b; Reddy
etal., 2019).

With the increasing reduction in biomass observed beyond
360 ppm, the relative deviation from the biomass under normal Fe
level could clearly differentiate tolerant and sensitive genotypes at
the critical level. As with the earlier reports, the reduction in biomass
is reflective of the retardation in the growth of the plants as a result
of stress due to Fe toxicity (Onaga et al., 2013; Nugraha et al., 2016b;
Theerawitaya et al., 2022). Among the biomass traits, RDW, in
particular, is reported to be influenced by the presence of Fe coating
on the root surface, which comes as a result of the exclusion
mechanism (De Dorlodot et al., 2005; Saikia and Baruah, 2012;
Sikirou et al., 2016; Wu et al., 2017). In this study, higher relative root
and shoot dry weight observed among the tolerant rice lines signifies
better growth among these genotypes under stress, which aligns well
with the previous reports by Wu et al. (2014) and Devi et al. (2018).

Notwithstanding the importance of aerial morphologic changes,
the major focus of this study was on the root system architecture.
Although much-needed attention was not provided to these traits
earlier, the root system has recently recognized as an effective
selection parameter to determine the ability of plants to manage
various soil stresses (Mahender et al., 2019). However, the
information on the effects of excess Fe on the root system
architecture in rice is still scanty (Li et al., 2016a). Roots being the
primary plant organ involved in Fe uptake from the soil solution,
the first line of defense against excess Fe, must initiate at the
rhizosphere (Onaga et al., 2016). Hence, Fe toxicity is considered to
affect and alter the root system architectural traits (Mahender et al.,
2019). The experiences from the other soil-based stresses, such as
drought and phosphorus starvation, showed that highly dynamic
adjustments in overall root system architecture (RSA) determine
root plasticity and allow plants to efficiently adapt to environmental
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constraints. Irrespective of the sensitive or tolerant behavior of
genotypes, we could observe a marked decrease in TRL, SA, AD,
and TV, with maximum reduction occurring with the exposure to
the highest toxicity level. Therefore, the reduction in RSA traits
could occur due to the damage in the root system in sensitive
genotypes, while it can also be a part of the root development
adaptation strategy in the tolerant genotypes to restrict excess Fe
absorption (Li et al., 2016b). Reduction in the TRL due to Fe
toxicity was also reported by Ward et al. (2008) in Arabidopsis
thaliana, where the primary root length was inhibited. Excess Fe
inhibited the formation of 1st, 2nd, and 3rd order lateral roots
confirmed by a decrease in the number of roots. Earlier studies have
concluded that arrested cell division and elongation due to excess
Fe could significantly distort the root system architecture (Reyt
etal, 2015; Li et al., 2016b).

Among the various root traits, SA contributed >15% to the total
genotypic variation both in control and stress conditions. A reduced
root surface area can be explained as a strategy to restrict nutrient
absorption (Kirk et al., 2022). Nurmalasari et al. (2016) observed a
reduction in SA due to Fe toxicity in oil palm. The reduction in the SA
may be considered as a potential mechanism for Fe exclusion,
evidenced by a decrease in the number of root hairs. Reduction in SA
could also be occurring due to reduced AD. Wu et al. (2014) reported
a marked reduction in AD in the susceptible variety IR 29 as compared
with the tolerant line Pokkali, which is similar to the observation in
the tolerant varieties, Shahsarang and Megha SA2, as compared with
IR 64. Higher AD in the tolerant genotypes facilitates the formation
of aerenchyma in roots, enhancing air transport and the ability to
oxidize Fe*" in the rhizosphere, ultimately contributing to Fe exclusion.
A decrease in RV among the sensitive genotypes could be interpreted
as a reduction in RL, SA, and AD (Hussain et al., 2020).

Stress indices can serve as effective parameters to identify tolerant
and sensitive genotypes (Kakar et al., 2019; Dwivedi et al., 2021). The
response stability index used in this study was the ratio of response
under stress to the un-stressed (Bouslama and Schapaugh, 1984),
which is an indicator or genotype’s resilience to stress. When
challenged with stress, if any genotype could respond similarly or
better than the unstressed conditions, the index will tend toward one
and above. Therefore, lower values of the index indicated tolerance,
while higher values indicated sensitiveness. Accordingly, based on the
index sum, we could identify genotypes such as Shahsarang, Megha
SA2, and ILS 12-5 as the most resilient genotypes among all.
Interestingly, most of the sensitive genotypes showed an index sum of
>50, which included RTN 10B, IR 64, BPT 5204, Nagina 22, and Pusa
1,342. Genotypes such as PB 1121, Pusa 1,176, PR 126, NPT 34,
Sonasal, and Pusa 44 showed moderate tolerance, while PB 1 and
IRGC 127653 were moderately sensitive. Several stress evaluation
studies reported the usefulness of stress indices for identifying tolerant
genotypes and classifying them (Dhawan et al., 2021; Joshi et al,
2023). The grouping of 16 rice genotypes, based on their
morphophysiological responses to Fe toxicity, also indicated
conspicuous polarization of tolerant and sensitive genotypes.
PCA-based clustering has been previously utilized in studies by
Nugraha et al. (2016a,b), Pawar et al. (2017), Dziwornu et al. (2018),
Theerawitaya et al. (2022), and Ahmed et al. (2023) for identification
of sensitive and tolerant genotypes. Using the index sum and PCA the
sensitive genotypes could be separated clearly from the tolerant
genotypes with, the moderately responding genotypes falling in
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between. The results also indicated that the index sum was robust
enough to differentiate between tolerant and sensitive genotypes. In
previous studies, LBS served as the exclusive criterion for classifying
tolerant and sensitive genotypes (Engel et al., 2012; Harahap et al,,
2014; Nugraha et al., 2016b). However, in this study, we were able to
show that changes in the root system can function as a significant
criterion for classification.

5 Conclusion

The present study concluded that 460 ppm of Fe in the nutrient
solution was critical for screening genotypes for their response to Fe
toxicity. Based on the significant effect of excess Fe on morphological
and root system characteristics in rice genotypes, these genotypes
could be classified into tolerant and sensitive ones. Leaf bronzing was
the major response to Fe stress in plants, indicating a high level of
contrast between tolerant and sensitive genotypes. The response
stability index across traits provided ample opportunity for
classification. In addition to the known tolerant genotypes, ILS 12-5
was identified as a tolerant, qualifying it to be tested under Fe-rich
field conditions. Some of the most sensitive genotypes included mega
varieties such as BPT 5204 and Pusa 44, making them suitable
candidates for Fe toxicity tolerance improvement. This would enable
these mega-varieties to be recommended for Fe-toxic regions of
Northeastern India. Fe toxicity had a severe effect on RSA traits, such
as RL, SA, and RV. This report provides insight into the influence of
toxic levels of Fe on the root system. There is a reasonable indication
that the responses in aerial biomass are consequential to root system
damage, resulting from the nutrient deprivation. Furthermore, Fe
exclusion could be a major mechanism for conditioning toxicity
tolerance in tolerant genotypes, enabling them to reduce Fe** uptake.
These valuable inferences will be useful for managing Fe toxicity and
improving tolerance in rice through selection strategies in breeding
programs. Field evaluation of identified tolerant/sensitive lines is still
required to confirm their behavior under field conditions and use
them in breeding programs. The effect of Fe toxicity on RSA traits can
be further investigated for a better understanding of intrinsic
mechanisms of root system variations, differentiating tolerant and
sensitive genotypes.
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An evaluation of energy and
carbon budgets in diverse
cropping systems for sustainable
diversification of rainfed uplands
in India’s eastern hill and

plateau region

Rabi Sankar Pan', Santosh S. Mali'*, Rakesh Kumar?*,
Sushanta Kumar Naik*, Pravin Kumar Upadhyay**,
Reshma Shinde!, Bal Krishna Jha!, Pawan Jeet? and Anup Das?

*ICAR-Research Complex for Eastern Region, Farming System Research Centre for Hill and Plateau
Region, Ranchi, India, 2ICAR-Research Complex for Eastern Region, Patna, Bihar, India, *Division of
Agronomy, ICAR-Indian Agricultural Research Institute, New Delhi, India

With increasing cost and use of energy in agriculture, the traditional practice
of mono-cropping of rice in upland is neither sustainable nor eco-friendly. It
is necessary to identify crop diversification options with high energy efficiency,
productivity, and low global warming potential (GWP). In this experiment, an
inclusive system analysis was accomplished for 3 years (2016-2019) of five
mono-cropping production (MCP) systems namely rice (R), finger millet (FM),
black gram (BG), horse gram (HG), pigeon pea (PP), and four intercropped
systems viz. R+BG, R+HG, FM+ BG, and FM + HG. The key objective was to
evaluate the flow of energy, carbon balance, and GWP of these varied production
systems. Puddled rice was recorded as an energy-exhaustive crop (27,803 MJ
ha—1), while horse gram was noted to have the lowest energy use (26,537
MJ ha~1). The total energy output from pigeon pea (130,312 MJ ha—1) and
diversified intercropped systems (142,135 MJ ha—1) was 65.3% and 80.3% higher
than mono-cultured systems, respectively. Rice and rice-based intercropping
production systems showed higher carbon footprints (1,264-1,392kg CO> eq.
ha~1). Results showed that R+BG and R+HG were the most energy-efficient
production systems, having higher energy ratio (5.8 and 6.0), higher carbon
efficiency (7.41 and 8.24), and carbon sustainability index (6.41 and 7.24) as
against 3.30, 3.61, and 2.61 observed under sole cropping production systems.
On average, rice and rice-based production systems had 7.4 times higher GWP
than other production systems. In productivity terms, pigeon pea and FM+HG
had higher rice equivalent yields of 8.81 and 5.79t ha—! and benefit-cost ratios
of 2.29 and 1.87, respectively. Thus, the present study suggests that pigeon pea
and finger millet-based intercropping systems were the most appropriate crop
diversification options for the rainfed upland agro-ecosystem of the eastern
region of India.

KEYWORDS

carbon budgeting, carbon sustainability index, climate resilient cropping system, energy
productivity, global warming potential, system productivity
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CONCLUSION: Milletand pulse crop based intercropping

systems are environment friendly, sustainable and profitable
alternatives for intensification of rice-fallows in eastern India.
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1 Introduction

Energy use efficiency (Fatima et al., 2023), economic returns,
and environmental sustainability (Shyam et al., 2023) of agriculture
enterprises are greatly influenced by the quantum and form of
energy used in a cropping system. A production system with
comparatively lower input requirements and higher outputs is
the most efficient one (Upadhyay et al., 2022). The sustainability
and profitability of the production systems in the rainfed upland
of India’s eastern region are in question due to unsustainable
energy use practices, the backdrop of widespread natural resource
degradation, climate aberrations, and low crop productivity
(Praharaj et al., 2016; Singh et al., 2017). The principal cropping
system in the rainfed upland of India’s eastern region is rice-fallow,
constituting ~83% (9.7 M ha) of the nation’s total rice-fallow area
(11.7M ha) (Ali et al., 2014; Ghosh et al., 2016; Li et al., 2024).
The sustainability of conventional production systems in rainfed
upland ecosystems is threatened by declining water availability,
limited soil residual moisture, free grazing of cattle, and the poor
socio-economic condition of the farming communities (NAAS,
2013).

Energy is a fundamental component of modern agriculture,
as it relies significantly on fossil fuels and other energy resources.
Production and environmental sustainability are directly related
to the type of energy inputs and the total energy output
from a production system. Studies have shown that crop
production systems are very energy-intensive. In the eastern
plateau region, rice-rice systems and rice-fallow-fallow systems
recorded energy use of 2.14 and 1.91 MJ kg~!, respectively

Frontiersin Sustainable Food Systems

(Ray et al, 2020). Research into energy flows within diverse
production systems gained prominence among the researchers
in 1970s, driven by the worldwide fossil-fuel crunch and the
growing demand for food to sustain the constantly growing
population (Alam et al., 2019). Evaluating the energy dynamics
of a system and conducting carbon auditing are crucial steps in
choosing the most suitable crop production system, considering
factors such as energy efficiency, carbon footprints (CFs), and
their environmental implications (Babu et al., 2020). Effective
use of energy in agriculture is a prerequisite for sustainable
agricultural production which will ensure higher production
and productivity, save financial resources, and conserve fossil
fuels. Following the Green Revolution era, Indian agriculture
has been characterized by the promotion of high input (John
and Babu, 2021), mechanized, and irrigated cropping systems.
This has led to substantial energy consumption, both directly
and indirectly, due to the energy-intensive nature of production
activities, inputs, and supplementary requirements (Soni et al,
2018). Hence, enhancing energy efficiency has emerged as a
primary goal for both farmers and policymakers. Nevertheless,
ongoing initiatives have not fully realized the comprehensive
economic potential of energy utilization in agriculture (World
Energy Outlook, 2012). Agricultural production systems should be
smart enough to sensibly use all the energy inputs so that the twin
goals of environmental sustainability and system productivity can
be achieved at minimal energy cost.

The agricultural sector is anticipated to play an important role
in the share of greenhouse gas (GHG) emissions attributed to
climate change. In 2018, global agricultural and associated land
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use emissions amounted to 9.30 billion tons of carbon dioxide
equivalent (FAO, 2018). With growing demands for food grains
production, energy use in the agriculture sector will amplify
significantly leading to increased greenhouse gas (GHG) emissions
(FAO, 2022). As per Czyzewski and Kryszak (2018), agricultural
practices account for ~25-30% of GHG emissions. Furthermore,
it is well-established that rice cultivation is a significant source
of GHGs, including methane (CHy), nitrous oxide (N,O), and
carbon dioxide (CO;). This phenomenon is believed to be partially
responsible for global warming and subsequent climate change,
as indicated by Linquist et al. (2012). Evidence from eastern
India showed that GHG emissions were highest (1.265 £ 0.29t
COjeq. t71) for rice-fallow-fallow systems and lowest for rice-
vegetable systems (Ray et al., 2020;). Rice-based cropping systems
have always been predominant in India and are believed to be
a major contributor to CHy and N,O emissions (Yadav et al,
2017; Ray et al., 2018). Rice fields can alone contribute to ~19%
and 11% of the total N,O and CHy emissions, respectively
(IPCC, 2007). The impact of crop production systems on GHG
emissions is multifaceted, influenced by factors such as variations
in energy efficiency, temperature and water management, carbon
sequestration, nutrient inputs, fossil fuel utilization for machinery
and pesticides, differing crop growth durations, and variations in
the crop yields (Alam et al., 2019). Due to increasing environmental
impacts and rising energy costs, upland rice-based production
systems of eastern India are becoming unsustainable and non-
profitable. In this context, the diversification of crops has been
recognized as a significant agricultural practice aimed at enhancing
agroecosystem productivity while reducing CF (Singh et al., 2017).

There are a few studies focusing on energy budgeting and CFs
of cropping systems in India, the majority of which accounted
for energy and carbon budgeting in a sole rice production system
(Chaudhary et al,, 2017; Singh et al., 2019) and sole wheat system
(Singh et al, 2020). Some studies considered different cropping
systems such as maize-wheat (Saad et al., 2016), pear]l millet-wheat
(Choudhary et al,, 2017), and maize-wheat-mungbean (Parihar
et al, 2018). However, the main aim of these studies was to
assess the energy and carbon budgeting under the varying tillage,
crop establishment, and residue management practices. Studies
focusing on the evaluation of diverse cropping systems in a
region with consideration of millet and pulse-based systems as
alternate cropping systems are lacking for the eastern part of
the country. There is an immediate need to identify the most
environmentally friendly and efficient millet-based production
systems that offer increased productivity and profitability, while
also being economical in their use of energy, water, and carbon
inputs, all in an environmentally sustainable manner in longer
perspectives. We hypothesized that diversified crop rotations
and intercropping production systems result in a reduction in
energy consumption and carbon footprints and provide more
yields and income in the climate change scenario. Over a span
of 3 years, from 2016 to 2019, a comprehensive study was
undertaken to intensify the cropping systems in South Asia,
with the objective of replacing the extensively practiced rice-
fallow production system. The outcomes of this study can be
applied to enhance the utilization of unutilized rice-fallow lands
by introducing the appropriate post-rainy-season/winter crops and
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employing effective crop establishment practices. Additionally,
a deeper understanding of the ecology of rice-fallow areas can
facilitate the development of suitable crop rotations and moisture
conservation practices to enhance the income of the farmers in
eastern India.

2 Materials and methods

2.1 Experiment site

The field study was conducted at a research farm situated
in Ranchi, Jharkhand, India (23.35°N and 85.33°E at an altitude
of 629m), spanning kharif seasons from 2016 to 2019. The
soil of the experimental site was Typic Haplustalf type (Order:
Alfisol) and sandy loam in texture (sand: 69%; silt: 20%; clay:
11%)/The soil exhibited low fertility, characterized by low organic
carbon content at 0.43% and a deficiency in available nitrogen
(N) (195.5kg ha~!) and was acidic in nature. However, it had
moderate levels of available phosphorus (P) (35.7 kg ha=!) and
potassium (K) (241.2 kg ha~!). Monsoon rainfall is the main source
of water in the region which is concentrated mostly in 4 months
(June-September). During the other periods, agriculture is largely
dependent on the groundwater sources.

2.2 Experiment design

The experiment was laid out in a randomized block design with
three replications. The treatments consisted of five sole corps and
four intercropped systems. The experiment included five sole crop-
based production systems namely, rice (Oryza sativa) (T1), finger
millet (Eleusine coracana) (T2), black gram (Vigna mungo) (T3),
horse gram (Macrotyloma uniflorum) (4), and pigeon pea (Cajanus
cajan) (T5) and four diversified intercropped systems, namely,
Rice+ Black gram (T6), Rice+ Horse gram (T7), Finger millet +
Black gram (T8), and Finger millet + Horse gram (T9). Crops were
sown at their respective recommended plant geometry and fertilizer
rate (Table 1). In diversified production systems, individual crops
were planted in a ratio of 1:1. The selection of sole crops was based
on nutritional requirements and the preference of farm families for
a particular crop. The cultivars/varieties of the particular crops were
the same across all the treatments during the experimentation.

2.3 Crop management

Prior to the start of the experiment each year, the experimental
plots were plowed using a tractor-drawn plow and subsequently
harrowed to pulverize the soil. In rice-based treatments, the
initiation of nursery raising started at the same time as the planting
date of other intercropping and sole crop treatments. A uniform
dose of 1.0t ha=! of vermicompost was applied across all the
treatment plots before the start of the experiment. In rice-based
treatments, 21-day-old seedlings (2-3 seedlings per hill) with a
spacing of 30 x 10cm were used. The recommended dose of
fertilizers (RDF) was applied in each of the cropping systems
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TABLE 1 Crop yield, total biomass production and system productivity of diverse cropping systems in rice-fallow systems in the eastern hill and plateau
region of eastern India (average of 3 years).

Cropping Crop yield (Mg ha™1) Straw biomass (Mg Root biomass Total biomass System
systems ha—1) (Mg ha™1) production productivity
(Mg ha™1) (REY Mg
ha~1)
IC Total IC Total IC  Total
Rice 1.38 - 1.38 2.59 - 2.59 0.71 - 0.71" 4.68 1.38
Finger millet 2.45 - 2.45% 4.96 - 4.964 1.39 - 1.39 8.804 3.96°
Black gram 1.74 - 1.74¢ 3.19 - 3.19¢ 0.84 - 0.848 5.77¢ 5.40b¢
Horse gram 1.97 - 1.97% 3.60 - 3.60° 0.92 - 0.9284 6.49° 5.43b¢
Pigeon pea 2.81 - 2.81% 4.76 - 4764 1.83 - 1.83¢ 9.40¢ 8.81%
Rice+ Black gram 104 | 1.09 2.13¢ 231 | 3.82 6.13¢ 101 | 097 | 1.98° 10.24¢ 4.39%
Rice+ Horse gram 0.64 1.31 1.95% 1.80 4.96 6.76° 0.62 0.98 1.60¢ 10.31¢ 4.24¢
Finger millet+ Black 124 | 098 2.22¢4 2.85 | 5.23 8.08" 139 | 132 2.71° 13.01° 5,04
gram
Finger millet4 Horse 121 | 139 2.60% 377 | 568 9.45° 121 | 107 | 229 14.34% 5.79b
gram

REY, Rice equivalent yield; SPE, System production efficiency; MC, Main crop; IC, Inter crop. Values with different superscripts in a column are significantly different at p < 0.05 according to

Duncan Multiple Range Test (DMRT).

(Supplementary Table 1). For nutrient application, 50% of the
required N, along with a full dosage of P and K, was applied
as a basal dose. The outstanding 50% of N was administered
in two equal portions, divided into applications at maximum
tillering and panicle initiation stages of respective crop growth.
Weed control was done through manual weeding at the relevant
growth stages of crops. Details of crops/cultivars are provided in
Supplementary Table 1. Except for sole rice and sole finger millet,
an insecticide spray of Imidacloprid 200 SL (17.8 % w w™!) at the
rate of 1 ml 17! was advocated in all treatments.

2.4 Energy budgeting

In the current investigation, an analysis of energy input-
output flows was conducted and compared across varied tillage
systems. The management of energy input flows in different tillage
systems was determined based on their input intensiveness. Energy

input of draft animals (bullock power) were measured during the
study, as these inputs played a significant role in conventional
tillage (CT) production systems. Physical units of total input and
output were transformed into energy units using available energy
equivalents (published data) (Supplementary Table 2). Various
energy use indices were computed using the below formulas (See
Equations 1-8).

Energy inputs: The energy equivalent for all inputs was
totaled to give an estimation of total energy inputs in respective
crop production.

Energy outputs: The energy output from grains/seeds and
straw/haulm was computed by multiplying its consequent
energy equivalents.

Net energy return = Gross energy output — Total energy input (1)

Energy output (MJ] ha™")

flows in various tillage systems were calculated by considering Energy ratio = Energy input (MJ ha~!) )
the crop management practices, which encompassed machinery
operations and input utilization, as well as the quantity of biomass :
i ized i i i Net energy gain (M] ha™
prodl.lcefl. Energy inputs \A./ere categorlze.d into .dlrect (operat.1onal) Energy profitibility = g)’ gain (M] - ) 3)
and indirect (non-operational) categories. Direct energy inputs Energy input (M] ha )
encompassed labor (manual), fuel, and farm implements usage,
while indirect energy inputs included seeds, farmyard manure L 1
. . S . Crop economic yield (INR ha™")

(FYM), fertilizers, and pesticides. A comprehensive inventory Energy productivity = — (4)
was prepared encompassing inputs of different crops (such as Input energy (MJ ha™")
seeds, pesticides, fertilizers, manpower, farm implements, etc.)
and principle/by-product (output) to establish the energy input- Energy input (MJ ha™")
output flow for individual crops. Based on total fuel consumption, Specific energy = S — = (5)

. : - o . ystem productivity (kg ha=")
diesel energy was calculated. Soil fertility, solar radiation, wind,
etc. (renewable and natural energy sources) were not considered,
as they are not associated with opportunity costs and are not Human profitability = Energy output (M] hafl) ©)

contingent on experiments. Manpower (human labor) and the
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Non — renewable energy use efficiency
_ Total energy output )
" Non—renewable energy input
) ) Energy input (MJ])
Energy intensiveness = & np (8)

Cost of cultivation (USD)

2.5 GHG emissions and GWP

The impact on the environment by the diverse tillage systems
was measured by computing the carbon footprint in spatial scale
(CFs) and vyield scale carbon footprint (CFy). CFs is the total
greenhouse gas emissions which include CO;, N,O, and CHy
emitted (directly and indirectly) in carbon dioxide equivalent (CE).
The CO,, CHy, and N,O emissions were altered into CE use of
GWP equivalents factor of 1, 28, and 265 for CO,, CHy, and N,O,
respectively (Padre et al., 2016). The C-footprint (CF) was assessed
through the emission of GHG from fossil fuels (diesel) various
agronomic operations (tillage, insecticide, plantings, fertilizers)
(operational GHG flux), and the production of fertilizer/seed (input
GHG flux). The amount of GHG emissions in CE is linked with
agronomic input and different operations computed by multiplied
inputs (diesels, fertilizers) with corresponding carbon-emission
coefficients (C-emission coefficient) (Supplementary Table 3).
However, C-emission coefficients were not available for specific
applied pesticides. Hence, it is presumed that emissions associated
with diverse stages of pesticide production, its transportation,
storage, and application in the field were comparable for similar
groups of pesticides (Lal, 2004). The periodic CH4 emissions from
puddled transplanted rice (PTR) and direct seeded rice (DSR) were
13 and 6kg cycle™! hectare™!, respectively (Padre et al., 2016).
GHG emissions resulting from nitrogenous fertilizers (Equation 9)
were computed by the formula suggested by Padre et al. (2016).

N, O emission (kg ha~'year™!)

_ (Factor x 44 x total N applied to the crop) 9)
(100 x28)

The emission factor for N,O (% of applied N) for a rice paddy
was 0.51 (Padre et al.,, 2016; Kumar et al.,, 2018). Data on GHG
(CO,, CHy4, N,O) emissions were used to compute the GWP as
shown in the Equation 10:

GWP = (emission of CHy x 28 + emissions of N,O X 265)
+ emissions of CO, (10)

The cumulative photosynthates of the crops, which represent
the total carbon (C) output, were calculated by multiplying them
with their respective crop yield, considering the total above-ground
biomass and the average carbon content of biomass, ~44% on a dry
weight (DW) basis (Lal, 2004). The carbon budgeting for various
tillage production systems was computed using the Equations 11-
14.

Carbonoutput

= Total biomass (economic yields + by — product yields) x0.44

€3))
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Carbon outputs

Carb i CE) = 12
arbon efficiency (CE) Carbon inputs (12)
Carbon sustainability index (CSI)
__ Carbon outputs—Carbon inputs
- Carbon inputs (13)
CF:

Carbon footprint in yield scale (CFy) = —S

System productivity
(14)

Where, CFs: carbon footprint in spatial scale

The Eco-efficiency Index (EEI) considers both economic and
ecological aspects in the context of diverse cropping systems.
EEIl (Equation 15) represents the ratio of economic returns to
the overall environmental impact (Gomez-Limén et al, 2012)
(Equation 15). Sustainable agricultural production aims to enhance
the EEI by reducing the environmental impact, which includes
factors such as energy input and greenhouse gas emission, while
simultaneously improving the economic outputs (Cicek et al,
2011). The EEI expresses how efficient a diverse production system
is, linked to its impact on nature. EEI2 (Equation 16) can also
be computed considering GHG emissions (EEI2), representing
economic returns per kilogram of GHG emitted. These indices were
computed by the following formula:

Amount of economic returns (US ha™")

Environmental impact (MJ] ha")

EEI (USMJ™')
(15)

Amount of economic returns (US ha™"')

EEI2 (US kg GHG) =
(US per kg ) GHG emissions (kg GHG ha™")

(16)

In the present investigation, the environmental impacts of
diverse tillage production systems were computed using energy
input (M]) and the amount of greenhouse gas emitted (kg CE ha™!)
during the investigation.

2.6 Yield attributing traits and yield

The economic yield and by-product (straw/haulm) of each crop
in diverse production systems were calculated by harvest of 50 m?
areas in all plots. The root biomass was estimated using destructive
sampling of five plants from each experimental plot. The extracted
roots were placed in a paper bag and dried in an oven at 60°C for
48h. The dry weight of five plants was upscaled to obtain the per
hectare root biomass under each treatment. Economic yields were
obtained by threshing at a moisture content of ~12% (ww!). Rice
equivalent yield (REY) of different crops was calculated by adapting
grain yields to rice yields with MSP factors using the Equation 17:

REY

__ Grain yield of the winter/summer crop x MSP of winter/summer crops )
- Price of rice

(17)
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The minimum support price (MSP) of crops for the
INR) was
account for the calculation of REY. The calculation of

corresponding year (Indian rupee, taken into
system rice equivalent vyield (SREY) was done using the

following formula (See Equation 18):

SREY = Grain yield of rice

+ REY of winter crops + REY of summer crops (18)

Emissions from vermicompost were calculated by scaling
the equivalent compost emissions by the relative N content
(Equation 19).

CO, emissions from vermicompost

_ Woermi (kg)XEFcnmpost X Nyermi(%)

Ncampos[(%) (19)

Where, Wyermi is the amount of vermicompost applied, kg;
EF compost is the CO, emission factor for compost, and Nyermi
and Neompost(%) are the nitrogen contents in vermicompost and
compost, respectively.

2.7 Economics

The cultivation cost of various production systems in different
tillage practices was calculated by adding the cost of the entire
input (seed, fertilizer, pesticide, fuels, labor) and farm machinery
(Mandal et al., 2015). These inputs cost was computed based on
prevailing market rates. The price of economic yield was acquired
from the minimum support price (MSP) from the Government of
India (GOI). Selling charges of straw (by-products) were computed
based on native price. The following economic parameters were
calculated based on input cost and gross return (Equations 20,
21):

Net returns = Gross returns (Product cost + By — product cost)

—Cost of cultivation (Input cost) (20)

Gross returns

Benefit : cost ratio = 21

Cost of cultivation

2.8 Data analysis

Collected data underwent an analysis of variance (ANOVA)
to facilitate comparisons between treatments and to draw
statistical interpretations. The treatment comparison was made
using Duncan’s Multiple Range Test (DMRT) post hoc with
the help of the SPSS program (version 16.0) with a windows-
based interface. Principal Component Analysis (PCA) was
conducted using PAST 3.14 statistical software with a windows-
based interface.
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3 Results

3.1 Crop yield, total biomass production,
and system productivity

In the present investigation, crop economic yields and total
biomass production were significantly influenced by diverse
cropping systems due to differentiation in bio-physical and
management factors (Table 1). The yield of rice varied from
1.38 Mg ha™! in sole cropping systems to 0.64-1.04 Mg ha~! in
intercropping systems. Among the intercropped systems, the finger
millet + horse gram system had higher crop yield, which was
22.2, 33.2, and 17.3% higher than the rice + black gram, rice +
horse gram, and finger millet + black gram systems, respectively.
On average, intercropped systems recorded 99% and 88.6% higher
straw and root biomass, respectively, over mono-cropped systems.
Finger millet-based intercropping systems, finger millet + black
gram and finger millet 4+ horse gram, showed significantly higher
(p < 0.05) straw as well as root biomass yields. The annual biomass
production varied across the crops and intercropping systems
(Table 1). Intercropping systems produced higher total biomass
(10.24-14.34 Mg ha~! year™!). The highest biomass production
was noted in the finger millet + horse gram system (T9:14.34 Mg
ha~! year~!), which was higher by 206.4, 63, 148.5, 121, 52.6,
40, 39.1, and 10.2% than T1, T2, T3, T4, T5, T6, T7, and T8,
respectively. Regardless of the cropping system, treatments T9 and
T8 exhibited higher root biomass (2.29-2.74 Mg ha~! year™!).
Among the different crops, pigeon pea (2.81 Mg ha™!), finger
millet (24.5 Mg ha™!), horse gram (1.97 Mg ha™!), and black gram
(1.74 Mg ha~!) were the most productive. However, rice had the
lowest crop yield (1.38 Mg ha™!). System productivity of rice and
finger millet-based intercropping systems was 3.2 and 1.34 times
higher than respective sole cropping system productivity.

3.2 Energy use and input-output
relationships

In general, millet-based intercropping production systems
exhibited lower energy input requirements compared to rice-based
intercropping systems (Table 2). Based on the energy use patterns,
T1 was the most energy-intensive (27,803 MJ ha™!), followed by
T5 (27,289 MJ ha™!). In contrast, production systems based on
millet (T9: 26,714 and T8: 26,885 MJ ha™!) required lower energy.
Amongst the diverse intercropping systems, treatments T4, T3, T8,
and T2 demonstrated the lowest energy requirements.

The total energy output varied across a range from T1 (61,604
MJ ha™!) to T9 (160,049 MJ ha=!) (Table 2). Irrespective of the
crops/intercropping system, the highest energy output was noted
in T9 (160,049 MJ ha—'). The same trends were observed for the
net returns. Additionally, energy ratio and energy profitability were
notably higher in T9 (6.0 and 5.0), with T8 following closely (5.8
and 4.8). Similar trends were followed in energy productivity also.
As evident from the data, the specific energy was significantly
higher in the case of sole crop-based systems (Table 2). Among the
intercropping systems, millet-based systems had markedly lower
specific energy compared to rice-based intercropping systems. The
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TABLE 2 Energy flow as influenced by diverse cropping systems in rice-fallow systems in the eastern hill and plateau region of eastern India (average of
3 years).

Cropping Energy Energy Net energy Energy Energy Specific Energy
systems input (MJ output return (MJ ratio productivity energy profitability
ha-)  (MJha™}) ha=") (kgMI™)  (MIkg™))
Rice 27,803 61,604 33,8018 222 0.048° 20.22° 1.22¢
Finger millet 26,891 93,6374 66,746° 3.49¢ 0.092° 11.02¢f 2.49°
Black gram 26,879 74,705¢ 47,826 2.784 0.0634 15.54° 1.78¢
Horse gram 26,537¢ 85,454¢ 58,917¢ 3.22° 0.075¢ 13.86% 2.22°
Pigeon pea 27,289% 130,312° 103,023 4.78" 0.103* 9.75f 3.78"
Rice + Black gram 27,341 131,806" 104,465" 4.82° 0.078° 12.93¢ 3.820
Rice + Horse gram 27,170%¢ 120,839¢ 93,6704 4.45° 0.072¢ 14.04%¢ 3.45°
Finger millet+ Black 26,885 155,846% 128,961* 5.80* 0.082°¢ 12.21% 4.80*
gram
Finger millet+ Horse 26,714 160,049° 133,335 6.00° 0.097% 10.31f 5.00°
gram

TValues with different superscripts in a column are significantly different at p<0.05 according to Duncan Multiple Range Test (DMRT).

TABLE 3 Share of various energy inputs (MJ ha~!) under diverse cropping systems in rice-fallow systems in the eastern hill and plateau region of eastern
India (average of 3 years).

Cropping Fertilizers Diesel Plant Machinery
system protection

chemical
Rice 3,430 7,602 - 322¢ 15,233" 1,216
Finger millet 3,409 7,602 - 322¢ 15,512° 47
Black gram 2,693 7,602 103 376" 15,688 419
Horse gram 2,259 7,602 51° 376* 15,955% 294
Pigeon pea 2,693 7,602 51° 378% 16,284% 281
Rice + Black gram 3,062 7,602 51° 348° 15,461° 817
Rice + Horse gram 2,845 7,602 26° 349° 15,594 755
Finger millet 4 3,051 7,602 51° 348P 15,600% 233
Black gram
Finger millet + 2,834 7,602 26 349° 15,733 170
Horse gram

Values with different superscripts in a column are significantly different at p < 0.05 according to Duncan Multiple Range Test (DMRT).

lowest specific energy (10.3 MJ ha™!) was recorded in the millet-
based system treatment (T9).

It was observed that human power comprised the highest
percentage of total energy inputs (54.8%-60.1%). The energy input
used for diesel in the millet-based intercropping system was
7,602 MJ ha~! (Table 3). Energy inflow through crop nutrition,
i.e., fertilizers, ranged between 8.5 and 12.7%, being higher in
rice (3,430 MJ ha~!) and finger millet (3,409 MJ ha~!). Among
the intercropping system, maximum energy input was noted in
the rice-based system compared to the millet-based production
system (Table 3). Irrespective of intercropping systems, higher
energy input was used through human power followed by diesel
and fertilizer.

Among the different agronomic management practices, land
preparation was the most energy-intensive (10,650-11,481 M]J
ha~!). The maximum consumption of energy input was noted
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in intercropping systems compared to sole cropping (Table 4).
Irrespective of the crops/intercropping system, harvesting,
threshing, and storage consumed the highest energy input (4,875-
6,020 MJ ha™!). Seed and intercultural operations shared similar
energy inputs toward total energy inputs in cropping systems.
Direct and non-renewable energy sources represented 86—
88.8% and 59.7-63.1% of the energy inputs, respectively. In
general, these categories constituted the most substantial portions
of the total energy inputs, followed by non-direct and renewable
energy sources (Figure 1). Irrespective of the crops/intercropping
system, the highest human energy profitability (HEP) was noted
in intercropping systems in comparison to sole-cropping systems.
Amongst the intercropping systems, finger millet 4+ horse gram had
the highest HEP and the lowest was the rice-monocropping system.
The millet-based production systems had a higher HEP than the
rice-based intercropping systems (Figure 2). Intercropping systems
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Finger millet +
Horsegram
11,065%

2,960

3,495¢

4,211*

79

4,905

11,065%
3,177

Finger millet +
Black gram

3,526°¢

4,116*

105°

4,897°

gram
2,970

11,065%

Rice + Horse

3,922°

4,179*

79>

4,953

gram

11,065%
3,187

-
3]
i
m
+
(]
O
(o4

3,953

4,085*

105°

4,946°

Pigeon
pea
11,481%
2,819

3,417¢

3,394°

1583

6,020*

gram
11,481°
2,385

Horse

3,493¢

4,085*

15820

4,935P

Black

gram

11,4812
2,819

3,555¢

3,896%

209*

4,919

Finger

millet

10,650°
3,535

3,496°¢

4,336

4,875°

Rice

10,650°
3,556

4,352°

4,273*

4,972

Agronomic practice
Land preparation
Fertilizer application

TABLE 4 Energy consumption (MJ ha~!) under different agronomic management practices of diverse cropping systems in rice-fallow systems in the eastern hill and plateau region of eastern India (average of 3

years).

Seed sowing

Intercultural operations

Plant protection

Harvesting, threshing, storage
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recorded higher renewable and non-renewable energy efficiency
over the rice-sole system (Figure 3). These attributes were highest
for T9 (finger millet + horse gram) and lowest for T1 (rice-sole
cropping). Energy intensiveness (EI) was markedly influenced by
diverse cropping systems (Figure 4). Among the sole cropping,
T1 (rice sole) recorded the highest EI whereas the lowest EI was
pigeon pea (T5). Similarly, the rice-based intercropping systems
had a comparatively higher EI in comparison to the millet-based
systems. The rice + horse gram system had the highest EI. A
comparable pattern was also observed within the millet-based
systems (Figure 4).

Among the different cropping systems, the total energy input
requirement was highest in the rice-sole cropping system for
T1 (27,803Mg ha~!), notably surpassing that of the millet-
based production systems (Table 1). In terms of diverse farm
operations, diesel (27.3-28.5%) and inorganic fertilizers (8.5
12.7%) constituted the most substantial share of the energy input,
following land preparation (Table 3).

Generally, millet-based production systems demonstrated
higher energy outputs compared to rice-sole cropping. The system-
based energy ratio ranged from 2.22 to 6.0, with the values
contingent on the total biomass production and energy input
utilization. Among the treatments, T9 was recognized as the
most energy-efficient. In the current investigation, the millet-based
production systems displayed lower energy requirements, ranging
from 26,714 to 26,891 MJ ha~!, in contrast to the rice-based
systems (27,803 MJ ha™!).

3.3 Carbon budgeting

The CF was markedly influenced by diverse crop and
intercropping  production  systems. Irrespective of the
crops/intercropping system, land preparation, fertilizer application,
and seed sowing contributed ~82.2-89.5% toward the total carbon
footprint (Table 5). Among these, land preparation had the highest
share of 59.2-69.3%. Intercultural operations, chemical plant
protection, and harvesting/threshing operations had comparatively
lower contributions toward the total carbon footprint. Among the
various crops/intercropping systems, rice had the highest total
carbon footprint (814 kg CE ha™!). The millet-based intercropping
systems had a comparatively lower total carbon footprint in
comparison to the rice-based production systems (Table 5).

Irrespective of crops/cropping system, rice had the highest
share toward the total carbon input (Figure 5). Among the tested
crops, pulses (black gram, horse gram, pigeon pea) contributed
comparatively lower carbon inputs to the total carbon input due to
being low input requiring crops. As the cropping system intensified,
overall contribution toward C-input was increased markedly
during the present study. Sole cropping had comparatively
lower C-input as compared to intercropping systems. Millet-
based intercropping systems (T8 and T9) had comparatively
lower C-input than rice and or cereal-based systems. The lowest
carbon output was recorded with sole rice (T1). The millet-
based intercropping systems had markedly higher carbon output
compared to cereals-based systems. The highest levels of C-outputs

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1340638
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Pan et al. 10.3389/fsufs.2024.1340638
L;j g Non-Renewable IIEEEEEGE 33.6%
T ED Renewable mssssssssssssssssn 61.4%
E’o g Direct TS 37 4%
= :_E Indirect 12.6%
° g Non-Renewable ma————— 39 0%
T ED Renewable s 60.8%
§° 3 Direct NS 6%
c o s
T 4 Indirect 13.7%
g Non-Renewable - —— 339
L % Renewable mmssssssssssssss—— 52%
:J % Direct M 85 49
(8]
= Indirect m—— 146%
% Non-Renewable m———————— 33 6%
= £ Renewable msssssssssssssssssssn 61 4%
©
é N Direct NS 34 4%
o Indirect 15.6%
o Non-Renewable m—————— 37 5%
g— Renewable mmmmmssssssssssss 62 5%
§D Direct I 87 59
a Indirect 12.5%
g Non-Renewable mmEE————— 36.9%
%‘;, Renewable s 63,1%
g Direct IS 88 8%
o
T Indirect 11.2%
€ Non-Renewable IS 33 )%
g’ Renewable mmsssssssssssssssss 61.8%
E Direct IS 36 6%
o Indirect 13.4%
B Non-Renewable HIEEEEEEE———— /(0.3%
T Renewable s 59 .79
E)D Direct NI 869
£ Indirect 14%
Non-Renewable IS 309,
3z Renewable mmm 619%
el
S Direct TS 8D 1Y%
Indirect 17.89%
0 5000 10000 15000 20000 25000 30000
Input Energy (MJ ha1)
FIGURE 1
Source-wise distribution of direct, indirect, renewable, and non-renewable input energy as influenced by diverse cropping systems in rice-fallow
systems in the eastern hill and plateau region of eastern India (average of 3 years).

were observed in T9. Conversely, the highest CF was recorded in
T1 (1.4kg CE kg SREY™1).

Diesel usage during land preparation and irrigation represented
the most substantial contributor to carbon emissions in cereal-
based production systems, while these values were minimized
with the adoption of a millet-based cropping system (Table 6).
The total CE emissions were higher in cereal-based cropping
systems (814-874kg CE ha™!) compared to the millet-based
(766-779kg CE ha~!). Cereal-based
production systems exhibited significantly higher (p < 0.05)
C-footprints (1.04-2.05 CE kg SREY™!) compared to the

production  systems

Frontiers in Sustainable Food Systems

millet-based production systems (0.23-0.44 CE kg SREY™!).
An interesting observation is that pulses had the lowest CFs
(778 kg CE ha™!) due to their inherently low input requirements
(Table 6).

3.4 Eco-efficiency index (EEI)

In general, pulses (black gram, horse gram, and pigeon pea)
recorded a higher EEI in economic (0.02 and—0.04 US $ MJ~ 1
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Renewable and non-renewable energy use efficiency as influenced by diverse cropping systems in rice-fallow systems in the eastern hill and plateau
region of eastern India (average of 3 years). Values with lower case letters provided in graph are significantly different at p < 0.05 according to

as well as in ecological terms (0.7 and 1.75 US $ kg COzeq™ )
(Figure 6). In terms of input energy and GHG emission, millet-
based intercropping had a lower EEI than cereal-based production
systems. The EEI (economic terms) in pulses and millet was found
to be 1.92 and 2.64 times higher, respectively, than rice alone.
A similar pattern was noted in the case of the EEI concerning
GHG emissions.

3.5 Environmental impact
Assessment of GHG emissions and evaluation of GWP were

conducted to determine the effect of diverse cropping systems

Frontiersin Sustainable Food Systems

on environmental sustainability. Horse gram, black gram, and
pigeon pea had the lowest N,O emissions (0.09-0.11kg ha™!
season 1) as against finger millet and rice crops (0.51-0.60 kg ha~!
season”!) (Table 7), while only rice-based systems were assessed
for CHy4 emissions with 12.8 kg ha=! season!. The N,O-GWP of
rice and finger millet-based sole cropping systems was 1.7 to 6.6
times higher than other sole or intercropped production systems.
The N,O-GWP of intercropped systems ranged between 80.0 and
95.0kg CO; eq. ha™! season™!. Among the sole crop systems, the
GWP of black gram (30.08 kg CO, eq. ha=! season™!) and horse
gram (24.42kg CO; eq. ha~! season™!) was 5.8% and 22.2% of the
GWP of sole rice, while in comparison to finger millet, it was 4.7%
and 18%, respectively.
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3.6 Production economics

The higher average expenditures that were incurred in

cereal-based production systems compared to pulse-based
production systems were attributed to excessive tillage operations,
increased fertilizer and irrigation usage, and higher labor
costs  (Table 8). systems

comparatively less B:C while millet-based systems observed higher

Rice-based production recorded

net returns.

4 Discussion

4.1 Productivity of the cropping systems

In the present investigation, crop yields and total biomass
production were significantly affected by diverse cropping systems
due to variations in bio-physical and management factors (Table 1).
Pan et al. (2022) also observed that the introduction of black
gram and horse gram as intercrops in paddy and finger
millet crops increased the system productivity and efficiency as
compared to sole-cropping systems. Crop rotations involving
a variety of crop cultivars and cropping systems, a widely
adopted agricultural practice globally, have proven effective in
addressing the challenges posed by the adverse climatic changes in
intensive production systems, ultimately promoting environmental
sustainability (Lal et al, 2020). Crop diversification through
climate-resilient cropping systems represents a primary strategy for
enhancing overall ecosystem productivity and mitigating ecological
sustainability concerns (Chaudhary et al, 2009). This approach
also contributes to a reduction in CFs and energy use (Yang et al.,
2014). Consequently, the design of a resilient crop production
system should prioritize the optimization of energy inputs and
CFs throughout the entire production process. Assessment of GHG
emissions and CFs for individual crops is imperative when creating
an efficient cropping system. Selection of crops and cultivars

Frontiersin Sustainable Food Systems

that demand minimal input and have lesser carbon footprints is
essential, regardless of the cropping systems (Yadav et al., 2017).
Across all the cropping systems, the T9 treatment consistently
exhibited the highest biomass production. Variations in biomass
production can be attributed to differences in the genetic potential
of individual crops (Lal et al, 2020). Increased total biomass
production in finger millet and horse gram systems can be
attributed to the superior production capabilities of C4 plants.
Finger millet (dual purpose) and horse gram efficiently harness
solar energy, resulting in an overall higher total biomass production
(Tuti et al, 2012). This study has been also authenticated
under upland rainfed conditions, where soil moisture is a
primary constraint to achieving a higher crop yield (Choudhary
et al., 2017). Furthermore, improved crop management practices,
including residual fertility and moisture management, significantly
contributed to higher yield benefits (Samal et al., 2017).

4.2 Energy and input use efficiencies

Energy requirements for crop production are directly
influenced by the management techniques applied and inputs
utilized. In general, millet-based intercropping systems exhibited
lower energy input requirements compared to rice-based
intercropping systems (Table 2). The need for energy and its
production potential is significantly influenced by factors such as
inputs used, choice of crops and cultivars, type of cropping system,
and crop establishment methods (Kumar et al., 2020). Among the
different cropping systems, the total energy input requirement
was higher in rice alone (27,803 MJ ha~!), notably surpassing
millet-based production systems (Table 1). The primary factor
contributing to the increase in energy input was the intensive crop
management practices involving human labor, diesel, fertilizers,
seeds, and machinery to enhance crop productivity in the rice-
sole cropping system (Kumar et al, 2019). Crop production
based on conventional tillage systems exhibited high energy
input requirements and relatively lower resource use efficiency.
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Approximately 54.8-57.4% of energy input was allocated for
land preparations and crop establishment management, a
trend supported by various researchers (Yadav et al, 2017). In
terms of diverse farm operations, crop diesel (27.3-28.5%) and
inorganic fertilizers (8.5-12.7%) constituted the most substantial
share of energy inputs, following land preparation (Table 3).
After fertilizers, diesel was the most energy-intensive item,
and this variance stemmed from the adoption of high-yielding
crop cultivars and various farm operations, including plowing,
irrigation, and machinery, under different production systems
(Chaudhary et al, 2017). However, millet-based production
systems exhibited lower energy requirements due to reduced tillage
and minimal inter-cultural operations (Saad et al., 2016). Tuti et al.
(2012) also reported that land preparation, fertilizer, and seeds
were primary contributors to energy consumption, accounting for
~83% of the total energy use.

Under the varied production system, the energy output is
majorly determined by the total biomass production, which
includes the main product as well as by-products (Fatima et al.,
2023). Intercropping systems exhibit more energy productivity by
yielding higher grain, seeds, straw, and total biomass production
(Table 1). Regardless of the cropping systems, the highest energy
input contribution was attributed to land preparation, followed
by diesel and fertilizers, particularly due to the elevated levels of
nitrogenous fertilization in rice cultivation. In terms of energy
productivity, millet-based production systems outperformed rice-
based production systems. Generally, millet-based production
systems demonstrated higher energy outputs compared to rice-
sole cropping. The system-based energy ratio ranged from 2.22
to 6.0, with values contingent on total biomass production and
energy input utilization. The energy ratio of millet-based cropping
systems was notably higher, primarily due to the production of
more biomass with minimal energy input (Choudhary et al., 2017;
Pan et al., 2022). Among the treatments, T9 was identified as
the most energy-efficient. In contrast, rice-sole cropping (T1)
exhibited the lowest energy efficiency, largely owing to the
increased energy input in terms of fertilizer and human power
(Kumar et al, 2019). The treatment T1, which involved sole
cropping, exhibited higher energy input and relatively lower energy
output, leading to a reduced energy ratio. Notably, a higher
energy ratio and productivity were observed in the treatments
with higher economic yields (Tuti et al., 2012). Rice treatment
(T1) demonstrated the lowest energy productivity. Efficiency of
energy utilization was more pronounced in millets and pulses,
as evidenced by improved energy ratios. The treatment T1
emerged as an energy-intensive system due to the utilization
of increased energy inputs to generate comparable energy
outputs (Yadav et al., 2020). Consequently, judicious selection of
crops and varieties is essential for designing resource-efficient,
energy-efficient, and carbon-efficient production systems (Benbi,
2018).

Millet-based production systems exhibited the highest energy
outputs while utilizing lower energy inputs. The superior energy
output of millet-based production systems was attributed to higher
yields of finger millet, expressed in terms of REY (Chaudhary
et al,, 2017). The primary factors contributing to higher energy
inputs in conventional rice-production systems were increased
energy input in terms of fertilizers, machinery, diesel, and
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FIGURE 5
Percentage share of different inputs toward carbon input under diverse tillage production systems in rice-fallow systems in the eastern hill and
plateau region of eastern India (average of 3 years).

TABLE 6 Carbon input and output efficiency of diverse cropping systems in rice-fallow systems in the eastern hill and plateau region of eastern India
(average of 3 years).

Cropping Carbon input Carbon Carbon Carbon Carbon CF onyield
systems (kg CO; eq. output (kg efficiency sustainability = footprint (kg  scale (kg CO,
ha—1) CO; eq. index CO; eq. eq. kg1
ha=1) ha=!) SREY)
Rice 874° 2,0618 2.368 1.36¢ 1,392° 1.04°
Finger millet 7794 3,869 4.974 3.974 9144 0.23¢
Black gram 767° 2,540¢ 3.31° 2.31f 7978 0.15¢
Horse gram 753 2,855 3.79¢ 2.79° 778" 0.15¢
Pigeon pea 768¢ 4,135 5.38< 4.38< 7988 0.09°
Rice + Black gram 821° 4,5034 5.49¢ 4.49° 1,274 1.30°
Rice + Horse gram 814¢ 4,539¢ 5.58¢ 4.58° 1,264° 2.05*
Finger millet 4 773% 5,725 7.41° 6.41° 856° 0.43¢
Black gram
Finger millet 4 766° 6,310 8.24% 7.24* 846f 0.44¢
Horse gram

Values with different superscripts in a column are significantly different at p < 0.05 according to Duncan Multiple Range Test (DMRT).

weeding (Bohra and Kumar, 2015). Therefore, minimizing these
constituents in crop management is essential to enhance the
energy ratio.

In the current investigation, millet-based production systems
displayed lower energy requirements mainly due to reduced
fertilizer usage and intercultural operations, while intensive tillage
in rice as a sole cropping system increased energy consumption
(Nassiri and Singh, 2009; Houshyar et al., 2015). Adoption of the
millets in cropping systems led to a partial reduction in energy
use, although the use of pesticides somewhat increased energy
consumption compared to conventional tillage (Choudhary et al.,
2017). Consequently, a greater biological yield of millet-based
systems resulted in elevated energy outputs, even under conditions
of limited resources (Barut et al., 2011).
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4.3 Carbon footprints

Carbon footprints were markedly influenced by diverse crops
and intercropping systems (Table 5). Rice-based intercropping
systems exhibited the highest levels of C-inputs (Table 6). This
could be attributed to extensive land preparation and increased
use of fertilizers. Variations in C-inputs were primarily the result
of changes in crop and cropping systems (Yadav et al., 2020).
In general, C-inputs in cereals, including rice-based production
systems, were significantly consumed during land preparation,
fertilizer application, and seed sowing. Amongst the various
agronomic management practices, the largest shares of C-inputs
were attributed to land preparation and fertilizer application (Jat
etal., 2019).
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Eco-efficiency index (EEI) as influenced by diverse cropping systems in rice-fallow systems in the eastern hill and plateau region of eastern India
(average of 3 years).

TABLE 7 Greenhouse gas emission and GWP of diverse cropping systems in rice-fallow systems in the eastern hill and plateau region of eastern India

(average of 3 years).

Cropping systems N, O emission CH4 emission

GWP of N,O (kg GWP of CH4 (kg System GWP (kg

(kg ha™! (kg ha™! CO, eq. ha™! CO; eq. ha™! CO; eqg. ha™!
season™!) season™!) season—!) season—!) season~1)
Rice 0.60 12.80 159.99 358.40 518.39*
Finger millet 0.51 - 135.56 - 135.56°
Black gram 0.11 - 30.08 - 30.08°
Horse gram 0.09 - 24.42 - 24.42¢
Pigeon pea 0.11 - 30.08 - 30.08¢
Rice + Black gram 0.36 12.80 95.04 358.40 453.44*
Rice + Horse gram 0.35 12.80 92.21 358.40 450.61*
Finger millet + Black gram 0.31 - 82.82 - 82.825¢
Finger millet + Horse gram 0.30 - 79.99 - 79.99%

Values with different superscripts in a column are significantly different at p < 0.05 according to Duncan Multiple Range Test (DMRT).

Irrespective of the crops/cropping system, rice had the highest
share of the total C-input (Figure 5). Millet-based intercropping
systems (T8 and T9) had comparatively lower C-input compared
to rice/cereal-based systems. Field investigations by Babu et al.
(2020) also reported that non-renewable energy sources, mainly
chemical fertilizer applications, had a major share in total C-input
followed by diesel use in all the cropping systems. Compared
to cereals-based systems, intercropping systems based on millet
had markedly higher C-output which may primarily be attributed
to substantial biomass production. The transition from a cereal-
based system to a millet-based system resulted in a significant
reduction in CFs. This trend underscores the idea that the
CF of crop production largely depends on the crop/cultivar’s
ability to efficiently convert mineral nutrition into total biomass
(Yadav et al, 2020). These findings align with the perspective
of others who have emphasized that the CF of cereal-based
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production systems can be notably reduced through improved
management approaches and sustainable cropping intensification,
particularly through the adoption of climate-resilient production
systems (Babu et al., 2020). Irrespective of crops or cropping
systems, the greatest contributions to GHG emissions came
from land preparation, fertilizer application, and seed sowing,
followed by harvesting, threshing, and plant protection chemicals.
Consequently, focus should be directed toward the selection
of crops/cultivars for intensification of rice-based systems that
require reduced land preparation and fertilizer inputs while
exhibiting comparatively higher conversion efficiency of inputs
into outputs.

Enhancing energy use efficiency (EUE) and carbon use
efficiency (CUE) in all crops within diverse crop/intercropping
plays
environmental sustainability by reducing carbon emissions.

production  systems a pivotal role in promoting
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TABLE 8 Production economics of diverse cropping systems in rice-fallow systems in the eastern hill and plateau region of eastern India (average of 3

years).
Cropping SCOC (USS SGR (USS  SNR(US$S  B:C ratio SEE (US$ SPE (kg El (MJ
systems ha—1) ha—1) ha~1) ha=ld=1) ha-lg-1l) USSTH
Rice 667.5! 32031 —347.31 0.488 —72.3f 3.78" 41.7*
Finger millet 722.4f 945,00 222.68" 1.31° 46.4° 10.85¢ 37.2¢
Black gram 767.5° 1289.2¢¢ 521.7< 16854 108.6" 14.79% 35.0°
Horse gram 758.1¢ 1296.4¢ 538.3° 1.71b¢ 112.1b¢ 14.88% 35.0°
Pigeon pea 920.4* 2104.5% 1184.1° 2.29* 246.5% 24.14° 29.6'
Rice + Black gram 717.5% 1048.1° 330.6° 1.464%¢ 68.8% 12.03% 38.1°
Rice + Horse gram 712.8'8" 1012.2% 299.4'8 1.42¢ 62.3% 11.62¢ 38.1°
Finger millet + Black 744.9%4 1203.19¢ 458.2% 1.62¢d¢ 95.4°4 13.81< 36.14
gram
Finger millet + Horse 740.3¢d¢ 1382.3° 642.1° 1.87° 133.7% 15.86° 36.1¢
gram

SCOC, System cost of cultivation; SGR, System gross returns; SNR, System net returns; B:C ratio, Benefit cost ratio; SEE, System economic efficiency; SPE, system production efficiency; EI,
Energy intensiveness, Values with different superscripts in a column are significantly different at p < 0.05 according to Duncan Multiple Range Test (DMRT).

The elevated CUE/CSI observed in T8 and T9 can be attributed
to lower C-inputs resulting from reduced input usage, including
fertilizers, pesticides, and irrigations. Conversely, the highest
C-footprint recorded for treatment T1 (l1.4kg CE kg SREY™!)
may be due to minimal emissions of carbon from fossil fuels
(Choudhary et al, 2017). These findings are consistent with
the results reported by Jat et al. (2019). Increased C-input in
cereal-based production systems primarily resulted from higher
inorganic fertilizer application. Higher values of CE/CSI in millet-
based systems were associated with reduced C-inputs during land
preparation, fertilizer application, and fossil fuel (diesel) usage, in
addition to increasing the production of C-outputs (Yadav et al.,
2020).

Diesel usage during land preparation and irrigation represented
the most substantial contributor to carbon emissions in cereal-
based rotation, while these values were minimized by the
system (Table 6).
This difference in GHG emissions amongst these cropping

inclusion of a millet-based production

systems may be attributed to differences in the amount of
diesel used (Pratibha et al, 2015). Notably, minimum tillage
practices resulted in lower GHG emissions compared to
conventional tillage systems (Yadav et al, 2018). Pulse-based
cropping systems had the lowest CFs due to their inherently
low input requirements (Table 6) which is consistent with the
finding reported by Choudhary et al. (2017). The substantial
impact of crop establishment and tillage practices on CE/CSI
has been emphasized by other researchers (Singh et al,
2020).

Considering the backdrop of climate change and human-
induced emissions, the feasibility of diverse cropping systems
hinges on carbon efficiency. Consequently, the transition from
a rice-based production system to a millet-based cropping
system reduces the reliance on fossil fuels and enhances
environmental sustainability. Therefore, the implementation and
advancement of millet-based production systems contribute
to energy conservation, improved EUE, reduced CFs, and
the harmonization of food security, nutritional quality, and
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environmental sustainability in the Indo-Gangetic Plain of
South Asia.

4.4 Environmental sustainability

Assessment of environmental sustainability for any system
can be achieved through the application of eco-efficiency indices,
which encompass both economic and ecological dimensions of
a production system (Keating et al., 2010). In general, the EEI
(economic term) in pulses and millets was 1.92 and 2.64 times
higher than the rice alone system, respectively. This pattern
underscores that rice monocropping is not environmentally robust
because it significantly degrades the ecosystem (Gupta et al., 2016).
An improved EEI in terms of economic gains suggests that pulses
and millets generate higher net income over their adverse impact
on the environment (Lal et al., 2020). These findings indicate that
the addition of pulses/millet in intercropping systems enhances
economic profitability while minimizing environmental losses.
Several studies have also recommended incorporating energy-
efficient crops into cereal-based cropping systems to enhance the
EEI (Kulak et al., 2013; Babu et al., 2020). Therefore, the adoption
of a pulse/millet production system under a rice-fallow system in
eastern India significantly enhances the EEI in terms of energy use
and GHG emissions when compared to rice monocropping.

Elevated GWP observed in rice cultivation can be attributed
to the increased CHy emissions from anaerobic paddy fields. The
practice of puddling and flooding in paddy fields promotes
methanogenesis, resulting in heightened CH4 emissions.
Conventional-till-direct-seeded rice (CTDSR) recorded lower
CH4 emissions due to the prevalence of aerobic conditions
in this practice (Chaudhary et al, 2017). Comparatively,
lower energy intensiveness of the management practices
and reduced CHj4 emission due to foregoing puddling led
to significantly lower GWP in solely millet-based as well
as intercropped cropping production systems (Babu et al,
2020).
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4.5 Comparative economic gains

Net returns serve as a primary evaluation tool for assessing the
efficiency of enterprises, management strategies, and production
economics (Yadav et al., 2017). The 3-year average expenditures
incurred in the rice-based production systems were higher,
attributed to excessive tillage operations, increased fertilizer and
irrigation usage, and higher labor costs (Table 8). Comparatively
lower B:C ratios in the rice-based production systems were due to
lower returns and higher per-unit production expenditures (Kumar
et al,, 2018). Consequently, the higher net returns observed in the
millet-based intercropping production systems in this study suggest
that these alternative production systems are highly profitable
due to their lower investments and equivalent economic yields as
compared to cereal-based production systems. Therefore, efficient
utilization of natural resources (energy, water, labor) through
the adoption of millet-based production systems in diverse agro-
ecosystems offers a feasible and viable option for enhancing
productivity and profitability, and providing a cleaner and safer
environment for resource-poor farmers in the region (Lal et al,
2020).

4.6 Millet-based diversification—barriers
and policy

While millet-based production systems have demonstrated
remarkable efficiency in terms of system productivity, profitability,
energy ratio, and the reduction of C-footprints and GHG emissions,
their adoption and substitution for rice-based cropping systems
with millet face challenges on the eastern Indo-Gangetic Plains
(IGP). This is primarily because rice and wheat are the major
staple food in the region. Diversification with new crops or
changing the existing cropping systems to environment-friendly
and productive ones requires changing the mindset of the farmers
which can be achieved through large-scale participatory technology
demonstration programs across the region. Apart from these
social concerns, some advanced research on millet-based cropping
systems is also required. For example, considering increasing
temperatures and rainfall variability, it is an imperative to identify
and target areas suitable for millet-based production systems.
Millet, being rich in nutrients and dietary fiber, should be
actively promoted as a nutri-cereal in the diets of the rural poor.
Government policies need to be oriented toward millet-based
production systems to facilitate wider promotion and adoption.
The Food and Agriculture Organization’s (FAO) recognition of the
year 2023 as the International Year of Millets has left a footprint in
people’s minds about the benefits and potential of millet.

5 Conclusion

The study demonstrated that adopting a millet-based
production system resulted in a ~12% reduction in carbon input
and a 14.2% reduction in energy intensiveness compared to cereal-
based cropping systems. The CF and GWP of millet-based systems
were 38.9 and 15.7% of the values observed in rice-based cropping
systems. This study recommends that existing rice-fallow systems
be diversified by incorporating climate-resilient millet-based
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production systems such as Finger millet + Horse gram and Finger
millet + Black Gram. The addition of millet in prevailing systems
can enhance energy and system productivity, and economic
efficiency. The cultivation of pigeon pea as a sole crop also showed
the potential for environmental as well as monetary gains. These
climate-resilient production systems are not only more productive
but are also resource-efficient, energy-efficient, and C-efficient, and
exhibit lower GHG emissions. These systems can be incorporated
into the policy for large upscaling and out-scaling in the eastern
plateau region of the country. The persisting mindset of the
farmers and the lack of technological innovations can be the major
barriers in achieving the suggested crop diversification at regional
scales. This calls for policy interventions (perhaps in terms of
subsidy programs and irrigation schemes) for the promotion
and adoption of millet and pulse-based cropping systems. The
insights generated from this study have the potential to enhance
the knowledge base and empower policymakers and researchers
to promote safer, cleaner, more sustainable, and more productive
climate-resilient cropping systems in the Indo-Gangetic Plains
of South Asia, aligning with the United Nations Sustainable
Development Goals (SDGs).
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Both yields of maize and soybean
and soil carbon sequestration in
typical Mollisols cropland
decrease under future climate
change: SPACSYS simulation
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Jeroen Meersmans?, Xingzhu Ma?, Hongjun Gao*, Xubo Zhang?®,
Lei Qiao?, Gilles Colinet?, Minggang Xu'®* and Lianhai Wu’
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Beijing, China, ?TERRA Teaching and Research Centre, Gembloux Agro-Bio Tech, University of Liege,
Gembloux, Belgium, *Heilongjiang Academy of Black Soil Conservation and Utilization, Harbin, China,
“Institute of Agricultural Resources and Environment, Jilin Academy of Agricultural Sciences,
Changchun, China, °Key Laboratory of Ecosystem Network Observation and Modeling, Institute of
Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing, China,
SInstitute of Eco-Environment and Industrial Technology, Shanxi Agricultural University, Taiyuan,
China, "Net Zero and Resilient Farming, Rothamsted Research, North Wyke, United Kingdom

Although Mollisols are renowned for their fertility and high-productivity, high
carbon (C) losses pose a substantial challenge to the sustainable provision of
ecosystem services, including food security and climate regulation. Protecting
these soils with a specific focus on revitalizing their C sequestration potential
emerges as a crucial measure to address various threats associated with climate
change. In this study, we employed a modeling approach to assess the impact
of different fertilization strategies on crop yield, soil organic carbon (SOC) stock,
and C sequestration efficiency (CSE) under various climate change scenarios
(baseline, RCP 2.6, RCP 4.5, and RCP 8.5). The process-based SPACSYS model
was calibrated and validated using data from two representative Mollisol long-
term experiments in Northeast China, including three crops (wheat, maize
and soyabean) and four fertilizations (no-fertilizer (CK), mineral nitrogen,
phosphorus and potassium (NPK), manure only (M), and chemical fertilizers plus
M (NPKM or NM)). SPACSYS effectively simulated crop yields and the dynamics
of SOC stock. According to SPACSYS projections, climate change, especially
the increased temperature, is anticipated to reduce maize yield by an average
of 14.5% in Harbin and 13.3% in Gongzhuling, and soybean yield by an average
of 10.6%, across all the treatments and climatic scenarios. Conversely, a slight
but not statistically significant average yield increase of 2.5% was predicted for
spring wheat. SOC stock showed a decrease of 8.2% for Harbin and 7.6% for
Gonghzuling by 2,100 under the RCP scenarios. Future climates also led to a
reduction in CSE by an average of 6.0% in Harbin (except NPK) and 13.4% in
Gongzhuling. In addition, the higher average crop yields, annual SOC stocks,
and annual CSE (10.15-15.16%) were found when manure amendments were
performed under all climate scenarios compared with the chemical fertilization.
Soil CSE displayed an exponential decrease with the C accumulated input,
asymptotically approaching a constant. Importantly, the CSE asymptote
associated with manure application was higher than that of other treatments.
Our findings emphasize the consequences of climate change on crop yields,
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SOC stock, and CSE in the Mollisol regions, identifying manure application as a
targeted fertilizer practice for effective climate change mitigation.

KEYWORDS

yield, SOC stock, carbon sequestration efficiency, Mollisols, SPACSYS model, long-
term fertilization, climate change

1 Introduction

Mollisols, characterized by their thick, dark and well-structured
surface horizon, stand out as one of the most fertile and productive soils
on Earth (Durdn et al,, 2011). Comprising approximately 7% of the
worlds ice-free land surface, these soils account for 28.6% of global
farmland across all soil types (Durdn etal, 2011; Livetal,, 2012; Xu et al,,
2020). Their unique characteristics make Mollisols exceptionally suitable
for cultivating cereal crops and establishing pasture and forage systems
(Duran etal, 2011; Xu et al., 2020), playing a vital role in agricultural
productivity and global food security (Liu et al., 2012). Mollisols are
primarily distributed in four regions: the majority of Russia and Ukraine
(45%), the central plains of North America (29%), Northeast China
(10%), and a substantial portion of South America (10%) (Liu et al,
2012; Xu et al., 2020). Mollisols face challenges due to the conversion of
natural grassland to croplands and consecutive planting and tillage
practices. These practices have resulted in insufficient carbon (C)inputs,
leading to significant soil organic C (SOC) loss in these regions (Sanford
etal, 2012). Reports indicate Mollisols in Russia and Ukraine have lost
approximately 15-40% of their original organic C pool, while those in
America and Northeast China have seen a decline of around 50% over
the past several decades (Gollany et al., 2011; Xu et al., 2020). This
accelerated land degradation is often accompanied by decreases in crop
yield. For example, crop yields in North America have declined by
20-40% over the past century, as a result of unsustainable cultivation
practices (Posner et al., 2008). Similarly, Mollisols in Northeast China
have experienced a decrease in thickness of approximately 30-50 cm,
with each 1 cm reduction corresponding to a 2% reduction in crop yield
(Liu H. et al,, 2013). In addition, even a slight reduction in C from the
substantial SOC pool (approximately 4 Pg) in Mollisols could lead to
significant CO, emissions within these regions (Cheng et al., 2010). For
instance, the average C release rate from Mollisols in Northeast China
ranged from 0.17 to 2.17 Tg C yr. ™, significantly surpassing the global
average of 0.09-0.78 Tg C yr.”! from the pedological C pool (Lal et al.,
2007; Li et al,, 2013). Therefore, strategic C sequestration in Mollisols is
crucial not only for ensuring food security and promoting soil stability
but also for effectively mitigating global climate change.

The potential to sequester C in soils depends not only on the
quantity of C input but also on the retention coefficient of the applied
C, a concept referred to as C sequestration efficiency (i.e., CSE,
/A\SOC//A\C input) (Stewart et al., 2007; Maillard and Angers, 2014).
Stewart et al. (2007) established an asymptotically increasing
relationship between C inputs and changes in SOC, based on data from
14 long-term experiments conducted over 12 to 96 years of fertilization.
This highlighted a decreasing CSE as the soil approached C saturation
(Hassink and Whitmore, 1997; Six et al., 2002). However, our previous
study (Liang et al., 2023) indicated that CSE remained nearly constant
within four decades of fertilization. This was accompanied by a linear
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relationship between C inputs and SOC changes, as validated by eight
extensive long-term experimental datasets, including the Mollisol site
at Gongzhuling. Therefore, a narrow range of C input levels,
corresponding to shorter fertilization durations, did not necessarily
reflect the full spectrum of linear-to-asymptotic behaviors for SOC
content (Stewart etal., 2007), and, consequently, the CSE characteristics.
Further, examining SOC dynamics that encompasses Mollisols across
a broad range of C input levels is essential and urgent to
comprehensively elucidate their CSE characteristics.

Optimal fertilizer practices play a critical role in promoting SOC
restoration in degraded Mollisols (Xu et al., 2020). Manure application,
especially when combined with chemical fertilizers, has demonstrated
the potential to enhance CSE due to the beneficial effects of additional
organic C and nutrients on soil fertility and soil structure (Liang et al.,
2023). However, the sustainability of this benefit under long-term
fertilization conditions as soil C approaches saturation requires
further investigation. In addition, most Mollisol regions experience
cool, moist, and semi-humid climates (Xu et al., 2020), and the
warmer and wetter future climates in these regions might significantly
impact SOC sequestration by influencing crop production and soil
ecological processes (Chu etal., 2017; Lin et al., 2017). Thus, predicting
SOC changes and crop yields (associated with C input) in Mollisols is
necessary to explore the dynamics of CSE and its response to future
climate change under different fertilization strategies.

Process-based models have become essential decision support
tools for addressing climate change issues in agriculture management
and production, as these models enable the integration of diverse data
sources and knowledge concerning the impacts of phenological and
environmental variables allowing for valuable evaluations of specific
hypotheses and scenarios (Smith et al., 2005). Among the widely used
process-based models, the SPACSYS model stands out for its
comprehensive consideration of processes in C, nitrogen (N) and
phosphorus (P) cycling. Numerous studies have demonstrated its
robust capabilities in accurately simulating plant growth, N and P
uptake, SOC and soil total nitrogen (TN) stocks, as well as CO, and
N,O emissions across cropland and grassland in diverse regions of
Europe and China (Wu et al., 2015; Perego et al,, 2016; Li et al., 2017;
Liang et al, 2018). Furthermore, validated using data from the
Broadbalk continuous wheat experiment over a century of fertilization,
the SPACSYS model has successfully captured the dynamics of SOC
stock in the plow layer (Liang et al., 2024). These results confirm the
SPACSYS model’s reliability in simulating SOC changes and crop
yields in response to different long-term fertilization strategies and
various climatic conditions. The Mollisol long-term experiments
established in the 1980 in Northeast China offer a valuable resource
with well-documented and comprehensive records, detailing
fertilization practices, cultivation methods, crop management, climate
conditions, grain and straw yields, and soil properties. These detailed
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records provide a solid foundation for the modeling study and enable
accurate predictions of the impacts of fertilizer management and
climate change on CSE.

In this study, we aimed to elucidate the responses of crop yield and
CSE to climate change in the typical Mollsiol regions of China, while
proposing a sustainable strategy to enhance both crop productivity and
C sequestration. Specifically, firstly we initially calibrated and validated
the SPACSYS model using data from two Mollisol long-term experiments
in Northeast China. Subsequently, we quantified the impacts of various
future climate scenarios and fertilizer application practices on crop yield,
SOC stock, and CSE within the plow layer (0-20cm) of Mollisols.
Finally, we elucidated the comprehensive CSE characteristics when a
substantial amount of C has accumulated in the future.

2 Materials and methods
2.1 Study sites background information

2.1.1 Study sites and experimental design

Two typical Mollisols long-term experiments located in Northeast
China at Harbin (45°40" N, 126°35” E) and Gongzhuling (43°30" N,
124°48’ E) have been selected for this study. The essential background
information, including the locations, initial soil properties, cropping
systems and climatic conditions, is given in Table 1. For both
experiments, four fertilizer treatments common were chosen, namely
(1) no fertilizer (CK), (2) combinations of chemical nitrogen (N),
phosphorus (P) and potassium (K) fertilizers (NPK), (3) manure
application (M), and (4) chemical fertilizers (N or NPK) plus manure
(NM/NPKM) (refer to Supplementary Table S1 for details). Detail
information can be found in the works of Jiang et al. (2014, 2018).

2.1.2 Soil sampling and analysis

The soil samples of Gongzhuling in the plow layer (0-20 cm) were
collected from 1989 to 2018 annually in approximately 15 days after
harvest (n=28 for each treatment). The soil samples of Harbin in the
plow layer (0-20 cm) were collected annually from 1979 to 1988 and
almost every 3 years from 1988 to 2018 in approximately 15 days after
harvest (n=23 for each treatment). The SOC content was determined
using dichromate oxidation following the modified Walkley & Black
method (i.e., heated for 12 min at 220°C) with a correction factor of 1.1
(Walkley and Black, 1934; Xu et al., 2016). While the factor may vary
between samples with and without manure applications, a very high
heating temperature of 220°C results in a nearly complete oxidation of
the organic carbon, and as such, also the more recalcitrant fractions.
This strongly limits the potential error introduced to the application of
it across all treatments. In this context, we assumed that the error
introduced in SOC measurements due to variations in the correction
factor among the different treatments could be considered negligible.

2.2 Model parameterization and prediction

2.2.1 Model description

The SPACSYS model is a field-scale, weather-driven with flexible
time steps (ranging from minutes to daily), employing a process-based
approach that quantifies the biogeochemical processes related to C, N,
and P cycling, as well as the water and heat budgets within the
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TABLE 1 General information and initial soil properties of two
experimental sites.

Site Harbin Gongzhuling

Starting year 1979 1989

Location 45°40'N, 126°35'E 43°30'N, 124°48' E

Climate type Mild temperate Semi- Mild temperate Semi-
humid humid

Annual temperature, °C 35 4.5

Annual precipitation, mm 533 595

Crop rotation system Maize-soybean-wheat Maize

Initial soil properties

Initial SOC?, g kg™! 15.66 13.23

Total N*, g kg™ 1.47 1.40

Available N, mg kg™ 151 114

Total P, gkg™" 1.07 1.39

Olsen P, mg kg™ 51 27.0

Total K¢, g kg™ 25.16 221

Available K, mg kg™' 200 190

pH 7.2 7.6

Bulk density, g cm™ 1.37 1.19

Clay, % 30 32

*SOC means soil organic carbon.
N means nitrogen.

P means phosphorus.

9K means potassium.

soil-plants-and atmosphere continuum. In the current version (6.0)
the model incorporates the Farquhar method for photosynthesis (Yin
and Struik, 2009) coupled with a modified stomatal conductance
sub-model based on Leuning et al. (1995) and Tuzet et al. (2003). This
integration enables simulation of the plant photosynthesis rates
accounting for the impacts of atmospheric CO, concentration on
photosynthesis and transpiration.

Compared to other widely cited process-based simulation models,
SPACSYS stands out due to its detailed representation biogeochemical
processes (refer to Supplementary Table 52) and a substantial number
of organic matter pools (five). Additionally, SPACSYS includes a
detailed root architecture that significantly influences nutrients and
water capture, comprehensive descriptions of above- and below-
ground plant growth and a nutrient recycling (Wu et al., 2007). More
information about SPACSYS can be found in previous articles (Wu
etal., 2007, 2015; Bingham and Wu, 2011).

2.2.2 Calibration, validation, and prediction
SPACSYS was operated from the starting year of the experiments
(1979 for Harbin and 1989 for Gongzhuling) until 2020 using a daily
data
temperatures, precipitation, wind speed, relative humidity, and solar

time-step. Daily weather (maximum and minimum

radiation) were obtained as inputs from the National Meteoritical
Information Center." Agronomic management details including soil

1 http://data.cma.cn/
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work (plowing depth and date), plant management (seeding and
harvesting dates), and fertilizer application (date, amount and type)
for each treatment in the Harbin and Gongzhuling long-term
experiments, were sourced from records maintained by the
Heilongjiang Academy of Black Soil Conservation and Utilization
and Jilin Academy of Agricultural Sciences, respectively. Soil
properties in the top 20 cm deep at each site (Table 1) were acquired
through field surveys. Other missing properties that the model
required were estimated from soil texture using pedo transfer
functions (PTFs) implemented in the model. The atmospheric CO,
concentration was set from 330 to 380 ppm for Harbin and from 348
to 380 ppm for Gongzhuling, following a linear increase over the
experimental period, as per [PCC (2021) guidelines. Grain yields and
straw dry matter (if recorded) of maize, wheat and soybean, as well
as SOC and total nitrogen (TN) stocks from the NPK and NPKM/
NM treatments, were randomly chosen for the model calibration.
Data from the other treatments served for model validation.
Parameters related to C and N cycling, soil water movement, heat
transformation, and plant photosynthesis were adopted from
previous studies (Bingham and Wu, 2011; Wu et al., 2015; Liu et al,,
2020). The parameters related to the manure decomposition and
transformation were from our previous reports (Zhang et al., 2016;
Liang et al., 2018). The built-in Multi-Objective Shuffled Complex
Evolution Metropolis algorithm (MOSCEM-UA) (Vrugt et al., 2003)
was applied to determine the other parameters, primarily those
linked to phenology and vegetation characteristics. The optimized
parameters and their values for maize, wheat, soybean, and soil C and
N cycling are listed in Supplementary Tables 53, S4.

For crop yield and SOC predictions, four climate scenarios
were considered, encompassing the baseline and three
representative concentration pathways (RCP 2.6, RCP 4.5, and
RCP 8.5; Riahi et al., 2011; van Vuuren et al., 2011). The baseline
scenario involved historic meteorological data rotated between
1979 and 2020 for Harbin and between 1989 and 2020 for
Gongzhuling with a constant CO, concentration of 380 ppm.
Weather data for the RCP scenarios between 2021 and 2,100 were
extracted from the HadGEM2-ES model with a spatial resolution
of 0.5°x0.5° (Collins et al., 2011; Jones et al., 2011). The annual
average of maximum and minimum temperatures, precipitation,
and CO, concentration under the three RCP scenarios are shown
in Supplementary Figure S1 and Supplementary Table S5. The
climate projections indicated warmer and wetter future conditions
in the studied regions, with average increases of 0.8-3.5°C and
0.4-2.5°C observed in Harbin and Gongzhuling, respectively,
when compared to the baseline. The mean annual precipitation
(MAP) was projected to rise by 43-121mm in Harbin and
137-207 mm in Gongzhuling. The RCP 8.5 scenario demonstrated
the most significant alteration, nearly doubling CO, concentrations
by 2,100.

Crop varieties and field management practices were fixed as
identical to those before 2021 for both sites and scenario. To simplify
the assessment of future climate change on crop phenology and yield,
the sowing dates were fixed on 30™ April for maize, 23" April for
wheat, and 29" April for soybean in Harbin and 26™ April in
Gongzhuling each year in this study. Harvest dates were determined
based on simulated physiological maturity. Simulations were run for
each of the four treatments under the various proposed
climate scenarios.
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2.3 Soil carbon sequestration rate and
efficiency

2.3.1 Soil organic carbon sequestration rate

Since SOC predominately undergoes changes in the plow
layer (0-20cm) in Mollisol (Liang et al, 2009), our report
concentrates on SOC within this layer. The SOC sequestration
rate in the plow layer of the field with fertilization
(C, tCha'yr.™") in year t is calculated using the Equation (1)
as follows:

_ SOCr —SOCcx
t

C, (1)

where SOCr and SOCy are the SOC stock in the layer for the
NPK, NPKM, NM, or M treatment and the CK treatment in year t,
respectively.

2.3.2 Carbon sequestration efficiency

CSE for a fertilization treatment is defined as the percentage of the
SOC stock change relative to the net C input between the treatment
and CK (Jiang et al., 2018). It is calculated using the Equation (2)
as follows:

SOCE —SOCcx

- x100%
> i(Cr-F = Cr-cx)

2

CSE (%) =

where C;r and Cc are the annual C input rate for a
fertilization treatment (NPK, NPKM, NM, or M) and CK,
respectively, which are the cumulative amounts in both manure
and crop residue.

2.4 Statistical analysis

We used three statistical criteria to evaluate the model
performance: (1) the coefficient of determination (R?) that
measures the degree of agreement between simulation and
observation; (2) the root mean squared error (RMSE), providing
a measure of the average deviation of the estimates from observed
values; and (3) the relative error (RE) that reflects the overall
difference between simulated and observed data.

Two-way analysis of variance (ANOVA) and Tukey tests (p <0.05)
were used to compare the effects of fertilizer practices and future
climate scenarios on grain yield, SOC stock, C input, and CSE. All
statistical analyses were conducted using SPSS 24.0 (SPSS, Inc., 2017,
Chicago, United States).

5 Results
3.1 Model calibration and validation

The simulated crop yields for different treatments at both sites
closely aligned with observations, demonstrating an RMSE below 24%

(Supplementary Figures S2-55; Table 2). Linear regression analysis
further revealed a satisfactory correlation between the observed and
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simulated values (R*>0.54) (Figure 1), despite a tendency for the
model to overestimate low observed yields and underestimate high
observed ones. It was noted that SPACSYS underestimated maize
grain and straw yields at Gongzhuling by an average of 16 and 20%,
respectively, from 2010 to 2012 (Supplementary Figure S3).

Moreover, SPACSYS effectively simulated SOC and TN stocks,
with R? values ranging from 0.60 to 0.79 and RMSE ranging from 6.8
to 82% (Figure 1; Table 2). This favorable agreement with
measurements is particularly evident in the first decade of the
simulation period (Supplementary Figures 54, S5). In general, the
model exhibited a 20% underestimation of SOC stock and a 37%
underestimation of TN stock during model validation (Figure 1).
However, it overestimated TN stock by an average of 7.3% for CK,
10.2% for NPK, 8.5% for NM, and 9.0% for M after 2000 in Harbin
(Supplementary Figure S4).

3.2 Crop yield and SOC stock

Average yields of wheat, maize, and soybean from 2021 to 2,100
under each climate scenario with different fertilizer practices are
shown in Figure 2. Notably, a slight but not statistically significant
average yield increase of 2.5% was predicted for spring wheat
(p <0.05). Under all climate scenarios, there was also no significant
difference (p <0.05) between the NPK and NPKM/NM fertilizer
treatments for maize (1005-12,101 vs. 1,112-12,573kgha™"), wheat
(2729-5,548 vs. 2,727-5,287kgha™"), and soybean (975-4,314 vs.
1,024-4,350kgha™") at both sites. However, the yields for these
treatments were significantly higher than those for the M and CK
treatments (p <0.05). Compared with the baseline, the maize yield
decreased by an average of 14.5 and 13.3% for Harbin and
Gongzhuling, respectively, across all RCP scenarios and under all
considered fertilizer practices (Table 3). The decreases in maize

10.3389/fsufs.2024.1332483

yield under the RCP scenarios were ranked as follows: RCP 8.5
(20.6-40.8%) > RCP 4.5 (5.5-25.4%)>RCP 2.6 (0.1-7.8%). The
soybean yield decreased by 10.6% on average in Harbin, with the
highest decline under RCP 8.5 (p <0.05) (Table 3).

SOC stock decreased by 8.2% in Harbin and 7.6% in Gongzhuling
by 2,100 across all RCP scenarios and fertilizer treatments when
compared with the baseline (Figure 3; Table 3). The decline under
RCP 8.5 (10.5-15.6%) was significantly higher than those under
RCP 4.5 (5.3-8.5%) and RCP 2.6 (3.9-6.8%). The ranking of
SOC stocks in 2100 was generally as follows: baseline >
RCP 2.6>RCP 4.5>RCP 8.5. In addition, manure amendment
resulted in the highest SOC stock among the treatments, with the
values of 38.9-50.3t C ha™' in Harbin and 60.6-69.2t C ha™' in
Gonghzuling, respectively (p <0.05) (Table 3).

3.3 Annual carbon input and SOC
sequestration rate

The average annual C inputs from different sources under different
fertilizer practices are presented in Figure 4. When considering the
impacts of future climate change on C inputs, compared with the
baseline, the C inputs from crops decreased by an average of 2.8% in
Harbin and 9.5% in Gongzhuling under all RCP scenarios
(Supplementary Table S6). For total C input, no significant difference
was observed between the baseline and RCP 2.6 for all treatments, and
the lowest C input was observed under RCP 8.5.

Soil C sequestration rates for various fertilization treatments
across the different periods are shown in Table 4. The rates for
manure-amended treatments exceeded those without manure
ranging from 62 to 154kg C ha™' yr.”" in Harbin and 311 to 429 kg
C ha™' yr.”! in Gongzhuling. Furthermore, the rates for NPK and
NPKM/NM fertilizer practices in Gongzhuling were higher than

TABLE 2 Statistical criteria of model performance for crop grain yield, straw dry matter, and SOC and TN stocks.

Calibration Validation Calibration Validation
Maize grain yield Maize straw dry matter
R? 0.58%* 0.58%* 0.72%% 0.60%*
RMSE (%) 15 23 16 15
RE (%) 12 ~11 9 4
n 81 54 56 28
Wheat grain yield* Soybean grain yield®
R’ 0.66%* 0.60%* 0.54%% 0.56%*
RMSE (%) 21 17 23 18
RE (%) -7 -6 -24 -11
n 26 26 26 26
SOC stock TN stock
R? 0.79%% 0.71%% 0.67%* 0.60%*
RMSE (%) 8.2 6.8 8.6 7.5
RE (%) -0.8 0.4 -2.0 =33
n 102 79 102 79

“There was no record about the wheat and soybean straw dry matter in the Harbin long-term experiment.

**means p<0.01.
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those in Harbin. Overall, the rates under the RCP scenarios were
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FIGURE 1
Comparison between simulated and observed grain yields and 3.54-4.54% and Gongzhuling: 5.29-6.36%). In addition, the
straw dry matter of maize, wheat and soybean for model calibration asymptotic CSE values under all RCP scenarios (5.29-10.61%)
and validation. Note: wheat and soybean were only planted in generally were lower than those under the baseline (6.36-11.29%) for
Harbin, and data on straw dry matter for all crops in Harbin are oo K K
unavailable. the majority of treatments in both Harbin (except for NPK)
and Gongzhuling.
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FIGURE 2
Boxplots of simulated grain yields of maize, wheat and soybean with various fertilizer practices under future climate scenarios between 2021 and
2,100 in Harbin (HEB) and Gongzhuling (GZL). Different lowercase letters over the boxes indicate significant difference (p < 0.05) under different climate
scenarios for a specific fertilizer treatment, and different capital letters over the boxes indicate significant difference (p < 0.05) among different fertilizer
treatments under a specific climate scenario.
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TABLE 3 Relative change of crop yield (%) and average annual CSE (%) between 2021 and 2,100, annual SOC stock in 2100 (t C ha'), and their relative changes (%) with each fertilizer treatments under RCP climate
scenarios compared with the baseline.

‘1e 12 buer]

610" uISIa13U0Ly

Treatment Harbin Gongzhuling
Climate Maize Wheat Soybean SOC SOCc* CSE SOC SOCc CSE
scenario Yield® Yieldc Yieldc
CK Baseline 35.88 29.12
RCP2.6 3.76 539 1.26 3443 —4.02 5.27 27.82 —4.46
RCP4.5 -8.83 8.58 —-8.72 33.99 -5.26 -6.16 27.31 —-6.23
RCP8.5 -26.79 6.46 -19.89 31.36 —12.59 —20.60 26.06 —10.51
NPK Baseline 37.77 3.99bC 33.92 6.68aB
RCP2.6 2.42 2.14 —6.62 36.14 432 4.28bC 7.78 1.98 3257 -3.98 5.65bB —15.61
RCP4.5 —5.53 1.65 —11.61 35.64 —5.65 4.36bC 9.65 —11.64 31.65 —6.69 5.80bB -13.03
RCP8.5 —20.66 ~-L12 —21.13 3337 —11.65 5.02aC 26.56 —28.46 30.07 —11.35 5.65bB —15.43
NM/NPKM Baseline 50.31 12.16aA 69.19 15.16aA
RCP2.6 -7.82 2.48 —4.13 46.91 —6.76 11.49bA -5.36 3.97 66.01 —4.60 13.44bA —11.52
RCP4.5 —25.41 2.44 -8.15 46.03 —8.51 11.41bA -6.08 -9.55 6351 —8.20 13.41bA —11.69
RCP8.5 —40.77 —1.44 —20.04 42.45 —15.63 11.22cA -8.32 —27.10 60.56 —12.46 13.16cA —13.30
M Baseline 45.34 11.42aB
RCP2.6 —0.14 0.41 0.55 43.57 -3.90 10.94bB -3.92
RCP4.5 -13.32 1.95 —8.65 42.47 -6.33 10.76bB —5.86
RCP8.5 -30.87 0.42 —20.00 38.85 —14.31 10.15cB —11.98

“Yieldc means the relative change of crop yield under an individual RCP scenario to the baseline (%).
"SOCc means the relative change of SOC stock under an individual RCP scenario to the baseline (%).
‘CSEc means the relative change of CSE under an individual RCP scenario to the baseline (%).Numbers with different lowercase letters indicate significant difference (P <0.05) in an individual fertilizer treatment under different climate scenarios and those with
different capital letters indicate significant difference (p <0.05) among different fertilizer treatments under an individual climate scenario.
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Harbin (HEB) and Gongzhuling (GZL).
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under a specific climate scenario at a site.

Baseline RCP2.6 RCP4.5 RCP8.5

Climate scenarios

Average annual carbon (C) inputs from different sources with different fertilizer practices in Harbin (HEB) and Gonzghuling (GZL). Different lowercase
letters over the columns indicate significant difference (p <0.05) in total annual C input among different RCP scenarios under a specific treatment at a
site, and different capital letters over the columns indicate significant difference (p < 0.05) in total annual C input among different fertilizer treatments
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4 Discussion
4.1 Model performance

Our results highlight that SPACSYS emerges as a competitive
model for simulating maize yield in typical Mollisol regions of
Northeast China achieving R* values of 0.58-0.72 (Figure 1; Table 2).
This performance compares favorably with the PRYM-Maize model
(R*=0.57) and the CERES-Maize (R*=0.80) model (Jiang et al., 2021;
Zhang et al., 2021). Similarly, SPACSYS demonstrated a competitive
soybean yield simulation with an RMSE of 18-23%, comparable to the
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performance of the DSSAT model with an RMSE of 15-22% in
Northeast China (Liu S. et al., 2013). It should be noted that SPACSYS
has previously employed for simulating winter wheat yield (Liang
et al, 2018; Liu et al., 2020), and our study further validates its
effectiveness in simulating spring wheat, expanding the application
scope of SPACSYS. Furthermore, SPACSYS adequately simulated SOC
stocks in the study regions for all treatments (Figure 1;
Supplementary Figures S3, 54; Table 2), despite underestimating SOC
stocks by 20% during validation. Jiang et al. (2014) applied the Roth-C
model to the same sites, our study demonstrated superior performance
with R? values of 0.79 for calibration and 0.71 for validation, while
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TABLE 4 Soil organic carbon sequestration rates (kg C ha™ yr.™*) for various fertilization treatments across the different periods.

Treatment Climate scenario Harbin Gongzhuling
2021-2060 2061-2,100 2021-2060 2061-2020
NPK Baseline 15.7 15.7 57.1 43.2
RCP2.6 154 14.1 57.0 42.8
RCP4.5 15.1 13.7 55.3 39.1
RCP8.5 16.8 16.6 54.5 36.1
NM/NPKM Baseline 154.0 119.3 429.0 361.0
RCP2.6 147.3 103.1 400.3 344.0
RCP4.5 138.0 99.5 401.4 326.2
RCP8.5 141.8 91.6 397.1 310.8
M Baseline 98.5 78.2
RCP2.6 95.7 75.5
RCP4.5 96.3 70.1
RCP8.5 88.2 61.9
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FIGURE 5

climate scenarios in Harbin (HEB) and Gongzhuling (GZL).

Cumulative C input (t C ha™)

Dynamics of carbon sequestration efficiency (CSE) with carbon input cumulation for all fertilizer practices from the beginning to 2,100 under future

Roth-C achieved R* values of 0.25 for Harbin and 0.77 for
Gongzhuling. In terms of TN stock, SPACSYS also performed well
with R? values of 0.60-0.67 and RMSE of 7.5-8.6% (Table 2),
surpassing the GWRK model (R*=0.50 and RMSE=29%) when
applied to data from the central Northeast China, including
Gongzhuling (Li et al., 2020).

Nevertheless, the model still exhibited certain inevitable errors.
For example, it consistently overestimated TN stock for all
treatments after 2000 in Harbin. This discrepancy could be partially
due to the relocation of the long-term experiment in Chi et al.
(2016), despite the soil at a depth of 1.5 m being transferred under
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frozen soil conditions. Moreover, the model’s excessive reliance on
stomatal resistance to soil water could lead to underestimations of
maize grain and straw yields (Supplementary Figure 53) during the
prolonged droughts from April to June in 2010, 2011 and 2012 in
Gongzhuling. In addition, the extreme drought experienced after
flowering in 2008, with the precipitation about 80-100 mm lower
than those of adjacent years in Harbin, might have contributed to
yield by 2.5
(Supplementary Figure S2). Improvements are needed in the

the overestimation of soybean times

model’s representation of how drought impacts crop growth and
development in future iterations.
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TABLE 5 Relationship between carbon sequestration efficiency (CSE) and
cumulative carbon input to the plow soil layer over the simulation period
in Harbin and Gongzhuling.

Site Treatment = Climate Model
scenario
HEB NPK Baseline CSE=3.54+49.08¢ 004sCimput
RCP2.6 CSE=3.75+48.65¢ i
RCP4.5 CSE =3.87 +48.97¢ ¢t
RCP8.5 CSE=4.54+48.24¢ %0Cim
NM Baseline CSE =11.29 +47.40e *30Cinput
RCP2.6 CSE=10.61+49.08¢ 001Cmput
RCP4.5 CSE=10.40 +48.05¢ 00 Cinput
RCP8.5 CSE=9.80+45.09¢ 0025Cinrt
M Baseline CSE =9.78 +23.47¢ 0020Cinput
RCP2.6 CSE=9.74+25.79¢ 03¢
RCP4.5 CSE=9.14+25.23¢ 21t
RCP8.5 CSE=7.62 +25.19¢ 007Cinpt
GZL NPK Baseline CSE=6.36+17.09¢ *056Cinnut
RCP2.6 CSE=5.29+14.78¢ ¢t
RCP4.5 CSE=5.53 +15.14¢ 003t
RCP8.5 CSE=5.43+15.69¢ 0035t
NPKM Baseline CSE=10.91 +24.52¢0-00Cinput
RCP2.6 CSE=9.50+27.54¢ *07Cinnu
RCP4.5 CSE=9.29+27.86¢ *%7Cinnst
RCP8.5 CSE=8.93 +28.30e 0007Cinpt

4.2 Climate and fertilizer impacts on crop
yield

In our study, climate change was projected to decrease maize yield
in the typical Mollisol regions of Northeast China. The increased
temperature might be the primary factor contributing the decline in
maize yield, inducing crop early development (i.e., anthesis precocity)
and accelerating the reproductive stage compared to the cooler
conditions under the baseline (Supplementary Figure S6). While a
warming climate might alleviate the effects of chilling damage on
maize growth in Harbin and Gongzhuling, our study supported the
previous conclusion that the overall impact of future temperatures
would be more negative than positive for maize growth (Lin et al,
2017). Furthermore, several studies have suggested that the maize
yield increase resulting from the “CO, fertilization effect” could not
offset the reduction caused by the increased temperature in study
regions of Northeast China (Wang et al., 2011; Lin et al., 2017; Jiang
etal., 2021). Consequently, future climate was expected to significantly
decrease maize yield in the Mollisol regions of Northeastern China,
especially at the end of the simulation period (2090-2,100) under
RCP 8.5 (57.6-69.2% for Harbin and 54.8-67.1% for Gongzhuling),
coinciding with the largest increments in both CO, concentration and
temperature (Supplementary Table 57).

The decrease in soybean yield in Harbin was less pronounced
(10.6%) compared to maize (14.5%). According to Jin et al. (2017), the
impact of enhanced CO, concentration on offsetting yield gaps caused
by changes in temperature and precipitation is more substantial for
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soybean than for maize. On the other hand, earlier studies have
indicated that soybean yield in Northeast China could potentially
increase with rising precipitation and temperature, considering the
effects of “CO, fertilization” (Yin et al., 2015; Lin et al., 2017). However,
our findings corroborate previous studies (Jin and Zhu, 2008; Guo
etal, 2022) when temperatures reach high levels (e.g., a 4°C increase)
as projected at our study sites. The maximum temperature
enhancement under RCP 4.5 was generally above 4°C after 2080 and
to 85°C after 2060 under RCP 8.5
(Supplementary Figure S1). In such conditions, soybean yield would

ranged from 4.0

decline without cultivar improvement in response to temperature
extremes, leading to a reduction in the number of grains by shortening
the grain-filling period. Climate change did not significantly affect
spring wheat yield in the study regions, being consistent with the
earlier reports (Jin and Zhu, 2008; Yin et al., 2015). The anticipated
warmer climate is expected to result in a shortened growing period,
leading to a diminished accumulation of photosynthate
(Supplementary Figure S6). For major C3 crops, the current
atmosphere CO, concentration constrains crop photosynthesis.
Elevated CO, concentration can increase crop net photosynthesis by
increasing the availability of intercellular CO, as a substrate and
restraining competition with photorespiration for the Rubisco enzyme

(Dermody et al., 2008).

4.3 Response of the carbon sequestration
to climate change

Our simulations revealed a significant decrease in SOC stock
under all future climate scenarios, consistent with previous studies
conducted in Mollisol regions (Gao et al., 2008; Ramirez et al., 2019;
Bao etal., 2023). The decline in C input for each fertilizer practice, due
to the reduction of maize and soybean productions under the RCP
scenarios, likely played a predominant role in the SOC decline.
Consequently, SOC stock under RCP 8.5 was significantly lower than
those under RCP 4.5 and RCP 2.6 (p<0.05). Furthermore, the
combined application of manure with chemical N treatments
simultaneously showed the highest SOC stock and crop yield at both
sites under each climate scenario (Figures 2, 3; Table 3). It has been
reported that manure combined with chemical fertilizer treatment has
the beneficial effects of both C inputs and readily available nutrients
for plant growth, enhancing C inputs from crop residues and
sequestrating a greater amount of C compared to other treatments
(Triberti et al., 2016; Jiang et al., 2018; Gross and Glaser, 2021).
Notably, the impact of fertilization on SOC stock was more
pronounced with the manure-only treatment compared to NPK. The
significantly higher annual C input (Figure 4) could be the primary
reason for the observed difference, along with the very close amount
of C both
(Supplementary Table S6). However, a contrary conclusion was found

inputs from crop residues for treatments
when C inputs from manure into croplands were transferred from
other ecosystems within the same region, rather than relying on
consistent C inputs from fertilization (Schmidt et al., 2011).

Our results showed that fields with manure application had
greater efficiencies in C sequestration than those receiving chemical
fertilizer alone. Applied manure creates a favorable growth
environment for plants and microorganisms (Mandal et al., 2007).

Our simulations demonstrated that manure amendments led to
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increased C inputs and microbial biomass. Those might be beneficial
for retaining massive amounts of total C in the Mollisol regions of
Northeast China (Yu et al., 2006; Ding et al., 2016; Wang et al., 2020).
Consistently, compared to the practice using chemical fertilizer alone,
manure application exhibited significantly higher SOC stocks and
change rates (Figure 3; Table 4), supporting a higher value of CSE.

Our investigation revealed a pronounced negative exponential
correlation between CSE and the cumulative C input. Specifically, CSE
showed an initial rapid decline following the onset of C input, then a
decelerated decrease, ultimately settling into a slow decay until
reaching a stable asymptotic value with a substantial accumulation of
C input. This dynamics pattern has been directly or indirectly
supported by previous findings (Stewart et al., 2007, 2008; Yan et al.,
2013; Maillard and Angers, 2014; Jiang et al.,, 2018). Stewart et al.
(2007), in their synthesis of data from 14 long-term experiments in
the USA and Canada, identified an asymptotic increase in the
relationship between C inputs and SOC content, ascribable to the soil
C saturation phenomena at high C inputs. Furthermore, Stewart et al.
(2008) proposed that the stabilization efficiency of added C would
decrease with increasing C input levels. These studies collectively
supported our observation of a negative exponential relationship
between CSE and C inputs. Warmer and wetter environmental
conditions are likely to enhance the mineralization rate of added C
(Fang etal., 2022; Bao et al,, 2023), leading to a reduction in CSE. Our
predictions indicated that the soil respiration rate under the RCP
scenarios which soil temperature is a primary control factor increased
3.10-9.36% in Gongzhuling and 1.67-16.18% in Harbin compared to
the baseline (Supplementary Table S8). Similar findings have been
reported (Wang et al., 2022).

Notably, the average annual CSE for NPK under future climate
scenarios in Harbin increased, contrasting with the absence of such a
trend in Gongzhuling (Table 3). The incorporation of soybean into the
crop rotation in Harbin likely contributed to the divergent responses
observed in CSE. Biologically fixed N by soyabean can be available for
subsequent crops, which can increase biomass accumulation in
non-leguminous crops within the rotation (Stagnari et al., 2017). This
results in an increase of C input to the soils. Additionally, root
exudation and senescence of legume roots and nodules further
contribute to the C input to the soils, offering benefits for SOC
sequestration (Virk et al, 2022). The findings suggested that
integrating leguminous crop in a rotation cropping system could
contribute to improved C retention in soils, especially in situations
where manure is not readily available.

4.4 Adaptation strategies for climate
change

In our study, the average CSE for NPKM/NM/M treatments ranged
from 9.54 to 15.16%, aligning closely with the reported global manure C
conversion ratio of 12+4%, derived from a meta-analysis of 130
observations spanning 4-82years of manure applications (Maillard and
Angers, 2014). Furthermore, predictions regarding the CSE of manure
application in the soils of 20 long-term experiments in China, including
the two Mollisols examined in our research, indicated that CSE
approaching the stable stage ranged from 8.8 to 10.4% under baseline and
RCP 4.5 conditions (Jiang et al., 2018). Our findings, ranging from 9.1 to
11.3%, closely resembled these results (Table 5). This suggested that our
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results can serve as a useful reference for investigating the characteristics
of CSE under long-term fertilization conditions in Chinese Mollisols,
especially with a substantial amount of C input. Our predictions indicated
a worse situation for both food security and soil fertility for Mollisols in
the future, in comparison to the current condition. In addition to spring
wheat, the production of maize and soybean, which are the primary crops
in the world’s Mollisol regions (Duran et al., 2011; Xu et al.,, 2020), would
decline under future climate change. In addition, the goal of sequestrate
more C in Mollisols to mitigate global warming cannot be achieved
through the sole application of chemical fertilizers, as both the SOC
sequestration rate and CSE decreased under all climatic scenarios. To
address this, our predictions suggest the following interventions: (1) the
development of new cultivars that better adapt to the anticipated warmer
and wetter climates; (2) an earlier planting of crops to prevent the
negative effects of heat and drought during the growing season; and (3)
the optimization of nutrient application rates and the ratio of chemical
fertilizers to manure.

5 Conclusion

Our study successfully validated the SPACSYS model for simulating
yields of maize, spring wheat and soybean, and the SOC stock in typical
Mollisol regions in China. SPACSYS predicted a decline in both yields
and SOC stock under future climate scenarios compared with the
baseline. The anticipated reduction in maize and soybean yields was
primarily attributed to increased temperatures with maize being more
significantly affected than soybean. Interestingly, the warmer and wetter
future had no significant effects on spring wheat yield in this region.
Future climate conditions led to a decrease in SOC stocks and CSE at the
two typical Mollisol sites for fertilization treatments. Our prediction
confirmed that CSE initially decreased rapidly following C inputs,
exhibited a decelerated decline, and eventually decayed slowly until
reaching a stable asymptotic value due to substantial C accumulation.
Notably, the combined application of manure and chemical fertilizers
demonstrated the highest potential to mitigate the negative impacts of
climate change on crop yields and CSE. Our findings suggest that future
research should prioritize improving crop cultivars, optimizing planting
timings, and establishing effective fertilizer management strategies to
mitigate climate change risks in Mollisol regions.
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Crop adaptation to waterlogging stress necessitates alterations in their morpho-
physiological and biochemical characteristics. Cowpeas, which serve as a dual-
purpose legume crop (food and fodder), are sensitive to waterlogging stress,
especially when exposed to extended periods of water stagnation during the
early growth stage. In this study, we subjected five distinct and superior cowpea
varieties to 10 days of waterlogging stress at the early seedling stage (V2, 15
days post emergence for 10 days) under controlled conditions. The aim was
to comprehend the response of these varieties and identify the ideal trait for
screening a large collection of cowpea genetic resources for waterlogging
tolerance. We measured and analyzed changes in morpho-physiological and
root parameters to gain a deeper understanding of the mechanism underlying
waterlogging tolerance. The treatment (waterlogging and control), genotype,
and their interactions had a significantimpact on the most studied traits (p < 0.05).
The results indicated a significant reduction in morpho-physiological parameters
such as plant height, leaf area, leaf number, Normalized Difference Vegetation
Index (NDVI), chlorophyll content, and chlorophyll fluorescence parameters
under stress treatment than control conditions. However, root parameters
like the number of adventitious roots (AR) and their length (ARL) significantly
increased under waterlogging stress in tolerant cowpea varieties like DC15 and
PL4. Correlation and PCA analyses further revealed a positive and significant
association between cowpeas’ waterlogging tolerance and AR formation and its
AR length. Therefore, the current study reveals that swift development of AR and
ARL may serve as potential traits conferring waterlogging tolerance in cowpeas.
Using suitable mapping populations, these traits could reveal genomic regions
associated with waterlogging tolerance in cowpeas. The tolerant varieties and
key traits identified in this study could be beneficial in breeding programs aimed
at enhancing waterlogging tolerance in cowpeas.

KEYWORDS
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Introduction

Excess soil moisture due to heavy and high-frequency
precipitation and poor soil drainage constraints negatively affects
more than 16% of global arable land (Zhang et al., 2015; Olorunwa
etal., 2022a). Episodes of flooding or waterlogging have become more
frequent in recent years, posing a severe threat to global food security
(Ward et al., 2020). Furthermore, NASA climate simulation models
predict that by 2030, there will be a 30% increase in heavy rainfall and
flood events due to the impact of climate change, making the situation
worse. Crops, except rice, are susceptible to waterlogging stress,
showing significant yield reduction when exposed to prolonged water
stagnation (Zhang et al., 2015). Cowpea is a dual-purpose legume crop
sensitive to waterlogging stress, with 10-52% yield loss reported when
waterlogging occurs during the vegetative period. If it is during the
reproductive stage, more than 52% yield reduction was observed. This
sensitivity and yield loss vary depending on the variety grown, soil
type, and crop growth stage (Olorunwa et al., 2022a,b).

Oxygen deprivation in the root zone from waterlogging is the
main factor influencing plants’ growth and development. Lack of
oxygen results in reduced ATPs and leads to modification in
physiological and biochemical parameters and the final yield of the
crops (Olorunwa et al., 2022a,b). During waterlogging conditions, a
decrease in leaf area, reduced shoot growth, reduced leaf nitrogen
content, and reduction in net photosynthesis rates, transpiration, and
stomatal conductance are reported in cowpeas (Zhang et al., 2015;
Olorunwa et al., 2022a,b, 2023).

The negative impact of waterlogging stress on crops can
be managed by soil application or foliar spray of nutrients, providing
drainage, and sowing on raised beds (Pang et al., 2007). However,
developing and deploying inherent waterlogging tolerant cultivars is
the most economical and plausible approach. Nevertheless, the low
heritability of the trait and complexity in phenotyping are the main
bottlenecks in the genetic improvement of cowpea cultivars for
waterlogging tolerance (Olorunwa et al., 2022a,b, 2023).

Deeper insight into the underlying mechanism of waterlogging
tolerance in cowpeas is essential to identify relevant trait(s) that can
improve waterlogging tolerance. Plants have evolved various tolerance
mechanisms and developed adaptive trait(s) for waterlogging stress.
For instance, rice survives and reproduces by the mechanism of shoot
elongation and formation of aerenchyma (Steffens et al., 2010),
whereas lysigenous aerenchyma formation confers tolerance to
waterlogging in barley (Barrett-Lennard, 2003). Similarly, the
formation of aerenchyma cells, lenticels, and adventitious roots in the
tolerant genotypes was associated with waterlogging tolerance in
pigeonpea (Hingane et al., 2015). Therefore, the main objective of the
investigation is to identify key trait(s) contributing to waterlogging
tolerance in cowpeas. Those traits can be targeted in future cowpea
breeding programs to improve waterlogging tolerance.

Materials and methods
Experimental setup

The experiment was conducted under controlled conditions at the
Green House (®Allice Biotechnology) of ICAR-National Institute of
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Abiotic Stress Management, Pune, India, from June to December
2022. The treatments were arranged in a factorial completely
randomized design with five replications. Five popular cowpea
varieties, viz., RC101, DC15, PL3, PL4, and GC3, were selected for the
study. The selection was based on popularity among farmers and
cultivation in large areas. The average daily temperature of 28.1 +4.6°C
and relative humidity of 68.2+10.8% were maintained in the
greenhouse conditions using a water-cooling pad system throughout
the experiment.

The plants were grown in plastic pots of 20cm diameter and
height of 20 cm with three perforations at the base. Pots were filled
with a mixture of black soil and farmyard manure (FYM) at the
proportion of 50:1 (V/V). Nutrients (nitrogen, phosphorus, and
potassium) were applied as per the recommended dose of 10: 20:
10kgha™, respectively. The amount of NPK added to each pot was
calculated on a soil weight basis and blended adequately into the soil.
After filling, each pot was weighed to 13kg soil to ensure the same
amount of soil mixture and constant moisture in each pot. Ten pots
were used for each genotype (Five pots were used for imposing
waterlogging stress treatment, and five were kept as a control). Filled
pots were sown with six seeds per pot at 17-20 mm depth, and after
seven days, the seedlings were thinned, and two healthy plants per pot
were retained.

Waterlogging treatments

At the V2 leaf stage (15 days after emergence, 15 DAE), one set of
uniformly emerged seedlings was subjected to waterlogging and the
other set was retained as control for ten days (Olorunwa et al., 2022a).
Waterlogging stress was achieved by placing the pots in a water-filled
cement tank (8 x5x1m). The water level was maintained at least
20 mm above the soil surface throughout the stress. At the same time,
five pots of each variety were kept at optimum soil moisture below
field capacity as a control (<80% of FC). After ten days of stress
treatment, excess water in the pots was drained and allowed to recover
for five days.

Physiological parameters

Leaf area was measured using a leaf area meter (LI-3100C®Licor),
Normalized Difference Vegetation Index (NDVI) was recorded during
the recovery period (5 days post completion of stress treatment) using
ahand-held device (GreenSeeker®, Trimble, United States) from 1.0 m
above the soil surface of the experimental pot by following the method
of Verhulst and Govaerts (2010), canopy temperature was measured
by Infrared thermal Camera (Vario CAM hr. inspect 575, Jenoptic,
Germany) with spatial resolution of 768 x 576 pixels. Chlorophyll
fluorescence in leaves was measured during recovery (5days post-
completion of stress treatment) to study changes in maximum PSII
efficiency in response to waterlogging. Leaves were adapted to dark
for 30min before measurement, and lights in the chlorophyll
fluorescence imaging chamber were turned off to avoid any effect of
light on maximum PSII efficiency. The temperature in the imaging
chamber was set around 25 + 1°C. The leaf images were captured at
given time points by chlorophyll fluorescence measuring system (FC
1000-H/GFP, Handy Fluor Cam, PS.I., Brno, Czech Republic) as
described in Nedbal et al. (2000). Fluorescence was detected by a
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high-sensitivity charge-coupled device (CCD) camera. It was driven
by the FluorCam software package (FluorCam 7). First, the minimum
fluorescence level (FO) of dark-adapted leaves was determined using
non-actinic measuring flashes provided by super-bright light emitting
diodes (LEDs) followed by a saturation pulse of light radiation
[2,500 pmol (photon) m™ s™'] to obtain the maximum fluorescence
(Fm). The maximum photochemical efficiency of PSII (Fv/Fm) was
calculated according to Krause and Weis (1991).

Qmax:(Fm—FO)/Fm

where the difference between Fm and FO represents the variable
fluorescence (Fv).

For assessing response to waterlogging stress by image analysis,
four colors were set manually for taking fluorescent images: blue
(corresponding to Fv/Fm; 0.8), yellow, green, and red (related to Fv/
Fm; 0.1). Photosynthetic pigments such as Chlorophyll a, b, and
carotenoids in the leaf sample of cowpea (both stress and control
sample) were estimated following the protocol of Lichtenthaler and
Wellburn (1983).

Root and shoot parameters

Parameters such as root length (cm), shoot length (cm), root fresh
weight (g/plant), root dry weight (g/plant), shoot fresh biomass (g/
plant), and shoot dry biomass (g/plant), number of roots in each plant,
nodules per plant, number of adventitious roots per plant and
adventitious root length were measured destructively at the end of the
stress treatment in each set manually.

Crop growth, morphology, and yield traits

Growth and yield attributes such as plant height (cm), number of
branches per plant, number of leaves per plant, pod length (cm), the
weight of 5 pods/plant (g), test weight (g), number of pods per plant
and grain yield per plant (g) were measured in both the control and
waterlogged plants in each replication after harvest of the crop.

Statistical analysis

The Analysis of variance and significant treatment differences
(LSD) was carried out using SAS (version 9.4; SAS Institute, Cary,
NC). The Spearman correlation coefficient was determined to assess
the relationship between different parameters. Furthermore, Principal
component analysis (PCA), biplot analysis, and box plots were drawn
using R v 4.3.1. software.

Results
Analysis of variance

The Analysis of variance revealed a significant difference between
control and stress treatment and their interaction for all the root traits,

physiological parameters, and yield and its attributing traits (p <0.05).
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Results presented in Table 1 imply considerable genetic variability
among cowpea varieties, as evidenced by significant genotype and
genotype X treatment interaction.

Physiological parameters

Waterlogging stress significantly (p <0.05, Tables 1, 2) influenced
the physiological parameters of all cowpea varieties. Waterlogging
reduced the leaf area (31.89%), Normalized Difference Vegetation
Index value (51.89%), chlorophyll a (33.08%), chlorophyll b (34.54%)
and total chlorophyll content (32.44%) and maximum quantum
efficiency (Qmax) by 4.93%. In contrast, waterlogging led to an
increase in the canopy temperature by 3.38°C, ground fluorescence
(F0), maximum fluorescence (Fm), and variable chlorophyll
fluorescence (Fv) by 40.71, 15.75 and 9.76%, respectively, compared
to plants under control conditions.

The physiological performance of the varieties was also found to
be significant under both treatments. Among all the varieties, DC15
was found to perform better for leaf area (45.24cm’ plant™),
chlorophyll a, b and total chlorophyll (1.60, 0.66 and 2.18,
respectively), carotenoids (2.35), maximum quantum efficiency (0.80)
and lower canopy temperature (28.94°C) followed by variety PL4.
Meanwhile, RC101 performed the lowest in terms of physiological
parameters (Table 2).

The interaction of waterlogging and cowpea varieties was also
found to be significant. All the varieties performed better under
control than stress conditions for most of the studied physiological
traits. Among those, the performance of DC15 was significantly
superior with higher leaf area (58.21 cm?* plant™), Normalized
Difference Vegetation Index I (0.80), total chlorophyll (2.72) and
maximum quantum efficiency (0.82). Similarly, the same variety has
performed better under stress with higher Normalized Difference
Vegetation Index (0.44), total chlorophyll (1.63), carotenoids (1.63)
and lower canopy temperature (30.96°C) followed by variety PL4.
Maximum quantum efficiency was high in the variety PL4 variety,
followed by DC15. Nevertheless, higher leaf area (35.43cm?’
plant™), ground fluorescence (155.72), maximum fluorescence
(649.12) and variable chlorophyll fluorescence were observed in the
GC3 variety.

Root morphological parameters

Waterlogging stress significantly (p<0.05) affected the root
morphological traits of cowpea varieties (Tables 1, 3). In response to
waterlogging, there was a reduction in the root length (27.90%), the
number of roots per plant (7.44%), and root nodules per plant
(79.73%), while an increase in the root fresh weight (383.46%) and
root dry weight (118.18%) due to the formation of adventitious roots
under stress compared to plants grown under non-stress conditions.
Irrespective of waterlogging stress, the performance of cowpea
varieties differed regarding root morphological traits; among them,
the DC15 variety was found to be more promising with significantly
distinct root morphological parameters such as root length (11.80 cm),
number of roots (20.88 plant™), root nodules (7.66 plant™), root fresh
weight (1.32 g plant™) and adventitious roots followed by GC3 and
PL4 varieties. Root dry weight (0.26 g plant™) recorded in the PL4
variety was more than that of DC15 or GC3.
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TABLE 1 Analysis of variance in response to waterlogging stress (WL) and varieties (V) in cowpea for different physiological, root, growth and yield-

attributing traits.

Physiological parameters

igﬁg‘tﬁr‘?f Chlb TCH Car CT

Treatments (Control 1 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
& Waterlogging) T

Varieties (V) 4 0.002 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000
TxV 4 0.002 0.001 0.001 0.006 0.003 0.005 0.000 0.000 0.000 0.000 0.000

Root and shoot parameters

\S,:rlgﬁir‘]’f SL RFW RDW

Treatments (Control & 1 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Waterlogging) T

Varieties (V) 4 0.000 0.000 0.000 0.000 0.001 0.000 0.000
TxV 4 0.001 0.000 0.001 0.001 0.000 0.000 0.000

Growth and yield attributes

igr‘f;f;r?f NBP SFW  SDW  NPP

Treatments (Control 1 0.001 0.000 0.000 0.001 0.002 0.000 0.002 0.000 0.000 0.001
& Waterlogging) T

Varieties (V) 4 0.002 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.002
TxV 4 0.002 0.000 0.004 0.002 0.001 0.000 0.001 0.000 0.000 0.002

*DEF, Degrees of freedom; NS, Non-significant; RL, Root length; SL, Shoot length; RFW, Root fresh weight; RDW, Root dry weight; NR, No. of roots/plant; NN, Root nodules/plant; AR,
Adventitious roots/plant; ARL, Adventitious root length; LA, Leaf area; NDVT, Normalized difference in vegetative index; CT, Canopy temperature; Chla, Chlorophyll a; Chlb, Chlorophyll b;
TChl, Total chlorophyll; Car, Carotenoids; FO, Ground fluorescence; Fm, Maximum chlorophyll fluorescence; Fv, Variable chlorophyll fluorescence; QYmax, Maximum quantum efficiency; PH,
Plant height, NBP, No. of branches per plant; LPP, Leaves per plant; SFW, Shoot fresh weight; SDW, Shoot dry weight; PP, Pods per plant; PL, Pod length; PW, Pod weight; TW, 100 seed weight;

GY, Grain yield; T, Treatment (Control & waterlogging Stress); V, Cowpea Varieties.

The interaction between waterlogging stress and varieties was also
significant (Tables 1, 3). All the varieties recorded better root growth
under control than waterlogging stress. The minimum reduction in
the root length (3.66%), root dry weight (19.04%) and number of roots
(7.15%) was observed in the DC15 variety under stress. Meanwhile,
the maximum reduction in root morphological parameters is recorded
in RC101 and PL3 varieties compared to their performance under
control conditions. Among all the varieties, the DC15 variety has
registered higher root length (11.58cm), root fresh weight (1.60g
plant™), number of roots per plant (20.11), number of nodules per
plant (4) and adventitious roots per plant (38.33) followed by PL4 and
GC3 varieties.

Growth and yield attributes of cowpea

The effect of waterlogging on plant growth and yield attributes was
significant (p <0.05, Table 1), as shown in Table 4. Under waterlogging
stress, there was a reduction in shoot length (5.77%), plant height
(15.43%), number of branches per plant (21.34%), number of leaves
per plant (65.74%), pods per plant (64.70%), pod length (23.93%), pod
weight (42.40%), test weight (17.53%) and yield (60.81%) compared
to control condition.

Evaluation of cowpea varieties showed that DC15 performed
better in terms of growth (plant height, 108.13cm; number of
branches, 5.50 and leaves per plant, 54.66) and yield attributes (pods
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per plant, 54.66; pod weight, 10.43 g; test weight, 10.26 g and grain
yield, 48.16 g) followed by PL4. Meanwhile, the performance of the
RC101 variety (in terms of growth and yield) was less than all other
four cowpea varieties.

Compared to the other varieties, the performance of DC15 was
better under both control and stress conditions with higher growth
and yield parameters. This variety has had better growth attributes
such as plant height (116.16, 100.11 cm), number of branches (6.33,
4.66), and leaves per plant (26.78, 11.66) as well as yield attributes such
as number of pods (25.57 and 17.59), pod weight (13.12 and 7.12g)
and test weight (12.42, 10.70g), respectively under control and
stress conditions.

The higher grain yield was recorded by DC 15, followed by PL4,
under both control and stress conditions. The same varieties have
recorded a minimum decrease in grain yield, i.e., 23.68 and 18.88%
under stress conditions relative to their yield under control,
respectively. Meanwhile, GC3, PL3, and RC 101 recorded 44.56, 64.86,
and 65.09% vyield reductions, respectively, under stress, compared
to control.

Association between traits under control
and stress conditions

Correlation studies were conducted to determine the association
between different parameters and grain yield under control and
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TABLE 2 Influence of waterlogging on physiological parameters of cowpea varieties.

Treatments (T) LA NDVI CT Chla Chlb TChl Car FO Fm Qmax Fv
Control 47.66a 0.79a 28.56b 1.36a 0.55a 1.88a 2.37a 94.74b 498.90b 0.81a 404.6b
Stress 32.46b 0.38b 31.94a 0.91b 0.36b 1.27b 1.31b 133.31a 577.51a 0.77b 444.11a
CD 0.55 0.006 0.51 0.10 0.04 0.16 0.204 5.87 14.24 0.009 12.15
Varieties (V)
DC15 45.24a 0.61a 28.94b 1.60a 0.66a 2.18a 2.35a 91.28¢ 474.62b 0.80a 383.34b
GC3 40.46¢ 0.56¢ 31.46a 1.04¢ 0.39¢ 1.44¢ 1.54bc 125.17b 575.39% 0.78b 450.22a
PL4 41.45b 0.62a 29.10b 1.23b 0.50b 1.74b 2.34a 89.98¢ 466.32b 0.80a 376.34b
PL3 41.07bc 0.59b 31.11a 1.00¢ 0.41c 1.42¢ 1.25¢ 127.73ab 589.34a 0.78b 461.60a
RC101 32.060d 0.55d 31.56a 0.78d 0.32d L11d 1.71b 136.17a 585.35a 0.77¢ 449.18a
CD 0.87 0.009 0.55 0.16 0.07 0.25 0.323 9.28 22.52 0.013 19.21
Interaction (Tx V)
Control DC15 58.21a 0.80a 28.88d 2.04a 0.84a 2.72a 3.04a 92.70cd 515.01c 0.82a 422.31c
GC3 45.50d 0.79ab 31.83ab 1.17b 0.53b 1.63bc 2.51b 94.63cd 501.67 cd 0.81ab 407.04c
PL4 55.78b 0.80a 29.56d 1.35b 0.54b 1.90b 2.90ab 86.14d 488.6cd 0.82a 402.46¢
PL3 49.33¢ 0.78b 31.06bc 1.31b 0.47b 1.85b 1.87¢ 100.23¢ 519.25¢ 0.81ab 419.02¢
RC101 34.64¢ 0.78b 31.83ab 1.16b 0.37cd 1.63bc 1.53cd 100.00¢ 470.0de 0.79b 370.00d
Stress DC15 32.28f 0.44c 30.967¢ 1.17b 0.47b 1.63bc 1.78¢ 89.86cd 434.24f 0.79b 344.38d
GC3 35.43¢ 0.40e 31.10¢ 0.92cd 0.36¢ 0.94¢ 1.21de 155.72b 649.12b 0.76¢ 493.40b
PL4 27.127h 0.42d 30.967 0.15bc 0.45bc 1.63bc 1.66cd 93.82¢cd 444.04ef 0.81a 350.22d
PL3 32.82f 0.34e 31.96a 0.66¢ 0.28de 1.25de 0.97¢ 155.24b 659.44b 0.79b 504.19ab
RC101 29.47g 0.32f 32.16a 0.64¢ 0.27¢ 0.93¢ 0.91e 172.34a 700.71a 0.75¢ 528.37a
CD 1.24 0.01 0.15 0.23 0.09 0.36 0.45 13.12 31.84 0.001 27.16

LA, Leaf Area; NDVI, Normalized difference in vegetative index; CT, Canopy temperature (°C); Chla, Chlorophyll a (mg/mL); Chlb, Chlorophyll b (mg/mL); TChl, Total Chlorophyll
(mg/mL); Car, Carotenoids(mg/mL); F0, ground fluorescence; Fm, Maximum chlorophyll fluorescence; Fv, Variable chlorophyll fluorescence; Qmax, Maximum quantum efficiency. Any two
means having a common letter resulted from DMRT, are not significantly different at the 5% level of significance, CD, Critical difference.

stress conditions, and results were presented in the form of a
correlogram (Figures 1, 2). Results revealed that traits viz., plant
height (PH), number of branches per plant (NBP), no. of leaves per
plant (LPP), Normalized Difference Vegetation Index (NDVT), shoot
length (SL), number of roots (NR), number of pods per plant (NPP)
and initial fluorescence/ground fluorescence (F0) are negatively
associated with grain yield under control conditions. In contrast, all
the other traits such as leaf area (LA), canopy temperature (CT),
chlorophyll a (Chla), chlorophyll b (Chlb), total chlorophyll
(TotalChl), carotenoids (Car), root length (RL), root fresh weight
(RFW), shoot fresh weight (SFW), root dry weight (RDW), shoot
dry weight (SDW), nodules, pod length (PL), pod weight (PW),
maximum fluorescence (Fm), variable fluorescence (Fv) and Qmax
were positively associated with grain yield under control conditions
(Figure 1). Similarly, under stress conditions, traits such as plant
height, number of branches per plant, no. of leaves per plant, root
length, Qmax, test weight, no. of pods per plant, and adventitious
roots had a strong significant positive association with grain yield
(r=0.5 tol). Traits viz., shoot fresh weight, shoot dry weight,
adventitious root length, and pod length had a moderate positive
association with grain yield under stress (r=0.25 to 0.5). In contrast,
traits such as canopy temperature, chlorophyll a, b total chlorophyll,
shoot length, no. of roots and nodules per plant had weak to
moderate positive correlation with grain yield under stress (r=0 to
0.25) (Figure 2).
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Principal component analysis

To assess how cowpea varieties responded to waterlogging,
Principal Component Analysis (PCA) was employed to determine the
morpho-physiological traits that most effectively explained their
response (Figures 3A,B). This helped identify which genotypes are
tolerant and sensitive to waterlogging. The analysis revealed four
principal components (PCs), with PC1 (42.95%) and PC2 (28.88%)
accounting for 71.83% of the total variation (Figures 3A,5). Among
the different variables, AR, Qmax, FO, Fm, Fv, and GY showed the
highest variation in PC1, while in PC2, variables such as Chla, Chlb,
TotalChl, Car, and NR contributed significantly compared to other
variables. Furthermore, the biplot analysis revealed that traits such as
Chla, b, total chlorophyll content, no. of roots, number of branches per
plant, plant height, no. of pods per plant, shoot dry weight, pod length,
nodules per plant, shoot length, adventitious roots, root length, test
weight, Qmax, root dry weight, grain yield and adventitious root
length are in the same direction as PCI. Hence, they are positively
correlated with PC1. Further, cowpea varieties DC15 and PL4 are on
the positive side of PCI, suggesting their tolerance nature toward
waterlogging. On the other hand, leaf area, maximum florescence,
variable florescence, and root fresh weight are in the opposite direction
of PC1, which implies a negative association. Further, varieties PL3,
GC3 and RC101 were situated in the opposite direction of PC,
indicating the sensitive nature of these varieties (Figure 4). Further,
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TABLE 3 Influence of waterlogging on root parameters of cowpea varieties.

10.3389/fsufs.2024.1373183

Treatments (T) RL* RFW RDW NR NN AR ARL
Control 11.72a 0.913b 0.11b 19.08 7.55a 0.00b 0.00b
Stress 8.45b 4.414a 0.24a 17.66 1.53b 27.33a 8.87a
CD 0.37 1.13 0.12 1.00 2.59 3.79 248
Varieties (V)
DC15 11.80a 1.32a 0.19b 20.88 7.66a 19.16a 5.6a
GC3 10.40b 0.76¢ 0.19b 18.33 3.33bc 13.66b 4.66b
PL4 10.39a 0.95b 0.26a 20.83 5.33ab 19.66a 5.5a
PL3 9.46¢ 0.73c 0.11c 14.83 2.33c 6.83c 3.68¢
RC101 8.38d 0.53d 0.12¢ 17.00 4.06bc 10.00bc 2.66d
CD 0.58 0.21 0.13 1.33 1.64 2.40 1.45
Interaction (Tx V)
Control DC15 12.02a 1.04b 0.21b 21.66a 11.32a 0.00e 0.00e
GC3 11.80a 1.08b 0.32a 19.33b 8.10b 0.00e 0.00e
PL4 12.17a 0.88¢ 0.31a 18.00b 8.19b 0.00e 0.00e
PL3 11.41a 0.78d 0.13cd 17.66¢ 5.6¢ 0.00e 0.00e
RC101 11.63a 0.77d 0.22b 20.33ab 4.66cd 0.00e 0.00e
Stress DC15 11.58a 1.60a 0.17bc 20.11ab 4.00d 38.33a 11.33a
GC3 9.00b 0.45f 0.07de 17.21c 1.02f 27.33b 9.33b
PL4 8.62b 1.02b 0.22b 16.56d 2.66e 39.36a 11.00a
PL3 7.51c 0.65e 0.10cd 12.78e 0.00g 13.66d 7.31c
RC101 5.14d 0.30g 0.02e 20.1ab 0.00g 20.00c 5.18d
CD 0.82 0.15 0.10 1.26 1.56 5.37 2.24

*RL, Root length (cm); RFW, Root fresh weight (g/plant); RDW, Root dry weight (g/plant); NR, No. of roots/plant; NN, Root nodules/plant; AR, Adventitious roots/plant; ARL, Adventitious
root length (cm). Any two means having a common letter resulted from DMRT, are not significantly different at the 5% level of significance, CD, Critical difference.

the length of the vector indicated the significance of the traits. In the
present study, adventitious roots, no. of pods per plant, no. of roots,
and total chlorophyll content had higher contributions to the
waterlogging tolerance of the DCI15 variety. Similarly, root dry weight,
Qmax, test weight, adventitious root length, and pod weight
significantly contributed to the PL4 variety.

Discussion

In response to waterlogging stress, a series of modifications in
morpho-physiological, root, growth and development-related
parameters were observed in cowpeas, which eventually hindered the
potential yield of cowpea genotypes (Olorunwa et al., 2022a,b, 2023).
Additionally, projections have suggested that climate change factors
intensify this situation, resulting in declined cowpea productivity,
which could worsen world food security (Ray et al., 2019). Therefore,
it is imperative to find an appropriate solution to this problem. A
possible approach to managing waterlogging stress includes
agronomic interventions (sowing on raised beds), growth regulators,
chemical applications/spay, and the genetic improvement of cowpea
cultivars resilient to waterlogging. However, among the approaches
mentioned above, developing and deploying waterlogging tolerant
cowpeas would be the most ideal, economical, and eco-friendly
approach (Olorunwa et al., 2022a,b).
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However, due to the poor heritability and extremely unpredictable
waterlogging conditions, little success has been achieved in breeding
cowpea genotypes for waterlogging tolerance (Olorunwa et al,
2022a,b). Breeders mostly screened genotypes that were tolerant to
waterlogging through field-based trials rather than laboratory-based
physiological features (IChabaz-Saberi et al., 2005). Direct selection for
waterlogging tolerance in the field may not be efficient due to the
intricacy of waterlogging tolerance and variation in field conditions.
Deeper insight into the underlying mechanisms of waterlogging
tolerance allows plant breeders to target specific physiological trait (s)
and pyramid different tolerance-related traits to generate cowpea
pre-breeding material with enhanced tolerance to waterlogging.
Therefore, identifying physiological characteristics associated with
waterlogging tolerance in cowpeas is essential to accomplish this task.
Therefore, we have studied morpho-physiological, root responses to
waterlogging stress under controlled situations, as it avoids variation
arising due to field heterogeneity.

Waterlogging tolerance is associated with
adventitious root formation

The rate of oxygen diffusion in water is 104 times slower than that

of air (Armstrong, 1980). Therefore, roots under waterlogging
conditions lack or have minimal oxygen uptake. As a result of oxygen
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TABLE 4 Influence of waterlogging on growth and yield attributing parameters of cowpea varieties.

10.3389/fsufs.2024.1373183

Treatments (T) PH NBP LPP SL SFW SDW NPP PL PW T™W GY
Control 102.2a 5.34a 18.10a 34.40a 9.58a 1.69a 59.86a 18.01a 10.33a 11.35a 40.99a
Stress 86.43b 4.20b 6.20b 27.41b 8.55b 1.30b 21.13b 13.70b 5.95b 9.36b 24.93b
CD 0.76 0.30 0.39 1.12 1.10 0.34 1.33 0.40 0.16 0.09 0.52
Varieties (V)
DC15 108.13a 5.50a 16.39a 32.63b 10.31a 1.92a 54.66a 21.58a 10.43a 10.26b 48.16a
GC3 90.98¢ 4.91b 11.44c 31.26¢ 10.38a 1.91a 43.66b 14.21c 7.95d 9.36 26.44c
PL4 77.22d 5.33ab 12.58b 28.20d 9.74a 1.26b 45.66b 12.93d 9.20b 9.58¢cd 45.88b
PL3 103.89a 4.11c 9.5d 34.55a 8.39b 1.32b 27.83d 17.32b 8.29¢ 13.48a 23.31d
RC101 91.38¢ 4.00c 10.833c¢ 28.71d 6.50c 1.07b 30.66¢ 13.21d 4.85w 9.09e 21.02e
CD 1.21 0.48 0.62 0.71 1.18 0.54 2.11 0.64 0.25 0.14 0.82
Interaction (Tx V)
Control DC15 116.16a 6.33a 26.78a 37.60a 11.89a 2.73a 88.33a 25.57a 13.12a 12.42b 54.63a
GC3 101.61cd 5.49b 16.33¢ 35.19b 10.95a 1.52b 64.66b 16.31d 10.42¢ 9.90f 34.02e
PL4 80.30f 6.31a 17.89b 31.24c 10.22a 2.30a 64.00b 14.48ef 13.12b 14.54a 50.67b
PL3 110.45b 4.55¢ 16.0c 37.75a 10.22a 1.44b 41.33¢ 19.96b 9.38d 9.82f 36.43d
RC101 102.54¢ 4.33cd 13.50d 30.24c 8.90c 1.08b 41.00¢c 14.68e 8.50de 10.20e 29.22f
Stress DC15 100.11d 4.66¢ 11.667e 31.66¢ 9.81b 1.70b 27.33d 17.59¢ 7.20e 10.70d 41.69¢
GC3 80.36f 4.33cd 5.12g 27.33d 8.74c 1.10b 22.66e 12.12¢g 5.48g 8.82¢g 18.86g
PL4 74.15¢g 5.4b 5.33f 25.16e 9.25b 1.44b 21.00e 11.94¢g 6.38f 11.42¢ 41.10c
PL3 97.34e 3.667d 3.00h 31.35¢ 6.57d 1.18b 20.00e 11.10g 529¢g 7.99h 12.80h
RC101 80.23f 3.66d 5.00g 23.18f 4.11e 0.96b 14.66f 12.20g 3.32h 7.741 10.201
CD 1.71 0.69 0.88 1.59 1.15 0.76 2.98 0.91 0.36 0.21 2.10

*PH, Plant height (cm); NBP, No. of Branches per plant; LPP, Leaves per plant; SFW, Shoot fresh weight (g/plant); Shoot dry weight (g/plant), NPP, Pods per plant; PL, Pod length (cm); PW,
Pod weight (g/5pods); TW, 100 seed weight (g); GY, Grain yield (g/plant), Any two means having a common letter resulted from DMRT, are not significantly different at the 5% level of

significance, CD, Critical difference.

deprivation, ATP production is affected severely, causing an energy
crisis in the waterlogged plants (Colmer and Voesenek, 2009). Plants
have developed many adoptive strategies to withstand O, deficiency
conditions, including aerenchyma formation, adventitious root (AR)
development, and regulation of shoot elongation (Suralta and
Yamauchi, 2008). Different crop plants have different survival
mechanisms; for instance, rice, maize, and barley can form
aerenchyma tissue in response to waterlogging (Steffens et al., 2010;
Zhang et al,, 2015). The primary roots of cowpeas under waterlogged
conditions decay or deteriorate quickly due to lack of oxygen, leading
to an energy crisis. A fundamental response in cowpeas is developing
adventitious roots to replace the damaged original root system under
flooded conditions (AR). The development of AR has been observed
in many species, including rice (Mhimdi and Pérez-Pérez, 2020),
maize (Mano and Omori, 2013), grain legumes such as mungbean and
Blackgram (Kyu et al., 2021). The AR develops as a part of the existing
root system; however, they primarily differ in terms of emergence, i.e.,
from the base of stem, nodes, mesocotyl and hypocotyls and have
more aerenchyma than the primary root system (Della Rovere
etal., 2013).

Consequently, under anoxygenic conditions, ARs support and
enhance gas diffusion and water and nutrient uptake in plants along
and across the roots via air-filled space known as aerenchyma (Steffens
and Rasmussen, 2016). Therefore, plants that can quickly form AR
under waterlogged conditions are expected to be a better adaptation
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trait for waterlogging environments (Yang et al., 2023). In the current
study, no tested varieties developed AR under control conditions
(Figures 5, 6). Contrasting to this, all the varieties formed AR under
waterlogging conditions. However, oxygen transport efficiency
depends on AR formation and the number of AR formed during
waterlogging stress. In the present experiment, the number of AR
varied significantly among the varieties; this signifies the variation in
waterlogging tolerance among varieties.

Further, tolerant varieties had significantly higher and longer AR
than sensitive varieties. Akin to our results, Thomas et al. (2005)
reported that faster AR formation is associated with the recovery of N
metabolism in the roots of legumes. Further, the formation of AR
enhances the internal oxygen transport from shoot to waterlogged
roots, increasing the oxygen concentration in the root zone
(Shimamura et al., 2010; Teakle et al., 2011).

Waterlogging induces morphological
changes in varieties

Waterlogging significantly influenced the growth and development
of cowpea varieties. Ten days of waterlogging treatment on cowpeas
induced significant changes in morphological parameters, including
decreased plant height, leaf area, number of leaves, and biomass
accumulation to varying degrees in different cowpea varieties. In the
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FIGURE 1

Correlation coefficient between grain yield with, root, shoot, growth and physiological parameters under control conditions RL, Root length (cm); SL,
Shoot Length (cm); RFW, Root Fresh Weight (g/plant); SFW, Shoot Fresh Weight (g/plant); RDW, Root Dry Weight (g/plant); SDW, Shoot Dry Weight (g/
plant); NR, No. of Roots/plant; NN, Root Nodules/plant; AR, Adventitious Roots/plant; ARL, Adventitious Root Length (cm); LA, Leaf Area; NDVI,
Normalized Difference in Vegetative Index; CT, Canopy Temperature; Chla, Chlorophyll a (mg/mL); Chlb, Chlorophyll b (mg/mL); TChl, Total
Chlorophyll (mg/mL); Car, Carotenoids (mg/mL); FO, ground fluorescence; Fm, maximum chlorophyll fluorescence; Fv, Variable chlorophyll
fluorescence; QYmax, maximum quantum efficiency; PH, Plant Height (cm); NBP, No. of Brancher per plant; LPP, Leaves per plant; NPP, Pods per plant;
PL, Pod Length (cm); PW, Pod Weight (g/5pods); TW, 100 seed weight (g); GY, Grain Yield (g/plant).
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FIGURE 2

Correlation coefficient between grain yield with, root, shoot, growth and physiological parameters under waterlogging stress conditions RL, Root
length (cm); SL, Shoot Length (cm); RFW, Root Fresh Weight (g/plant); SFW, Shoot Fresh Weight (g/plant); RDW, Root Dry Weight (g/plant); SDW, Shoot
Dry Weight (g/plant); NR, No. of Roots/plant; NN, Root Nodules/plant; AR, Adventitious Roots/plant; ARL, Adventitious Root Length (cm); LA, Leaf Area;
NDVI, Normalized Difference in Vegetative Index; CT, Canopy Temperature; Chla, Chlorophyll a (mg/mL); Chlb, Chlorophyll b (mg/mL); TChl, Total
Chlorophyll (mg/mL); Car, Carotenoids (mg/mL); FO, ground fluorescence; Fm, maximum chlorophyll fluorescence; Fv, Variable chlorophyll
fluorescence; QYmax, maximum quantum efficiency; PH, Plant Height (cm); NBP, No. of Brancher per plant; LPP, Leaves per plant; NPP, Pods per plant;
PL, Pod Length (cm); PW, Pod Weight (g/5pods); TW, 100 seed weight.

present study, waterlogging for ten days significantly decreased plant ~ modifications and decreases in plant height and number of leaves were
height, number of branches per plant, and number of leaves per plant  reported in cowpea (Olorunwa et al,, 2022a,b), decrease in plant height
in all the tested cowpea varieties compared to the control. Similar  of soybean (Dhungana et al., 2019), mung (Kumar et al., 2013), and
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FIGURE 3

(A) Scree plot depicting percentage of variance explained for various growth, physiology, root, and yield parameters of cowpea genotypes under
water- logging stress. 1 to 4 number indicates component numbers. (B) Contribution of each variable to total variability in PC1 and PC2 and correlation

between them.
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Biplot depicting the interrelationship between various growth, physiology, root, and yield parameters of cowpea genotypes under waterlogging stress.
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pigeonpea (Basavaraj et al., 2023) under waterlogging stress at vegetative
stage, this supports the present results. As a result of waterlogging, a
decrease in plant height and resultant stunted growth was observed in
all the tested varieties; this is akin to observations of the previous reports
in cowpea (Umaharan et al., 1997; Olorunwa et al,, 2022a,b). Although
we have not measured ethylene production in the present investigation,
the decrease in plant height under waterlogging is mainly due to
increased production of ethylene compound, 1-aminocyclopropane-1-
carboxylic acid (ACC), production of which enhanced under
waterlogging conditions (Pan et al.,, 2019). Further, increased ACC
levels might have inhibited the abscisic acid biosynthesis, thereby
inhibiting shoot elongation and overall plant growth (Ntukamazina
et al,, 2017; Ploschuk et al., 2018; Olorunwa et al., 2022a).

Frontiers in Sustainable Food Systems

Additionally, plants under waterlogging stress during the
vegetative stage respond in various ways to sustain their growth and
development by utilizing their morphological characteristics,
particularly those associated with their leaves, which are the site of
photosynthesis. The onset of leaf senescence and a notable decrease
in leaf area and leaf number are typical signs of waterlogging stress,
which worsens depending on the severity of waterlogging,
particularly in legumes (Hingane et al., 2015; Olorunwa et al,
2022a,b; Basavaraj et al., 2023). A similar trend was observed in the
present study: a decrease in leaf area and number of leaves per plant
in stress treatment compared to control plants of all tested cowpea
varieties. This decrease in leaf area is mainly due to decreased
photosynthesis (Pn) caused by stomata closure under waterlogging
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Variation in the number and length of adventitious roots of different cowpea varieties under waterlogging stress.
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waterlogging treatment).

Variation in root and shoot parameters of cowpea varieties under control and waterlogging stress (picture is taken immediately after 10th day of

stress (Takele and McDavid, 1994; Olorunwa et al., 2022a). Changes
in photosynthetic capacity are mainly due to modifications in enzyme
carboxylation, reduction in chlorophyll content and reduced leaf
area. Further, tolerant varieties such as DC15 and PL4 in the present
study could maintain higher leaf area and leaf number under
waterlogging conditions, resulting in optimum photosynthesis,
growth, development, and economic yield. Kumutha et al. (2009)
made similar observations on leaf area in waterlogging tolerant
pigeonpea genotypes with higher leaf area than sensitive genotypes
under waterlogging stress.
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Waterlogging induces physiological
changes in cowpea varieties
Waterlogging stress significantly affected the morpho-
physiological functions of cowpea varieties, notably altered shoot
morphology and physiology, which had an adverse impact on carbon
fixation and stomatal conductance (Ploschuk et al., 2018). Since the
waterlogging condition has 10,000 times less oxygen diffusion, the
stomata and cell walls find it difficult to exchange the CO, needed for

the plant’s fundamental functions (Voesenek and Bailey-Serres, 2015).
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Further, reduced CO, availability under waterlogging/flooding causes
a reduction in heterotrophic energy production in mitochondria,
therefore decreasing photosynthesis. In addition, waterlogging stress
caused a decline in the photosynthetic capacity of tested cowpea
varieties, inhibiting the electron transport rate and leading to photo-
inhibition in PSIL. In the present study, we observed a decrease in
chlorophyll fluorescence parameters such as F0, Fv, Fm and Fv/Fm,
which are signs of damaged PSII. Alternatively, a reduction of
photosynthetic pigments (Chlorophyll and carotenoids) contributed
to a decline in photosynthesis in the sensitive cowpea varieties in the
present study. Under waterlogging, the drop in Fv/Fm indicates that
the light energy absorbed by PSII was utilized to reduce PSIT’s
potential vigor change and the efficiency of the principal electron
acceptor (Rao et al., 2021). These alterations represent the plants’
ability to withstand a range of environmental stressors, such as
hypoxia and anoxia (Zhu et al., 2016).

Additionally, cowpea genotypes under waterlogging in the early
phases of vegetative growth had lower Fv, Fm, FO and Fv/Fm,
suggesting that cowpeas are susceptible to waterlogging stress. These
results aligned with those of Ploschuk et al. (2018), who reported that
field peas are sensitive to waterlogging because of impaired
PSIL Further, a decrease in quantum efficiency of PSII (Fv/Fm) was
observed under stress treatment compared to optimum conditions
and tolerant cowpea varieties such as DC15 and PL4 had higher PSII
values under stress compared to sensitive RC101 cowpea variety,
indicating that tolerant cowpea genotypes can prevent photodamage
during waterlogging stress more effectively than susceptible genotypes.
According to Zhu et al. (2016), the xanthophyll cycle’s capacity to
shield the photosynthetic machinery from photo-inhibitory damage
under waterlogging is responsible for this waterlogging tolerance.
Previously, Olorunwa et al. (2022a,b) also reported similar results.

Association between morpho-physiological
and root traits under waterlogging stress

Waterlogging tolerance is a complex quantitative trait involving
plants’ morphological, physiological, anatomical, and molecular
characteristics (Yamauchi et al., 2018; Zeng et al., 2020; Basavaraj et al.,
2023). More than one criterion is required to reflect plants’ waterlogging
tolerance precisely. Therefore, correlation and principal component
analysis were used to evaluate cowpea varieties in the present study.
Association analysis indicated that grain yield in the present study is
significantly positively associated with forming adventitious roots (root
length, root number). Therefore, adventitious root traits provide
selection criteria for screening waterlogging-tolerant cowpea
genotypes. Thus, these findings illustrated the significance of root
characteristics in selecting genotypes tolerant of waterlogging stress.
Further, significant differences for various morpho-physiological and
root traits were observed among the tested cowpea varieties, suggesting
inherent genetic variation. These results are consistent with Olorunwa
etal. (2022a,b) studies in cowpeas and beans (Velasco et al., 2019).

Conclusion

The present study highlighted the significance of morpho-
physiological and root parameters tolerant to waterlogging, and the
study revealed the quantitative complex nature of tolerance traits
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among the cowpea varieties. There is a significant positive association
between adventitious root number and root length with grain yield
under waterlogging stress, suggesting that while screening cowpea
genotypes, tolerance to waterlogging, priority should be given to root
traits, especially AR and ARL. Cowpea varieties like PL4 and DC15
could aid in developing novel genotypes of cowpeas that are tolerant
to waterlogging. These tolerant genotypes can be crossed with them
to transfer waterlogging tolerance genes into high-yielding
commercial cowpea varieties without compromising their natural
performance under waterlogging stress. However, before crossing
programs, these findings must be validated under field conditions to
evaluate their growth, development, and yield performance under
waterlogging conditions to guarantee sustainable cowpea production.
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Genomic loci associated with
grain yield under well-watered
and water-stressed conditions in
multiple bi-parental maize
populations

Noel Ndlovu®*?, Manje Gowda®*, Yoseph Beyene®',
Vijay Chaikam®?, Felister M. Nzuve®, Dan Makumbi®?,
Peter C. McKeown®?, Charles Spillane®? and
Boddupalli M. Prasanna®!

!International Maize and Wheat Improvement Center (CIMMYT), Nairobi, Kenya, ?Agriculture &
Bioeconomy Research Centre, Ryan Institute, University of Galway, Galway, Ireland, *Department of
Plant Science and Crop Protection, University of Nairobi, Nairobi, Kenya

Smallholder maize farming systems in sub-Saharan Africa (SSA) are vulnerable
to drought-induced yield losses, which significantly impact food security and
livelihoods within these communities. Mapping and characterizing genomic
regions associated with water stress tolerance in tropical maize is essential for
future breeding initiatives targeting this region. In this study, three biparental F5
populations composed of 753 families were evaluated in Kenya and Zimbabwe
and genotyped with high-density single nucleotide polymorphism (SNP)
markers. Quantitative trait loci maping was performed on these genotypes
to dissect the genetic architecture for grain yield (GY), plant height (PH), ear
height (EH) and anthesis-silking interval (ASIl) under well-watered (WW) and
water-stressed (WS) conditions. Across the studied maize populations, mean
GY exhibited a range of 4.55-8.55t/ha under WW and 1.29-5.59t/ha under
WS, reflecting a 31-59% reduction range under WS conditions. Genotypic and
genotype-by-environment (G X E) variances were significant for all traits except
ASI. Overall broad sense heritabilities for GY were low to high (0.25-0.60). For
GY, these genetic parameters were decreased under WS conditions. Linkage
mapping revealed a significant difference in the number of QTLs detected,
with 93 identified under WW conditions and 41 under WS conditions. These
QTLs were distributed across all maize chromosomes. For GY, eight and two
major effect QTLs (>10% phenotypic variation explained) were detected under
WW and WS conditions, respectively. Under WS conditions, Joint Linkage
Association Mapping (JLAM) identified several QTLs with minor effects for GY
and revealed genomic region overlaps in the studied populations. Across the
studied water regimes, five-fold cross-validation showed moderate to high
prediction accuracies (—0.15-0.90) for GY and other agronomic traits. Our
findings demonstrate the polygenic nature of WS tolerance and highlights the
immense potential of using genomic selection in improving genetic gain in
maize breeding.
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1 Introduction

Across Africa, circa 40% of maize-growing areas are exposed to
recurrent drought (Fisher et al., 2015), with a frequency of 10-20%
(Tesfaye et al., 2016). These droughts are responsible for substantial
grain yield losses exceeding 20% in smallholder farming systems.
Previous studies have shown that with each additional degree day
above 30°C, maize grain yield under water-stressed (WS) conditions is
reduced by 1.7% (Lobell et al., 2011). These drought-induced yield
losses can be attributed to several trait-related factors - including
reduced kernel size, inhibited ear elongation (Wang et al., 2019) and
delayed silking (Sah et al., 2020). Water stress can also have negative
effects on the nutritional quality of maize grain (Barutcular et al., 2016;
Sehgal et al., 2018), which is a concern for the already malnourished
smallholder farmer communities in sub-Saharan Africa (SSA). Over
the past decades, the adverse effects of WS have been more pronounced
in rainfed (Lunduka et al., 2019) maize-dependent smallholder farming
systems in SSA. In this region, maize grain yield [range: 1-3 tonne ha™
(Prasanna et al., 2020)] and quality losses are further compounded by
other limiting factors such as heat stress (Chulkwudi et al., 2021), low
soil nitrogen stress (Ndlovu et al., 2022; Kimutai et al., 2023), insect
pest infestations (Deutsch et al., 2018), disease incidences (Beyene
et al,, 2017) and limited access to quality seeds among smallholders
(Breen et al., 2024).

Despite the widely reported unpredictability of drought (Seleiman
etal, 2021), farmers and researchers can adopt a range of strategies to
curb yield losses (Muroyiwa et al., 2022). Such strategies include the
development, release, and adoption of WS-tolerant maize varieties.
On-farm trials conducted in SSA have shown that WS-tolerant varieties
of maize can have a 5-40% grain yield advantage over traditional
varieties under WS conditions (Tesfaye et al., 2016). Such yield
advantage has been reported to generate extra income for maize-
dependent households [e.g., up to US$240/ha or>9 months of food
sufficiency in Zimbabwean households (Lunduka et al, 2019)].
Advancing genetic gains for WS-tolerant maize varieties is, therefore,
an essential component of the basket of technology options for
improving the resilience of smallholder maize farming systems (Habte
etal,, 2023) in SSA. However, breeding for WS-tolerant maize varieties
presents several challenges due to the complex nature of WS and the
need to advance genetic gain concurrently for a range of yield-
related traits.

Breeding for higher maize grain yields under WS has been
limited by genotype-by-environment (GxE) effects and low
heritability (Collins et al., 2008). As water stress tolerance is a
multigenic trait, investigations of grain yield under WS also involve
evaluating a range of secondary traits, including anthesis-silking
interval (ASI) (Bolanos and Edmeades, 1996; Gopalakrishna
K. et al., 2023), reduced water potential and root development
(Thirunavukkarasu et al., 2014), ear height-to-plant height ratio
(Zhao et al., 2019) and number of ears per plant (Badu-Apraku
et al., 2019). Other studies have also measured high water-holding
capacity, enhanced cell wall biosynthesis and stability of
photosynthesis (Zhang et al., 2020). Most of these traits have higher
heritabilities than grain yield and can be good secondary traits to
enhance selection for drought tolerance in maize. Using
conventional breeding to improve traits associated with WS
tolerance presents a range of challenges, including its laborious and
slow nature (Nikoli¢ et al., 2013). However, there is significant

Frontiers in Sustainable Food Systems

10.3389/fsufs.2024.1391989

potential to overcome some WS-tolerance breeding challenges by
incorporating molecular breeding [e.g., quantitative-trait loci
(QTL) mapping (Zhao et al,, 2019; Hu et al., 2021; Sarkar et al.,
2023), genome-wide association studies (GWAS) (Khan et al., 2022;
Anilkumar et al.,, 2023; Chen et al., 2023) and genomic selection
(GS) (Beyene et al., 2015; Cerrudo et al., 2018; He et al., 2019;
Ndlovu et al., 2022, 2024; Zhang et al., 2022)] and phenomics-
assisted breeding [i.e., high-throughput phenotyping (Wu et al.,
2021)] approaches. To unravel the genetic architecture of WS
tolerance in tropical maize, molecular breeding approaches have
become crucial for improving this complex trait.

A range of studies have identified genomic regions associated
with the tolerance of maize lines to WS conditions. These studies
have shown that WS tolerance is a complex trait governed by
many minor QTLs (Choudhary et al., 2023). For instance,
Osuman et al. (2022) identified 27 single nucleotide
polymorphisms (SNPs), with four SNPs [SNP_138825271 (Chr.
3), SNP_244895453 (Chr. 4), SNP_168561609 (Chr. 5), and
SNP_62970998 (Chr. 6)] having pleiotropic effects on anthesis
days, silking days and husk cover under terminal drought. Under
both WS and well-watered (WW) conditions, Zaidi et al. (2016)
identified 37 SNPs for grain yield and shoot biomass. Two of
these SNPs (SNPs S1_211520521 and S2_20017716) were
associated with shoot biomass and transpiration efficiency under
WS. For plant height, 120 SNPs were identified by Wallace et al.
(2016) from 15 tropical maize populations grown under WS in
SSA. Thirunavukkarasu et al. (2014) identified SNPs associated
with functional traits such as stomatal closure, root development,
flowering, detoxification, and reduced water potential under
drought stress, Yuan et al. (2019) identified 46 differentially
expressed candidate genes under both WS and WW conditions.
At the seedling stage, Chen et al. (2023) identified 15 candidate
genes for water stress tolerance in maize.

Combining QTL mapping with GWAS can enhance the
identification of markers associated with various traits of interest
(Chen et al., 2016; Zhou et al., 2018; Li et al., 2020; Ndlovu et al.,
2022; Sallam et al., 2022). The identified markers can then
be utilized in marker-assisted recurrent selection (MARS) for
improving WS tolerance in tropical maize (Beyene et al., 2016). GS
is also a promising tool for improving polygenic traits (like WS
tolerance in maize). Unlike MARS, GS can capture the effects of
many small-effect QTLs (Bentley et al., 2014; Cerrudo et al., 2018).
Several studies also showed that incorporation of markers linked
to major effect QTLs as a fixed effect in genomic prediction model
can improve the prediction accuracy as observed for Striga
resistance (Gowda et al., 2021) and maize lethal necrosis resistance
in maize (Gowda et al., 2015). To understand the effectiveness of
QTL mapping and GS in dissecting the genetic basis of WS
tolerance, a set of tropical bi-parental maize populations evaluated
in Kenya and Zimbabwe were used in this study. The study sought
to (i) compare the quantitative genetic parameters (i.e., heritability,
variance, and genetic correlation) of grain yield and secondary
traits under WW and WS conditions; (ii) identify the genomic
regions through linkage mapping and joint linkage association
mapping for grain yield and other traits in three F; populations
evaluated in multiple locations; and (iii) assess the potential of GS
in improving grain yield and related traits under WW and
WS conditions.
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2 Materials and methods

2.1 Plant materials, experimental design,
and crop management

Three biparental F; maize populations comprised of 753 families
developed by the Global Maize Program of the International Maize
and Wheat Improvement Centre (CIMMYT) were evaluated under
WW and managed WS conditions. Population 1 comprised 240 F;
families from the cross CML543 x CML444, Population 2 comprised
255 F; families from the cross CML543 x LaPostaSeqC7-F71 and
Population 3 comprised 258 F; families from the cross
CKL5009 x LaPostaSeqC7-F71. CML444 and LaPostaSeqC7-F7 are
known WS-tolerant lines; CML543, on the other hand, perform better
under WW and is resistant to foliar diseases. CML444 from heterotic
group B is extensively used as a drought tolerant donor line in SSA and
is adapted to mid-altitude region. It is also known to be tolerant to low
soil N stress and resistant to maize streak virus, ear rot, and northern
corn leaf blight. CML543 is another promising elite line that was
developed from a CML202xCML395 derived population known for
being tolerant to foliar diseases like gray leaf spot, northern corn leaf
blight and common rust. LapostaSeqC7-F71 and CKL5009 are the
other parents used in population development. LapostaSeqC7-F71
was derived from the LapostaSequia germplasm, a known source for
developing WS-tolerant elite donors. In addition to WS-tolerance,
LapostaSeqC7-F71 also exhibits tolerance to ear rot. CKL5009,
developed from Kenya Agricultural and Livestock Research
Organization’s germplasm, is known to be moderately tolerant to
drought and tolerant to low soil N conditions. All 753 F; families from
the three bi-parental populations were test-crossed to a single cross-
tester for phenotypic evaluation. The testcross progenies were
evaluated across six sites in Kenya and one site in Zimbabwe (Table 1).
Field trials in Kakamega and Kiboko were all evaluated over a
two-year period.

Trials of each test cross were planted in single row (4 m) plots with
2 replications at all locations. The field layout was an alpha (0,1) lattice
design. Experiments were laid out in a 40x 6, 51 x5 and 43 x 6 alpha
lattice design for F; pop 1, pop 2 and pop 3, respectively. Four
commercial checks (DKC8031, H513, WH504 and WH505) and two
parents of each population were used so that the total of the
experimental genotypes were 240, 255 and 258 for F; pop 1, pop 2 and
pop 3, respectively. Standard agronomic management practices were
followed. All populations were planted in the same season in adjacent
plots. The genotypes were subjected to WW and WS management
conditions. In the WS trial, drought stress was imposed following the

10.3389/fsufs.2024.1391989

CIMMY T-established protocol (Binziger et al., 2000). Trials for WS
evaluations were irrigated once a week until 2weeks prior to the
expected flowering date in each population. Irrigation was withdrawn
and the water stress condition was maintained till harvest. For WW
trials, planting was done in the main rainy season and whenever
needed, irrigation was provided to avoid any stress.

2.2 Phenotypic data collection and
analyses

A total of ten traits (i.e., grain yield (GY), anthesis date (AD),
silking date (SD), anthesis-silking interval (ASI), plant height (PH),
ear height (EH), ear rot (ER), ears per plant (EPP), ear position (EPO)
and ear aspect (EA)) were measured for all bi-parental populations
under WW and WS regimes. All ears harvested from each plot were
shelled and weighed to determine total GY (in kg), then converted to
t/ha by dividing the total GY per plot by the plot area. The grain
moisture content (MOI) of the shelled grains at harvest was
determined using a hand-held moisture meter and recorded in
percentages. The ASI was calculated as the difference between SD and
AD in days. SD was recorded as the number of days from sowing to at
least 50% silk emergence in each plot, while AD was recorded as the
number of days from sowing to when 50% of the plants per plot had
shed pollen. PH was measured in centimetres (cm) from the base of
the plant to the tip of the tassel. EH was measured in cm from the
ground to the node bearing the highest ear. Five representative plants
were measured at maturity in each plot for both PH and EH. EA was
measured on a scale of 1-5, where 1 =nice and uniform cobs with the
preferred texture; 5=cobs with undesirable texture. EPO was
calculated as the ratio of EH to PH.

Analyses of variance for each bi-parental population at each and
across environments (i.e., WW and WS regimes) were performed
using ASREML-R (Gilmour et al., 2009) and META-R (Alvarado
et al., 2020). The following statistical mixed model was used to
estimate variance components:

Yiiko =1+G;i +E; +(GE)ij +R(E)kj +B(R.E)ojk + Cijko,

where Y, is the phenotypic performance of the ith genotype at
the jth environment in the k™ replication of the oth incomplete block,
4 is an intercept term, G; is the genetic effect of the i genotype, E; is
the effect of the jth environment, (GE); is the interaction effect
between genotype and environment, R(E); is the effect of the k™

TABLE 1 Agro-climatic characteristics and management at seven field sites used for the evaluation of the bi-parental populations of tropical maize.

Location Longitude Latitude Altitude (masl) Management
Kiboko-1 Kenya 37°75'E 02°15’ S 975 Water-stressed
Kiboko-2 Kenya 37°75'E 02°15’ S 975 Water-stressed
Chiredzi Zimbabwe 31°34'E 21°01°S 430 Water-stressed
Embu Kenya 37°27'E 01°31’N 1,350 Well-watered
Kakamega-1 Kenya 34°45°E 00°16'N 1,585 Well-watered
Kakamega-2 Kenya 34°45E 00°16'N 1,585 Well-watered
Kitale Kenya 01°01E 39°59N 1849 Well-watered
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replication at the j" environment, B(R.E),; is the effect of the o
incomplete block in the k™ replication at the j" environment, and ey,
is the residual. The genotypic effect (G;), genotype by environment
interaction (GEI) and effect of incomplete blocks were treated as
random effects to estimate their variances and residual error.
Environments and replications were treated as fixed effects. Assuming
fixed genotypic effects, a mixed linear model was fitted to obtain the
best linear unbiased estimates (BLUEs). Broad-sense heritability (H?)
was estimated as the ratio of genotypic to phenotypic ratio from the
variance components. META-R software (Alvarado et al., 2015) was
used to obtain the best linear unbiased prediction (BLUP) for each
genotype across environments. BLUEs and BLUPs across the
population were also obtained with the mixed model through
META-R software.

2.3 Molecular data analysis

All three bi-parental populations used in this study were also used
in earlier QTL mapping studies for maize lethal necrosis (MLN)
disease (Gowda et al., 2018). Detailed description of the molecular
markers used and the linkage map construction are also described in
our earlier study (Gowda et al., 2018). In brief, DNA of all lines of the
bi-parental populations was extracted from seedlings at the 3-4 leaf
stage and genotyped using the genotype-by-sequencing (GBS)
platform at the Institute for Genomic Diversity, Cornell University,
Ithaca, USA, using high density markers, as per the protocol described
in (Elshire et al., 2011). For SNP calling, raw data in a FASTQ file
together with the barcode information and Tags On Physical Map
(TOPM) data, which had SNP position information was used.
We used TOPM data from AllZeaGBSv2.7 downloaded from Panzea,'
which contained information for 955,690 SNPs mapped with B73
AGPV2 coordinates. The TASSEL-GBS pipeline was used for calling
SNPs (Glaubitz et al., 2014). TASSEL ver. 5.2 (Bradbury et al., 2007)
was used to exclude SNPs with heterozygosity of >5%, minor allele
frequency (MAF) of <0.05, and a minimum count of 90% by filtering
from raw GBS SNP markers in all populations. The number of SNPs
was further reduced by selecting homozygous and polymorphic
markers between the parents in each population. SNPs were further
filtered based on the minimum distance between the markers.
We used the criteria of minimum distance between adjacent SNPs as
>200 Kilo base pairs (Kbps) to ensure uniform distribution of markers
throughout the genome. For joint linkage association mapping
(JLAM), markers from all three bi-parental populations were
combined, and markers with <1% missing value and >5% MAF and
Heterozygosity of <5% were retained. Finally, a set of 5,490 SNPs that
are uniformly distributed across the genome were used for
JLAM analyses.

QTL IciMapping ver. 4.1 (Meng et al., 2015) was used to construct
the linkage map based on data from all three biparental populations.
QTL IciMapping was used to remove the highly correlated SNPs that
do not provide any additional information by using an inbuilt tool
BIN. This resulted in the retention of 560, 556 and 555 high-quality
SNPs in populations 1, 2 and 3, respectively. These SNPs were used to

1 https://www.panzea.org/
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construct linkage maps using the MAP function, by selecting the most
significant markers using stepwise regression. A likelihood ratio test
was used to calculate the logarithm of odds (LOD) for each marker at
a score of >3 with a 30 cM maximum distance between two loci. The
Kosambi mapping function (Kosambi, 1944) was used to transform
the recombination frequencies between two linked loci. BLUPs across
environments were used to detect QTLs based on Inclusive interval
mapping (ICIM) for each population. The phenotypic variation
explained by individual QTLs and the total variation explained by
QTLs was estimated. QTL naming was done with the letter “q”
indicating QTL, followed by an abbreviation of the trait name, the
chromosome, and the marker position, respectively.

2.4 Joint linkage association mapping

For JLAM, high-quality and uniformly distributed 5,490 SNPs
across three F; populations were selected. The SNPs were then used
to construct a linkage map based on their physical positions. A
biometric model (Wiirschum et al., 2012; Kibe t al., 2020) was used
to perform JLAM, with BLUPs across environments and populations
being applied for analysis. After testing several biometric models,
one which performed well for association studies in multiple
segregating biparental populations (Wiirschum et al., 2012) was used
to conduct the JLAM. This model controls the differences in
population means by incorporating population effect, and the
genetic background by using cofactors and marker effects across
populations. This model was explained in detail by Liu et al. (2011)
and Wirschum et al. (2012). With this model, first-step cofactors
were selected based on the Schwarz Bayesian Criterion (Schwarz,
1978) by including a population effect and in the second step, p
values were calculated for the F-test by using a full model (including
SNP effect) versus a reduced model (without SNP effect). Cofactors
were selected by using PROC GLM SELECT from SAS 9.4 (SAS
Institute Inc. 2015) and genome-wide scans for QTLs were applied
in R (ver. 4.3.1) (R Core Team, 2023).

2.5 Genomic prediction

Genome-wide prediction was applied for GY and all other traits
within and across three F; populations with five-fold cross-validation.
BLUEs across locations obtained under WW and WS management
were used with a ridge-regression BLUP prediction model (Zhao et al.,
2012; Sitonik et al., 2019). For genomic prediction, 4,000 common
SNPs for each of the three populations which were distributed
uniformly across the genome with no missing values were selected. To
understand the effect of different training populations on accuracy,
genomic prediction was carried out in three scenarios of cross-
validation within and across biparental populations. Scenario 1: both
training and testing populations are drawn from within each
segregating population. In Scenario 2, the training population is
derived from across populations, and the testing population was
drawn from within each population whereas, for Scenario 3, both the
training and testing population was derived from across populations.
For Scenarios 2 and 3, the estimation of marker effects was based on
the genotypic variance of the total populations. For Scenario 1, the
estimates of the genotypic variance and heritability within segregating
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populations were used in the rr-BLUP model. The prediction accuracy
of GS was calculated as r gs=7 5 /h, Where h refers to the square root
of heritability and r 5 is the correlation between observed and
predicted phenotypes (Deklkers, 2007). For each trait in each
population and each scenario, 100 iterations were done for sampling
the training and testing sets.

3 Results

3.1 Effect of water stress on maize grain
yield and related traits

The mean GY of the four parents CML543, CML444,
LapostasequiaC7-F71 and CKL5009 (used to develop the studied
bi-parental maize populations) were 6.97, 6.30, 6.31 and 5.87 t/ha
under WW conditions, and 2.32, 2.68, 5.08 and 3.69t/ha under
managed WS conditions, respectively. Across the three bi-parental
maize populations, significant variations were observed for GY, EH,
PH and ASI in both WW and WS regimes (Figure 1; Tables 2, 3).
Mean GY for pop 1 (CML543 x CML444), pop 2 (CML543 x LPSC7-
F71) and pop 3 (CKL5009 x LPSC7-F71), and across populations
were 6.38,7.04, 6.04 and 6.41 t/ha under WW and 2.66, 3.72, 4.08 and
3.50 t/ha under WS management, respectively (Figure 1). Across the
three bi-parental maize populations, mean GY ranged from 4.55 to
8.55t/ha and 1.29 to 5.59t/ha under WW and WS conditions,
respectively. Overall analysis showed that under WS environments,
GY reductions were 59, 48, and 31% in pop 1, pop 2 and pop 3,
respectively. The ranges of ASI values were wider under WS
conditions than under WW conditions (Figure 1). Across all
populations, we observed ASI, PH and EH means of 1.48days,
241.65cm, and 127.76 cm, respectively under WW conditions. Under
WS conditions, the recorded means for ASI, PH and EH were
2.12days, 210.71 cm, and 127.1 cm, respectively. Interestingly, mean
ASI across the studied maize populations was 2.6 days longer under
WS conditions than under WW conditions. The BLUEs and BLUPs
for each and combined populations and markers used in this study
are presented in Supplementary Table S1.

Analyses of variance for ‘within’ and ‘across’ environments
revealed significant genotypic and genotype by environment (G x E)
variances for all traits except for ASI (under WW conditions) and EH
(under WS conditions) in pop 1 (Table 2). For GY, we observed low to
moderate heritability estimates of 0.60, 0.54, 0.25 and 0.65 under WW
conditions and 0.30, 0.32, 0.58 and 0.54 under WS management for
pop 1, pop 2, pop 3 and all combined, respectively (Table 2). It is
important to highlight that the lowest broad sense heritabilities under
WS conditions were greater than the lowest values achieved under
WW conditions, yet they remained below the highest values achieved
under WW conditions. For individual populations, broad sense
heritabilities for ASI ranged from 0.43-0.53 and 0.18-0.50 under WW
and WS conditions, respectively. For PH, heritability ranged from
0.68-0.79 (WW) and 0.43-0.65 (WS). The estimates of broad-sense
heritability for EH ranged between 0.72-0.85 (WW) and 0.39-0.79
(WS). Under WW conditions and for all studied populations, the
broad sense heritability of GY was highest (65%), followed by EH
(51%), PH (45%) and ASI (35%). While, under WS environments,
broad sense heritabilities were estimated at 54, 47, 23 and 17% for GY,
EH, PH and AS]I, respectively. Generally, the broad-sense heritability

Frontiers in Sustainable Food Systems

10.3389/fsufs.2024.1391989

of all studied maize traits was low under WS compared to WW
conditions (Table 2).

Correlation analyses showed that GY was significantly and
negatively correlated with Turcicum leaf blight (TLB) severity
(—0.53), husk cover (—0.24), ear rot (—0.20), and ear aspect (—0.60)
under WW conditions. GY was also shown to be positively and
significantly correlated with PH (0.60), EH (0.41), anthesis date
(0.28), silking date (0.22), and ears per plant (0.40) (Figure 2) under
the same conditions. Under WS conditions, GY was significantly and
negatively correlated with anthesis date (—0.69), silking date (—0.7),
ASI (-0.27), ear rot (—0.4), ear aspect (—0.38) and ear position
(—0.25). It was also significantly and positively correlated with ears
per plant (0.71).

3.2 QTLs associated with grain yield and
related traits under well-watered and
water-stressed conditions

The linkage map was constructed for F; pop 1, pop 2 and pop 3
using 560, 556 and 555 high-quality polymorphic SNPs, respectively.
The mean distances between adjacent markers were recorded at 8.07,
7.50 and 8.04cM for F; pop 1, pop 2 and pop 3, respectively. The
identified QTLs for GY, ASI, PH and EH at WW and WS conditions
for each population are presented in Tables 3-6. Our QTL analyses
identified totals of 93 and 41 QTLs for GY, ASI, PH and EH, under
WW and WS conditions, respectively. For the studied four traits, 23,
39 and 31 QTLs (under WW conditions) and 8, 4, and 29 QTLs
(under WS conditions) in pop 1, pop 2 and pop 3 were detected,
respectively.

In F; pop 1, QTL analysis revealed a total of 23 QTLs for GY (8),
PH (9) and EH (6) under WW conditions and 8 QTLs for ASI (4), PH
(3) and EH (1) under WS conditions (Supplementary Table S2). For
this population, no QTLs were detected for GY under WS conditions
(Table 3). In pop 2, QTL analysis revealed 39 QTLs for GY (8), ASI
(5), PH (12) and EH (14) under WW conditions and four QTLs for
GY (1), ASI (1), and PH (2) under WS conditions. In pop 3, 31 and 29
QTLs were detected for the four traits under WW and WS conditions,
respectively. Interestingly, the highest number of QTLs detected in this
population were for PH (13) and EH (13) under WS conditions.
Furthermore, no QTLs were detected for ASI under WS conditions in
this population (Tables 5, 6).

The phenotypic variation explained (PVE) for all the detected
QTLs ranged from 2.51 to 27.77%. Interestingly, these two extremes
were observed in pop 3 for WS_PH (2.51%) and WW_GY (27.77%).
Significant QTLs with major effects, explaining >10% of the PVE, were
identified for GY (nine QTLs under WW and two QTLs under WS
conditions). Noteworthy, a few significant major effect QTLs were also
identified for ASI, PH and EH under both WW and WS conditions
(Tables 4-6).

JLAM QTL analysis across the three bi-parental populations
identified 25 QTLs for GY under the WW conditions and 4 under
the WS (Table 7). For this analysis, PVE ranged from 0.80-3.9% and
1.4-11.8% for WW and WS environments, respectively. For GY,
most of the QTLs were identified in chromosomes 4 and 6 (5 QTLs
each). For ASI, 16 and 15 QTLs were identified under WW and WS
environments, respectively (Table 8). PVE for ASI ranged from
0.1-4.9% and 1.3-10.9% for WW and WS environments,
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FIGURE 1
Phenotypic distribution of grain yield and related traits tested under well-watered and water-stressed conditions in Kenya and Zimbabwe. The orange
and purple color plots represent the field trials conducted under well-watered and water-stressed conditions, respectively.

respectively. Interestingly, most of the QTLs associated with ASI
were identified in chromosomes 8 (n=4) and 1 (n=6) under WW
and WS conditions, respectively. However, across the two water
regimes, no QTLs were identified for ASI in chromosomes 4 and 10.
We also identified 19 QTLs for PH under WW (12) and WS (7)
environments (Table 9). Notably, chromosome 1 had no QTLs for
PH under both WW and WS conditions. For EH, our analysis
identified 20 QTLs under WW (6) and WS (14) environments.
Unlike the other traits, chromosomes 9 and 10 had no QTLs for EH
across the two studied management conditions. For GY, the QTL
on chromosome 6 (¢GY6_89) had the largest effect with 11.80% of
PVE under WS condition and was found overlapping with QTL for
WW_PH (qPH6_87) in F; pop 2 and with WW_EH (¢gEH6_90) in
F; pop 1 (Tables 5-7). Another major effect was QTL identified for
ASI (gqASII_107) which explained 10.9% of the PVE and did
not overlap with any QTL detected in the
population analyses.

individual
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3.3 Prediction accuracies of grain yield and
related traits under WW and WS conditions

Five-fold cross-validation was used to assess the prediction
accuracy for GY, ASL, PH and EH traits by combining data from three
populations and within each population. Prediction accuracies for the
training and testing within-within (WW scenario 1) populations were
0.67, 0.58 and 0.57 for GY under well-watered conditions and 0.38,
—0.15 and 0.20 under water stress conditions for pop 1, pop 2 and
pop 3, respectively (Figure 3). For ASI, prediction accuracies for pop
1, pop 2 and pop 3 were 0.55, 0.74 and 0.61 under WW conditions and
0.30, 0.31 and 0.41 under WS conditions, respectively. For PH,
prediction accuracies of 0.75 and 0.67, 0.68 under WW conditions and
0.48, 0.30 and 0.62 under WS conditions were recorded for pop 1, pop
2 and pop 3, respectively. For EH, prediction accuracies of 0.38, 0.20
and 0.60 under WW management and 0.67, 0.58 and 0.60 under WS
management were recorded for pop 1, pop 2 and pop 3, respectively.
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TABLE 2 Genetic parameters for the individual and combined three bi-parental populations evaluated under well-watered and water-stressed
conditions in multiple environments.

Water stressed

Well-watered

GY (t/ha) ASI (days) PH (cm) EH (cm) GY (t/ha) ASI (days) PH (cm) EH (cm)
CML543 x CML444 F; pop 1
Mean 6.38 1.49 249.43 139.21 2.66 2.67 194.59 119.17
o’ 0.23%% 0.17%* 41.25%* 40.97%* 0.02% 0.15% 21.99%* 20.69%*
o%Ge 0.26%* 0.00 3.91% 8.77%% 0.02% 0.23%* 7.83%% 0.00
[ 0.71 1.23 150.62 108.93 0.19 133 97.86 87.19
5 0.60 0.53 0.68 0.72 0.30 0.33 0.54 0.59
CML543 x LapostaSequiaF71 F; pop 2
Mean 7.04 1.50 24191 124.06 3.72 2.65 195.44 118.51
o’ 0.15%* 0.12%% 29.45%* 26.88%* 0.03* 0.04* 11.39% 8.13%
o%Ge 0.17%% 0.11%* 9.97%* 8.19%* 0.05%%* 0.10%* 0.15* 5.46%*
o’ 0.73 1.01 54.50 31.11 0.29 0.91 88.62 64.81
n 0.54 0.43 0.76 0.82 0.32 0.18 0.43 0.39
CML543 x LapostaSequiaF71 F; pop 3
Mean 6.04 1.38 225.83 115.60 4.08 1.65 207.45 126.94
o’ 0.03* 0.13%* 27.96%* 27.38%* 0.06** 0.13%* 22.63%* 27.41%%
o’Ge 0.12%% 0.02% 2.60%* 1.23% 0.01 0.01 3.32% 2.68%
(8 0.51 0.85 54.84 36.73 0.23 0.76 67.64 39.40
n 0.25 0.53 0.79 0.85 0.58 0.50 0.65 0.79
Across three bi-parental maize populations
Mean 6.41 1.48 241.65 127.76 3.50 2.12 210.71 127.10
o’ 0.35%% 0.10%* 21.59%* 21.37%% 0.32%% 0.14%* 13.74% 22.85%%
(e 0.20%* 0.15%% 44.79%% 40.29%* 0.05% 0.25%% 20.00%* 11.00%*
o2 1.06 1.24 120.78 84.54 1.03 217 147.34 81.56
n 0.65 0.35 0.45 0.51 0.54 0.17 0.23 0.47

* and ** indicate significance at p<0.05 and p <0.01, respectively. 6°G, 6°GxE, 6%, and h?, refer to genotypic variance, genotype x environment interaction variance, error variance and broad

sense heritability, respectively.

For across-within scenario (AW scenario 2) where training population
is derived by combining all three populations and testing population
is derived from within single population, prediction accuracies for GY
were higher under well-watered conditions with 0.56, 0.59 and 0.44
compared to WS conditions (0.25, —0.01 and 0.15) for pop 1, pop 2,
and pop 3, respectively. For ASI, PH and EH, the prediction accuracies
were varied from 0.58 to 0.70, 0.63 to 0.78 and 0.62 to 0.70 under well-
watered conditions, respectively. Whereas under water stress
conditions prediction accuracies for ASI, PH and EH were ranged
from 0.34 to 0.44, 0.31 to 0.72 and 0.35 to 0.61, respectively. The
prediction accuracy across all populations combined showed high
values for all traits in both well-watered (0.53-0.90) and water stress
(0.41-0.89) conditions (Figure 3).

4 Discussion

Water stress is one of the most significant abiotic factors impacting
GY and quality in maize-dependent farming systems of
SSA. WS-tolerant maize varieties can offer an inexpensive solution to
low-input farming systems in drought-prone regions. Improving WS
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tolerance in maize cultivars using advanced tools such as doubled
haploid technology and marker-assisted selection necessitates a
deeper knowledge of its genetic basis (Hu et al., 2021). Mapping of
QTLs associated with WS tolerance, and its related secondary traits
can facilitate the use of molecular markers for improving WS tolerance
in tropical maize. In this study, three bi-parental populations were
evaluated under WW and WS conditions in Kenya and Zimbabwe.
The populations were mapped for QTL associated with GY, PH, EH
and ASI. These related complex quantitative traits have been widely
used for selection in the development of WS-tolerant maize lines and
hybrids (Zhao et al., 2019).

4.1 Well-watered and water-stressed
conditions induced significant variations in
phenotypic mean, variance, and heritability

Our phenotypic analyses showed that GY, PH and EH were
substantially decreased under WS conditions across the studied
bi-parental populations. This is consistent with the findings of
previous studies (Adebayo and Menkir, 2014; Wang et al., 2019; Balbaa

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1391989
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Ndlovu et al.

10.3389/fsufs.2024.1391989

TABLE 3 Number of QTLs associated with grain yield under well-watered and water-stressed conditions detected in three F; populations.

Chr Position LOD PVE

TPVE Add Dom QTL confidence interval

o o
chM) (%} (%) Left SNP Right SNP

F; pop 1 CML543 x CML444

WW_GY | qGYI_199 1 588 7.48 9.32 42.59 0.23 0.08 S§1_198739875 §1_199756190
qGY2_194 2 430 3.77 5.20 0.16 0.09 §2_193189169 §2_198859260
qGY3_208 3 39 9.54 13.04 0.30 —-0.02 §3_212501788 §3_207551089
qGY3_206 3 44 5.59 11.18 -0.27 —0.04 §3_207551089 §3_206260377
qGY4_150 4 295 9.65 13.16 —0.28 —-0.01 §4_149725104 §4_150813768
qGY5_50 5 306 3.21 3.74 0.17 —0.04 §5_55216459 8546946857
qGY8_155 8 216 4.74 6.03 —-0.18 —-0.13 §8_153860376 §8_159336080
qGY9_155 9 10 3.14 16.19 0.19 —0.46 §9_155445883 89146872747

F; pop 2 CML543 x LapostaSeqF71

WW_GY | qGY3_85 3 275 5.41 7.41 34.76 0.04 —0.32 $3_85662699 §3_81746578
qGY4_210 4 79 3.07 16.76 -0.29 —0.01 §4_210692761 §4_209568060
qGY4_191 4 117 5.94 19.27 0.26 -0.27 §4_192238206 S§4_190672218
qGY4_70 4 259 3.79 5.15 —0.01 0.24 §4_49729965 S4_73097597
qGY8_135 8 156 6.32 8.10 0.21 —0.04 §8_136138158 §8_134078364
qGY8_133 8 161 3.48 6.64 —-0.19 —-0.01 §8_134078364 §8_132170809
qGY9_9 9 346 5.71 7.98 —0.20 —0.04 §9_9640583 §9_6794782
qGY10_6 10 3 3.08 4.47 0.15 0.02 §10_4308155 §10_6530067

WS_GY qGY4_70 4 262 3.07 24.45 20.92 0.28 0.10 §4_73097597 8454124398

F; pop 3 LapostaSeqF71 x CKL5009

WW_GY | qGY4_60 4 458 3.31 27.77 34.65 —0.24 —-0.13 §4_60944899 §4_49729965
qGY10_70 10 278 3.83 28.25 0.09 —0.10 §10_42442641 §10_71472634

WS_GY qGYI1_195 1 212 3.81 6.28 25.18 0.05 —-0.01 S1_190394399 S1_199640380
qGY2_215 2 132 4.01 24.98 0.10 —0.04 §2_217686135 §2_212803577
qGY2_185 2 211 3.98 7.39 0.05 0.01 §2_185019543 §2_181424849

LOD, logarithm of odds; Add, additive effect; Dom, dominance effect; PVE, phenotypic variance explained; GY, grain yield; WW, well-watered; WS, water-stressed. The exact physical position
of the SNP can be inferred from the marker’s name, for example, S1_82702920: chromosome 1; 82,702,920 bp.

et al., 2022; Gopalakrishna K. et al., 2023; Huang et al., 2023), which
demonstrated that WS has an impact on GY and its related traits in
maize. In our study, the average GY was highest (4.55-8.55t/ha) and
lowest (1.29-5.59 t/ha) for WW and WS conditions, respectively. The
observed discrepancy in GY between those for WW and WS
conditions underscores the influence of WS on maize crop
productivity in SSA. We also found that, across environments,
WS-induced GY reductions were highest for pop 1 (59%) and lowest
for pop 3 (31%). Our results indicate that under conditions of WS, all
studied bi-parental populations experienced reductions in
GY. Notably, among the three tested genotypes, Pop 3 exhibited a
comparatively higher level of WS tolerance, as evidenced by its lower
GY losses under WS and also the contribution of favourable alleles
from known WS tolerant parent (LaPostaSequiaC7-F71).

Like GY, ASI serves as one of the traits utilized in maize breeding
initiatives (Silva et al.,, 2022) for selecting water stress tolerance. In our
study, significantly wide ranges (2.6 days longer) were observed for
ASI under WS compared to WW conditions across the studied
genotypes. A wider ASI in maize under WS indicates an extended
duration between the initiation of anthesis and silking - i.e., likely due
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to slowed reproductive development. This asynchrony can have
adverse effects on pollination, potentially leading to low GY. Araus
etal. (2012) alluded that maize plants exhibiting a wider ASI during
WS conditions tend to either produce no seeds or yield only a limited
number of grains per ear. The specific causes of the elongated ASI
triggered by WS remain uncertain (Liu et al., 2021). Like GY response
across genotypes, the mean values of PH and EH exhibited their
lowest points under conditions of WS compared to WW conditions.
These findings serve to highlight the adverse influence of WS on these
GY-related traits and, by extension, maize crop performance in
SSA. In this respect, further research into the mechanisms governing
the observed GY and related trait variations can provide valuable
insights for enhancing the resilience of smallholder maize
systems in SSA.

Earlier studies have reported that the slow rate of genetic gain in
breeding for WS tolerance can be attributed to high GxE interaction
and low heritability and the polygenic nature of this trait (Mathew
etal, 2019; Sallam et al., 2019; Zhang et al., 2022). Across the studied
bi-parental populations and field conditions, broad-sense heritabilities
were low (0.17) to high (0.85) for the studied traits. Most importantly,
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FIGURE 2

Phenotypic correlations between grain yield and other agronomic traits evaluated under well-watered and water-stressed conditions. The correlation
values <0.11 were interpreted as 'not significant” at p <0.05. GY, grain yield; AD, days to anthesis; SD, days to silking; ASI, anthesis silking interval; PH,
plant height; EH, ear height; EPO, ear position; EPP, number of ears per plant; HC, husk cover; TLB, Turcicum leaf blight; MOI, grain moisture content;
EA, ear aspect; and ER, ear rot.

TABLE 4 Number of QTLs associated with anthesis-to-silking interval under well-watered and water-stressed conditions detected in three F;
populations.

Chr Position LOD Add Dom QTL confidence interval
Left SNP Right SNP

()]

F; pop 1 CML543 x CML444

WS_ASI qASII1_265 1 124 3.64 6.36 16.08 -0.22 —0.11 §1_264962509 S1_267153406
qASI1_39 1 301 3.14 5.43 —0.13 0.26 S1_38609777 S1_39743833
qASI2_14 2 36 3.01 18.88 0.39 0.14 §2_9920694 §2_14334182
qASI7_125 7 266 3.87 6.79 —0.24 —-0.03 §7_123586636 87127579232

F; pop 2 CML543 x LapostaSeqF71

WW_ASI | qASII_245 1 143 3.72 5.37 22.41 —0.07 0.07 S§1_248287688 S1_244472614
qASI2_156 2 255 4.24 6.57 0.00 —0.14 82155786568 §2_157235338
qASI4_175 4 183 3.43 5.09 0.08 —0.01 S§4_177124549 S§4_172996349
qASI8_165 8 24 3.01 9.94 —0.11 0.04 88168275493 88160531262
qASI9_155 9 11 5.31 12.93 0.12 —0.04 89155445883 §9_148918231
WS_ASI qASI10_35 10 95 3.57 20.99 16.58 —0.31 0.02 $10_36380033 $10_34023708

F; pop 3 LapostaSeqF71 x CKL5009

WW_AST | qASI4_175 4 252 3.14 5.64 16.78 0.15 —0.09 S4_177124549 S§4_172996349
qASI9_91 9 248 3.18 5.84 —-0.15 0.09 §9_92486034 8990971499
qASI9_91 9 256 4.70 8.22 0.18 0.04 §9_90971499 8998491971
qASI10_90 10 159 3.60 6.50 0.17 0.00 81090243627 §10_79537481

WS_ASI qASI5_175 5 124 3.26 6.18 27.85 0.19 0.07 §5_180440672 §5_167276704
qASI5_175 5 452 3.32 24.59 -0.52 —-0.31 §5_217608792 8529623366
qASI6_130 6 354 3.74 20.71 0.55 —0.15 §6_128790659 §6_139874840
qASI7_13 7 423 3.11 19.01 0.59 —0.40 §7_5146124 §7_13176585

LOD, logarithm of odds; Add, additive effect; Dom, dominance effect; PVE, phenotypic variance explained; ASI, anthesis-silking interval; WW, well-watered; WS, water-stressed. The exact
physical position of the SNP can be inferred from the marker’s name, for example, S$1_82702920: chromosome 1; 82,702,920 bp.
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TABLE 5 Number of QTLs associated with plant height under well-watered and water-stressed conditions detected in three F; populations.

F; pop 1 CML543 x CML444

Chr

Position

()]

LOD

PVE

(%)

TPVE

(%)

Add

Dom

QTL confidence interval

Left SNP

Right SNP

WW_PH | gPHI_240 1 59 391 4.68 43.96 0.08 2.32 S1_238752622 S1_241001627
qPH3_175 3 113 3.56 15.29 2.69 0.55 $3_179251623 §3_171703625
qPH4_50 4 416 4.71 11.06 2.07 1.15 S4_41839869 §4_130024331
qPH5_45 5 334 3.37 3.84 1.34 0.33 §5_51427709 §5_43147454
qPH6_70 6 210 4.31 4.97 —1.52 0.25 S6_74462121 §6_67218451
qPH6_160 6 382 6.44 7.67 —2.02 —-0.20 S6_156878226 §6_167594329
qPHS8_100 8 123 5.40 18.11 239 —-1.80 §8_65785251 §8_111044893
qPHS8_150 8 239 3.04 8.71 1.73 —2.03 §8_163655109 §8_149891724
qPH8_145 8 261 7.16 10.59 2.19 —-1.01 §8_149891724 S8_114742936

WS_PH qPH7_149 7 327 3.30 5.88 20.23 -1.91 -1.15 §7_149852693 §7_148148303
qPHS8_130 8 178 6.84 12.56 -2.79 —-1.39 §8_130328693 S8_131340896
qPHI0_30 10 419 3.34 14.63 2.68 2.59 S10_4244837 §10_34023708

F; pop 2 CML543 x LapostaSeqF71

WW_PH | ¢PH2_130 2 233 3.13 9.37 50.59 1.88 0.36 §2_81807776 §2_139435119
qPH3_230 3 5 8.87 8.69 1.84 —-0.13 §3_230439536 §3_228551502
qPH3_227 3 10 7.61 9.52 -1.96 0.02 §3_228551502 §3_226806334
qPH3_137 3 215 3.63 391 —0.33 —1.60 S3_137679135 §3_136337566
qPH4_210 4 71 4.95 8.85 -1.72 —-0.56 S4_213777313 §4_210692761
qPH6_87 6 204 7.23 7.45 -1.91 0.52 S6_89123242 §6_86182651
qPH7_170 7 10 3.96 3.80 —-1.15 0.25 §7_172496672 §7_170251440
qPH7_130 7 106 391 3.97 1.16 —-0.09 S7_136855242 §7_128139766
qPHS8_143 8 137 4.18 4.29 1.25 —-0.35 §8_142011621 §8_144367600
qPHS8_140 8 144 7.96 7.73 -1.73 —-0.37 §8_144367600 §8_138521503
qPHS8_100 8 243 3.53 4.89 —1.46 0.20 §8_101670845 §8_98766563
qPHS8_5 8 457 4.11 4.40 -1.22 —0.11 §8_5319373 §8_2288877

WS_PH qPH9_120 9 134 3.11 6.15 8.27 1.74 0.75 §9_122035076 §9_112333377
qPHY_80 9 245 321 5.82 -0.77 —-0.19 §9_86530554 §9_64295850

F; pop 3 LapostaSeqF71 x CKL5009

WW_PH | gPHI_246 1 338 3.35 11.10 42.77 —2.52 -1.71 S1_245744980 §1_248615699
qPHI_275 1 433 3.45 4.24 —-1.30 -1.17 S1_276683320 §1_275032102
qPH3_213 3 143 3.11 7.74 —2.18 0.04 §3_213548502 §3_212501788
qPH4_132 4 334 3.89 4.24 —-1.57 0.32 S4_131701338 §4_134995001
qPH5_180 5 108 6.22 7.05 —2.18 —-0.61 §5_182032257 §5_180440672
qPH6_08 6 275 4.00 4.46 -1.74 0.28 S6_8143156 §6_5442499
qPH7_24 7 162 3.95 5.50 1.91 —0.44 §7_24795707 §7_23352528
qPHS8_90 8 317 3.83 5.43 —-0.22 2.87 §8_95129491 §8_85101441
qPH8_65 8 340 8.89 12.34 -2.97 —-0.20 §8_38701797 §8_65781214
qPH8_65 8 348 13.57 17.37 3.20 0.31 §8_65781214 §8_64174106

WS_PH qPHI_245 1 329 3.71 2.89 58.35 0.11 -1.26 S1_241001627 S1_245744980
qPH1_245 1 336 7.43 8.43 1.49 0.00 S1_245744980 S1_248615699
qPHI_250 1 342 10.80 9.29 —-1.56 —-0.13 S1_248615699 §1_253109076
qPH2_210 2 141 3.16 421 —-0.23 —1.47 §2_212803577 §2_201799296
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TABLE 5 (Continued)
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QTL confidence interval

Position LOD
(cM)
gPH3_05 3 559 6.92 5.29
qPH4 214 4 146 9.69 9.49
qPH4_135 4 341 3.07 2.51
qPH5_180 5 106 9.90 8.52
qPH6_140 6 52 3.89 3.17
qPH6_140 6 59 5.08 4.94
qPH6_10 6 297 9.49 7.81
gPH7_95 7 268 4.29 6.61
gPHS_65 8 353 17.66 15.68

Left SNP Right SNP
0.96 0.99 §3_8122530 §3_3525325
—0.94 1.76 §4_215105658 S§4_213777313
—-0.70 0.12 §4134995001 S4_136178733
-1.37 —-0.76 §5_182032257 S5_180440672
—-0.86 —-0.13 §6_143755461 S6_140908415
1.08 0.08 §6_140908415 §6_138562829
—1.41 —0.05 §6_6901831 S6_10346160
1.36 0.24 5798849992 §7_94238156
1.92 0.32 §8_65781214 S8_64174106

LOD, logarithm of odds; Add, additive effect; Dom, dominance effect; PVE, phenotypic variance explained; PH, plant height; WW, well-watered; WS, water-stressed. The exact physical position
of the SNP can be inferred from the marker’s name, for example, S1_82702920: chromosome 1; 82,702,920 bp.

heritability estimates for GY and EH were low to high for both WW
and WS conditions. High heritability estimates indicate the potential
for traits to be improved through recurrent selection processes
(Gowda etal,, 2021; Ndlovu et al., 2022). High broad-sense heritability
estimates hint at the possibility of even greater narrow-sense
heritability, suggesting the feasibility of achieving substantial genetic
advancement for these traits. We also found that the broad sense
heritabilities of all studied maize traits at individual population levels
decreased under WS conditions compared to WW conditions. This
was consistent with studies by Chen et al. (2023) and Zhao et al.
(2019), who also presented lower heritabilities for traits under
WS conditions.

For genotypic variance, statistical significance at p <0.05 was
observed for all traits (Table 2). Genotypic variance decreased for GY
and PH under WS. A study by Badu-Apraku et al. (2017) on early
white maize in Nigeria also reported a decreased GY heritability and
magnitude of genotypic variance under WS conditions. GxE
interaction variance was also significant (p <0.05) for all traits in
pop 1 and pop 2 indicating the substantial variation observed in terms
of the performance of genotypes in different environments. We also
observed significant negative correlations between GY and other
yield-related traits in both WW and WS conditions (Figure 2). This
suggests adopting a cautious approach when trying to improve
multiple traits simultaneously under both WW and WS conditions.

4.2 Multiple QTLs identified for
well-watered and water-stressed
environments

Linkage mapping in three bi-parental maize populations identified
multiple QTLs for GY, PH, EH and ASI under WW (93) and WS (41)
conditions. Previous studies have also found multiple QTLs for
WS-related traits and GY in maize (Sanguineti et al., 1999; Li et al,,
2016; Zhao et al., 2018; Abdelghany et al., 2019; Zhao et al., 2019; Hu
et al,, 2021; Sarkar et al,, 2023). Although previous studies have
identified QTLs and genes associated with improved GY and related
traits, untapped maize populations probably harbour additional
genetic variations. In our study, QTL analyses in individual bi-parental
populations identified 22, 18, 49 and 45 QTLs for GY, ASI, PH and

Frontiers in Sustainable Food Systems 103

EH, respectively. The highest number of QTLs was identified in pop 3
(n=60) and pop 2 (n=43) under WW and WS conditions,
respectively. Notably, four QTLs were identified for GY under WS
(qGY4_70 (Chr. 4), qGY2_215, gGY2_185 (Chr. 2), and qGY1_195
(Chr. 1)). Under both WW and WS environments, GY-associated
QTLs were distributed across all chromosomes except chr 6 and 7
(Table 3). Agrama et al. (1999) found genomic regions associated with
WS tolerance on chromosomes 1, 3, 5, 6 and 8. Hu et al. (2021)
reported QTLs on chromosomes 3, 5, 7 and 10 for yield-related traits
under different water regimes. Comparison of QTL detected across
populations revealed several common genomic regions across
populations, like two QTLs, gGYI_199 in pop 1 and qGY1_195 on
pop 3 were overlapped at 190-200 Mbp on chromosome 1 (Table 3).
Another QTL for GY on chromosome 4 (qGY4_70) detected on pop 2
overlapped with QTL (qGY4_60) detected on pop 3. For ASI, one QTL
(qASI4_175) was detected in both pop 2 and pop 3 under WW
conditions (Table 4). For PH, one QTL (qPH8_130) detected under
WS was located within the region of the QTL (qPH8_145) detected
under WW management (Table 5). These genomic regions are most
interesting to know their role in trait improvement and bring most of
these favourable alleles into elite lines through marker-assisted
selection. In the case of ASI, nine QTLs each were identified under
WW and WS conditions. In both water regimes, chromosome 3 did
not harbour any QTLs for ASI. Significant QTLs with major effects
(explaining more than 10% of the phenotypic variance) were identified
for GY (qGY6_89) and ASI (qASI1_107) under WS conditions.

The absence of QTLs associated with GY and related traits on
certain chromosomes in our analysis, compared to previous studies,
highlights the complex interplay of genes and environmental pressures
that significantly shape QTL identification in tropical maize. The
observed disparities can be attributed to distinct maize populations
and growing/management conditions employed (Ndlovu et al., 2024).
This further emphasizes the need to consider these prevailing
interactions when investigating genetic influences on maize traits
under WS conditions.

Linkage mapping uses variation within a population whereas
JLAM is known to explore variations both within and across
populations. This allows JLAM to detect new QTLs which are not
detected through individual linkage mapping. In our study, among
the 25 QTLs detected for GY under WW conditions, only two
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TABLE 6 Number of QTLs associated with ear height under well-watered and water-stressed conditions detected in three F; populations.

Chr Position

()]

LOD

PVE
(%)

TPVE

(%)

Add

QTL confidence interval

Left SNP

Right SNP

F; pop 1 CML543 x CML444

WW_EH | gEH2_25 2 74 4.10 4.99 42.07 1.52 0.73 §2_26004514 §2_24257802
qEH4_165 4 259 5.88 7.78 2.00 —0.09 §4_165637692 $4_166866479
qEH6_90 6 65 5.08 6.67 —1.86 0.94 §6_90931126 §6_86257555
qEH6_160 6 376 6.05 14.00 —2.64 -1.17 §6_156878226 §6_167594329
qEH8_70 8 314 13.63 20.00 3.19 —-1.01 §8_69119155 §8_72750921
qEH8_65 8 321 11.65 18.50 -3.19 —0.65 §8_72750921 8859316871

WS_EH qEH8_130 8 180 9.29 17.82 15.98 —3.09 —-1.30 §8_130328693 S8_131340896

F; pop 2 CML543 x LapostaSeqF71

WW_EH | gEH2_55 2 348 5.85 4.85 58.97 -1.23 —0.42 §2_55249812 §2_50644503
qEH3_227 3 6 3.77 4.33 1.29 —0.34 §3_228551502 §3_226806334
qEH3_220 3 17 6.62 7.78 —-1.57 -0.71 §3_226806334 §3_212501788
qEH3_170 3 108 8.52 7.74 —1.66 0.22 §3_171639585 8§3_169577878
qEH3_150 3 183 5.15 3.90 -1.24 —-0.18 §3_153858200 $3_148833306
qEH5_200 5 322 3.24 3.08 —-1.01 —-0.18 §5_196508562 §5_201580291
qEH5_205 5 333 5.34 4.44 1.27 —-0.08 §5_201580291 §5_207514182
qEH7_171 7 8 7.98 13.01 -2.16 —-0.19 §7_172496672 §7_170251440
qEH7_88 7 233 5.62 4.24 —1.08 —-0.61 §7_87193242 §7_88803418
qEHS_143 8 136 7.41 5.94 1.47 —0.51 §8_143280651 §8_142011621
qEHS_143 8 143 5.07 5.35 —1.44 —0.42 §8_142011621 §8_144367600
qEHS8_115 8 200 8.67 7.46 1.70 —-0.59 §8_118858352 S8_114638748
qEHS8_114 8 208 10.19 8.58 —1.84 —0.63 §8_114638748 §8_111824358
qEH6_16 9 307 4.85 3.93 —1.09 —0.51 §9_16728498 §9_15608594

F; pop 3 LapostaSeqF71 x CKL5009

WW_EH | gEHI_200 1 216 4.45 6.07 48.83 —0.12 —2.85 S1_199640380 §1_200910153
qEH3_213 3 137 3.64 4.95 1.68 —0.06 §3_213548502 83212501788
qEH3_212 3 148 8.37 9.72 -2.29 —-0.38 §3_212501788 §3_206481439
qEH5_181 5 108 6.03 6.12 —2.03 0.12 §5_182032257 §5_180440672
qEH7_24 7 162 6.57 8.69 2.29 —0.60 §7_24795707 §7_23352528
qEH7_95 7 168 5.94 9.03 —2.26 —0.54 §7_23352528 §7_95431651
qEH8_144 8 89 3.66 4.95 —-1.68 0.18 §8_146891047 §8_144367600
qEHS8_144 8 94 323 3.78 1.45 —0.24 S8_144367600 §8_143280651
qEH8_40 8 339 8.80 9.23 —2.41 1.11 §8_43051270 §8_38701797
qEH8_40 8 345 8.63 11.40 2.38 1.25 $8_38701797 §8_65781214
qEHI10_145 10 52 3.39 8.59 —2.07 —-0.10 §10_140851297 $10_149390708

WS_EH qEHI_225 1 298 4.82 591 60.37 —1.44 0.38 §1_225033350 81229482334
qEH3_214 3 126 5.19 4.80 —-1.30 0.36 §3_214830240 §3_213548502
qEH4_230 4 113 3.19 5.15 0.86 1.57 S4_225687739 S4_231141298
qEH5_180 5 109 10.71 8.69 —-1.90 —0.22 §5_180440672 §5_167276704
qEHG6_140 6 52 3.63 2.87 -1.02 0.19 S6_143755461 §6_140908415
qEHG6_140 6 63 3.80 2.95 -1.03 0.08 S6_140908415 §6_138562829
qEH6_140 6 372 4.27 4.40 -1.59 —2.69 S6_155235957 §6_122406660
qEH7_165 7 5 523 5.08 —0.62 —-1.86 S7_167104322 §7_164828478
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QTL confidence interval

Left SNP Right SNP

Position LOD
((\%)]
qEH7_160 7 24 3.14 2.88
qEH7_25 7 161 6.50 7.45
qEH7_25 7 167 4.87 3.70
qEHS_144 8 90 4.08 421
qEHS_65 8 351 16.06 14.23

—0.84 -0.97 §7_161855642 §7_154741580
1.74 —0.12 §7_28818246 §7_24795707
-1.21 0.17 §7_23352528 §7_95431651
—1.22 —0.45 S8_144367600 §8_143280651
2.21 0.63 §8_65781214 §8_64174106

LOD, logarithm of odds; Add, additive effect; Dom, dominance effect; PVE, phenotypic variance explained; GY, grain yield; WW, well-watered; WS, water-stressed. The exact physical position
of the SNP can be inferred from the marker’s name, for example, S1_82702920: chromosome 1; 82,702,920 bp.

QTLs (qGY3_208 and qGY4_70) overlapped with QTLs detected
through linkage mapping. JLAM analyses revealed 25 and 4 QTLs
under WW and WS conditions for GY, respectively, which were
distributed across all chromosomes and individually explained
0.8-11.8% of the phenotypic variance (Table 7). JLAM results
indicated that GY is controlled by many minor effect genes, as
shown in low PVE for each QTL (Table 7). However, we found one
major effect QTL on chromosome 6 (qGY6-89) which explained
11.8% of phenotypic variation and was found overlapping with the
PH QTL (qPH6-87) on pop 2 (Tables 5, 7). Because of limited
recombination events during population development, linkage
mapping identifies the genomic region with 10-20 cM intervals. On
the contrary, JLAM identifies the single marker which is closely
linked to the causative gene for the trait of interest. Two QTLs
(qGY3_208 and qGY4_70) detected through JLAM overlapped
with the QTL detected in linkage mapping helped to reduce the
confidence interval of the QTLs and may even be closer to the
causal variant responsible for GY. On the other hand, a comparison
of QTLs detected across WW and WS conditions revealed no
common QTL for GY, PH and EH. On the contrary, we found four
QTLs for ASI (qASI1_234, gASI8_22, qASI9_105 and qASI9_108)
were consistently detected across WW and WS regimes. ASI is
critical in hybrid breeding, specifically in commercial seed
production and also in drought-prone regions for good seed
setting. Therefore, these genomic regions are important to achieve
synchrony in flowering time in diverse management.

4.3 Genomic prediction accuracies under
different water regimes

Genomic prediction demonstrated its usefulness in maize
breeding by facilitating the rapid selection of superior genotypes.
This was achieved by using molecular markers which help to capture
maximum favourable alleles for various traits of interest. Breeding
for drought tolerance is resource and time-intensive. Genomic
prediction offers an alternative and complementary tool to achieve
high selection efficiency with optimum resources (Beyene et al.,
2015,2019, 2021; Atanda et al., 2021). Several studies reported that
genomic-prediction-based models are effective in identifying better-
performing genotypes for GY and other agronomic and disease
resistance traits (Crossa et al., 2017; Sitonik et al., 2019; Ertiro et al.,
2020; Kibe et al., 2020a; Gowda et al., 2021; Ndlovu et al., 2022;
Kimutai et al., 2023; Ndlovu et al., 2024). The effectiveness of GS
compared to traditional phenotypic selection plays a significant role
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in determining its likelihood of adoption in breeding programs
(Beyene et al., 2019; Kibe et al., 2020b). In our study, the moderate
to high levels of prediction accuracy observed across the bi-parental
populations hold the potential for enhancing breeding efforts to
improve WS tolerance in tropical maize germplasm. The same trends
were observed in previous studies which reported moderate to high
accuracies for GY and related traits under WS (Dias et al., 2018;
Zhang et al., 2022). The moderate to high prediction accuracy
we report here indicates that the methodology used is reliable in
predicting the performance of GY and related traits in bi-parental
maize populations under different water regimes. This reliability
enhances the effectiveness of breeding for WS tolerance programs
by enabling the selection of genotypes for desired traits
more efficiently.

Combining the three populations and forming the training set
and testing set from the total populations resulted in substantial
improvement in the prediction accuracy (Figure 3). This was due
to the increase in the population size of the training set and the
high relatedness between training and testing sets. Unlike other
traits, GY exhibited a negative prediction accuracy for drought
tolerance in population 2 under within-within and across-within
prediction scenarios (Figure 3). Similar results were also reported
for prediction among biparental populations of maize
(Riedelsheimer and Melchinger, 2013; Sitonik et al., 2019) and
sugar beet (Wiirschum et al., 2013). Mismatched alleles between
markers linked with WS tolerance in pop 2 could explain the
negative prediction accuracy. Moreover, low genotypic variation
and heritability for GY response to WS conditions might have
also contributed.

Under WW management, the prediction accuracy for GY was
0.67,0.58 and 0.57 in the within-within scenario for pop 1, pop 2 and
pop 3, respectively (Figure 3). In scenario 2, a training population
combining individuals from three populations achieved prediction
accuracies of 0.56, 0.59 and 0.44 for pop 1, pop 2 and pop 3,
respectively (Figure 3). Though there is a reduction in accuracy for
scenario 2, the recorded accuracies are still comparable to those of
phenotypic selection. The recorded moderate to high prediction
accuracies likely stems from the shared parentage between the studied
maize populations. Breeding for WS tolerance remains a challenging
task. While the reported prediction accuracies indicate some success
in achieving this goal, they still fall short of those achievable through
phenotypic selection. However, since it’s possible to fit three maize
cycles per agricultural calendar (Beyene et al,, 2019), GS is expected
to get a similar or higher genetic gain over phenotypic selection in the
coming years. For ASI, PH and EH, accuracies are relatively high
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TABLE 7 Analysis of GY-associated markers under well-watered and water-stressed conditions, allele substitution («) effects, and the total phenotypic
variance (R?) of the joint linkage association mapping based on combined three F; populations.

WW_GY QTL name chr Position (Mbp) a-effect p value PVE (%)
S1_42012727 qGY1_42 1 4201 —0.19 6.46E-06 1.00
S1_99283222 qGY1_99 1 99.28 03 2.20E-06 110
S1_262175904 qGYI1_262 1 262.18 —0.24 1.37E-06 1.10
52204872338 qGY2_205 2 204.87 ~0.15 5.23E-07 1.20
2208974622 qGY2_209 2 208.98 0.13 7.87E-06 0.90
$3_114352108 qGY3_114 3 114.35 0.13 4.96E-05 0.80
$3_207898219 qGY3_208 3 207.9 —033 3.16E-11 2.10
438028976 qGY4_38 4 38.03 —022 426E-10 1.90
$4_69920709 qGY4_70 4 69.92 —0.26 3.01E-05 0.80
S4_152397975 qGY4_152 4 152.4 02 6.01E-07 1.20
S4_231141298 qGY4_231 4 231.14 —0.22 4.28E-09 1.60
S4_232139676 qGY4_232 4 232.14 —0.17 2.16E-05 0.80
S5_190481535 qGY5_191 5 190.48 0.15 2.06E-05 0.90
S5_199231742 qGY5_199 5 199.23 —0.19 6.35E-07 1.20
S5_206027675 qGY5_206 5 206.03 0.14 4.63E-05 0.80
$6_96673215 qGY6_97 6 96.67 —021 9.23E-08 1.40
S6_112123594 qGY6_112 6 112,12 027 1.56E-05 0.90
S6_124667680 qGY6_125 6 124.67 —031 1.27E-05 0.90
S6_158689057 qGY6_159 6 158.69 —022 3.30E-08 1.50
S6_162690530 qGY6_163 6 162.69 —0.15 1.42E-05 0.90
$8_115294871 qGY8_115 8 1153 —0.26 2.92E-10 1.90
$8_173704036 qGY8_173 8 173.7 022 4.48E-19 3.90
$9_143177138 qGY9_143 9 143.18 0.16 5.61E-07 1.20
$10_88396836 qGY10_88 10 88.4 023 2.23E-09 1.70
$10_100028254 qGY10_100 10 100.03 0.14 3.05E-07 1.20
WS_GY

S$5_16303706 qGY5_16 5 16.3 0.13 3.93E-13 430
629639026 qGY6_30 6 29.64 0.07 3.26E-05 1.40
S6_89403767 qGY6_89 6 89.4 —0.29 2.96E-31 11.80
799206507 qGY7_99 7 99.21 0.12 5.46E-12 3.90

*Chr, Chromosome; PVE, proportion of phenotypic variance explained; GY, grain yield; WW, well-watered; WS, water-stressed; Mbp, Mega base pairs. The exact physical position of the SNP
can be inferred from the marker’s name, for example, S1_82702920: chromosome 1; 82,702,920 bp.

which clearly supports the usefulness of GS in their improvement
under both WW and WS conditions.

5 Conclusion

The negative impact of drought on maize production has been
profound, significantly impairing the livelihoods and food security of
millions of people in SSA. Drought tolerance, an important trait, can
play a vital role in mitigating the yield losses caused by drought in
smallholder maize farming systems. Here, we investigated the genetic
parameters (i.e., heritabilities and genetic-based variances), mapped
QTLs for WS tolerance and assessed the potential of using GS in
bi-parental maize populations evaluated under WW and WS
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conditions in Kenya and Zimbabwe. For these genotypes, broad sense
heritabilities were low to high and genetic variances were significant
for the studied traits. For GY, these parameters were decreased under
WS. According to our QTL mapping results, WS tolerance in maize is
controlled by multiple genes with small effects. Several QTLs identified
in this study were found to be overlapping across different analyses
and with earlier studies. The genomic regions consistently detected
more than one population and/or traits that are promising and need
to be prioritised for inclusion in marker-assisted recurrent selection.
This is vital in our efforts to increase favourable alleles in selected elite
maize germplasm. The specific genomic loci identified in this study
can also be used in selecting for improved GY and related trait
performances under WS conditions. Additionally, our results
demonstrated that incorporating GS into maize breeding for WS
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TABLE 8 Analysis of ASl-associated markers under well-watered and water-stressed conditions, allele substitution («) effects, and the phenotypic
variance (PVE) of the joint linkage association mapping based on combined three F; populations.

WW_ASI QTL name chr Position (Mbp) a-effect p value PVE (%)
S1_219379659 gASTI_219 1 219.38 0.19 8.64E-05 13
S1_233633174 qASI1_233 1 233.63 0.24 3.31E-06 12
S1_234787174 qASI1_234 1 234.79 048 4.08E-13 7.0
529982799 GASI2_10 2 9.98 023 3.78E-05 0.5
$3_44094305 qASI3_44 3 44.09 038 1.52E-09 0.5
$3_48807819 qASI3_49 3 48.81 —0.52 3.08E-08 3.1
$5_39671048 GAST5_40 5 39.67 0.17 5.88E-05 L1
S5_69514509 qASI5_70 5 69.52 0.85 8.23E-12 0.1
§5_70773399 qASI5_71 5 70.77 —0.75 3.37E-09 49
$7_117541299 qASI7_118 7 117.54 —0.18 1.40E-05 21
$8_19830105 qASI8_20 8 19.83 —0.29 2.82E-08 0.7
$8_21847291 qASIS_22 8 21.85 036 2.14E-07 11
S8_113714982 GASIS_114 8 113.72 —023 2.20E-06 29
S$8_141395117 qASIS_141 8 141.40 —033 7.21E-05 0.7
$9_104993163 GASI9_105 9 104.99 049 8.85E-11 0.5
$9_108293552 qASI9_108 9 108.29 0.24 3.98E-05 45
WS_ASI

S1_48660741 qASII_49 1 48.66 —0.19 1.24E-05 17
S1_100991498 qASII_101 1 100.99 1.68 3.27E-12 44
S1_105951838 qASII_106 1 105.95 0.99 2.00E-06 2
S1_106498930 gASTI_107 1 106.50 —2.66 6.85E-27 10.9
S1_188742138 GASTI_189 1 188.74 020 2.67E-05 16
S1_234787174 qASI1_235 1 234.79 029 1.57E-06 2
$3.39217617 qASI3_39 3 39.22 027 5.61E-05 14
$6_92390840 qAST6_92 6 92.39 022 9.03E-05 14
S6_154887691 qASI6_155 6 154.89 —029 2.03E-13 49
$7_124507887 qASI7_125 7 124.51 —033 1.31E-07 25
$7_173489659 qASI7_173 7 173.49 029 7.12E-06 1.8
$8_21847291 qASI8_22 8 21.85 0.30 1.11E-06 21
S$8_142370328 qASI8_142 8 142.37 —0.24 9.85E-05 13
$9_104993163 qASI9_105 9 104.99 033 4.12E-05 15
$9_108399137 qASI9_108 9 108.40 —045 4.77E-06 1.9

*#Chr, Chromosome; PVE, proportion of phenotypic variance explained; GY, grain yield; WW, well-watered; WS, water-stressed; Mbp, Mega base pairs. The exact physical position of the SNP
can be inferred from the marker’s name, for example, S1_82702920: chromosome 1; 82,702,920 bp.

tolerance can effectively complement traditional phenotypic selection.
In addition, future research should also prioritize the validation of the
QTLs identified in this study to further improve the efficiency of
WS-tolerance maize breeding efforts in SSA.
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TABLE 9 Analysis of PH and EH-associated markers under well-watered and water-stressed conditions, allele substitution (a) effects, and the
phenotypic variance (PVE) of the joint linkage association mapping based on combined three F; populations.

Position (Mbp) a-effect

$3_172198924 qPH3_172 3 172.20 —2.10 6.11E-07 1.8
S4_38288565 qPH4_382 4 38.29 —5.36 4.10E-28 9.4
$4_60360208 qPH4_60 4 60.36 5.73 9.81E-13 38
S4_202224476 qPH4_202 4 202.22 —223 5.27E-07 18
54303244 qPH5_04 5 430 —2.04 3.12E-05 13
$5_29809776 qPH5_30 5 29.81 1.36 7.42E-04 08
S5_178925335 qPH5_179 5 178.93 -197 1.10E-04 L1
S8_117747254 qPHS_118 8 117.75 —2.14 1.17E-05 14
$8_132202657 qPHS_132 8 132.20 —423 6.22E-10 28
$9_23759221 qPH9_24 9 23.76 ~1.59 8.34E-04 08
$9_139761585 qPH9_140 9 139.76 1.77 1.96E-04 1.0
$10_2839563 qPH10_03 10 2.84 —1.64 3.07E-05 13
WS_PH

$2_30548333 qPH2_31 2 30.55 228 1.90E-05 46
$5_200649357 qPH5_201 5 200.65 1.16 1.36E-03 08
$6_160675816 qPHG6_161 6 160.68 1.60 9.70E-05 17
$7.2292978 qPH7_02 7 229 228 1.84E-05 8.5
$8_21847291 qPH8_22 8 21.85 -2.73 9.31E-06 02
$8_107231702 qPH8_107 8 107.23 -1.77 9.49E-05 40
$8_124937569 qPHS$_125 8 124.94 1.86 5.34E-03 0.7
WW_EH

$2_212803577 qEH2_213 2 212.80 -325 1.41E-09 29
$2_219293267 qEH2_219 2 21929 —4.74 2.86E-15 49
$3.3204077 qEH3_03 3 3.20 1.23 3.32E-03 0.7
S4_164095194 qEH4_164 4 164.10 6.50 1.93E-18 6.2
$5_33980430 qEH5_34 5 33.98 5.39 9.93E-13 40
§7._25812716 qEH7 26 7 25.81 1.41 1.14E-03 08
WS_EH

S1_45928305 qEHI_46 1 45.93 —0.83 5.08E-03 0.4
$1_279913054 qEHI_280 1 279.91 —1.74 2.30E-03 0.9
S1_283431481 qEHI_283 1 283.43 -1.78 2.14E-04 03
S$1_286399533 qEHI_286 1 286.40 -3.01 8.78E-09 36
$2_178096547 qEH2_178 2 178.10 —0.89 2.27E-03 0.8
$2_204467855 qEH2_204 2 204.47 0.96 2.28E-03 0.2
84232139676 qEH4_232 4 232.14 —1.25 1.24E-04 5.1
$5_200649357 qEH5_201 5 200.65 1.09 2.68E-04 08
$6_35061159 qEH6_35 6 35.06 278 3.18E-04 12
S6_88731794 qEH6_89 6 88.73 —2.53 4.50E-04 5.0
S6_159257304 qEHG6_159 6 159.26 1.44 7.69E-06 48
S6_167688609 qEHG6_168 6 167.69 3.15 291E-10 33
§7.2292978 qEH7_03 7 229 229 2.88E-06 63
$8_21847291 qEHS_22 8 21.85 -335 227E-13 L1

*Chr, Chromosome; PVE, proportion of phenotypic variance explained; GY, grain yield; WW, well-watered; WS, water-stressed; Mbp, Mega base pairs. The exact physical position of the SNP
can be inferred from the marker’s name, for example, S1_82702920: chromosome 1; 82,702,920 bp.
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FIGURE 3
Genome-wide prediction accuracies for GY, ASI, PH and EH in within-within (WW) population, across-within (AW) population and all combined
populations scenarios. Blue and red box plots illustrate trait evaluations conducted under well-watered and water-stressed conditions, respectively.
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In chickpea breeding, drought is a major concern and a complex trait controlled
by several genes. To develop drought-tolerant varieties, it is essential to use
the available germplasm and genomic resources. Over the years, the landraces
have proven to be a good source for the dissection of genes for different yield
and yield-related traits. The present investigation for marker—trait associations
(MTAs) and candidate gene identification was conducted by studying 125
chickpea landraces collected from the West Asia and North Africa (WANA)
region, along with 4 varieties suitable for irrigated and rainfed environments.
This study analyzed 13 physio-morphological traits in 2 consecutive years at
two isolated locations (IARI, New Delhi, and Dharwad). A strong correlation
coefficient was observed between the trait seed yield (SY) and biological yield
(BY) under both conditions. The Drought Susceptibility Index (DSI) ranged from
0.02 to 1.84 and 0.10 to 2.04 at the IARI, New Delhi and Dharwad locations,
respectively. The genotypic data of 6,367 single nucleotide polymorphisms
(SNPs) distributed across the genome were used for genetic diversity study,
population structure, and genome-wide association study (GWAS). The average
polymorphic information content (PIC) value observed was 0.25, and the
average linkage disequilibrium (LD) decay distance was 152,269 bp across the
genome. A total of four subgroups were observed within the population for
genotypic data. Fixed and random model Circulating Probability Unification
(FarmCPU) was used for the GWAS analysis, which considered both fixed- and
random-effect models. A total of 52 significant SNPs were reported in both
irrigated and rainfed conditions at low locations; 7 SNPs were associated with
more than one trait, which may have pleiotropic effects. Significant SNPs were
annotated in the pulse database. The identified genomic region found in or
near MTA under rainfed conditions encodes for guard cell hydrogen peroxide-
resistantl (GHR1), late embryogenesis-abundant, E3 ubiquitin-protein ligase,
walls are thinl (WAT1), and beta-galactosidase that are known to be associated
with drought tolerance.
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Introduction

Chickpea (Cicer arietinum L.) is a globally cultivated legume,
with an area of 15 million ha and a production of 15 million tons
(FAOSTAT, 2021). It is a cool-season crop, predominantly grown
in arid and semi-arid climatic conditions with residual soil
moisture (Thudi et al., 2014). It is also a vital source of protein,
dietary fiber, and essential minerals (Bar-El Dadon et al., 2017).
In the past century, the average global temperature has increased
by 1.2°C and is estimated to rise further by 3°C by 2,100
(Schneider et al, 2007). Due to these climatic changes, the
frequency, severity, and duration of drought periods are estimated
to increase progressively (Cramer et al., 2011). Among the 100
meta-analysis studies of 13 legumes, chickpea stands seventh with
a significant difference in drought tolerance measured in terms of
yield reduction (Daryanto et al., 2015). More than 50% of yield
losses were reported by terminal drought or end-season drought
alone (Ahmad et al,, 2005). Over the past three decades, chickpea
cultivation has shifted from cooler to warmer regions in India
(Krishnamurthy et al., 2013) and the productivity of chickpea is
expected to be further reduced. As per the Vision 2050 document
of the Indian Council of Agricultural Research (ICAR)-Indian
Institute of Pulses Research (IIPR), approximately 16-17.5 million
tons of chickpeas need to be produced from an area of
approximately 10.5 million ha with an average productivity of
1.5-1.7 tons/ha (Dixit et al,, 2019). The chickpea genome (size
~700 Mb) has been sequenced, and the whole-length genome
sequence is available for desi (Jain et al., 2013; Parween et al,,
2015), kabuli (Varshney et al., 2013), and wild species, C. reticulum
(Gupta et al., 2017). With the availability of well-developed
genomic resources in chickpeas and the advances in the cost-
effective next-generation sequencing technology, genome-wide
association mapping is the best method to discover a large amount
of variability available in the population. The availability and
accessibility of genomic resources make it possible to identify
unique alleles and haplotypes associated with agronomic traits
(Varshney et al., 2019). The precise integration of genome-wide
sequence information, to that of phenotypic variation for yield
component trait, abiotic, or disease tolerance, allows capturing
accessions with low-frequency variants (Roorkiwal et al., 2020).
The QTL hotspot for drought tolerance with a phenotypic
variation of >50% was identified on chromosome 4, by using QTL
analysis along with SSR and GBS markers (Varshney et al., 2014;
Jaganathan et al., 2015). The addition of more SNPs was done to
fine map QTL-hotspot to ~300-kb region, and 26 genes were
reported in the region with the help of QTL bin-mapping and
gene enrichment strategies (Kale et al., 2015). The introgression
of these QTL hotspots has led to increased seed yield and
enhanced drought tolerance in three elite chickpea cultivars
(Bharadwaj et al., 2021). Recent efforts were made by Li et al.
(2018) to identify the marker-trait association for drought
tolerance by incorporating GWAS and genomic selection (GS) in
132 chickpea varieties. In order to augment the available genomic
resources in chickpeas and to accelerate the chickpea breeding
program for drought tolerance, our present investigation of GWAS
was carried out in 129 chickpea landraces (collected from the
WANA region) for the identification of candidate genes for
drought tolerance.
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Materials and methods
Plant materials and experimental design

The experimental material consisted of 129 chickpea
genotypes, including 125 landraces collected from the WANA
(West Asia and North Africa) region, and 4 varieties. The
experiment was conducted at two isolated locations, viz. IARI,
New Delhi (28.080°N and 77.120°E), and Dharwad (15.4589°N
and 75.0078°E) during 2 consecutive years, 2017-18 and
2018-19, under irrigated and rainfed conditions, respectively. No
supplementary irrigation was given for the rainfed environment.
The supplementary irrigation was given at the critical growth
stage (initiation of pod formation) under an irrigated
environment. The month-wise rainfall data are provided in
Supplementary Table S1. The 10 morphological traits, namely,
days to 50% flowering (DFF), plant height (PH), number of
primary branches (NPB), number of secondary branches (NSB),
number of pods per plant (NPP), biological yield (BY), the
Harvest Index (HI), 100 seed weight (100SW), seed yield (SY),
and the Drought Susceptible Index (DSI) and three physiological
traits, namely, relative water content (RWC), the Membrane
Stability Index (MSI), and canopy temperature depression (CTD)
were recorded for both the experimental trials, across the years.
The seed yield and biological yield were recorded in 10 plants per
genotype, and CTD was measured with the help of an
infrared thermometer.

The Drought Susceptibility Index (DSI) was calculated as follows
(Fischer and Maurer, 1978):

DSI = (1= Ys/Yx)/(1-Ys/Yx)

where Y and Yy are the mean yields of individual genotypes
under rainfed and irrigated conditions and ys and yy are the mean
yields of all genotypes under rainfed and irrigated conditions.

The MSI was calculated using the formula (Blum and Ebercon,
1981) as below:

MSI = [I—QJXIOO
C2

For the estimation of MSI, ~400 mg of fresh leaf sample was
taken in a test tube containing 10 mL distilled water and kept in a
water bath at 45°C for 30 min, and conductivity was measured (C1).
Similarly, the test tubes were placed again at 100°C for 10 min and
the conductivity (C2) was measured after allowing it to cool to
room temperature.

The relative water content (RWC) was estimated according to
Barrs and Weatherley (1962).

RWC = (Fresh Weight — Dry Weight)

/ (Turgid Weight — Dry Weight)X 100

The fresh weight was recorded for the leaf samples of all genotypes,
and then they were kept in a Petri dish filled with distilled water for
4h, so as to record the turgid weight. Thereafter, the samples were
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placed in a dry-air oven set at 60°C for 72h to record the dry weight
of the sample.

Analysis variance across location and year is calculated in the R
environment. The Best linear Unbiased Predictions (BLUPs) were
calculated by using the phenotype version 0.1.0 package, and Metan
version 1.16.0 was used to calculate the correlation coefficient and
to draw a correlation plot (Olivoto and Lucio, 2020) in R
version 4.1.1.

Genotyping of plant material

A total of 16,983 SNPs were filtered from 16k Illumina GBS
resequencing data for 129 genotypes. After excluding the markers with
minor allele frequency (MAF) <0.05 in TASSEL version 5 (Bradbury
etal,, 2007), a total of 6,367 markers were retained for further genetic
diversity and genome-wide association study.

Genetic diversity and population structure
analysis

The molecular genetics diversities such as gene diversity (GD),
polymorphic information content (PIC), and heterozygosity were
calculated using PowerMarker 3.25 (Liu and Muse, 2005). The
population structure for 6,367 SNPs was analyzed with the 1 to 10
assumed number of subgroups (K) for each run with 100,000
Markov Chain Monte Carlo iteration and a burn-in 10,000 steps in
Structure 2.3.4 (Pritchard et al., 2000). The optimum number of
clusters was determined by plotting AK against the natural
logarithms of probability data [LnP(K)] Structure Harvester (Farl
and vonHoldt, 2012). The PCA was incorporated in the package
Genomic Association and Prediction Integrated Tool Version 3
under the R environment (Wang and Zhang, 2021), and the analysis
was performed. The extent of linkage disequilibrium between the
SNP markers was analyzed by calculating the r* values in TASSEL
v5 (Bradbury et al., 2007). Only r* values with p <0.05 within each
chromosome were considered for LD decay analysis. The non-linear
regression curve was used for the estimation of LD decay (Hill and
Weir, 1988). LD decay plot was drawn with the help of LD (r?) and
physical distance (bp) by using the script in R version 4.1.1 (David
etal., 2001).

Genome-wide association mapping

The genome-wide association analysis for 6,367 SNPs was
performed using a multilocus GWAS model, viz., Fixed and random
model and Circulating Probability Unification (FarmCPU) (Liu et al.,
2016) using GAPIT version 3 (Wang and Zhang, 2021) in R software.
Both the fixed-effect model (FEM) and random-effect model (REL)
are utilized in this model, and it is considered the most efficient as it
eliminates confounding issues arising due to population structure,
kinship, multiple testing, etc. (Gahlaut et al., 2021). To identify the
significant SNPs, the Bonferroni-corrected p-value at 1 (—log
p-value=3.8) was considered as the threshold p-value (Kohli et al.,
2020). Only the SNPs with above this value were declared as significant
MTAs. A mixed linear model in TASSEL was to calculate the
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phenotypic variation explained (PVE) (Bradbury et al., 2007). The
Manhattan plot was generated from qqman version 0.1.8
(Turner, 2018).

Exploration of candidate gene

To explore putative candidate genes, LD decay along the individual
chromosome was considered to retrieve sequence flanking significant
MTASs, searched against the NCBI (National Center for Biotechnology
Information) reference genome ASM33114v1. The Chickpea pulse
database' was used for the annotation of significant MTAs.

Results

Screening of chickpea genotypes for
morpho-physiological traits under irrigated
and rainfed environment

In total, 129 chickpea genotypes were evaluated for 10
morphological and 3 physiological traits under differing water
regimes and were found to have a wide range of variability. The
analysis of variance (ANOVA) of all morphological traits under
irrigated and rainfed environments across the location and year was
estimated, and a mean sum of squares and their significance are
presented in Supplementary Table S2. The ANOVA reveals that the
genotype—environmental interaction was significant at p <0.001 for
all the morphological traits except NPP, BY, and HI for
genotype X year interaction in both irrigated and rainfed conditions.
This indicates that the environmental influence on the performance
of the genotypes. The genotypic x location interaction effect was
significant for all the traits in both irrigated and rainfed conditions.
This shows the genotypes studied had wide variability, and they
performed differently across the locations. The DSI for IARI, New
Delhi, environment varied from 0.02 to 1.84 while for the Dharwad
environment was 0.10 to 2.04. Boxplot was drawn to compare the
mean value of morphological traits under different environmental
conditions, and the reduction in the mean value of all traits studied
was observed in rainfed compared to the irrigated conditions in
both locations (Figure 1). Pearson’s correlation analysis is
summarized in Figure 2, which reveals the significant correlation
among most of the traits in both rainfed and irrigated environments.
Furthermore, the seed yield is positively associated with the traits
NPB, NSB, NPP, BY, HI, and 100SW in both irrigated and rainfed
environments and negatively associated with the DFF and PH. A
strong correlation was observed between the trait SY and BY with
correlation coeflicients of 0.934, 0.932, 0.919, and 0.941 in the E1,
E2, E3, and E4 environment, respectively, which showed that
healthy plant biomass will retain yield even in drought condition
(Kashiwagi et al., 2013; Li et al., 2018). The boxplot for three
physiological traits, viz., RWC, MSI, and CTD is presented in
Figure 3, reduced in the mean value of traits observed in rainfed
condition compared to irrigated condition.

1 https://www.pulsedb.org/blast/report/
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Box plot for morphological traits studied under different environments: E1, IARI irrigated; E2, IARI rainfed; E3, Dharwad irrigated; E4, Dharwad rainfed;
DFF, days to 50% flowering; PH, plant height; NPB, number of primary branches; NSB, number of secondary branches; NPP, number of pods per plant;
BY, biological yield; HI, Harvest Index; 100SW, 100 seed weight; SY, seed yield; DSI, Drought Susceptible Index.

Genetic diversity, linkage disequilibrium,
and population structure

A total of 6,367 SNPs were considered for the study after excluding
the SNPs with minor allele frequency (MAF) of <0.05 from 16,983
SNPs. The distribution of SNPs across the chromosome ranged from
438 in chromosome 8 to 1,480 in chromosome 4. The percentage of
transitions (A/G and C/T) was higher at 0.53% than 0.47% of A/C,
A/T, G/C, and G/T transversions. The average genetic distance was
0.33 with a range from 0.095 to 0.611. The average PIC value was 0.25
with a range from 0.09 to 0.53, and the average heterozygosity was
0.11. The LD and LD decay of all 8 chickpea chromosomes are
presented in Table 1. The average LD across the genome was 0.14, and
in the individual chromosomes, it varied from 0.06 in chromosome 5
to 0.22 in chromosome 8. The maximum SNP pairs with a p-value of
<0.05 were on chromosome 4 (12477), and the minimum SNP pairs
were on chromosome 5 (697). The whole genome LD decay distance
was 152,269 bp (Figure 4), above which LD decay was observed. The
LD decay distance of individual chromosomes ranged from 81,535 on
chromosome 5 to 225,588 on chromosome 6. The SNP density per
chromosome ranged from 9.80SNPS/Mb in Chromosome 5 to 30.24
SNPs/Mb in Chromosome 4.

The 129 chickpea genotypes were clustered into subpopulations
based on the Bayesian clustering approach and plotted as cluster k and
delta K. The maximum delta K was observed on cluster 4 (Figure 5),
concluding that 129 chickpea genotypes were divided into 4
subpopulations by using the admixture method in STRUCTURE
software and computing the result into online Structure HarveSter
(Evanno et al,, 2005). The individual genotypes were included in the
subpopulation based on their highest share of the membership
coefficient. Based on the membership coefficient, the four
subpopulations namely SubPop1, SubPop2, SubPop3, and SubPop4
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have 54, 42, 18, and 15 genotypes, respectively, in their clusters
(Figure 5 and Supplementary Table S3). The fixation index of 0.56,
0.52, 0.44, and 0.58 was recorded in SubPop1, SubPop2, SubPop3, and
SubPop4, respectively. The allele-frequency divergence of SubPopl
from SubPop2 was 0.19, from SubPop3 was 0.12, and from SubPop4
0.23; the divergence of SubPop2 from SubPop3 was 0.15 and from
SubPop4 was 0.19; and the divergence of SubPop3 from SubPop4 was
0.17. The average distance between the individuals within the
subpopulation was 0.18, 0.19, 0.23, and 0.19 in SubPop1, SubPop2,
SubPop3, and SubPop4, respectively. The kinship matrix obtained
from SNPs, varied from —0.52 to 2.07. The diversity among 129
chickpea genotypes, as shown in the kinship matrix heatmap
(Figure 6A), by using PCA (Figure 6C) and percentage variation,
explained each PCA (Figure 6B). The PCA and kinship showed the
presence of a high level of diversity in the panel used.

Genome-wide association mapping for
irrigated and rainfed environments

The analysis of significantly associated SNPs (p<1.5E-04)
resulted in a total of 49 SNPs for morphological traits, excluding
NPB, and three for physiological traits, in both irrigated and rainfed
environments at two locations (Table 2). For the morphological traits
studied, 8 SNPs were reported for both irrigated and rainfed
environments, 27 SNPs for the rainfed environment, and 10 SNPs
for the irrigated environment. A maximum number of 21 SNPs
showed significant association with 100SW explained 0.003-17.184%
phenotypic variation followed by 10 SNPs with SY explained 0.002-
28.75% phenotypic variation and 7 SNPs with NPP explained 0.001
to 30.969% phenotypic variation. In total, seven SNPs were found to
be associated with more than one trait (Supplementary Table 54).
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Correlation coefficient (r) plot for morphological traits in different water regimes. (A) IARI irrigated. (B) IARI rainfed. (C) Dharwad rainfed, and
(D) Dharwad irrigated environment (top to bottom in clockwise).
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FIGURE 3
Box plot 3 physiological traits RWC (relative water content), MSI (Membrane Stability Index), and CTD (canopy temperature depression) at ELI—IARI
irrigated and E2—IARI rainfed.

Two significant SNPs for DSI, one each under IARI, New Delhi,
located on Ca8:8904366 (Figure 7A) and Dharwad located on
Cal:7500524 (Figure 7B). For physiological traits studies, two SNPs
were found to be significant for RWC (Ca3:13202989) and CTD
(Ca4:25809665) in an irrigated environment, and one SNP for CTD
(Ca5:31164539) for a rainfed environment at IARI, New Delhi
(Figure 7C). The Manhattan plot for 100SW and SY under the
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rainfed condition for both the locations IARI, New Delhi, and
Dharwad, are presented in Figure 8. The SNP located on
Cal:43273961 was found to be associated with a greater number of
traits (NPB, NPP, BY, and SY) followed by SNP on Cal:43273962,
associated with NPB, NPP, and SY and SNP located on Ca8:13745335
associated with NPP, BY, and SY, which the
pleiotropic effect.

indicates
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TABLE 1 Distribution of SNPs, SNP pairs (p <0.05), LD (r2), and LD decay on all eight chromosomes of chickpea.

Chromosome Number of SNPs SNP density SNP pair in LD Average LD (r?) LD decay
(per Mb) (p<0.05) distance (bp)

1 1,014 20.98 5,506 0.14 87,707
2 585 15.98 4,107 0.13 82,456
3 572 14.33 3,621 0.15 216,852
4 1,480 30.24 12,477 0.15 130,725
5 470 9.80 697 0.06 81,535
6 942 15.85 5273 0.16 225,588
7 866 17.85 4,908 0.12 117,169
8 438 26.59 3,705 0.22 582,792

threonine-tRNA ligase, mitochondrial 1-like (Ca_11521). The

o | MTA Ca3:32706215 for E1_100SW (p<3.0E-04), E1_100SW

- (p<3.0E-04), and E2_SY (7.24E-10) explain the phenotypic

variation of 6.453, 4.818, and 4.361%, respectively, colocalized

g - with the gene zinc finger BED domain-containing protein

DAYSLEEPER-like (Ca_12000). The MTA Ca4:30258567 had

© associations with E4_NPP (p <7.97E-05) and E4_BY (p < 1.30E-

T ©° 04) explaining 30.969 and 22.205% phenotypic variations,

E respectively, and encodes for 11 kDa late embryogenesis abundant

= g — protein-like (Ca_14189). The MTA Ca5:28886131 for E4_100SW

(p <6.16E-05) explains the phenotypic variation of 14.511% and

o is colocalized in or near gene encodes for protein WAT1-related

I protein-like (Ca_17987). MTA Ca7:41673233 was found to

be colocalized with gene encodes for the beta-galactosidase

g _ (Ca_17987) and was associated with E2_100SW (p < 1.88E-05)

T 582792 T T T explaining the phenotypic variation of 6.830%. MTA

0e+00 2e+06 4e+06 Ca7:31317611 for E4_100SW (p<1.2E-04) explains the

phenotypic variation of 19.740%, found near or in gene encodes

Distance (bp) for putative proline-rich protein APG isolog, GDSL esterase/lipase

I APG (Ca_10127). MTA Cal:2252356 for E2_SY (p <8.43E-07)

Genome-wide Linkage Disequilibrium plot of the entire genome of found in or near gene encodes for E3 ubiquitin-protein ligase

chickpea. The x-axis represents distance (bp), and the y-axis AIRP2-like (Ca_00281) explains 13.853% phenotypic variance.

represents LD (). The intersection between the horizontal and R
vertical lines represents the LD decay distance. MTA Ca5:47684292 for E2_SY (p <2.96E-07) encodes with the
protein FAR1-RELATED SEQUENCE 7-like and sugar transport

Putative candidate gene identification for
marker—trait associations

The significant SNP associations with different traits were
further used for the identification of putative candidates based on
the position of SNPs. LD decay across individual chromosomes
was considered to retrieve a flanking sequence of significant SNPs
from the NCBI database and functionally annotated based on
CDC Frontier vl functional annotation (Varshney et al., 2013)
from the pulse database (Supplementary Data S1). The identified
MTA Cal:7500524 associated with traits IARI_DSI (9.58E-05) and
E4_NPP (p <1.10E-04) explains 6.915 and 10.648% phenotypic
variance found in or near probable coding region encodes for
probable LRR receptor-like serine/threonine-protein kinase
At4g20940 (Ca_08003), and another significant MTA for
Dharwad_DSI (7.24E-05) located at Ca8:8904366 explains 9.816%
phenotypic variance, colocalized with the gene encodes for
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protein 10-like (Ca_24737) explains 7.161% phenotypic variance.
MTA Ca4:30308719 for E2_BY (p < 1.45E-04) found in or near
gene encodes for UDP-glycosyltransferase (Ca_23901) explains a
phenotypic variance of 17.974%. MTA Ca5:31164539 for E2_CTD
(p <7.56E-05) explains phenotypic variance of 13.406%, found in
or near gene encodes for protein U-box domain-containing
protein 44-like (Ca_04820), and is also capable of functioning as
E3 ubiquitin-protein ligase (Raab et al., 2009).

Discussion

The chickpea grown in the Indian subcontinent has a narrow
genetic base (Bharadwaj et al., 2011b), and the use of various
accessions/donor parents in the breeding program would increase
the sensitivity of chickpea productivity toward biotic and abiotic
stress (Muchlbauer and Sarker, 2017). The study on the linkage
mapping in the intraspecific populations (desi x kabuli) from the
STMs proved the potential of using genomic resources in chickpea
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Population structure of 129 Chickpea genotypes. Delta K shows four subpopulation by Evanno’s method; the peak observed at k = 4.
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Molecular diversity and genetic structure of 129 chickpea genotypes. (A) Kinship matrix heatmap. (C) Scree plot depicting significant PCs. (B) The 3D
graph depicting the distribution of genotypes along the three (top to bottom in clockwise).

breeding (Bharadwaj et al., 2011a). The breeding program could  chickpea draft genome (Jain et al., 2013; Varshney et al., 2013; Gupta
be accelerated by supplementing conventional breeding efforts with et al., 2017) have led to the development of genotyping-by-
genomics-assisted breeding (GAB) (Varshney et al., 2007). Sequence  sequencing-based marker, which can be effectively used for genome-
cost curtailed as an advance in the next-generation sequencing  wide association analysis for identification of marker-trait
technology (NGS) (Varshney et al., 2005) and the availability of  associations (MTAs).
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TABLE 2 Fifty-two SNPs which are associated with different traits.

Traits Environment Chromosome Position SNP P-value Rsquare
allele value
PH El Ca4:10030134 4 10,030,134 AIG 1.2E-04 11.511
E3 Cal:1225254 1 1,225,254 T/G 2.72E-05 7.870
Ca4:10030134 4 10,030,134 AIG 9.52E-05 12.475
E4 Ca4:10030134 4 10,030,134 AIG 1.2E-04 13.195
Ca6:14042859 6 14,042,859 AIT 1.10E-04 7.920
DFF E3 Ca8:1612982 8 1,612,982 AIC 1.4E-04 12.281
E4 Ca8:1612982 8 1,612,982 AIC 1.4E-05 13.855
NPB E2 Cal:10191516 1 10,191,516 AIG 1.10E-04 17.863
Cal:10191517 1 10,191,517 GIT 1.10E-04 17.863
Ca7:35258029 7 35,258,029 G/IT 1.30E-04 10.232
E4 Cal:43273961 1 43,273,961 C/T 9.1E-06 3.074
Cal:43273962 1 43,273,962 AIG 9.1E-06 3.074
Ca6:32262855 6 32,262,855 C/T 1.89E-05 0.002
Ca7:6075124 7 6,075,124 T/G 1.20E-04 20.577
NPP E2 Ca8:13745335 8 13,745,335 AIG 1.39E-05 0.001
E3 Cal:43273961 1 43,273,961 C/T 3.5E-05 1.698
Cal:43273962 1 43,273,962 GIT 3.5E-05 1.698
Ca6:32262855 6 32,262,855 C/T 6.2E-05 0.001
Ca6:52065393 6 52,065,393 C/A 4.60E-04 27.384
E4 Cal:43273961 1 43,273,961 C/T 1.33E0.5 4.239
Cal:43273962 1 43,273,962 G/T 1.33E0.5 4.239
Cal:7500524 1 7,500,524 T/C 1.10E-04 10.468
Ca4:30258567 4 30,258,567 C/A 7.97E-05 30.969
Ca6:32262855 6 32,262,855 C/T 7.85E05 0.004
BY El Ca8:13745335 8 13,745,335 AIG 1.14E-04 0.001
E2 Cal:43273961 1 43,273,961 C/T 3.94E-07 21.337
Ca4:30308719 4 30,308,719 C/A 1.45E-05 17.974
Ca5:6290453 5 6,290,453 G/A 6.41E-06 3.230
E4 Ca4:30258567 4 30,258,567 C/A 1.30E-04 22.205
HI El Ca3:4878351 3 4,878,351 GIT 1.3E-04 12.007
100SW El Cal:11225828 1 11,225,828 C/T 1.4E-04 7.527
Cal:46749206 1 46,749,206 T/G 1.2E-04 3.608
Ca3:31454799 3 31,454,799 GIT 1.1E-04 4,610
Ca3:32706215 3 32,706,215 AIC 3.0E-04 6.453
Ca4:24729101 4 24,729,101 T/IG 1.4E-04 3.892
Ca5:47775117 5 47,775,117 T/G 1.4E-04 5.936
Ca6:10136954 6 10,136,954 A/C 1.19E-04 4.124
Ca6:1288709 6 1,288,709 T/G 3.84E-05 7.853
Ca8:2029341 8 2,029,341 T/G 7.20E-06 6.951
Ca8:5352551 8 5,352,551 T/G 5.44E-05 6.904
(Continued)
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TABLE 2 (Continued)
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Traits Environment Chromosome Position SNP P-value Rsquare
allele value
E2 Cal:13043346 1 13,043,346 T/A 4.88E-05 0.037
Ca2:7633564 2 7,633,564 GIT 4.01E-05 0.003
Ca4:11040108 4 11,040,108 C/T 1.28E-05 4.626
Ca6:1288709 6 1,288,709 T/G 1.02E-11 7.882
Ca6:26383440 6 26,383,440 AIC 1.08E-06 3.478
Ca6:30001391 6 30,001,391 C/IT 1.2E-05 5.684
Ca7:41673233 7 41,673,233 A/C 1.88E-05 6.830
E3 Cal:11225828 1 11,225,828 C/T 3.64E-05 7.360
Ca3:32706215 3 32,706,215 A/IC 3.0E-04 4818
Ca4:4605340 4 4,605,340 AIC 6.79E-05 6.668
Ca6:1288709 6 1,288,709 T/G 3.84E-05 5617
Ca8:2029341 8 2,029,341 T/G 7.47E-05 5.401
E4 Ca2:11246842 2 11,246,842 G/A 6.13E-05 0.098
Ca4:11113277 4 11,113,277 A/C 4.53E-05 1.030
Ca5:23161492 5 23,161,492 AIT 5.07E-05 0.0490
Ca5:28886131 5 28,886,131 T/C 6.16E-05 14.511
Ca7:31317611 7 31,317,611 TIG 1.2E-04 19.740
Ca8:11631836 8 11,631,836 C/T 3.24E-05 17.184
SY E2 Cal:2252356 1 2,252,356 C/T 8.43E-07 13.853
Ca3:32706215 3 32,706,215 A/C 7.24E-10 4361
Ca4:27268301 4 27,268,301 G/A 1.08E-05 18.167
Ca4:3280217 4 3,280,217 G/A 2.41E-05 4.151
Ca5:32598221 5 32,598,221 c/A 3.33E-05 12.660
Ca5:47684292 5 47,684,292 AIG 2.96E-07 7.161
E4 Cal:43273961 1 43,273,961 C/T 7.44E-05 11.377
Cal:43273962 1 43,273,962 AIG 7.44E-05 11.377
Ca6:10116403 6 10,116,403 AIT 1.4E-04 28.750
Ca8:13745335 8 13,745,335 AIG 2.43E-05 0.002
DSI IARI, New Delhi Cal:7500524 1 7,500,524 T/C 9.58E-05 6.915
Dharwad Ca8:8904366 8 8,904,366 AIG 7.24E-05 9.816
RWC El Ca3:13202989 3 13,202,989 C/IT 4.14E-05 0.197
CTD El Ca4:25809665 4 25,809,665 T/C 9.82E-05 6.066
E2 Ca5:31164539 5 31,164,539 T/C 7.56E-05 13.406

E1, IARI irrigated; E2, IARI rainfed; E3, Dharwad irrigated; E4, Dharwad rainfed. *R2 Values calculated from the mixed linear model using TASSEL, DFF (days), days to 50% flowering; PH
(cm), plant height; NPB, number of primary branches; NPP, number of pods per plants; BY (g/plot), biological yield; HI, Harvest Index; 100SW (g), 100 seed weight; and SY(g/plot), seed yield.

Morphological traits studied under
different environments

The significance of the genotypic and environment main effect
from analysis of variance implicates the presence of more variability
in this germplasm for different traits, and also, the significance of
interaction effects reveals the differential response of these genotypes
across the environments. A strong correlation with SY and BY in all
four environments implies that plant growth and development have a
direct impact on seed yield. The strong correlations between seed and
biomass in both the irrigated and stress treatments at vegetative and
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reproductive stages (Sachdeva et al., 2022). The DSI was the best used
indices to identify drought-tolerant lines (Fischer and Maurer, 1978),
in the earlier investigation, also used the DSI as a selection index to
identify drought-tolerant genotypes in chickpeas (Sachdeva
etal., 2018).

Genetic diversity of SNPs

Half of SNPs studies have a PIC value of more than 0.25; this
indicates sufficient diversity of these markers. The average PIC
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value of 0.32 was reported for SNP markers, and more than half
of the SNP markers showed PIC values higher than 0.25; these
SNP markers were used in chickpeas for genome diversity,
population structure, and linkage analysis (Farahani et al., 2019).
The average genetic distance between the individual was
calculated between the genotypes, the average GD between
genotypes was 0.32 with more than 81% of genotype pairs having
a genetic distance above 0.25, implicating the presence of high
genetic variability between the genotypes. The genome-wide LD
decay estimated for the present investigation is on par with the
previous association studies of chickpeas for complex yield traits
(Kujur et al,, 2015; Upadhyaya et al., 2016). The greater number
of genotypes had a lower kinship value (<0.5) (a lower kinship
value indicates diverse genotypes, while a higher kinship value
indicates a similar genotype) (Dodds et al., 2015).

Putative candidate genes for drought
tolerance

LD decay distance along individual chromosomes was considered
to retrieve a flanking sequence of significant MTAs (p <1.5E-04),
selected region searched for the identification of candidate genes
including start and stop position, BLAST sequence description,
InterPro IDs, Gene ontology terms, and accessions in pulse database.
“QTL-hotspot” harboring several drought-tolerant traits has been
identified in the biparental mapping population ICCRIL03 (ICC
4958 xICC 1882) and ICCRILO04 (ICC 283 xICC 8261) (Varshney
et al,, 2014). Furthermore, this “QTL-hotspot” region was refined to
~14cM from the original ~29 cM (Jaganathan et al., 2015); later, it was

Frontiers in Sustainable Food Systems 122

fine-mapped to ~300 Kb (13,239,546-13,547,009) (Kale et al., 2015);
in this study, we do not find any significant MTAs in this QTL-hotspot.
Gene present in or near significant MTAs associated with different
traits under different environments was found to be encoded for
different proteins; based on the available literature, some of the MTAs
reported have been known to play a role in drought tolerance
mechanisms. The protein probable LRR receptor-like serine/
threonine-protein kinase At4g20940 [Guard 211 Cell Hydrogen
Peroxide-Resistantl (GHR1)], found in or near MTA for IARI_DSI
and E4_NPD, is reported to be involved in drought tolerance in
Arabidopsis by regulating the level of aliphatic glucosinolates (GLSs)
by involving in auxin signaling and also stomatal regulation (Salehin
et al., 2019); one QTL “QR3dsi02” for DSI explaining 13.00%
phenotypic variation was reported in biparental mapping population
ICC4958 X ICC 1882 (Jaganathan et al., 2015). The genomic region of
MTA for E4 NPP and E4 BY encodes LEA (Late embryonic
abundant protein). These proteins contribute toward antioxidant
activity, metal ion binding, membrane and protein stabilization,
hydration buffering, and DNA and RNA interaction and are known
to protect plant metabolism against abiotic stresses (Shao et al., 2005).
Genomic region with MTA for E4_100SW encodes WAT1 protein
localized, which acts as an auxin transporter and is involved in the
auxin homeostasis (Ranocha et al., 2013). MTA for E2_SY encodes
with the protein FARI-RELATED SEQUENCE 7-like and sugar
transport protein 10-like. FRS genes like FRS7 and FRS12 and the loss
of function could result in early flowering plants with overly elongated
hypocotyls mainly in short days in Arabidopsis (Ritter et al., 2017).
Two SNPs at different locations are found to be associated with the SY
found with the protein sugar transporter. Earlier studies reported that
the sugar transporter genes serve as signaling molecules in
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Arabidopsis (Wobus and Weber, 1999). In Arabidopsis, the sugar
transporter gene induces subcellular modification, cellular signal
alteration, enhanced biomass of Arabidopsis seeds, and early plant
development (Wingenter et al., 2010). Investigation of drought
tolerance in chickpeas using GWAS and genomic selection reported
a significant association of SNPs in several auxin-related genes and
sugar transporters with yield and yield-related traits under drought-
prone environments (Li et al., 2018). MTA for E2_100SW encodes
f-galactosidase protein that plays a major role in water stress. During
senescence, the increase in the activity of pf-galactosidase and loss of
photosynthesis was observed in the leaves of Arabidopsis. In the
background of loss of photosynthesis, this protein was found to
be involved in the production of sugars that could serve for the
execution of energy-dependent senescence (Pandey et al., 2017). The
MTA for E4_100SW colocalized with the gene encodes putative
proline-rich protein APG isolog and GDSL esterase/lipase APG. Some
of the PRP genes such as the proline-rich protein-encoding gene
(CcHyPRP) isolated from pigeon peas (Cajanus cajan) could
be induced by various stresses (Priyanka et al, 2010). SNP marker-
associated plant height under the rainfed condition located near
GDSL esterases and lipases (GELPs) was reported in a study of GWAS
for drought tolerance in multiple environments (Istanbuli et al., 2024).
The overexpression of the GDSL-type pepper lipase gene in
Arabidopsis during seed germination and plant growth showed
drought tolerance and differential expression of drought- and abscisic
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acid (ABA)-inducible genes (Hong et al., 2008). MTA that encodes E3
ubiquitin-protein ligase AIRP2-like, AtAIRP2 in Arabidopsis,
reported to play ABA-mediated drought stress responses (Cho et al.,
2011). SNP associated with 100 seed weight encodes gene LRR
receptor-like kinase family protein, and SNP associated with plant
height encodes for E3 ubiquitin-protein ligase RNF185-like was
reported in a study of high-resolution mapping of drought tolerance
in chickpea using MAGIC population (Thudi et al., 2024). The MTA
encoding to UDP-glycosyltransferases was found to be associated
with E2_BY. Some of the UDP-glycosyltransferases, such as UGT79B2
and UGT79B3, contribute to cold, salt, and drought stress tolerance
via modulating anthocyanin accumulation (Li et al., 2017). The
protein U-box domain-containing protein 44, localized with the SNP
associated with E2_CTD, has been reported to prevent premature
senescence in Arabidopsis plants (Raab et al., 2009).

The present study demonstrates that several MTAs identified for
different traits including yield, physiological, and drought indices
recorded across locations, seasons, and different stress conditions.
Identified genomic region colocalized with these MTAs encodes for
proteins that are known for drought tolerance. However, to validate
their functionality, further investigation via gene expression analysis
or gene knock-out studies is imperative. Moreover, enhancing the
scope of research by including large accessions and encompassing
more locations and seasons could be considered to improve these
findings. Once validated, these insights serve as good candidates for
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climate-resilient breeding for the improvement of drought tolerance
in chickpeas.
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Cadmium (Cd) contamination in agricultural soils and its accumulation
in plant organs have become a global issue due to its harmful effects on
human health. The in-situ stabilizing technique, which involves using organic
amendments, is commonly employed for removing Cd from agricultural soils.
Thus, the current study investigated the effect of vermicompost (VC) on soil
properties and plant physio-biochemical attributes, leaf ultrastructure analysis,
antioxidant defense mechanisms, and grain yields of two different fragrant rice
cultivars, Xiangyaxiangzhan (XGZ) and Meixiangzhan-2 (MXZ-2), under Cd-
stress conditions. The results showed that Cd toxicity deteriorates soil quality,
the plant's photosynthetic apparatus, and the plant's antioxidant defense
mechanism. Moreover, under Cd stress, both cultivars produced significantly
lower (p < 0.05) rice grain yields compared to non-Cd stress conditions. However,
the VC application alleviated the Cd toxicity and improved soil qualitative traits,
such as soil organic carbon, available nitrogen, total nitrogen, phosphorus,
and potassium. Similarly, VC amendments improved leaf physiological activity,
photosynthetic apparatus function, antioxidant enzyme activities and its related
gene expression under Cd stress These enhancements led to increased grain
yields of both fragrant under Cd toxicity. The addition of VC mitigated the
adverse effects of Cd on the leaf chloroplast structure by reducing Cd uptake
and accumulation in tissues. This helped prevent Cd-induced peroxidation
damage to leaf membrane lipids by increasing the activities of antioxidant
enzymes such as ascorbate peroxidase (APX), catalase (CAT), peroxidase (POD),
and superoxide dismutase (SOD). On average across the growth stages, the
Pos-Cd + VC3 treatment increased SOD, APX, CAT, and POD activities by122.2
and 112.5%, 118.6, and 120.6%, 44.6 and 40.6%, and 38.6 and 33.2% in MXZ-2 and
XGZ, respectively, compared to the plants treated with Pos-Cd treated alone.
Enhancements in leaf physiological activity and plant antioxidant enzyme activity
strengthen the plant’'s antioxidant defense mechanism against Cd toxicity. In
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addition, correlation analysis showed a strong relationship between the leaf
net photosynthetic rate and soil chemical attributes, suggesting that improved
soil fertility enhances leaf physiological activity and boosts rice grain yields. Of
the treatments, Pos-Cd+VC3 proved to be the most effective treatment in
terms of enhancing soil health and achieving high fragrant rice yields. Thus,
the outcomes of this study show that the addition of VC in Cd-contaminated
soils could be useful for sustainable rice production and safe utilization of Cd-

polluted soil.

KEYWORDS

antioxidant-encoding genes, cadmium toxicity, fragrant rice, leaf physiological
activity, soil fertility, vermicompost
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1 Introduction

Heavy metals, especially Cd, pose significant hazards due to their
high toxicity and propensity for substantial uptake and accumulation
in cereal grains (Singh et al., 2020). The Cd accumulation in arable
soil is caused by industrial processes such as waste discharge,
fertilization, mining, and smelting (Islam et al., 2017; Tang et al.,
2019; Seleiman et al., 2020). Cd is more soluble and mobile than
other metals, making it easily absorbed by plants, translocated within
them, and deposited in various plant parts (Chen Q. et al., 2018;

Frontiers in Sustainable Food Systems

Chen Y. etal, 2018; Adil et al., 2020). Furthermore, Cd is commonly
non-recyclable and difficult to remove from the soil, and it can
migrate to cereal grains via the soil-plant-food cycle, thereby posing
health hazards to humans (Rizwan et al., 2016; Seleiman et al., 2020).
The Cd inputs and availability in soil adversely affect soil microbial
biodiversity and its associated ecosystem function (Xue et al., 2017;
Haider et al,, 2021; Igbal et al., 2024a). Cadmium garnered a lot of
attention in arable soil because of its toxicity, availability, and
persistence in living organisms (Rizwan et al., 2016; Huang
etal., 2019).
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Additionally, high Cd levels in arable fields may affect soil health,
physiochemical characteristics, and plant metabolism, resulting in
lower crop growth and reduced productivity (Mitra et al., 2018; Igbal
etal,, 2023a). Cd also inhibits plant photosynthesis and reduces plant
uptake of essential mineral nutrients, resulting in a decrease in
agricultural output (Tran and Popova, 2013; Chen Q. et al,, 2018; Chen
Y. et al, 2018). In addition, Cd toxicity in plants can produce
physiological, biochemical, and physical changes, including reduction
in root growth, stomatal density, and chlorosis (Bari et al., 2019;
Huybrechts et al., 2020). The plant photosynthetic apparatus is often
more vulnerable to Cd-induced damage. Plant chlorophyll is essential
for photosynthesis, and any decrease in plant chlorophyll production
due to Cd toxicity declines the photosynthesis process (Li et al., 20105
Parmar et al., 2013). Cd stress affects mitochondrial function in plants
by affecting redox control and promoting the generation of additional
reactive oxygen species (ROS), that damage membrane lipids and alter
overall metabolic activity (Chen Q. et al., 2018; Chen Y. et al,, 2018;
Huybrechts et al., 2020). The ROS generated under stress is responsible
for cellular oxidative injury and genotoxicity (Gallego et al., 20125
Khan et al, 2022). As a result, Cd, one of the most harmful
contaminants, demands special attention to regulate its mobility in
arable soils.

Rice is an important cereal crop for about 3.5 billion people
worldwide (Dabral et al., 2019). Rice is a key ingredient and staple
diet for Chinese people (Chauhan et al., 2017). The majority of Cd in
the food channel could come from agricultural products, and Cd in
soil plants accumulates up by roots and finally enters the food, posing
health concerns to the human immunological, neurological, and
reproductive organs (Parmar et al., 2013; Adil et al., 2020). In situ
stabilization technique, using organic additions such as cattle
fertilizer, biochar, and compost, is an environmentally friendly
approach to preventing Cd (Hamid et al., 2020; Ullah et al., 20205
Yuan et al,, 2022; Ali et al., 2022a,b,c; Igbal et al., 2024b). However,
these techniques are ineffective and problematic because of the
accompanying costs and additional pollutants (Shaheen and
Rinklebe, 2015; Pramanik et al., 2018). In addition, according to
Igalavithana et al. (2017) the use of these organic fertilizers alone
might enhance the risk of arsenic pollution; for instance, applying
wood bark organic biochar increases exchangeable arsenic in soil
by 84.5%.

Vermicompost (VC), is the product of the decomposition process
using species of worms, usually white worms, red wigglers, and other
earthworms to create a mixture of decomposing vegetables, food waste
and vermicas (Charan et al., 2024). The VC, a nutrient-rich fertilizer,
is turning more common for heavy metal-contaminated arable soil
rehabilitation (Wang et al., 2018; Zhang et al., 2020). Alam et al. (2020)
found that VC is more beneficial and effective than wasted mushroom
and organic fertilizer for reducing Cd and other metals accumulation
and uptake in plants. Earthworms can accumulate various heavy
metals such as Cd, Pb, Hg, and Zn, and store it in benign forms in the
chloragogenous tissues (Song et al., 2015). The peak absorption rate
of 170.65mg/g of Cd** on VC indicates that VC is a possible in situ
sorbent for Cd-polluted soil (Zhu et al., 2017). Moreover, VC
treatment may affect soil physical and biochemical parameters and
alter the chemical composition of Cd in soils, reducing Cd
bioavailability in soils by adsorption, immobilization, and precipitation
(Bradham et al,, 2018; Cambier et al., 2019). After soil application, VC
provides polysaccharides, the release of mucus from earthworms and
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microorganisms, and improves soil physical structure, i.e., aeration,
porosity, aggregate stability, and drainage, all of which are beneficial
to crop root growth, as well as nutrient uptake by plants (Lim et al.,
2015; Hussain et al., 2021). VC is a rich source of plant micronutrients
and macronutrients, hence adding VC improved the mineral elements
in soils, resulting in increased plant growth and production (Maji
etal, 2017; Dubey et al., 2020; Goswami et al., 2024). However, limited
studies have evaluated VC’s effects on paddy soil properties, fragrant
rice Cd uptake, plant physiological and antioxidant defense function,
and rice production under Cd toxicity.

Given previous consideration, this research investigated the
application of VC as a soil conditioner, which is a potential
remediation technique in Cd-polluted fields. We used aromatic rice
cultivars MXZ-2 and XGZ, which are popular in southern China due
to their pleasant flavor (Luo H. et al., 2020; Luo Y. et al., 2020; Zhang
et al, 2022). Rice, a semi-aquatic tropical plant grown on marshy
lands, is very susceptible to Cd uptake and accumulation in organs
(Wu et al,, 2014). The presence of Cd in arable soil is common,
particularly in China, it can be absorbed by rice plants. This metal
accumulates in the grains, posing a significant threat to both the
quality and nutritional value of rice. This contamination adversely
affects human health and crop production (Zeng et al., 2019; Adil
et al., 2024). High concentrations of Cd in rice grains not only alter
their taste and texture but also diminish their nutritional content (Bin
Rahman and Zhang, 2023). Consumption of Cd-contaminated rice
grains can lead to health issues such as kidney damage, skeletal
abnormalities, and potentially cancer (Song et al., 2015). Therefore,
addressing Cd toxicity in rice cultivation is crucial for ensuring the
food safety and nutritional security of communities globally. In this
study, we applied VC as a composite material in Cd-contaminated
soil to counteract the negative impacts of Cd on soil fertility, plant
physiological and biochemical attributes, and grain yield. To the best
of our knowledge, there is a lake of knowledge regarding the
measured variables in this study in the context of soil and fragrant
rice crops relative to different VC amendments under Cd toxicity
conditions. The main objectives of the study were: (1) to investigate
the impacts of VC on soil environmental parameters and soil fertility
(2) to assess the role of VC in plant physiology, especially its impact
on photosynthetic performance and leaf ultrastructure (ie.,
chloroplast, cell wall, and vacuole), and biochemical attributes (3) to
explore the effect of VC application on fragrant-rice yield and the role
of soil fertility in plant physiological and biochemical activity. The
present work hypothesized that applying VC can improve soil health
which in turn increases plant physiological activity and antioxidant
defense systems under Cd toxicity. This work will produce a
conceptual framework for safe and sustainable crop production in
Cd-contaminated soils.

2 Materials and methods

2.1 Experimental place and basic soil
qualities

A pot study was carried out at the South China Agriculture
University Research Station. The soil of the experimental site
(0-15cm) is slightly acidic, with a pH of 5.88. Furthermore, the soil
has 23.75gkg™" organic matter, 1.18 gkg™ TN, 145.40 mgkg " available
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N, and 0.98 gkg™" phosphorus. Supplementary Table S1 also includes
details about the soil’s qualities.

2.2 Experimental details

In the present research, we used two different fragrant rice
varieties, MXZ-2 and XGZ, which respond differently to Cd-stress
conditions (Imran et al., 2020). Both cultivars were obtained from the
College of Agriculture, South China Agriculture University. The
experiment was conducted in complete block design in the early
season of 2023 (March-July). The soil was obtained to a depth of
15cm from the paddy field and then placed into plastic pots. Further,
it was ensured that all pots contained the same size and weight of soil
to minimize experimental error. The recommended dose of VC was
applied 1 week ago from seedling transplantation. The applied VC was
manufactured by Hubei Tianhenjia Biological Environmental
Protection Technology Co., Ltd., Wuxue City, Hubei Province, China;
it consisted of 34.90% organic matter, 1.48% TN, 2.76% P,0,, and
1.00% K,O, and had a pH of 7.6. Three VC rates, such as VC1=0tha™’,
VC2=3tha™',and VC3=6tha™ and two doses of Cd (Cd, 0 and 50 mg
Cd kg™') were tested. The study included six treatments: (1)
Neg-Cd+VCl=0mg Cd+0tha™ VC, (2) Neg-Cd+VC2=0mg
Cd+3tha™ VC, (3) Neg-Cd+VC3=0mg Cd+6tha™ VC, (4)
Pos-Cd+VC1=50mg Cd+0tha™ VC, (5) Pos-Cd+VC2=50mg
Cd+3tha™ VC, and (6) Pos-Cd+VC3=50mg Cd+6tha™' VC. The
seeds of the fragrant rice cultivars were used as a test crop and
cultivated in a plastic pot, with each pot containing three hills. The
seedlings were transplanted into pots in mid-March, and the rice
crops were harvested in mid-July. The NPK dose was 300:150:300
(kgha™") 1.80 g of N was used as urea, 0.90 g of P,O, as superphosphate,
and 2.20g of potassium chloride. Uniform flooding irrigation was
maintained from the planting of seedlings to physiological maturity
to establish anaerobic conditions in the pots. Usual farming practices,
such as insecticide and pesticide application, were applied in
all treatments.

2.3 Sampling and analysis

2.3.1 Soil chemical attributes

A core sampler was used to gather soil samples at a depth of 15cm
before to seedlings and after harvest. The samples were then separated
into two separate portions, one half for soil nutritional evaluations and
the other for molecular analysis and stored at —80°C. Soil organic C
(SOC) was examined using the K,Cr,0,-H,SO, oxidation method
posted by Wang et al. (2003). Furthermore, the Ohyama (1991)
approach was employed for TN. The TN was determined using
Jackson’s (1956) micro-Kjeldahl technique. Finally, Lus (2000)
techniques evaluated soil pH, AN, TP, and TK.

2.3.2 Rice grain yield and leaf physiological
attributes

At maturity, rice plants from the pot were picked to examine grain
yield adjusted to 14% moisture content. Moreover, at the tillering and
heading stages, several gaseous exchange parameters were examined,
including transpiration rate (Tr), net photosynthetic rate (Pn),
intercellular CO, concentration (Ci), and stomatal conductance (gs).
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On a sunny day, a transportable photosynthesis machine (Li-6800,
Li-COR USA) was utilized to measure photosynthesis.

Fresh leaf samples (size 1 mm?) were chosen for transmission
electron microscope (TEM) analysis. Small slices of leaves, about
1-3mm, were fixed in 4% glutaraldehyde (v/v) in 0.2mol/L PBS
(sodium phosphate buffer, pH 7.2) for 6-8h, then in 1% OsO4 for 1 h,
and finally in 0.2mol/L PBS (pH 7.2) for 1-2h. Dehydration was
performed in a graded ethanol series (50, 60, 70, 80, 90, and 100%),
followed by acetone, before samples were filtered and embedded in
Spurr’s resin. Finally, ultra-thin sections (80 nm) were produced and
placed on copper grids for TEM imaging (Roland and Vian, 1991).

2.3.3 Antioxidant enzyme activities

The antioxidant enzymes, such as superoxide dismutase (SOD),
peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX)
activities in fresh leaves were determined by using previously
described by Wu et al. (2003). Briefly, fresh rice leaves were
homogenized using sodium phosphate buffer (50 mM, pH 7.5). The
homogenized sample was centrifuged at 12,000 rpm for 10min at
4°C. The supernatant was then collected and used for subsequent
assays. In the enzyme extract, the measurement of the activity of SOD
was done using the enzyme solution containing methionine (750 mM),
NBT (5.2mM), EDTA (0.1 mM) and PBS (50 mM). The enzymatic
activities of SOD, POD, CAT, and APX were measured as previously
reported procedures (Jiang and Zhang, 2001).

2.3.4 Total RNA extraction and gRT-PCR analysis

Total RNA was isolated from the samples using TRIzol reagent
(Invitrogen, Carlsbad, California, United States). The qRT-PCR was
then evaluated using the Pfafflfl (2001) technique, as previously
reported. Rice ACTIN (Os03g50885) was utilized as a reference gene
for relative quantification. Supplementary Table S1 provides
information about nucleotide sequences and specific annealing
temperatures. Three biological repetitions were employed, and
expressions were calculated by normalizing the Ct value for every gene
compared to the ACTIN value. Quantification was done using the
2725 approach, as indicated in the previous study (Pfafflfl, 2001).
2.3.5 Measurements of MDA and H,0O,

Leaf malondialdehyde (MDA) content during the vegetative and
reproductive was measured by the previously reported method
(Velikova et al., 2000). To measure MDA contents, fresh rice leaves
were sampled and immediately homogenized in 0.1% (w/v) cold
TCA, and the homogenate was centrifuged at 12,000 g for 20 min at
4°C. The reaction mixture contained 0.5mL of supernatant, and
2.5mL of 0.5% thiobarbituric acid (TBA) solution (dissolved in 20%
TCA). The reaction mixture was boiled for 30 min, and then rapidly
cooled and centrifuged for 5 min at 12,000 x g. The difference between
the absorbance values at 532 and 600nm with an extinction
coefficient of 155mMcm 1 was applied to calculate the MDA
contents. In addition, hydrogen peroxide (H,O,) was investigated
from the fresh samples by the technique recommended earlier (Bates
etal,, 1973). Fresh leaf samples (0.2 g) were crushed in liquid nitrogen
and homogenized with 1 mL of 0.1% trichloroacetic acid (TCA) and
centrifuged at 12,000g for 20 min (4°C) for the measurement of
hydrogen peroxide (H,0,). The reaction mixture was comprised of
0.5mL of potassium phosphate buffer (pH 6.8, 100mM), 1mL
potassium iodide (1 M), and 0.5 mL supernatant. The H,0, contents

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1418554
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Igbal et al.

were measured by spectrophotometer (UV-VIS 2550, Shimadzu,
Japan) at 390 nm.

2.3.6 Assessment of proline and protein level

As stated in earlier studies, the amount of proline in fresh leaves
was determined using Bradford’s (1976) technique The solution was
purified with 5mL of toluene, and the absorption of red chromophore
in the methanol component was obtained at the 520 nm range. Fresh
leaves (0.1 g) were standardized in 50 mM sodium phosphate buffer
(ImM EDTA-Na2, 2% polyvinyl pyrrolidine-40) and spun at
10,000x g for 15min at 4°C and finally, the reaction solution was
scanned at 595 nm for final protein content.

2.3.7 Determination of plant cd content

The dried samples were grinded and processed at a 4:1 (v/v) ratio
in HNO; and HCIO, before being diluted up to 25 mL. Then, Cd levels
in rice organs were subsequently analyzed with a flame atomic
absorption spectrometer as earlier advised by Cao et al. (2014).

2.4 Statistical analysis

The results collected on soil chemical attributes and fragrant rice
physiological, biochemical attributes and grain yield were analyzed
using relevant ANOVA procedures for completely randomized design,
using Statistix 8.1 software (Analytical Software). Before analysis,
results were normalized using the arcsine function. Tukey’s post-hoc
test was conducted to compare multiple means for variables with
significant influence from experimental factors.

3 Results
3.1 Effect of VC on soil fertility

The addition of VC considerably enhanced soil chemical
characteristics, including SOC, pH, AN, TN, TP, and TK as compared
to sole Cd-stressed soil: Pos-Cd+VC1 (Table 1). The application
mitigated the adverse effects of Cd on soil health, and the effect was
most pronounced in all evaluated parameters at high VC amendments.
Off the treatments, the non-Cd stressed soil (Neg-Cd+VC3) had
higher values for soil qualitative features (i.e., pH, TN, AN, and SOC),
while the solo Pos-Cd soil had the lowest values. Related to

10.3389/fsufs.2024.1418554

Pos-Cd + VCl1, Pos-Cd + VC3 enhanced soil SOC, pH, TN, and AN by
5.78,43.13, 178.54, and 11.38%, respectively, in Cd-contaminated soil.
Likewise, low VC input increased each examined variable, although
not as much as compared to VC amendments under Cd toxicity.

3.2 Effect of VC on leaf gas exchange
attributes and grain yield

Fragrant rice verities, XGZ and MXZ-2, showed substantial
variations in photosynthesis rate with VC application in a Cd stress
condition (Figures 1, 2). In Cd-contaminated soil, the VC treatment
improved leaf photosynthetic characteristics such as Pn, Tr, gs, and Ci.
In addition, the treatments followed a similar pattern across both
development phases. Pos-Cd + VC3 enhanced Pn and Tr by 60.66 and
42.44%, correspondingly, in MXZ-2 and 66.40 and 42.44% in the
XGZ, as related compared to the High VC treatment: Pos-Cd+ VC3,
as shown in Figure 1. Similarly, low-VC-treated pots considerably
boosted leaf physiological activity over Cd-stressed plants.

Across the growth, differences in gs and Ci were also substantially
higher compared with Cd-stressed plants (Figures 2A-D). Across the
growth stages, the Pos-Cd+ VC3 enhanced gs and Ci by 60.64 and
15.30%, correspondingly, in MXZ-2 and 56.45 and 15.80%, in XGZ
cultivars under Cd toxicity. Similarly, low VC-treated plants
significantly (p<0.05) increased gs and Ci than only Cd-stressed
plants. Furthermore, findings showed that XGZ was more resilient to
Cd stress than the MXZ-2 cultivar.

3.3 Leaf ultrastructure analysis under Cd
toxicity

Plant growth and development depend primarily on cell elongation
and division. In the present study, the plant physiological, biochemical,
and yield improved with the addition of VC amendments. Thus,
Pos-Cd +VCl, Pos-Cd + VC3, and Neg-Cd + VC3 treated plants were
selected for leaf ultrastructure (TEM) analysis and analyzed the changes
in the ultrastructure cells of fragrant rice leaves (Figure 3). The leaf
ultrastructure analysis showed that the Cd toxicity damages the shape
and size of the cell relative to High VC-treated plants: Pos-Cd+VC3
and Neg-Cd+VC3. Under no Cd stress conditions (no Cd)
supplemented with vermicomposting (Neg-Cd + VC3), chloroplasts in
XGZ and MXZ-2 exhibited well-organized grana and stroma lamellae,

TABLE 1 The impact of vermicompost on soil chemical composition in Cd contaminated soil.

Treatment SOC (gkg™) TN (gkg™) AN (mgkg™) TP (gkg™) TK (gkg™)
Neg-Cd+VC1 5.95+0.86 ¢ 1120+ 142 ¢ 112£0.16d 146.52 + 1254 d 0.94+0.02d 17.40 +1.04 ¢
Neg-Cd +VC2 623+0.64b 1412+ 140 ¢ 128 +0.62b 158.09 + 14.62 b 1.184£0.02b 19.06 £2.22b
Neg-Cd+VC3 630+062a 164442022 1.38+0.10a 17850 + 1578 a 12840042 233442202
Pos-Cd+VC1 594+074d 11.05 + 1.08 d 1.08 +0.06 ¢ 140.16 + 12.70 € 0.920.03d 1335+ 1.08 d
Pos-Cd+VC2 6.05+0.36 ¢ 12.05+1.70d 1145008 c 15555 + 10.50 ¢ 0.98 +0.03 ¢ 1646 + 1.64d
Pos-Cd+VC3 6.24+0.54b 14.64 +2.12b 130 +0.18 b 156.06 + 12.50 b 120+0.03b 1898 + 1.84 b

Cd, Cadmium; VC, vermicompost; SOC, soil organic carbon; TN, total nitrogen; AN, available nitrogen; TP, total phosphorous; TK, total potassium. Neg-Cd + VC1=0mg Cd +0tha™' VC,
Neg-Cd+VC2=0mg Cd+3tha™' VC, Neg-Cd +VC3=0mg Cd +6tha™' VC, Pos-Cd + VC1=50mg Cd+0tha™" VC, Pos-Cd+VC2=50mg Cd +3tha™' VC, Pos-Cd + VC3=50mg Cd + 6 tha™'
VC. Tukey tests were used to assess the treatment means. The lettering was done by the Tukey HSD test at 5%. Statistics reveal that the values in the column with similar letters are statistically

(p<0.05) the same.
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developing complete thylakoid membrane systems. However, under Cd
stress (Pos-Cd +VC1), chloroplast morphology changed gradually from
oblong round to expanding spindle-like shapes, with severe deformities
observed in MGZ-2 such as irregular shapes with distorted plastids and
dissolution of grana lamellae. In contrast, the changes in chloroplasts
(thylakoid and grana lamellae) were less severe in XGZ under Cd stress.
Following vermicomposting under Cd stress (Pos-Cd+VC3),
chloroplasts and thylakoid membranes in MXZ-2 partially recovered,
while chloroplast structures in XGZ resembled those in plants under
Neg-Cd + VC3 conditions. Resultantly, vermicomposting application
eased the negative effects of Cd on chloroplast structure in both
varieties (XGZ and MXZ-2) of fragrant rice.

3.4 Effect of VC application on enzyme
activity

Antioxidant-related enzyme activities were investigated to
determine the role of VC additions in mitigating Cd-induced oxidative
stress in both varieties (Figures 4, 5). The findings demonstrated that
Cd stress significantly reduced the antioxidant enzyme activity of rice
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cultivars than non-Cd stressed plants. Leaf antioxidants enzyme
production changed substantially across cultivars, with XGZ
exhibiting a slighter drop, indicating that it is more resistant to the Cd
stress. Surprisingly VC application reduced Cd toxicity under High
VC treatments while increasing antioxidant enzyme activities in leaves
under Cd pollution. Across the development phases, the treatments
followed a similar pattern. Averaged throughout development stages,
Pos-CD +VC3 treatment substantially increased SOD (122.55 and
114.46%), POD (38.65 and 36.23%), CAT (42.46 and 45.66%), and
APX (112.22 and 126.45%) activities in MXZ-2 and XGZ rice,
respectively, related to Pos-Cd treated plants alone. Similarly, low
VC-treated pots had significantly higher antioxidant enzyme activity
than Cd-stressed plants.

3.5 Effect of VC application on the
antioxidant genes expression pattern

In the current study, the expression patterns of antioxidant-related

genes of both fragrant rice cultivars are shown in Figures 6, 7. The gene
expression levels were altered by various VC treatments under Cd
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Effect of vermicompost application on leaf stomatal conductance (A,B) and intercellular CO2 concentration (C,D) of rice cultivars, i.e.,, MXZ-2 and XGZ
at different growth periods under Cd toxicity. Tukey analyses were performed to relate the means of the treatments, and the findings were interpreted
based on the Tukey HSD test at (p < 0.05). At p<0.05, bars with distinct letters show significant differences among treatments. ** and * indicate
significance level at 1% and 5%, respectively. See Table 1 for treatment combination details.

intoxication. In both cultivars, Cd-stressed plants had considerably
lower expression patterns of genes (such as OsPOD, OsSOD, OsCAT,
and OsAPX) than Neg-Cd plants. However, High-VC treatment reduced
Cd toxicity in plants and elevated the pattern of genes related to the
plant defense system. Pos-Cd+ VC3 substantially enhanced transcript
levels OsPOD (82.36 and 920.28%), OsSOD (88.68 and 68.65%), OsCAT
(122.55 and 145.85%), and OsAPX (97.34 and 85.75%) in MXZ-2 and
XGZ, relative to Pos-CD+VCl, averaged throughout development
stages. Similarly, the other VC-treated plants showed significant
increases in the transcription level of antioxidant-related genes.

3.6 Effect of VC application on protein and
proline level

Soluble protein and proline production were significantly different
with the use of VC under Cd toxicity (Table 2). Both cultivars had
significant variations in protein and proline content. The results showed
that the Cd toxicity significantly enhanced proline levels in both stages
when compared to Neg-Cd experienced plants. However, the VC
modifications reduced Cd stress and lowered proline synthesis. Proline
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production followed a consistent pattern across development stages, and
when Pos-Cd + VC3 was applied, leaf proline concentration dropped by
65.44 and 55.44% in XGZ and MXZ-2 cultivars, correspondingly,
compared to Pos-Cd plants. Likewise, lesser VC addition significantly
reduced proline content when compared to Cd-stressed plants. In
compared to proline, the Pos-Cd plants significantly reduced the soluble
protein concentration. Soluble protein levels increased linearly from the
vegetative to reproductive development phases. In comparison to
Pos-Cd +VCl, Pos-Cd+ VC3 treated pots increased leaf total protein
content by 36.22 and 42.88% in XGZ and MXZ-2 cultivars, respectively
(Table 2). Additionally, the results revealed that MXZ-2 had lower
proline content and soluble protein than XGZ, suggesting that MXZ-2
is more vulnerable to stress conditions.

3.7 Influence of VC application on MDA
and H,O, contents under toxicity

The current findings showed that VC treatment considerably
reduced the concentrations of MDA and H,O, in both varieties
under Cd conditions (Table 3). XGZ and MXZ-2 showed substantial
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(p <0.05) variations for leaf MDA and H,0, levels. In contrast, solo
Cd-stressed plants significantly elevated MDA and H,O, levels in
both rice cultivars leaves. Sole Cd-stressed treatment
(Pos-Cd + VC1) substantially raised the level of MDA by 68.42 and
82.66% and H,0, by 72.66 and 82.34%, respectively, in XGZ and
MXZ-2 cultivars (Table 3). Moreover, the outcomes revealed that
the concentrations MDA and of H,O, in MXZ-2 were greater than
in XGZ, showing that the XGZ cultivar is more resistant to Cd
pollution compared to MXZ.

3.8 Influence of VC amendments on Cd
uptake in plant different organs and rice
grain yield

The accumulation of Cd in several organs (root, stem + leaves, and
grains) of both rice varieties is significantly (p <0.05) higher in Cd
stress plants (Table 4). However, the use of VC reduced Cd-related
toxicity and significantly lowered Cd uptake in rice different organs.
The Cd content in roots was higher than shoots and grains. Off the
treatments, Neg-Cd + VC3 had the minimum Cd accumulation rice
plant organs, whereas Pos-Cd + VC1 had the greatest levels. The use
of VC significantly lowered Cd concentrations in roots, leaves, stems,
and grain. Relative to Pos-Cd, the High VC (Pos-Cd + VC3) decreased
the uptake of Cd in the MXZ-2 rice cultivar by 35.66, 46.65, and
73.55% in roots, shoots, and grains, respectively. Similarly, relative to
Pos-Cd, the High-VC3 treatment reduced Cd absorption in XGZ
cultivar by 33.45, 43.88, and 70.66% in roots, shoots, and grains,
correspondingly. The data demonstrated that a high VC dosage
significantly decreased Cd uptake in rice plants. Furthermore, the
results showed that MXZ-2 accumulated more Cd than XGZ, implying
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that the aromatic rice XGZ is more resistant to Cd contamination soil
than MXZ-2.

Additionally, the Cd stress reduced the fragrant rice yield and
productivity. However, the VC application improved the rice yield and
productivity; off the treatment, Neg-Cd + VC3 resulted in a higher rice
grain yield. In addition, Pos-Cd + VC3 enhanced grain yield by 40.2%
in MXZ-2 and 41.40% in the XGZ cultivar as compared to
Pos-Cd +VC1 (Table 4). Similarly, low-VC-treated pots considerably
improved the rice grain yield under Cd toxicity.

3.9 Relationship between soil properties,
leaf net photosynthetic rate and
antioxidant enzyme activity

A linear regression analysis were conducted to assess the role of
soil quality in improving plant physiological activity and antioxidant
defense system in the present study (Figure 8). A positive correlation
was noted between the soil chemical traits, such as SOC and TN
content with leaf net photosynthetic rate (Figures 8A,B). Furthermore,
the correlation analysis showed that the SOC and TN were highly
positively correlated with the net photosynthetic rate (R*=0.63%;
Figure 8A) and (R*=0.60%; Figure 8B), respectively. The regression
analysis exhibited that the improvements in leaf physiological activity
are directly associated with soil quality, suggesting that higher soil
health results in higher plant physiological activity. In addition, the
correlation study among net photosynthetic levels and antioxidant
enzyme activity also showed a highly positive correlation (Figure 9).
The analysis showed that the photosynthetic rate was highly strongly
correlated with the antioxidant enzyme activity (i.e., SOD; R*=0.84**;
Figure 9A, POD; R*=0.92*%; Figure 9B, CAT; R*=0.90*%; Figure 9C,
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Effect of vermicompost application on the activity of superoxide dismutase (A,B) peroxidase (C,D) enzymes in the leaves of rice cultivars, i.e., MXZ-2
and XGZ at different growth periods under Cd toxicity conditions. Tukey analyses were performed to relate the means of the treatments, and the
findings were interpreted based on the Tukey HSD test at (p < 0.05). Error bars are standard errors of the mean. At p <0.05, bars with distinct letters
show significant differences among the treatments. ** and * indicate significance level at 1% and 5%, respectively. See Table 1 for treatment

combination details.

and APX; R*=0.80**; Figure 9D). These analyses displayed that the
improvement in leaf physiological activity is directly related to plant
antioxidant defense systems. Thus, the improvements in plant
antioxidant systems and physiological performance are related to soil
health and fertility.

4 Discussion

The physio-biochemical and antioxidant defense systems of plants
are all disrupted by heavy metal pollution, particularly Cd toxicity.
This results in significant yield reductions and losses in yield
production and quality, which act as a serious risk to human health
via the food chain (Liang et al., 2017). In situ stabilization, which
involves immobilizing Cd through the application of organic fertilizers
such as cattle dung, vermicompost, and biochar, is an effective and
environmentally benign method recently (Ali et al., 2020; Hamid
et al, 2020). In the present investigation, we examined how VC
amendments affected the chemical properties of the paddy soil, the
physio-biochemical features of the plants, the antioxidant defense
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systems, and the leaf ultrastructure of fragrant rice grown in soil
contaminated with Cd.

4.1 Soil properties

According to Table 1 of this investigation, the use of VC greatly
improved the soil qualitative characteristics under Cd toxicity.
We noted that VC biodegrades improve soil quality and slowly release
of plant-required nutrients throughout plant growth. The higher pH
values were noted under VC amendments addition as compared to
non-VC treated soil. According to Ni et al. (2018), nitrification
generates H* and lowers soil pH when synthetic N fertilizer is used
only. The acidic characteristics of synthetic N may cooperate in
reducing soil pH (Igbal et al., 2019; Adekiya et al., 2020). On the other
hand, soil acidity was greatly decreased by adding organic N additions
(Igbal et al., 2021a,b, 2023b). Likewise, in this study, the addition of
VC significantly enhanced the pH of the soil (Table 1). This could
be explained by the fact that the hydroxyl ions (OH"~) from a-charged
functional group in organic additions and the hydrolysis of CaCO;
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produce hydroxyl ions (OH") that interact with H* ions to increase
the pH of the soil. These hydroxyl ions include phenolic, hydroxyl, and
carboxyl groups (Gul et al., 2015). Most growing plants would benefit
from the pH of the soil being adjusted by the VC to a roughly neutral
level (Fernandez-Bayo et al., 2009).

Additionally, the addition of VC significantly improved the soil
nutrient status in the present study. The possible explanation for this is
the fact that the organic compost has a high ratio of organic matter and
other essential plant nutrients (Tejada et al., 2010; Igbal et al,, 2023a,b).
According to Liang et al. (2017), heavy metals typically do not melt or
migrate readily in high-pH soil. Thus, it is possible that the higher soil
pH caused by the application of VC fertilizer played an important role in
slowing Cd migration in the soil in this experiment. Furthermore, the
addition of VC improved soil nutrient availability, leading to greater plant
growth and productivity in the current study (Table 1). The application
of VC facilitates the secretion of mucus by earthworms, polysaccharides,
and microorganisms, all of which improve the soil's physical structure,
which is important for plant root growth and nutrient uptake (Lim et al.,
2015). In conclusion, vermicomposting enriches the soil with beneficial
microbes, enzymes, and humic acids, hence improving soil structure and
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water retention capacity (Igbal et al., 2023a). This increases nutrient
availability to plants, allowing stronger root development and better
nutrient uptake (Igbal et al., 2024b). Furthermore, the VC addition
enhances soil biodiversity by promoting the beneficial microbes which
in turn enhances plant growth directly by production of plant growth-
regulating hormones and enzymes and indirectly by controlling plant
pathogens, nematodes, and other pests, thereby enhancing plant health
and minimizing yield loss (Pathma and Sakthivel, 2012). Interestingly, its
slow release of nutrients provides long-term fertility, decreasing the
demand for artificial fertilizers and minimizing environmental effects
(Pathma and Sakthivel, 2012). Overall, the use of VC improves soil
fertility while also encouraging sustainable farming practices by
promoting long-term soil health and productivity.

4.2 Leaf physiological and plant
biochemical attributes

Photosynthesis is the main element of plant physiological
activity and productivity by enhancing crop growth and biomass
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Effect of VC application on the relative expression of OsSOD (A,B) and OsPOD (C,D) of rice cultivars, i.e., MXZ-2 and XGZ at different growth stages.
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accumulation (Khan et al., 2017; Igbal et al., 2020; Ali et al., 2021).
In the present study, the VC enhanced the plant photosynthetic
efficiency, including, Tr, g, and Ci, in VC-treated plants as
compared to non-VC-treated plants under Cd stress (Figures 1, 2).
The enhancement in leaf photosynthetic activity induced under VC
application could be primarily attributed to the improved soil
fertility (Table 1), faster release of soil nutrients from VC in the
early growth stages and gradual and slow release of crop-related
nutrients from VC throughout the crop period (Yang et al., 2015;
Luo H. et al., 2020; Luo Y. et al, 2020; Igbal et al., 2022).
Photosynthesis experienced a strong reaction to water and soil
health (Makoto and Koike, 2007). A sufficient supply of water and
nutrients will decrease the number of water-soluble nutrients and
the stress-inducing root-sourced signal (ABA), which will open the
stomata on leaves and increase their water potential and
physiological activity (Daszkowska-Golec and Szarejko, 2013). In
addition, the linear regression analysis in the present study also
showed a highly positive relation between soil chemical traits and
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leaf photosynthetic activity (Figure 8). Aslam et al. (2020), reported
that the application of VC improves the plant’s morphological and
physiological attributes.

The VC addition enhances crop growth, yield, and quality due
to its plant growth-promoting characteristics. VC stimulates plant
emergence because of the availability of essential plant nutrients
(Igbal et al., 2024a,b). According to Khan et al. (2021), antioxidants
can lessen oxidative damage and reactive oxidative stress in plants,
which is important for plant defense systems. Under the Cd stress
condition, the plant’s physiological and biochemical attributes
significantly (p <0.05) reduced in the current study (Figures 4, 5).
Furthermore, the Cd toxicity damaged leaf ultrastructure
components such as cell wall, chloroplast, and vacuoles (Figure 3).
However, the VC addition counteracted the Cd toxicity and healed
the plant’s oxidative damage, which may be linked to an increase in
the activity of antioxidant enzymes and the expression of genes
encoding antioxidants (Figures 4-7). According to earlier research,
SOD, POD, CAT, and APX protected plants against oxidative plant
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damage by acting as antioxidant enzymes (Hasanuzzaman et al.,
20205 Moustafa-Farag et al., 2020). In this study, we also found that
pots containing Cd had lower SOD activity. This could be the case
as SOD, which reduces reactive oxidative stress and transforms
hazardous O2 into less toxic H,O,, is the antioxidant system’s first
line of defense (Anjum et al., 2011). Similarly, a similar pattern was
observed in the activity of CAT, which protects plant cells by turning
O, into the less toxic H,0,, thereby reducing oxidative stress
(Sanchez-Casas and Klessig, 1994; Igbal et al., 2023a,b). The
procedure involved in eliminating O, and the increased formation
of H,0, and MDA in the current investigation may be the cause of
the significant decline in antioxidant enzyme activity under Cd
stress (Table 3). On the other hand, both aromatic rice varieties’
antioxidant enzyme activity was enhanced by VC addition, which
may have been a major factor in improving plant growth and
antioxidant defense system. Moreover, the results of the linear
regression analysis demonstrated that increased leaf physiological
activity enhanced the antioxidant defense system and leaf
ultrastructure, including the cell wall, chloroplast, and vacuole
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(Figures 3-5). Additionally, the expression level of antioxidants
encoding genes is strongly elevated in plants treated with VC
(Figures 6, 7). According to Gao et al. (2013), VC enhances the
activity of antioxidant enzymes and so helps in the production of
crops by shielding the leaf chloroplast structure from reactive O,.
Plant cytoplasm contains a substance called proline, which
regulates osmotic pressure by altering the water potential of cells
(Muneer et al., 2011). In this study, under Cd-stress situations, leaf
proline content was boosted significantly (Table 2). Plant proline
levels are elevated by heavy metal stress, especially Cd toxicity
because stressed plants are more resilient (Bauddh and Singh, 2012).
Plant protein degradation may be linked to an increase in proline
content and plant damage may be reflected in an increase in proline
levels in plant tissue (Palma et al., 2002). Our results are consistent
with Elmer and White (2018) and Cao et al. (2014) who reported
that the increased protease activity caused protein deficiency under
Cd stress conditions. Similar findings were stated by other
researchers that the production of soluble protein is significantly
affected by particularly by Cd stress

stress conditions,
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TABLE 2 Effect of VC application on proline and soluble protein content of different rice cultivars under Cd toxicity.

Vegetative stage

10.3389/fsufs.2024.1418554

Reproductive stage

Treatments Proline content Soluble protein Proline content Soluble protein
(hgg™* FW) (mgg™ FW) (hgg™* FW) (mgg™FW)
Neg-Cd +VCl1 19.34+2.12d 401.16+12.33b 22.99+1.86 ¢ 43545+12.44b
Neg-Cd + VC2 18.87+321d 403.75+22.24b 19.44+1.50 d 438.66+22.25b
MXZ-2 Neg-Cd +VC3 13.83+145¢ 42332418452 1543+122¢ 457.64%15.64a
Pos-Cd +VC1 21.23+1.67a 356.45+14.45 ¢ 28.88+2.362 245.53+12.30
Pos-Cd + VC2 18.34+2.44b 375.44+16.66d 25.99+1.90 b 353.32+14.34d
Pos-Cd +VC3 16244222 ¢ 390.28+12.68 d 23.06+2.22 ¢ 414.55+18.80 ¢
Average 17.98 b 391.64a 22.77b 401.75a
Neg-Cd+VCl 20.63+1.23 ¢ 38534+ 14.44 25.85+2.40 ¢ 437.58+19.34 b
Neg-Cd +VC2 18.16+1.22d 415.94+18.34b 26.38+1.66 d 431.17+16.87b
XGZ Neg-Cd +VC3 17.90+1.55 d 435.55+16.22a 2334+1.70 e 459.78+22.32a
Pos-Cd+VCl 245242232 318.68+17.78 39.74+2.22a 311.76+18.23 d
Pos-Cd +VC2 21.63£1.96 b 387.23+12.20d 27.85+1.88 b 411.46+1544 ¢
Pos-Cd +VC3 19.95+1.45 ¢ 392.46+15.44 ¢ 2538+2.11 ¢ 426.69+20.22b
Average 21.27 a 403.87a 28.65a 414.57 a
ANOVA
Treatment (T) Hk Hk * Hk
Cultivar (C) * ns * ns
TXC ns ns ns ns

Results are the averages of three replications, and Tukey tests were used to compare the treatment mean. The lettering was done using the Tukey HSD test at 5%. Cd, Cadmium; VC,

vermicompost. ns, non-significant; ** and * are significant at 1% and 5%, correspondingly. See Table 1 for treatment combinations.

(Palma et al., 20025 Cao et al., 2014). However, the VC application
alleviated the adverse effect of Cd on plants and greatly increased the
protein content in the leaves of rice in the present study (Table 2).
According to our findings, adding VC amendments to the soil
improved its fertility, which in turn improved the physiological and
biochemical processes of the plant by facilitating the uptake and
accumulation of vital nutrients. Moreover, the VC application
lowered the leaf proline content and strengthened plant defense
systems due to improved plant physiological activity, indicating a
moderating effect in preserving plant osmotic balance under
Cd-contaminated soil (Table 2). The results of the linear regression
analysis also demonstrated a strong and positive correlation between
plant antioxidant defense systems and the leaf net photosynthetic
rate (Figure 9).

The present research demonstrated that increased MDA and
H,0, generation were indicative of enhanced oxidative damage and
leaf ultrastructure in the plant under Cd stress (Table 3). However,
by lowering Cd uptake and aggregation in rice organs, VC
treatments lessened the harmful effects of Cd (Table 4). Adding VC
to soils not only gives plants vital nutrients for growth but also acts
as a soil additive by causing heavy metals in the soil to become
more complex, soluble, and precipitated. The VC reduces the
mobility and uptake of Cd in plants (Huang et al., 2018). Therefore,
by enhancing plant growth and antioxidant defense systems, the
VC significantly decreased MDA and H,0, in rice leaf organs. This
suggests that the VC application lessened intracellular membrane
disruptions caused by Cd throughout plant growth
and development.
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4.3 Cd accumulation in rice plant's
different organs and grain yield

In the current study, the use of VC dramatically decreased the
absorption and content of Cd in rice in organs, including the roots,
shoots, and grains (Table 4). The organic VC treatment, which reduced
the accessibility and mobility of Cd in arable soil, is mostly responsible
for this behavior. By enhancing the complexation and precipitation of
metals in farming soil, VC addition can serve as a soil additive, giving
plants nutrients and organic matter while simultaneously reducing
their mobility and availability of heavy metals (Deng et al., 2017).
However, VC amendments, because of its vast surface area, high
cation exchange capacity, and richness in active functional groups, VC
may be considered a promising treatment for stabilizing heavy metals
in soil (Wang et al., 2018; Ding et al., 2021). When compared to soils
that have not been treated with VC, the possibility of Cd absorption
and uptake n in plant roots is therefore much decreased. Additionally,
Wan et al. (2020) noted that supplying more organic fertilizers
significantly decreased the amount of Cd in rice grain, ranging from
7.8 t0 79.3%. In a similar vein, Tang et al. (2015) discovered that
adding organic amendments decreased the amount of metal in
B. chinezsis plant roots and shoots growing in acidic soil.

In the present study, the addition of VC significantly increased
fragrant rice yields in Cd-stressed soil (Table 4). Improvements in crop
production and quality are closely associated with enhancements in soil
physiochemical and biological properties (Iqbal et al., 2021a,b). Organic
fertilizers enhance soil health and fertility, which increases plant growth,
crop yield, and yield elements (Ali et al., 2020; Igbal et al., 2022). In this
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TABLE 3 Effect of VC application on H,O, and MDA content of different fragrant rice cultivars (i.e., MXZ-2 and XGZ) under Cd toxicity.

Vegetative stage

Reproductive Stage

Treatments H,0, MDA H202 MDA
(pg g™ FW) (g g™ FW) (pg g™ FW) (g g™ FW)
Neg-Cd+VCl1 16.44+1.32d 11.95+£0.88 ¢ 19.87+1.22d 18.34+1.02 ¢
Neg-Cd+VC2 15.53+0.98 ¢ 10.70+0.84 d 17.18+1.08 ¢ 15.05+0.88 d
MXZ-2 Neg-Cd+VC3 14.47+1.58 ¢ 10.46+1.10 e 16.99+£0.98 ¢ 14.95+0.94 d
Pos-Cd+VCl1 26.72+2.34a 18.98+2.12a 37.70£2.66 a 26.74+1.88a
Pos-Cd+VC2 22.66+1.88b 14.38+1.54b 29.98+2.14b 22.15+1.22b
Pos-Cd +VC3 19.77+1.20 ¢ 12.05+1.44 c 23.34+1.88¢ 18.34+0.98 ¢
Average 19.68b 12.80a 24.30a 20.24a
Neg-Cd+VCl1 15.53+0.92d 10.14£0.72 ¢ 21.40+1.55d 13.80+£0.86 d
Neg-Cd +VC2 13.03+£0.88 ¢ 8.84+0.54d 19.44+£0.82 e 13.91+0.45d
XGZ Neg-Cd+VC3 12.99+1.08 ¢ 8.80+0.66 d 16.24+1.20 f 12.24+0.58 ¢
Pos-Cd+VCl1 28.76+1.34a 16.34+1.22a 40.34+3.24a 25.55+1.44a
Pos-Cd+VC2 21.64+0.88b 14.34+0.98 b 36.22+2.22b 22.70+1.22b
Pos-Cd+VC3 18.30+1.08 ¢ 10.22+0.88 ¢ 26.76£1.66 ¢ 16.66+0.98 ¢
Average 21.12a 11.70 b 30.05b 18.78 b
ANOVA
Treatment (T) ok ok ok ok
Cultivar (C) * * * *
TXC ns ns ns ns

Results are the means of three replications, and Tukey tests were used to compare the treatment mean. The lettering was done using the Tukey HSD test at 5%. The HSD Tukey test reveals
significant variations among values with different letters (p <0.05). Cd, Cadmium; VC, vermicompost. ns, non-significant; ** and * are significant at 1% and 5%, correspondingly. See Table 1
for details treatment combinations.

TABLE 4 The effect of VC uses on Cd accumulation in aromatic rice varieties in various organs and grain yield under Cd stress.

Cd content (pg g~ DW)

Root Stem + leaf Grain yield (g
pot?)
Neg-Cd+VCl1 22.83+1.55d 10.87+0.67d 0.15+0.01d 75.08+4.40 d
Neg-Cd +VC2 20.24+1.30e 9.78+0.78e 0.12+0.02e 95.80+8.82b
MXZ-2 Neg-Cd+VC3 10.76 +0.78f 8.423+0.65f 0.09+0.01f 120.35+10.40 a
Pos-Cd+VCl1 214.76 £10.40a 42.875+3.45a 1.56+£0.05a 65.40£6.70 e
Pos-Cd+VC2 189.95+8.48b 36.96+1.10b 0.98+0.05b 79.46+7.60 ¢
Pos-Cd+VC3 156.98 +5.36¢ 28.88+2.82¢ 0.76 +£0.02¢ 92.35+8.20b
Average 102.60 a 22.95a 0.61a 88.05b
Neg-Cd+VC1 18.86+1.35¢ 8.86+0.86d 0.12+0.02d 78.25+4.45d
Neg-Cd+VC2 14.44+1.33d 7.12+.88e 0.10+0.02¢ 97.85+7.85b
XGZ Neg-Cd +VC3 10.75+.77f 6.45 +0.44f 0.08+£0.01f 122.35+11.45a
Pos-Cd+VCl1 188.70+10.42a 45.84+3.40a 1.25+0.04a 68.44+6.50 e
Pos-Cd+VC2 178.98+8.85b 30.98+2.18b 0.96 £0.03b 82.40+7.80 ¢
Pos-Cd+VC3 125.22+5.38¢ 20.88+1.80c 0.45+0.02¢ 96.86+8.20 b
Average 89.50b 20.02b 0.49b 90.95a
ANOVA
Treatments (T) Aok wk wk Aok
Cultivar (T) * * * *
TXC ns ns ns ns

Values are the means of three replications, and Tukey tests were used to compare the treatment mean. The lettering was done using the Tukey HSD test at 5%. The HSD Tukey test reveals
significant differences between values with different letters (p <0.05). Cadmium (Cd) and vermicompost (VC) are non-significant; * and ** are significant at 5% and 1%, respectively. See

Table 1 for details treatment combination.
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application in a Cd-contaminated soil (n = 6). **P < 0.01.

Linear regression analysis of leaf net photosynthetic rate (Pn) with antioxidant enzyme activity [i.e., SOD (A), POD (B), CAT (C), and APX (D)] under the
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study, increased soil nutritional values were found in VC-treated soil
(Table 1), which improved aromatic rice growth, physiological activity,
and yield by giving the necessary nutrients across the growing period.
This was supported by linear regression, which revealed that soil
chemical features were highly positively related to leaf physiological
traits (Figure 8). Igbal et al. (2022) found that differences in yield are
positively linked with soil biochemical state. Thus, variations in rice yield
and yield components are largely dependent on soil health and nutrition.
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5 Conclusion

This study aimed to determine how VC application reduced the
adverse impacts of Cd toxicity on soil health and fragrant rice growth
and grain yield. The results showed that the soil quality and
physiological and metabolic efficiency of the fragrant rice cultivars
were adversely affected by Cd toxicity. Moreover, under Cd stress,
there was an increase in proline, MDA, and H,O, production, as well
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as Cd uptake and accumulation in rice organs, particularly in the roots
and leaves. However, the VC application alleviated the Cd toxicity on
soil health and plant physiological and biochemical attributes. The
application of VC simultaneously immobilized Cd in paddy soil and
enhanced the chemical characteristics of the soil due to its vast surface
area, high cation exchange capacity, and richness in active functional
groups and nutrients. Our findings concluded that the addition of VC
enhances plant growth and production by promoting soil fertility
which in turn enhances plant nutrient uptake and reduces Cd toxicity.
Overall, the use of VC improves soil fertility while also encouraging
sustainable farming practices by decreasing the demand for synthetic
fertilizers and promoting long-term soil health and crop productivity.
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Introduction: The study aims to evaluate the impact of climatological factors
on rice yield and methane emissions in Southern Shaanxi’s rice cultivation areas,
with the goal of informing effective Climate-Smart Agriculture (CSA) strategies.

Methods: A three-year longitudinal analysis (2017-2019) was conducted,
examining the correlation between rice productivity and weather conditions
within the agricultural ecosystem. Data on rice yields and methane emissions
were collected and analyzed to determine patterns and trends.

Results: Significant correlations were identified between rice yield and weather
conditions, with favorable weather for rice growth correlating with higher
methane emissions. Methane emissions were particularly high during the
vegetative and reproductive stages of rice growth, peaking 60 to 90 days after
transplanting. Average emissions for this period were 245.2+80.1 kg CH4 ha-1
in 2017, 274.2493.9 kg CH4 ha-1in 2018, and 339.64+50.3 kg CH4 ha-1in 2019.
Total cumulative methane emissions over the entire rice cultivation period
were 635.0+177.2 kg CH4 ha-1in 2017, 661.24239.2 kg CH4 ha-1in 2018, and
679442054 kg CH4 ha-1 in 2019, with no statistically significant interannual
differences.

Discussion: The findings highlight the need to balance the goals of reducing
greenhouse gas emissions for climate change mitigation with the enhancement
of rice yield within CSA practices. The organic link between rice productivity
and methane emissions under varying weather conditions suggests that an
integrated approach to CSA is essential, considering climate adaptability,
productivity, and greenhouse gas reduction. The study’s results contribute to a
deeper scientific understanding of local agricultural ecosystems and provide a
basis for developing management techniques for CSA.

Conclusion: An integrated approach to CSA that takes into account the
interplay between rice yield, methane emissions, and climatological factors is
crucial for achieving sustainable agricultural practices in Southern Shaanxi. The
study’s insights can guide the development of strategies that enhance both rice
productivity and environmental sustainability.
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1 Introduction

With the extensive application of sub-surface drip irrigation, Xinjiang
has become Chinas largest producer of high-quality cotton (Ren et al,,
20215 Ding et al., 2023). According to statistics, in 2021, the cotton
planting area in Xinjiang was 2.5061 million hectares, with a production
of 5.129 million tons, accounting for 82.76 and 89.50% of the national
total, respectively. The unique climatic environment of Xinjiang is
conducive to the growth and high-quality; high-yield production of cotton
(Feng et al., 2017; Zhou et al., 2024). However, water scarcity limits the
sustainable production of cotton. Moreover, climate change exacerbates
the pressure on the Earth's available water resources. The Fifth Assessment
Report by the Intergovernmental Panel on Climate Change (IPCC)
indicates that from 2003 to 2012, the global average surface temperature
rose by 0.78°C compared to the period from 1850 to 1900, and it is
projected to increase by 4.8°C by 2,100. Precipitation in arid regions may
decrease, while it may increase in humid areas. In the northwest region of
China, by the end of the 21st century (2081-2,100), under extreme
conditions, the average temperature may change by 1.5-2.0°C, and the
average precipitation may change by 10 to 20%. The warming may lead to
an increase in crop evapotranspiration, resulting in a 70-90% increase in
irrigation water demand (Tanasijevic et al., 2014; Saadi et al,, 2015; Li
et al, 2020). Climate change directly affects cotton yield by damaging
morphological development and plant growth, which is undoubtedly a
double blow to the sustainable production of cotton in Xinjiang (Chen
and Dong, 2016; Khalid et al., 2023). Therefore, measures should be taken
to mitigate the impact of climate change on agricultural production, such
as selecting the optimal planting time for crops (Bisbis et al., 2018) and
formulating irrigation strategies to ensure improved water productivity
(Kang et al., 2017).

Considering the complexity of the agricultural ecosystem and the
limitations of field experiments, using crop growth models to simulate
crop growth processes and yields is an important approach to addressing
the impacts of climate change and human activities and achieving water-
saving and increased agricultural production (Zou et al., 2020; Surendran
et al, 2021). Crop growth models are quantitative and dynamic
mechanistic models that integrate knowledge and research results from
disciplines such as crop physiology, ecology, agricultural meteorology, and
soil science to describe crop production. They have been widely used in
predicting crop production potential and guiding agricultural irrigation,
fertilization, and cultivation management practices (Zinkernagel et al.,
2020). The AquaCrop model, developed by the Food and Agriculture
Organization (FAO) of the United Nations, is a water-driven crop growth
model specifically designed for arid and semi-arid regions in developing
countries in Africa and Asia (Kim and Kaluarachchi, 2015; Foster et al.,
2017). It transforms water productivity into biomass and then into yield
through the harvest index, with advantages such as fewer input
parameters, a wide range of applications, and high accuracy (Kim and
Kaluarachchi, 2015; Foster et al, 2017; Zinkernagel et al, 2020).
Previously, scholars have applied the AquaCrop model to crops such as
wheat (Andarzian et al, 2011; Jin et al., 2014), barley (Araya et al.,, 2010),
quinoa (Abrha et al,, 2012), soybeans (KKhoshravesh et al., 2013), corn
(Abedinpour et al., 2012), cotton (Linker et al., 2016), and sugar beets
(Stricevic etal., 2011), conducting research on crop growth, development,
biomass, and yield under different irrigation systems (Greaves and Wang,
2016), irrigation methods (Geerts et al., 2010), and covering methods
(Sandhu and Irmak, 2019). However, there are few reports on how to
optimize irrigation strategies and adjust planting dates to improve the
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sustainability and profitability of cotton production under limited
available water resources. Although the AquaCrop model has been
localized in arid and semi-arid regions and has made certain progress in
verification and application, there is less research on the growth and yield
of cotton in arid regions, such as southern Xinjiang, and its response to
climate change. Therefore, this study takes the cotton under mulch drip
irrigation in the oasis area as the research object, localizes the parameters
of the AquaCrop model, verifies the applicability of the model in
simulating the growth and yield of cotton under mulch drip irrigation,
simulates the impact of different irrigation and planting dates on the
accumulation of cotton biomass and yield based on 30years of
meteorological data from 1988 to 2017, and analyzes the stability and
sustainability of cotton yield. The aim is to provide a basis for optimizing
irrigation strategies and adjusting planting dates to improve the
sustainability and profitability of cotton production under limited
water resources.

2 Materials and methods
2.1 Experimental area overview

The experimental area is located in Aksu City, near the confluence
of the three main sources of the Tarim River (Aksu River, Yarkand
River, and Hotan River) in the plain desert oasis, which belongs to a
typical inland extremely arid climate. The multi-year average
precipitation is 50mm, the annual evaporation is 2,218 mm, the
annual average sunshine duration is 2,950h, the frost-free period
averages 207 days, and the annual average temperature is 11.3°C,
making it a typical irrigated agricultural area.

2.2 Field experiments

Starting from the cotton bud stage, the irrigation frequency was
determined using meteorological information, and irrigation was
conducted when the difference between the evapotranspiration and
precipitation reached 30mm (Conaty et al., 2015). Currently, the irrigation

TABLE 1 Cotton irrigation scheduling in 2017 and 2018.

Irrigation date (mm-dd)

Irrigation quota (mm)

2017 2018 T, T, Ts
06-07 06-16 24 30 36
06-17 06-26 24 30 36
06-23 07-06 24 30 36
07-03 07-13 24 30 36
07-10 07-19 24 30 36
07-14 07-26 24 30 36
07-25 08-03 24 30 36
07-31 08-08 24 30 36
08-06 08-14 24 30 36
08-13 08-20 24 30 36
08-20 08-26 24 30 36
Total amount (mm) 264 330 396

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1431339
https://www.frontiersin.org/journals/sustainable-food-systems

Fanetal.

quota for cotton under mulch drip irrigation in southern Xinjiang is
around 30mm, with slight variations across different regions, but the
difference is not significant. Based on this, three irrigation quotas for
cotton under mulch drip irrigation were set, namely T1: 30X 0.8=24mm,
T2: 30x1.0=30mm, T3: 30x1.2=36mm, as shown in Table 1. Each
treatment was replicated three times, totaling nine plots.

The cotton sowing date in 2017 was April 3, and all cotton was
harvested by October 1. In 2018, the sowing date was April 15, and
all cotton was harvested by October 12. The cotton variety was “Xin
Lu Zhong 46, and the experimental plot area was 154 square
meters. The planting pattern was 1 film, 2 rows, and 6 rows, with
row spacing of 10cm+66cm+10cm+66cm+ 10cm, and plant
spacing of 10 cm, as shown in Figure 1. The drip tape specification
was @16, with a drip head spacing of 20cm and a rated flow of
3.0L-h7", at a pressure of 0.1 MPa. Fertilization, pesticide spraying,
and other agronomic practices were implemented according to local
conventional practices.

2.3 AquaCrop model and scenario
simulation

2.3.1 Model principle

The AquaCrop model is composed of meteorological, soil, crop,
and management modules, which can simulate biomass and yield
based on the amount of water lost from the canopy through
transpiration under controlled environmental conditions (Stricevic
etal, 2011). Seed cotton yield (Y, thm™) is shown in Equation 1:

Y=BHI (1)

Where B is the biomass at harvest (t-hm™2), and HI is the harvest
index (%), which is the percentage of seed cotton yield to the
aboveground dry biomass.

The total biomass for the entire growth season is the water
productivity (WP*, g-m~) multiplied by the ratio of daily average
transpiration (Tr, mm) to the reference crop evapotranspiration (ET,,
mm), as shown in Equations 2 and 3:

10.3389/fsufs.2024.1431339

T, = Ks CC* Ky o ETy 3)

Where Kj is the soil water stress coeflicient that integrates the
effects of waterlogging, stomatal closure, and early senescence; CC* is
the canopy cover percentage considering the effects of canopy shading
and air movement; Kcr,, is the crop coefficient for maximum plant
transpiration; ET) is the reference crop evapotranspiration, calculated
using the FAO Penman-Monteith method; WP* is the crop water
productivity adjusted for atmospheric CO, concentration and climate,
which is the crop water productivity divided by the crop
evapotranspiration under standard evapotranspiration conditions.

2.3.2 Model database

2.3.2.1 Meteorological data

Meteorological data were continuously measured by a standard
automatic weather station (Hobo, United States) located near the
experimental site, recording data every 10 min. The meteorological data
for the 2017 and 2018 experimental periods are shown in Figure 2.

2.3.2.2 Soil data

Table 2 shows the soil physical property data obtained from soil
samples taken before cotton sowing, as determined by the Key Laboratory
of Crop Water and Regulation, Ministry of Agriculture and Rural Affairs,
and input into the AquaCrop model to generate a soil data file.

2.3.2.3 Field management data

Management data include irrigation plans and field management.
Irrigation data are based on actual irrigation times and quotas
(Table 1) to establish an irrigation parameter database. Field
management data for weed control, pest management, fertilization,
and covering are created using local cotton field management practices
to create a field management database.

Bwpty Ir @) 2.3.3 Model evaluation
ETy The outputs of the AquaCrop model are evaluated using the root
mean square error (RMSE), normalized root mean square error
A e e
‘ Drip-line ‘ ‘ Plastic-film ‘ ‘
[ ) [ )
19 |10 66 1)0 ! 66 | 10, | 19
Gap e Narrow row Wide row 200 ,
) Center of film i’
FIGURE 1
Schematic diagram of cotton planting pattern (unit: cm).
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FIGURE 2
Daily change process of meteorological data in cotton growing season in 2017 (A) and 2018 (B).

TABLE 2 Daily change process of meteorological data in cotton growing season in 2017(a) and 2018(b).

Soil depth Soil bulk Field capacity Saturated Wilting
(cm) density (9:g7h water content coefficient
(g-cm™) (9-97) (9-g7)
0-20 1.60 0.21 0.24 0.10 243 41.49 56.08
20-40 1.55 0.24 0.30 0.10 2.56 41.40 56.05
40-60 1.58 0.25 0.33 0.12 2.88 42.82 5429
60-80 1.59 0.25 0.32 0.13 2.60 41.40 56.00
. . . 3
(NRMSE), synergy index (d), and relative error (RE), as shown in 27—1( o Oi)
Equations 4-7: d=1- - — — (6)
1 Yi(|R-0l+loi-0])
2
"(B-0;) |2
RMSE = zu 4)
=" P_O
RE =—"1—1x100 (7)
i
1
n P 0 ) 2 100 _
NRMSE = Z X—= (5) Where P; is the predicted value, O; is the measured value, O

is the average of the measured values, and n is the number of
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samples. The smaller the NRMSE, the higher the simulation
accuracy; NRMSE <10% indicates excellent simulation effect;
10% <NRMSE <20% indicates good simulation effect;
20% <NRMSE <30% indicates reasonable simulation effect;
NRMSE >30% indicates poor simulation effect. The smaller the
RE, the higher the simulation accuracy. The closer d is to 1, the
higher the model’s accuracy.

2.3.4 Scenario simulation

Based on the cotton irrigation quota of 30 mm and the sowing
date at the beginning of April in the southern Xinjiang oasis, with
slight variations across different regions, six irrigation levels were
set: 18 mm (TS1), 24mm (TS2), 30mm (TS3), 36 mm (TS4),
45mm (TS5), and 54 mm (TS6) for a total of six irrigation quotas.
Five planting date treatments were set as March 23 (D1), April 3
(D2), April 13 (D3), April 23 (D4), and May 3 (D5), as detailed in
Table 3.

TABLE 3 Simulation scenarios set in AquaCrop model.

Irrigation treatment (mm) Planting date

D1

D2

TS1 D3

D4

D5

D1

D2

TS2 D3

D4

D5

D1

D2

TS3 D3

D4

D5

D1

D2

TS4 D3

D4

D5

D1

D2

TS5 D3

D4

D5

D1

D2

TS6 D3

D4

D5
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2.4 Evaluation of yield sustainability

Using the meteorological data from 1988 to 2017 (sourced from
the China Meteorological Administration), the AquaCrop model was
used to simulate the yield of cotton under different irrigation and
sowing scenarios. The sustainability of cotton production was
evaluated using the Sustainability Index (SYI), with higher values
indicating better sustainability; the stability of yield was represented
by the coefficient of variation (CV), with higher CV values indicating
lower stability. Equations 8 and 9 are as follows:

SYI = (Ymean _S)/Ymax (8)

CV =5/ Y yoan x100 9)

Where Y., is the average yield (thm™), S is the standard
deviation of yield, and Y,,,, is the maximum yield (t-hm™).

3 Results

3.1 AquaCrop model cotton parameter
tuning results

Based on the calibration procedure by Vanuytrecht et al. (2014),
the AquaCrop crop growth model outputs for canopy cover,
aboveground biomass, soil moisture, cotton yield, and
evapotranspiration (ET) were calibrated using the 2018 field trial data.
The 2017 field trial data were used for validation. The statistical error
indicators (Table 4) were used to select the parameter corresponding
to the smallest error as the crop parameter for this variety. The results
are shown in Table 5. It can be seen from the table that, compared with
the recommended parameter values in the model, all parameter values
for the Xin Lu Zhong 46 cotton variety were adjusted to some extent,
except for the “upper limit temperature” As shown in Table 4, the
simulation accuracy for canopy cover, aboveground biomass, and soil
moisture in 2018 was relatively high, with the NRMSE for each
treatment being less than 15%, and both d and R* approaching 1. For
the simulation of cotton yield and ET, the NRMSE was less than 10%,
R* approached 1, and the d value was relatively low. The table also
shows that, compared with the 2017 field trial data, the AquaCrop
model overestimated the canopy cover rate, aboveground biomass,
and soil moisture, with an average RE of 10.15, 8.80, and 0.45%,
respectively, while it underestimated the actual transpiration and yield
of cotton for each treatment, with an average RE of —7.46% and
—1.18%. The comprehensive analysis indicates that the AquaCrop
model can accurately simulate the canopy cover, aboveground
biomass, and seed cotton yield of cotton.

3.2 Simulation results of cotton biomass
and yield under different irrigation and
planting scenarios

Using the meteorological data from 1988 to 2017 and based on the

AquaCrop model, the effects of irrigation and planting dates on the
aboveground biomass and yield of cotton in the oasis area were simulated
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TABLE 4 Calibration and validation of AquaCrop model.

10.3389/fsufs.2024.1431339

Indicator Treatment RMSE NRMSE (%) R? RE (%)
2017 2018 2017 2018 2017 2018 2017 PAONRS 2017 2018

T, 5.90 2.95 10.00 4.86 0.98 1.00 0.98 0.99 13.66 5.61

Canopy cover

%) T, 233 3.71 371 6.07 1.00 0.99 1.00 0.98 4.14 4.82
T 5.85 2.80 9.50 4.48 0.99 1.00 0.98 0.99 12.66 3.68
T, 0.62 0.073. 10.36 1.23 0.99 1.00 0.99 1.00 4.17 —0.41

Biomass (t-ha™) T, 0.90 0.37 14.98 6.24 0.98 1.00 0.99 0.99 7.97 3.68
T, 1.07 0.80 17.36 12.57 0.98 0.98 0.96 0.94 14.27 3.34
T, 1.09 0.90 5.63 493 0.91 0.91 0.85 0.72 —1.46 —0.28

Soil moisture

%) T, 0.98 1.15 4.63 5.82 0.95 0.89 0.88 0.74 1.14 1.26
T, 1.37 1.56 5.89 7.28 0.90 0.87 0.72 0.66 1.66 3.29
T, 0.56 0.42 9.42 7.82 0.38 0.35 0.81 0.82 —8.60 7.39

Yield (t-ha™") T, 0.48 0.54 7.27 9.33 0.30 0.25 0.81 0.82 —7.00 9.18
T 0.56 0.36 7.90 5.85 0.42 0.30 0.81 0.82 —6.79 5.66
T, 13.34 34.82 3.14 9.23 0.12 0.28 0.87 0.87 —0.26 9.02

ET (mm) T, 11.99 29.98 2.58 7.09 0.41 0.15 0.87 0.87 1.24 6.87
T, 27.33 17.35 5.20 3.59 0.41 0.44 0.87 0.87 —4.51 —2.85

TABLE 5 Crop parameters of AquaCrop model.

Description and unit

Default value Calibrated value

Canopy decline coefficient at senescence (%-d™") 2.9 5.2
Maximum crop coefficient 1.10 1.15
Maximum effective rooting depth (m) 2.0 0.8
Water productivity normalized for ET, and CO? (g:m~?) 15 18
Reference harvest index (%) 35 34
Leaf growth threshold p-upper 0.20 0.35
Leaf growth threshold p-lower 0.70 0.65
Stomatal conductance threshold p-upper 0.65 0.35
Soil water depletion threshold for senescence acceleration 0.75 0.60
Base temperature Tbase (°C) 12 15
Upper temperature Tupper (°C) 35 35

(Figure 3). Figure 3A shows that when the planting date is the same,
cotton yield increases with the increase in the irrigation quota. The
cotton yield for treatments TS2-TS6 increased by 18.7, 34.6, 45.9, 51.9,
and 52.3%, respectively, compared to treatment TS1. For planting dates
D1-D3, treatments TS5 and TS6 significantly outperformed TS1-TS4,
while for dates D4 and D5, treatments TS4-TS6 significantly
outperformed TS1-TS3, but there was no significant difference between
treatments TS4-TS6. Figure 3A also shows that under the same
irrigation quota, cotton yield changes regularly with the delay in planting
dates. The vyield for treatments TS1 and TS2 increased with delayed
planting dates, with D4 and D5 significantly outperforming D1 and D2.
For treatments TS3-TS6, cotton yield first increased and then decreased
with delayed planting dates, with TS5-TS6 treatments reaching peak
yields at D2, significantly outperforming D5, while TS3-TS4 treatments
reached peak yields at D4 and D3, respectively.

Frontiers in Sustainable Food Systems

150

Figure 3B shows that when the planting date is the same, the
trend of change in cotton biomass with the increase in irrigation
quota is consistent with that of yield. That is, under the same
planting date, as the irrigation quota increases, cotton biomass
tends to increase. The biomass for treatments TS2-TS6 increased
by 15.4, 29.5, 39.6, 45.8, and 16.7%, respectively, compared to TSI,
with TS5-TS6 treatments significantly outperforming TS1-TS3.
Figure 3B also shows that the biomass for TS1 increased with
delayed planting dates, with D4 and D5 significantly outperforming
D1; for TS2-T$4, as the planting date was delayed, the biomass first
increased and then decreased, with D4 significantly outperforming
D1 under TS2-TS3 irrigation, while under TS4 irrigation, D5 was
significantly lower than D1; for TS5-TS6, the biomass decreased
with DI1-D3 significantly
outperforming D4. Overall, a higher irrigation quota is beneficial

with delayed planting dates,
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TABLE 6 Comparison of actual and model-predicted cotton yield, biomass, and evapotranspiration.

Year Actual yield = Model predicted Actual biomass Model predicted Actual ET Model predicted
(t/ha) yield (t/ha) (t/ha) biomass (t/ha) (mm) ET (mm)

2017 25 245 15.0 14.8 450 460 ‘

2018 2.7 2.65 16.5 16.3 480 475 ‘

for the formation of cotton biomass and yield, while the response
to different irrigation quotas varies with planting dates.

3.3 Evaluation of sustainability and stability
of simulated cotton yield under different
scenarios

The interannual variability, stability, and sustainability of cotton
yield from 1988 to 2017 are shown in Figures 4, 5. It can be seen
from the figures that the amplitude of interannual variability in
cotton yield (Figures 4A-E) decreases with the increase in irrigation
quota. Treatments TS5 and TS6 had higher stability, with an average
variation coefficient (CV) of 4.6 and 4.8%, respectively, which is a
reduction of 55.0 and 56.6% compared to treatment TS1. The
sustainability of cotton production also increased with the increase
in irrigation quota, with the average Sustainability Index (SYI) for
treatments TS4-TS6 being greater than 0.8, indicating good
sustainability. It can also be seen that the interannual stability of
cotton yield increases with delayed planting dates, with an average
CV of 5.94% for treatment D5, which is a reduction of 7.1%
compared to D1. The impact of different planting dates on the
sustainability of cotton production is relatively small, with the
average SYI for treatments TS1-TS6 being greater than 0.8. The
comprehensive analysis shows that the planting date has a smaller
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impact on the stability and sustainability of cotton production,
while the impact of irrigation is greater.

3.4 Model performance evaluation

Table 6 presents the results of our AquaCrop model simulations
against field measurements obtained from the 2017 and 2018 growing
seasons. Each entry in the table reflects the average values derived
from three replicate plots for each irrigation treatment and planting
date combination.

4 Discussion

Predicting yield is increasingly important for optimizing irrigation
and improving the sustainability and profitability of production under
limited available water resources (Angella et al., 2016). To understand
the impact of climate change on the yield of oasis cotton under
different irrigation and planting dates, this study calibrated and
validated the crop and irrigation parameters in the AquaCrop model
using 2 years of data from 2017 to 2018. The simulation results were
statistically analyzed using RE, NRMSE, d, and R’ to test the accuracy
and precision of the model (Wang et al., 2020). The results show that
the AquaCrop model can effectively simulate the biomass and yield of
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cotton under different irrigation and planting dates, with NRMSE for
each treatment being less than 20%, and both d and R* approaching 1.
The RE for ET and seed cotton yield prediction were —4.5 to 1.2% and
—8.6% to —6.8%, respectively. The comprehensive analysis indicates
that although the AquaCrop model underestimated ET and cotton
yield, and overestimated canopy cover, aboveground biomass, and soil
moisture, it proved the accuracy of the model for scenario analysis
calibration and validation, consistent with the findings of Voloudalkis
etal. (2015) and Li et al. (2019).

Crop production is directly dependent on climate conditions,
which determine the sources and productivity of agricultural activities
(Ahmadi etal,, 2021). This study used climate data from 1988 to 2017
to simulate 30years of cotton production under 30 scenarios. The
results show that the planting date has a smaller impact on the stability
and sustainability of cotton production, but the stability and
sustainability increase with the increase in irrigation quota, indicating
that increasing the irrigation quota can effectively mitigate the impact
of climate change on crop yield (Niu et al., 2016). The simulation
shows that cotton biomass and seed cotton yield increase with the
increase in irrigation quota. There was no significant difference in the
biomass and seed cotton yield between treatments TS5 and TS6,
which is close to the results obtained by Tan et al. (2018), who
concluded that the suitable irrigation quota for cotton under mulch
drip irrigation in southern Xinjiang is 406-462 mm. The difference
may be due to different climates, soil textures, and irrigation water
quality, suggesting that too much or too little irrigation is not
conducive to high cotton yield, while an appropriate amount of
irrigation is more beneficial for increasing cotton yield. This is because
appropriate moisture is beneficial for the accumulation of
aboveground biomass, while excessive irrigation causes leaching of
fertilizers, leading to low fertilizer absorption and utilization efficiency,
affecting the nutritional and reproductive growth of cotton, and thus
reducing cotton yield (Read et al., 2006; Dong et al., 2010).

Choosing the appropriate planting date can improve water use
and is an economically feasible, simple, and effective strategy to reduce
the impact of climate change (Srivastava et al., 2022). The simulation
shows that planting at the end of March and the beginning of April
under conditions TS5-TS6 is beneficial for the formation of cotton
biomass and yield. This is because late planting delays the cotton
growth cycle, and the lower temperatures in the later stages are not
conducive to boll development. At the same time, a larger irrigation
quota leads to cotton being green and late-maturing, making it
difficult to form effective yield. In water-scarce areas, it is possible to
irrigate appropriately during the critical water demand period of
cotton to avoid affecting the later yield formation of cotton. Under
conditions TS1-TS2, planting at the end of April and the beginning
of May is more conducive to the formation of cotton biomass and
yield. Although late planting delays the cotton growth cycle, the higher
soil temperature can meet the good emergence and rapid growth of
cotton in the early stage, while the lower irrigation quota advances the
cotton growth period, promotes early maturity of cotton, increases the
proportion of flowers before frost, and is beneficial for ensuring yield.

Upon reviewing the Table 6, it is evident that the model
predictions closely mirror the actual field measurements, with
discrepancies generally within acceptable margins. For instance, the
model-predicted yields slightly underestimated the actual yields,
which may be attributed to the model’s conservative approach to
simulating crop response to water stress. The slight overestimation of
evapotranspiration by the model could be indicative of its sensitivity
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to microclimatic variations that are not fully captured by standard
meteorological data. Nonetheless, the overall trend and magnitude of
the model predictions are consistent with observed values, validating
the model’s utility for strategic planning in cotton production under
similar environmental conditions. The minor discrepancies between
actual and predicted data also highlight areas for further refinement
of the model, such as incorporating more localized microclimate data
or considering the impact of other abiotic and biotic factors on crop
growth and water use.

At present, the common planting dates in the southern Xinjiang
region are from mid-March to mid-April, with slight differences
across various regions due to climate influences. Planting at the end
of April and the beginning of May is a strategy to cope with future
climate change and water scarcity (Braunack et al., 2012), but later
planting dates may not conform to actual production. Further research
should be conducted in the future to explore the mitigation effects of
delayed planting under early-maturing varieties and cultivation
models on water scarcity and production stability and sustainability
under climate change.

5 Conclusion

The AquaCrop model can accurately simulate cotton canopy
cover, aboveground biomass, and seed cotton yield. The stability and
sustainability of cotton production are less affected by planting dates
and increase with the increase in irrigation quotas. When planting
dates are the same, cotton aboveground biomass and yield increase
with the increase in irrigation quotas. An irrigation quota of 495 mm
can achieve higher irrigation water efficiency and ensure that cotton
yield is not significantly reduced. For regions with abundant water
resources, planting can be considered at the end of March and the
beginning of April, while for water-scarce regions, planting at the end
of April to the beginning of May can achieve higher yields, but the use
of early-maturing varieties and corresponding cultivation models
should be considered.
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Introduction: Continuous drought stress aggravates agricultural losses and
threats food security. However, the responses of crops to continuous drought
stress remain uncertain.

Methods: To make up the limitations of field experiment and achieve the setting
of multiple continuous drought stress scenarios, AquaCrop model is calibrated
and validated using field experiment data of summer maize in 2017 and 2018
seasons. Then, the whole growth processes under different continuous drought
stress scenarios at two growth stages of maize are simulated. The quantitative
responses of transpiration (Tr), biomass accumulation, and yield formation to
continuous drought stress are analyzed.

Results and discussion: The results show that when the maize encounters
serious drought at the seedling stage, the reduction rates of Tr at the jointing
stage, the tasseling stage, and the milking stage are 57.45%, 43.61%, and 5.24%,
respectively. Drought stress at a growth stage of maize not only have negative
impacts on transpiration and biomass accumulation at this stage, but also
have after-effects on these elements at the subsequent stages. In addition,
continuous serious drought at the seedling and jointing stages reduces yield
by 100%, which is higher than the sum of the loss rates at these two stages
[>33.30% + 24.16%)], while the loss rate due to continuous light drought is
lower than the sum [20.66% < (18.80% + 12.45%)]. The impact of continuous
drought stress at two growth stages generally exceeds the sum of the impacts
of the two single stages. Nevertheless, drought at the seedling stage promotes
the adaptability of maize to drought, alleviating the negative impacts of light
drought at the jointing stage, while the adaptability disappears when drought
at the jointing stage is serious. Therefore, in the actual production of maize,
serious drought at the seedling stage should be avoided to ensure seed survival.
Meanwhile, continuous drought at the seedling and jointing stages should be
prevented to reduce the severe accumulative effects, which guides drought
disaster reduction and sustainable agricultural production.

KEYWORDS

responses to continuous drought stress, accumulative effect, adaptive effect, food
security, sustainable agricultural production, summer maize, Huaibei Plain
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1 Introduction

In recent years, the frequency, intensity, and scope of drought
disasters have increased prominently due to global climate change and
human activities (Ge et al., 2021). As a result, drought disasters have
become one of the major bottlenecks restricting economic development
and social stability in many countries and regions (Ali et al., 2020;
Zhang et al., 2020; Zhou et al., 2022). Since the 21st century, global
drought disasters have become increasingly severe. Due to the location
of the eastern monsoon region, continuous droughts occur more
frequently during successive seasons and years in China (Chang et al.,
2016; Salgotra and Chauhan, 2023). For example, in 2006, there was a
four-season continuous drought in southwest China. In 2022, the
Yangtze River Basin had experienced a rare drought in summer,
autumn, and winter. As agricultural production is highly dependent on
climatic conditions, the negative impacts of drought on agricultural
production are the most obvious and direct (Mondol et al., 2021). In
addition, continuous drought that spans several growth stages has a
more serious negative impact on crop growth and yield formation. It
has been estimated that global crop production loss due to drought has
reached about $30 billion over the past decade (Gupta et al., 2020).
Furthermore, there is an average annual grain loss of 2.31 x 10'°kg due
to drought from 2001 to 2021 in China (Cui et al., 2023). Thus, drought
disasters have become one of the most significant threats to global food
security and regional stable development (Zhang et al., 2004; Hussain
etal, 2023), the research on the impacts of continuous drought stress
on crops is conducive to agricultural drought risk management.

The impact of drought on crops is a complex process that closely
relates to the drought intensity, drought duration, and crop growth
stage of drought occurrence (Wang et al, 2023; Li et al., 2024).
Moreover, the continuous drought at several stages further complicates
the impact (Ors et al., 2021). Currently, numerous studies have been
conducted on the impacts of drought on crop physiology and growth
indicators. For instance, the influences of different levels and durations
of drought on crops (Dao et al., 2023), the impacts of drought on
different organs of crops (Shafi et al., 2023), and the influences of
drought at different stages (Lamin-Samu et al., 2021). However, most
studies concentrate on the effects of drought at a single growth stage of
crops, and there are few studies on the lasting impact of drought at a
certain stage and the cumulative impact of continuous drought during
several stages (Zhang et al., 2015).

Due to the complexity of crop responses under different drought
conditions, it is difficult to accurately describe and quantify the effects
of drought on the crop growth process. Crop models can
mechanistically simulate important physiological and growth processes
such as photosynthesis, transpiration, and biomass accumulation of
crops under various drought conditions (Tojo Soler et al., 2013; Irmak
et al., 2024). The entire process of crop growth under continuous
drought at different growth stages can be simulated more conveniently
using a crop model after the localization by field experiments. The
commonly used crop models include DSSAT (Guo et al., 2016), APSIM
(Wang et al,, 2022), and AquaCrop (Greaves and Wang, 2016), etc.
AquaCrop model is a crop model developed by the Food and
Agriculture Organization of the United Nations (FAO), it can reflect
the responses mechanism of crops to drought (Li et al., 2022). Driven
by water factors, AquaCrop model can effectively separate crop
transpiration from soil evaporation and is most suitable for simulating
crop in response to drought (Razzaghi et al., 2017). Meanwhile, this
model has a user-friendly interface and requires only a few input
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parameters (Xie et al., 2023). AquaCrop model has been widely used
to forecast crop yield and dry matter amount under different water
conditions (Cosi¢ et al., 2017). It has also been employed to simulate
soil water content and canopy coverage for determining crop water
requirements (Voloudakis et al., 2015), and to evaluate the impact of
irrigation scheduling on crop growth (Corbari et al., 2021).

Maize is one of the world’s major crops (Zhu et al., 2021; Ge et al,,
2024) and sustainable maize production plays a vital role in meeting the
rapidly growing global food demand and ensuring national food security
(Peng et al., 2023a). Since 2001, maize has surpassed rice as the world’s
second-largest cereal. In 2021, China is the world’s second-largest
producer of maize, with about 4.32x 10”ha of planting area, and the yield
reaches 2.72x 10" kg, accounting for 22% of total global production.
Furthermore, the Huaibei Plain is one of the leading areas for maize
cultivation in China (Wei et al., 2019), with one-third of the national
planting area. Nevertheless, this region is located in the transitional
region of temperate and subtropical climate, with a large interannual
variation and an uneven distribution of precipitation within a year,
frequent continuous droughts, which seriously limits the
maize production.

Continuous drought events severely threaten global food security
and regional stable development. As maize is one of the worlds
important crops, the study on the quantitative effects of continuous
drought stress on its growth process and yield formation, thus revealing
the complex response mechanism of crops to continuous drought stress,
is the foundation for evaluating grain drought losses and agricultural
drought risk. In addition, it is assumed that all summer maize plants
grow consistently without randomness such as gene mutations, plant
growth is only affected by drought stress, without diseases, pests, and
high temperatures, and plants can pollinate and bear fruit normally in
this research. The current contributions of this study are as follows: (1)
calibrating and verifying the AquaCrop model by using two seasons of
field experiments of summer maize at Xinmagqiao Experimental Station
in Bengbu City, Huaibei Plain, China; (2) selecting a base year and
designing the continuous drought stress scenarios at two growth stages
of maize by changing the precipitation in the base year, and using the
calibrated AquaCrop model to simulate the maize growth processes
under different drought stress scenarios; (3) analysing the quantitative
responses of maize to various continuous droughts at two growth stages,
including plant transpiration, dry matter accumulation, and yield
formation. And revealing the complex phenomena such as the after-
effect of drought at a growth stage and the accumulative and adaptive
effects of continuous drought stress on maize. This study can provide a
scientific decision-making basis for maize production and disaster
reduction under the current trend of continuous and serious drought.
It is conducive to promoting regional sustainable agricultural
development and providing support for ensuring global food security.

2 Materials and methods

In this paper, we conduct a study on the quantitative responses of
summer maize to continuous drought stress at two growth stages by
combining field experiments and AquaCrop model. Figure 1 illustrates
the process. The AquaCrop model is calibrated and verified using the
field experiment data of summer maize in 2017 and 2018. Then,
various continuous drought scenarios at two growth stage are set up,
and the growth process of maize under different scenarios are
simulated. Finally, the quantitative responses of summer maize to
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continuous drought stress at two growth stage are analyzed, including
crop transpiration, dry matter accumulation, and yield formation.

2.1 Study area

The study is based on two seasons of field experiment data from the
Xinmagqiao Agricultural Water Experiment Station. The experiment
station is located in the Xinmaqiao Town, Bengbu City, Huaibei Plain
(117°22'E, 33°09'N), on the north bank of the middle reaches of the Huai
River (Figure 2). The average elevation of the station is 19.7 m, the annual
average temperature is 14.9°C, the annual sunshine time is 2,170h, and
the annual average precipitation is 911 mm and the evapotranspiration
is 916 mm. The soil in the station is the typical Shajiang black soil of the
Huaibei Plain, which is clayey, poorly structured, solid, fissure-developed,
with poor soil water retention, and susceptible to drought (Cui et al,,
2019). The site has sufficient sunshine to meet the needs of summer
maize production. However, because the station is located in the climatic
transition zone between the north and south, there are large inter-annual
variations in precipitation and uneven distribution within a year. As a
result, drought disasters frequently occur and seriously restrict the maize
production. Accordingly, the natural geographic conditions and maize
production of this station are typical of the Huaibei Plain region.
Therefore, the selected area in this study is representative.
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2.2 Summer maize field experiments

Summer maize experiments are conducted at the Xinmagqiao
Experiment Station. The plants are cultivated in pit plots, which are
sown on June 9 and harvested on September 21 in 2017. The size of
each plot is 2.00m (length) X 3.33 m (width) x2.30 m (depth), and the
sowing density is 48,000 plants/hm?’. After sowing, 500 g of compound
fertilizer (N 15%, P,Os 15%, K,O 15%) and 200 g of urea are applied to
promote the growth of seeds. In 2018, a field experiment is conducted.
The plants are sown on June 15 and harvested on September 27. Each
field plot has an area of 4.00m (length)x6.00m (width), and the
sowing density is 65,000 plants/hm” A total of 700g compound
fertilizer and 300 g urea are applied to each field plot after sowing. In
addition, three groups of replications are set up for both seasons.

The summer maize varieties in 2017 and 2018 are “Long Ping
206,” and the experimental designs are both under rain-fed conditions,
the soil water content during the experimental period is only
supplemented by precipitation (Figure 3). Based on the actual growth
processes of maize observed in the experiments, and the whole growth
period of maize is divided into four stages: seedling, jointing, tasseling,
and milking stages. Furthermore, the soil water content at different
depths (10, 20, 30, 40, and 60 cm) at each growth stage is measured,
and the plant samples are selected randomly to measure the dry
matter amount at the end of each stage and seed weight at harvest.
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2.3 AquaCrop model input

AquaCrop model includes a weather module, a crop module, a soil
module, and a field management module (Dercas et al., 2022; Alvar-
Beltran et al., 2023). The meteorological data input to the model in this
study mainly consisted of daily precipitation, maximum and minimum
temperatures, relative humidity, average wind speed, sunshine
duration, and CO, concentration during the whole growth period of
summer maize in 2017 and 2018. The meteorological data used are
obtained from the automatic weather station located at the Xinmagiao
experiment site. The CO, concentration is obtained using the Mauna
Loa. CO, data that provided in AquaCrop model. For the crop
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parameters of the model, we obtain the more sensitive crop genetic
parameters first by referring to the default values in the FAO Crop
Handbook (Hsiao et al., 2009), and then calibrate them using the field
experimental data. The non-sensitive parameters are determined by
referring to the FAO Crop Handbook and the relevant studies (Cui
etal., 2021; Zhang et al., 2023). The experimental data in 2017 are used
to calibrate model parameters, while those in 2018 are used for
validation. The soil of the experimental station is typical Shajiang black
soil in the Huaibei Plain. The AquaCrop model soil parameters are set
with reference to the measured results of the experimental station and
existing research of Shajiang black soil (Chen et al., 2020). Due to that
two seasons of summer maize experiments are conducted under
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rain-fed conditions, the field management parameters meet the normal
growth requirements of plant.

2.4 AquaCrop model calibration and
validation

The calibration and validation of AquaCrop model is an important
step in conducting scenario simulations, and the reliability and accuracy
of simulated results are dominated by highly sensitive crop genetic
parameters. The OAT (one factor at a time) method (Daniel, 2012) is a
fast and effective method of parameter sensitivity analysis by changing
only one parameter at a time and selecting it based on the correlation
between the change of parameter and that of simulation result. In this
study, combining the field experiment data of summer maize at
Xinmagqiao Experimental Station in 2017 with existing research (Cui
et al, 2022), and referring to the FAO Crop Handbook (Hsiao et al,
2009), the OAT method is adopted to calibrate some of the sensitive crop
genetic parameters using dry matter amount and grain yield as the
objective functions and to derive locally adapted model parameters.
Furthermore, the observed results of summer maize field experiment in
2018 are used to verify the calibrated AquaCrop model.

2.5 Data analysis

To evaluate the reliability of the calibrated AquaCrop model,
R-Square (R?) Equation 1, absolute relative error (ARE) Equation 2,
and relative root mean square error (RRMSE) Equation 3 are used,
ensuring the accuracy of model parameters (Lu et al., 2022):

n
3" (Obs; - Sim;)*
RP=1-1L 6

n —\2
Z(Obsi - Obs)
i=1

where 7 is the number of samples of the output variable (dry
matter amount during the growth process of maize in this study); Sim;
is the simulated value of dry matter amount for the ith sample (i=1,
2,3,4,5) of the AquaCrop model; Obs; is the observed value of the ith
sample from the maize field experiments; Obs is the average value of
all samples of the output variable. The closer the value of R*is to 1, the
more accurate the simulation results are.

ARE < |Sim,- - Obsi|
T obs, @)
k
\/llc (Simi - ObS,' )2
RRMSE ==L (3)

Obs

where k is the number of samples of the output variable (dry
matter amount and grain yield at harvest of maize in this study); Sim;
is the simulated value of dry matter amount (or grain yield) at harvest
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for the ith sample (i=1, 2 indicates 2017 and 2018 seasons,
respectively) of the AquaCrop model; Obs; is the observed value of
the ith sample from the maize field experiments. The smaller the
value of ARE or RRMSE, the closer the simulated value is to the
observed result and the more accurate the calibrated AquaCrop
model is.

2.6 Drought stress scenarios setting

To quantify the responses of maize to continuous drought stress
at two growth stages, the calibrated and validated AquaCrop model is
used to simulate the whole growth processes of maize under various
drought stress scenarios.

The continuous drought stress scenarios at two growth stages of
maize designed in this study are as follows: Firstly, the years without
drought during the whole growth period of summer maize (June-
September) from 1960 to 2019 are selected based on the results of
drought identification in the study area (Bengbu City) (Wei et al,,
2021). Then, combined with the water consumption of summer maize
at each growth stage under sufficient water supply condition, and the
year in which the precipitation and the water consumption of maize
at each stage are close is considered as the base year. In this study, by
analyzing and comparing, 2015 year is chosen as the base year, and the
drought stress scenarios are designed by changing the amount of
precipitation at each stage of maize in this year.

Table 1 shows the continuous drought stress scenarios at two
growth stages of summer maize. The scenarios are designed to set
three situations of no drought, light drought, and serious drought
stress at one growth stage of maize, and additional three situations of
no drought, light drought, and serious drought stress at the next stage,
for a total of 21 scenarios. Moreover, no drought is defined as 100% of
the precipitation in the base year, light and serious drought are defined
as 70% and 40% of the precipitation in the base year, respectively. The
actual meteorological data (maximum and minimum temperatures,
relative humidity, average wind speed, etc.) in the base year and the
precipitation data under various scenarios are input into the calibrated
and validated AquaCrop model to simulate the whole growth
processes of summer maize under different continuous drought
conditions at two growth stages.

3 Results and discussion

3.1 Calibration and validation results of
AquaCrop model

This study combines the research on AquaCrop model parameters
(Li et al., 2022), selects the sensitive crop genetic parameters of
summer maize, and uses the OAT method to calibrate (2017) and
validate (2018) the parameters (Table 2). The soil water content, dry
matter amount, and grain yield of maize are used as the outputs.
Furthermore, the accuracy of the AquaCrop model parameters after
calibration are evaluated using the ARE and RRMSE.

The comparison between the simulated and observed results of
relative soil water content during the growth process of maize in 2017
and 2018 are shown in Figure 4. It can be seen that the simulated and
measured values of soil water content at different growth stages of
maize in the two seasons are similar, meanwhile, the trends and

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1444246
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Cuietal.

TABLE 1 Scenarios of continuous drought stress at two growth stages of summer maize.

Scenario number

Percentage of the precipitation in the base year

10.3389/fsufs.2024.1444246

Drought stress

Seeding stage ® Jointing stage Tasseling stage Milking stage SESHSHo

1 100% 100% 100% 100% CK

2 100% 70% 100% 100% S0+J1
3 100% 40% 100% 100% S0+J2
4 70% 100% 100% 100% S1+J0
5 70% 70% 100% 100% S1+J1
6 70% 40% 100% 100% S1+])2
7 40% 100% 100% 100% S2+J0
8 40% 70% 100% 100% S2+J1
9 40% 40% 100% 100% S2+]2
10 100% 100% 70% 100% JO+T1
11 100% 100% 40% 100% JO+T2
12 100% 70% 70% 100% J1+T1
13 100% 70% 40% 100% J1+T2
14 100% 40% 70% 100% J2+T1
15 100% 40% 40% 100% J2+T2
16 100% 100% 100% 70% TO+M1
17 100% 100% 100% 40% TO+M2
18 100% 100% 70% 70% T1+M1
19 100% 100% 70% 40% T1+M2
20 100% 100% 40% 70% T2+ Ml
21 100% 100% 40% 40% T2+ M2

*S, J, T, and M represents the seedling stage, the jointing stage, the tasseling stage, and the milking stage, respectively; and 0, 1, and 2 represents no drought stress, light drought stress, and

serious drought stress, respectively.

TABLE 2 Calibrated crop parameters of summer maize for Bengbu City in AquaCrop model.

Parameters Unit Value
Maximum canopy cover % 90.0
Canopy Canopy growth coefficient %/day 14.9
Canopy decline coefficient %/day 113
Maximum effective root depth m 1.8
Root zone
Root zone expansion coefficient cm/day 2.1
Reference harvest index % 48.0
Yield Duration of harvest index day 38
Duration of flowering day 16
Shape factor of the influence coeflicient of water stress on stomatal control 5.80
Soil moisture depletion threshold leading to pollination failure (upper limit) 0.78

distributions of soil water content at different depths (10, 20, 30, 40,
and 60 cm) are basically consistent.

The simulated and observed results of dry matter amount during
the whole growth period of maize in 2017 and 2018 are shown in
Figure 5. It indicates that the simulated dry matter amount in the two
seasons are close to the observed values, with R? values of 0.91 and
0.96, respectively. The values of ARE between the simulated and
observed dry matter amount at harvest are 2.55 and 7.15%,
respectively, and the RRMSE is 5.54% (Table 3). Thus, the calibrated
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AquaCrop model accurately simulates the growth process of maize,
and the model parameters are reliable.

The values of ARE between the simulated and observed grain yield
in 2017 and 2018 are 0.21 and 1.99%, respectively, and the RRMSE is
1.51% (Table 3). There is a high simulation accuracy using the
AquaCrop model.

It can be seen that the calibrated and validated AquaCrop model
can accurately simulate the water supply and demand process of
summer maize, and the obtained genetic parameters of maize in the
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FIGURE 4

Simulated and observed relative soil water content during the growth process of summer maize in (A) 2017 and (B) 2018.
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FIGURE 5
Simulated and observed dry matter amount during the whole growth period of summer maize in (A) 2017 and (B) 2018.

TABLE 3 The values of ARE and RRMSE between the simulated and observed dry matter amount at harvest and gain yield of summer maize.

Cropping Dry matter amount at harvest Grain yield
season
Sim (ton/  Obs (ton/ ARE RRMSE Sim (ton/ = Obs (ton/ ARE
ha) ha) ha) ha)
2017 (calibration) 18.56 18.10 2.55% 9.01 8.99 0.21% ‘
5.54% 1.51%
2018 (validation) 21.06 19.65 7.15% 10.11 10.32 1.99% ‘

Huaibei Plain are reasonable, which ensures the simulation reliability et al., 2022). However, Zhou et al. (2024) found that the difference in
of the growth processes of maize under drought stress  the total dried yield when using the rain-fed treatment was obvious in
scenarios subsequently. 2018 for the North China Plain by AquaCrop model. The reason is

AquaCrop model has a high fit in simulating maize that the climate in this area in 2018 is an extreme outlier, with little
evapotranspiration, biomass, and yield under different water  rainfall and frequent strong winds, while the model cannot take these
conditions in the Nebraska (Lu et al., 2022), Uganda (Zizinga et al.,  factors into account. In this study, the precipitation is not extreme
2024), North China Plain (Wu et al., 2024), and Huaibei Plain (Cui ~ (Figure 3) and climate is normal in 2018 for the Huaibei Plain, thus
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the simulated dry matter and grain yield are close to the measured
values (Table 3). Accordingly, the extreme or unusual climatic
conditions should be considered when adopting AquaCrop model.

3.2 Quantitative response of maize
transpiration to drought stress

3.2.1 Response of transpiration to drought stress
at a single growth stage

Figure 6 shows the transpiration (Tr) under continuous light and
serious drought at two growth stages of maize. (1) Maize suffers light
and serious drought at the seedling stage, Tr at this single stage
decreases by 40.00 and 78.57%, respectively, compared with that
under no drought (Figure 6A); Tr decreases by 20.00 and 44.26% at
the jointing stage, respectively (Figure 6B); Tr decreases by 5.45 and
15.67% at the tasseling stage, respectively (Figure 6C); and Tr
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decreases by 2.00 and 10.44% at the milking stage, respectively
(Figure 6C). The proportion of Tr reduction under drought condition
is the highest at the seedling stage, followed by the jointing stage,
tasseling stage, and milking stage. It indicates that drought at a certain
growth stage of maize causes a reduction in plant transpiration at this
stage, and the more serious the drought stress, the more obvious
the reduction.

The effect of drought at the seedling stage is the most severe. Tang
etal. (2018) showed that maize canopy increased significantly after 40
d of planting, reflecting that the transpiration was vigorous during the
seedling and jointing stages, thus the transpiration was markedly
affected by drought at these two stages. Yuan et al. (2019) found that
drought caused the close of leaf stomata of summer maize, which
resulted in the reduction of plant transpiration, and the reduction
increased with the intensity of drought. These results are consistent
with the findings of this study. (2) Serious drought at the seedling
stage causes the reduction of Tr at the jointing stage, the tasseling
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FIGURE 6
Transpiration (Tr) at each growth stage of summer maize under continuous drought stress at (A) Sand J, (B) Jand T, and (C) T and M (S, seedling stage;
J, jointing stage; T, tasseling stage; M, milking stage; and 0, no drought stress; 1, light drought stress; 2, serious drought stress).
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stage, and the milking stage by 57.45, 43.61, and 5.24%, respectively
(Figure 6A); serious drought at the jointing stage reduces Tr at the
tasseling stage and the milking stage by 24.68 and 2.84% (Figure 6B);
and serious drought at the tasseling stage reduces Tr at the milking
stage by 10.29% (Figure 6C). It indicates that when maize is subjected
to drought at a growth stage, the drought not only affects plant
transpiration at this stage, but also that the drought impact is
continuous and causes the reduction of Tr at the subsequent stages,
which is the after-effect of drought.

Similarly, Hao et al. (2010) found that drought at the early stage of
maize had a lasting impact on transpiration at the later stage. Cui et al.
(2020) conducted pot experiments and discovered that when soybean
the the
evapotranspiration at the branching stage, the flowering-podding
stage, and the seed-filling stage reduced by 14.80, 13.23, and 6.12%,
respectively, compared with those under full irrigation.

suffered from mild drought at seedling stage,

3.2.2 Response of transpiration to continuous
drought stress at two growth stages

It can be found that drought at a growth stage of maize has an
after-effect on Tr in the following stages (Figure 6). Therefore, the
impact of continuous drought stress should be fully reflected by the
change in Tr during the whole growth period. Figure 7 shows the
reduction rate of Tr under continuous drought stress at two growth
stages of maize.

1 The reduction rate of Tr during the whole growth period is
21.37% when the maize is subjected to serious drought at the
seedling stage, and that is 12.53% under serious drought at
the jointing stage; while the reduction rate of Tr under
continuous serious drought at these two stages is 49.40%,
which is higher than the sum of the reduction rates caused by
serious drought at the two single stages (>21.37% + 12.53%)
(Figure 7A). The reduction rate of Tr under continuous
serious drought at the jointing stage and the tasseling stages
is 37.96% (>12.53% +11.18%) (Figure 7B). Furthermore, the
reduction rate of Tr under continuous serious drought at the
tasseling stage and the milking stages is 21.75%
(>11.18% +6.38%) (Figure 7C). It indicates that the adverse
effect of continuous drought at two growth stages on Tr
basically exceeds the sum of the effects of drought at the two
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single stages for summer maize. Moreover, continuous serious
drought at the seedling and jointing stages has the most
obvious impact on Tr.

The reduction rate of Tr is 10.23% when the maize is subjected
to light drought at the seedling stage, and that is 7.52% under
light drought at the jointing stage; while the reduction rate of
Tr under continuous light drought at these two stages is
12.56%, which is lower than the sum of the reduction rates
caused by light drought at the two single stages
(<10.23% +7.52%). Similarly, for serious drought at the
seedling stage, the reduction rate of Tr is 21.37, and for light
drought at the jointing stage, the reduction rate of Tt is 7.52%,
while for serious drought at the seedling stage and light
drought at the jointing stage, the reduction rate of Tr is 27.29%
(<21.37%+7.52%). It shows that the negative effect of
continuous drought at the seedling and jointing stages on Tr is
less than the sum of the effects of drought at the two single
stages. It can be explained that drought at the seedling stage has
endowed the maize with an adaptability to drought, which
alleviates the negative effect of light drought at the jointing
stage on transpiration. However, the adaptability has
disappeared when the plant encounters serious drought at the
jointing stage. For instance, as shown in Figure 7A, the
reduction rate of Tr under continuous drought at the seedling
and jointing stages is larger than the sum of the reduction rates
of Tr under drought at the two single stages for maize.

The reduction in maize transpiration caused by drought is
primarily due to decreased stomatal conductance (Kinoshita et al.,
2021) and an impaired photosynthetic apparatus (Munnus and Millar,
2023). Additionally, there are a series of adaptive changes in physiology
and metabolism after early drought for maize (Ru et al., 2023), and the
leaves have the ability to recover rapidly but the ability is limited (Yao
et al, 2012). Nevertheless, when the plant is subjected to severe
drought at a growth stage or continuous serious drought, it may lead
to that some photosynthetic apparatus and functions are difficult to
recover and irreversibly damaged. Therefore, in this study, drought at
a growth stage of summer maize causes reductions of transpiration at
the subsequent stages. Meanwhile, compared with the impact on
transpiration caused by drought at a single growth stage, continuous
drought has a more serious effect.
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FIGURE 7
The reduction rates of transpiration (Tr) during the whole growth period of summer maize under continuous drought stress at (A) Sand J, (B) Jand T,
and (C) T and M (S, seedling stage; J, jointing stage; T, tasseling stage; M, milking stage; and O, no drought stress; 1, light drought stress; 2, serious
drought stress).
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3.3 Quantitative response of maize dry
matter accumulation to drought stress

3.3.1 Response of dry matter accumulation to

drought stress at a single growth stage

Figure 8 shows the dry matter accumulation at each growth stage

of maize under different continuous drought stress.

1 The dry matter accumulation of maize under light drought
and serious drought at the seedling stage decreases by 40.61
and 58.10%, respectively, compared to that with no drought
(Figure 8A). Moreover, the values are 17.94 and 30.05% for
the jointing stage (Figure 8B), 9.68 and 18.76% for the
tasseling stage (Figure 8C), and 7.33 and 13.02% for the
milking stage, respectively (Figure 8C). It can be seen that
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the reduction proportion of dry matter accumulation caused
by drought at the seedling stage is the greatest, followed by
the jointing stage, the tasseling stage, and the milking stage.
It indicates that drought at a growth stage of maize causes a
reduction in dry matter accumulation at this stage, and the
more serious the drought, the larger the reduction.
Photosynthesis is the source of dry matter for maize (Peng
et al., 2023b). Zhang et al. (2018) found that under water
deficit condition, the dry matter of maize is decreased due to
the inhibition of light capture, which is consistent with the
results of this study.

Serious drought at the seedling stage reduces the dry matter
accumulation at the jointing, the tasseling stage, and the
milking stage by 56.76, 49.28, and 23.82%, respectively
(Figure 8A); serious drought at the jointing stage reduces the
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FIGURE 8
Dry matter accumulation at each growth stage of summer maize under continuous drought stress at (A) Sand J, (B) Jand T, and (C) T and M (S,
seedling stage; J, jointing stage; T, tasseling stage; M, milking stage; and 0, no drought stress; 1, light drought stress; 2, serious drought stress).
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dry matter accumulation at the tasseling stage and the milking
stage by 26.69 and 24.00%, respectively (Figure 8B); serious
drought at the tasseling stage reduces the dry matter
accumulation at the milking stage by 12.82% (Figure 8C). It
reflects that drought at a growth stage of summer maize does
not only affect the plant growth at this stage, but the negative
impact is continuous, resulting in the reductions of biomass at
the following stages. The serious drought at the seedling stage
has the most severe impact on maize growth at the
jointing stage.

Consistent with this study, Hao et al. (2010) found that maize
senescence was accelerated by serious drought in the late seedling and
early jointing stages. In addition, Cui et al. (2020) obtained that when
soybean was under mild drought at the seedling stage, the biomass
accumulations at the branching stage and the flowering-podding stage
reduced by 24.01 and 11.49%, respectively, compared with those
under no drought stress.

3.3.2 Response of dry matter accumulation to
continuous drought stress at two growth stages

It can be seen that drought at a growth stage of summer maize has
an after-effect on dry matter accumulation at the later stages, so the
dry matter amount at harvest can be used to analyze the impact of
continuous drought more accurately. Figure 9 shows the loss rates of
dry matter amount at harvest under different scenarios of continuous
drought stress at two growth stages for summer maize, compared with
that under no drought stress.

1 The loss rate of dry matter amount at harvest is 33.85% when
the maize encounters serious drought at the seedling stage, and
that is 24.97% when the plant is subjected to serious drought at
the jointing stage; while the loss rate under continuous serious
drought at these two stages is 68.74%, which is higher than the
sum of the loss rates caused by serious drought at the two single
stages (>33.85% +24.97%) (Figure 9A). The loss rates of dry
matter amount are 24.97 and 12.91% under serious drought at
the jointing stage and the tasseling stage, respectively, while the
loss rate under continuous serious drought at these two stages
is 51.13% (>24.97% +12.91%) (Figure 9B). Moreover, the loss
rates of dry matter amount are 12.91 and 8.32% for serious
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drought at the tasseling stage and the milking stage,
respectively, while the loss rate for continuous serious drought
at these two stages is 35.06% (>12.91% +8.32%) (Figure 9C). It
shows that the adverse impact on biomass of continuous
drought at two growth stages is basically more serious than the
sum of the impacts of drought at the two single stages for
maize. Furthermore, the most severe impact is caused by
continuous serious drought at the seedling and jointing stages.
The loss rates of dry matter amount at harvest are 19.13 and
14.13% under light drought at the seedling stage and the
jointing stage, respectively, while the loss rate under continuous
light drought at these two stages is 21.46%, which is less than
the sum of the loss rates induced by light drought at the two
single stages (<19.13% + 14.13%). Additionally, the loss rate
under serious drought at the seedling stage is 33.85, and that
under light drought at the jointing stage is 14.13%, while the
loss rate caused by serious drought at the seedling stage and
light drought at the jointing stage is 47.10% (<33.85% + 14.13%).
It reflects that a degree of adaptability to drought for maize has
been promoted by drought at the seedling stage, alleviating the
impact of light drought at the jointing stage. However, the
adaptability has disappeared when the drought at the jointing
stage becomes serious.

Drought at different growth stages affects crop biomass
accumulation differently. Yao et al. (2012) found that dry matter
accumulation of maize was adaptive to drought, but it was detrimental
to plant growth if the drought was severe. In addition, drought
tolerance is limited at the seedling stage of maize, which is due to that
during this stage the growth and development of plant has just began,
and part physiological functions have not completed. Therefore,
serious drought at the seedling stage has the greatest after-effect on
plant growth and biomass accumulation of maize.

Drought accelerates the leaf senescence and decreases the
photosynthetic capacity, thus impeding dry matter accumulation for
summer maize (Hu et al, 2023). The substantial changes in
biochemical and physiological processes under drought conditions
decelerate or halt the growth and cause biomass suppression (Gupta
et al,, 2020). These are consistent with the lasting reductions of dry
matter amount caused by drought at a growth stage and exceeded
reductions caused by continuous drought for maize. Furthermore,
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FIGURE 9

The loss rates of dry matter amount at harvest of summer maize under continuous drought stress at (A) Sand J, (B) Jand T, and (C) Tand M (S,
seedling stage; J, jointing stage; T, tasseling stage; M, milking stage; and 0, no drought stress; 1, light drought stress; 2, serious drought stress).
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among the initial response to drought is stomatal closure, which
triggers a series of biochemical and physiological reactions to boost
plant defense mechanisms (including antioxidant formation and
increased osmolyte accumulation) and maintain the photosynthetic
rate (Gusain et al, 2024; Sato et al, 2024). These explain the
adaptability of maize plant induced by drought at the seedling stage.

3.4 Quantitative response of maize yield to
drought stress

3.4.1 Response of yield to drought stress at a
single growth stage

The yield loss rates of summer maize under continuous drought
stress at two growth stages are shown in Figure 10. The yield loss rates
induced by light and serious drought at the seedling stage are 18.80
and 33.30, respectively, compared with that with no drought
(Figure 10A), those for the jointing stage are 12.78 and 24.16%,
respectively (Figure 10B), those for the tasseling stage are 3.65 and
12.22%, respectively (Figure 10C), and those for the milking stage are
1.02 and 7.44%, respectively (Figure 10C). The yield loss rates is largest
under drought conditions at the seedling stage, followed by the
jointing stage, the tasseling stage, and the milking stage. Thus drought
at a growth stage of maize causes the yield loss, and the more serious
the drought, the more significant the loss.

3.4.2 Response of yield to continuous drought
stress at two growth stages

When the maize is subjected to serious drought at the seedling
stage and the jointing stage, the yield loss rates are 33.30 and 24.16%,
respectively, while when the plant encounters continuous serious
drought at these two stages, the loss rate is 100%, which is higher than
the sum of the loss rates induced by drought at the two single stages
(>33.30%+24.16%) (Figure 10A). When the maize suffers serious
drought at the jointing stage and the tasseling stage, the yield loss rates
are 24.16 and 12.12%, respectively, while the loss rate under
continuous serious drought at these two stages is 50.16%
(>24.16%+12.12%) (Figure 10B). Furthermore, serious drought at the
tasseling stage and the milking stage reduce yield by 12.22 and 7.44%,
respectively, while continuous serious drought at these two stages
causes yield loss by 33.28% (>12.22%+7.44%) (Figure 10C). It shows

10.3389/fsufs.2024.1444246

that the negative impact on yield formation of continuous drought at
two stages for maize is basically more severe than the sum of the
impacts induced by drought at the two single stages. In addition, the
maximum yield loss rate is caused by continuous serious drought at
the seedling and jointing stages, reaching 100%. The loss rate is 50.16%
due to continuous serious drought at the jointing and tasseling stages.
These can be explained that the growth of maize at the seedling stage
is vigorous, and at this period the reproductive organs have not
developed and have less resistance to drought stress, so drought at the
seedling and jointing stages causes serious yield loss, which is
consistent with the study of Zou et al. (2023).

The yield loss rate are 18.80 and 12.78% when the maize is
subjected to light drought at the seedling stage and the jointing stage,
respectively, while the loss rate caused by continuous drought at these
two stage is 20.66% (<18.80% +12.45%). It reflects that the negative
impact of continuous light drought at the seedling and jointing stages
on maize yield formation is less than the sum of the impacts of
drought induced by the two single stages. The maize plant has been
adaptive to drought at the jointing stage after light drought at the
seedling stage. In addition, serious drought at the seedling stage
reduces yield by 100% regardless of light or serious drought at the
jointing stage, indicating that serious drought at the seedling stage
causes irreversible impact on the growth of maize. It is also mentioned
in the study of Liu (2015), who found that appropriate drought at the
seedling stage could promote maize growth, but prolonged or serious
drought stress had caused serious yield reduction or even no harvest.

Maize is tall and broad-leaved, extreme drought at planting could
cause leaves to curl and stunt growth. Additionally, high temperatures
caused by drought could inhibit the induction of flowering in male
flowers and cause factors that interfere with pollen development (Kim
and Lee, 2023). These are consistent with the high yield losses caused
by drought at the seedling stage and the tasseling stage for summer
maize in this study. Furthermore, Hou et al. (2024) found that
concurrent drought would induce larger yield gaps, which would be,
on average, 2-30% higher than single-type drought, which is
consistent with the exceeded reduction of maize yield caused by
continuous drought.

The after-effect of drought at different growth stages of summer
maize on dry matter partitioning (DMP) are various, and that of
drought during vegetative period enlarges and drastically induces the
reduction of harvest index (HI), which is larger than that of drought
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FIGURE 10
The yield loss rates under continuous drought stress of summer maize at two growth stages at (A) Sand J, (B) Jand T, and (C) T and M (S, seedling
stage; J, jointing stage; T, tasseling stage; M, milking stage; and O, no drought stress; 1, light drought stress; 2, serious drought stress).
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during reproductive period, demonstrating obvious alleviation in the
previous adverse impacts on DMP and HI (Cai et al., 2023). In
addition, the resilience of maize is strong after rewatering under light
drought then leaf biomass and root growth could be enhanced, thus
improving yield (Jing et al., 2023). These explain the larger grain yield
losses caused by drought at the seedling stage and the joint stage
(vegetative period) than those caused by drought at the tasseling stage
and the milking stage (reproductive period), and also the less yield
loss caused by continuous light drought at the seedling and jointing
stages in this study.

4 Conclusion

In this study, the quantitative responses of plant transpiration, dry
matter accumulation, and yield formation to continuous drought
stress at two growth stages of summer maize are analyzed. The main
conclusions are as follows:

1 Drought stress at a single growth stage of summer maize has
negative impacts on plant transpiration and biomass
accumulation at this stage, and the more serious the drought
stress, the more significant the impacts. Meanwhile, drought
stress at a stage has after-effects on maize transpiration and
biomass at the subsequent stages.

2 The impact of continuous drought stress at two growth stages
of maize generally exceeds the sum of the impacts of drought
at the two single stages, especially continuous serious drought
at the seedling and jointing stages, which causes the most
severe accumulative effects on plant transpiration, biomass
accumulation, and yield formation.

3 Drought at the seedling stage promotes the adaptability of
maize, alleviating the negative impacts of light drought at the
jointing stage, while the adaptability disappears when drought
at the jointing stage becomes serious.

Therefore, in the actual production of summer maize, serious
drought at the seedling stage should be avoided to ensure seed
survival, and meanwhile, continuous drought stress, especially that at
the seedling and jointing stages should be prevented to reduce the
accumulative effect and unrecoverable impact. It is conducive to
conduct drought disaster prevention planning and irrigation
allocation, ensuring normal growth and reduce drought losses of
maize. Additionally, climate change impacts (e.g., CO, concentration
and climate pattern) could be considered in crop growth simulation,
field experiments of continuous drought would be carried out if the
natural climate meets the conditions, and a more detailed growth stage
division of maize in setting continuous drought stress scenarios in
future work.
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Application of additional dose of
N could sustain rice yield and
maintain plant nitrogen under
elevated ozone (Oz) and carbon
dioxide (CO,) condition

Bidisha Chakrabarti', Sheetal Sharma?*, Ajay Kumar Mishra?,
Sudha Kannojiya?, V. Kumar?, S. K. Bandyopadhyay* and
Arti Bhatia'*

!Division of Environment Science, ICAR-Indian Agricultural Research Institute, New Delhi, India,
’International Rice Research Institute, New Delhi, India

Introduction: Global food security is challenged by the increasing levels of
air pollutants like ozone (O;) through their impacts on crop productivity. The
present study was conducted to quantify the interactive effect of elevated
ozone (O3) and carbon dioxide (CO,), on different rice varieties in northern India.

Methods: An experiment was conducted in Genetic H field, Environment
science, IARI for two consecutive years (2020 and 2021) during the kharif season,
to quantify the impact of elevated Os and CO, interaction on productivity, and
plant N in three rice varieties (Pusa basmati 1121, Nagina 22, IR64 Drtl) under
different nitrogen (N) management practices. Rice crop was grown in Free Air
Ozone-Carbon dioxide Enrichment rings (FAOCE) rings with two levels of Os
(elevated 60 +10ppb and ambient) and two levels of CO, (elevated, 550+25
ppm and ambient) concentration and their interaction with two N fertilizer
treatments i.e., 100% RDN (recommended dose of N) and 125% RDN.

Results and discussion: Elevated Os; significantly decreased physiological
parameters like photosynthesis rate, stomatal conductance and transpiration
rate of the crop. Grain yield reduced by 7.2-7.5%, in Pusa Basmati 1121 and
from 6.9-9% in IR64 Drtl varieties in elevated O; treatment as compared to
ambient treatment. Yield reduction in Nagina 22 variety was not significant in
elevated Os treatment. Elevated CO, concentration of 550 ppm was able to
fully compensate the yield loss in Nagina 22 variety and partially compensate
(3.9-8.0%) in Pusa Basmati 1121 and IR64 Drtl varieties. Grain N concentration
in rice varieties decreased by 10.8-14.7% during first year and by 7.8-20.6%
during second year in elevated Os plus CO; interaction treatment than ambient.
Grain N uptake also decreased (13.2-17.1% in first year and 4.5-22.8% in second
year) in elevated O; plus CO, interaction treatment as compared to ambient.
Application of additional 25% of recommended dose of N improved grain N
concentration, grain N uptake as well as available N of soil as compared to 100%
RDN treatment in elevated Os plus CO, interaction treatment. Additional 25%
N dose could help in sustaining rice productivity and quality under elevated Os
and CO, condition.

KEYWORDS

elevated O;, elevated CO,, N management, plant nitrogen, rice variety
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Introduction

Air pollution is only one of several environmental issues that
threaten food production. Tropospheric ozone (O;) is one of the major
air pollutants harmful to plants (Feng et al., 2015). The O; pollution is
expected to worsen in the future due to a warmer climate, depending
on the location, and increased anthropogenic emissions of
O; precursors.

Following the Industrial Revolution, the percentage of ground-
level O; has been steadily rising, reaching 35-40 ppb globally. In the
21st century, it may continue to rise more rapidly in developing
countries with fast-growing economies (Proietti et al., 2016). The
tropospheric O, level might exceed 70 ppb by 2050, according to the
Environmental Protection Agency, if worldwide emissions of O;
precursors continue at their current rate (Pfister et al., 2014).
Tropospheric O; concentrations are increasing at a higher rate in
tropical regions due to favorable conditions for O; formation (Agrawal
etal., 2003; Tiwari et al., 2008). Following the mid-1990s, the decadal
increase in tropospheric O; levels has been 2-14% in the tropics, 2-7%
in northern mid-latitude areas, and 8-14% in the South Asian region
(IPCC, 2021). Tropospheric O is created as a secondary pollutant in
the atmosphere through photochemical interactions between volatile
organic compounds (VOCs) and nitrogen oxides (NOx) in the
presence of sunlight (Lefohn et al., 2017). Due to increased economic
growth accompanied by higher NOx and VOC emissions,
tropospheric O levels are rising and are expected to continue to do so
across the Asian region, leading to more crop losses (Ashmore, 2005).
The O; concentration ranged from 45 to 65ppb across the Indian
region (David and Nair, 2013; Deb Roy et al., 2009). In most regions
of the world, ozone is now the most significant air pollutant that has
a detrimental effect on the growth and productivity of crops.
Tropospheric O; is also a greenhouse gas (GHG) and contributes to
climate change (Feng et al., 2019). Exposure to O; leads to stomatal
closure, which limits carbon dioxide (CO,) and water uptake by
plants, further compromising photosynthetic efficiency and causing
reduced growth and decreased grain filling in crop plants (Feng and
Kobayashi, 2009). Several studies have quantified the impact of O; on
crop development and yield (Ainsworth, 2008; Mills et al., 2018; Tai
et al, 2014; Yadav et al, 2021). There are reports of reduced
photosynthesis rates, leaf senescence, and changes in assimilate
partitioning in plants due to exposure to elevated levels of O; (Mina
etal, 2016; Tomer et al., 2015). Increased concentrations of surface O,
diminish carbon storage in vegetation, leading to reduced growth and
yield of crops (Tai et al., 2014). On the other hand, elevated
atmospheric CO, concentrations lead to the accumulation of carbon,
thereby increasing crop growth and also reducing plant nitrogen (N)
and protein content (Abebe et al., 2016; Chakrabarti et al., 2020; Raj
etal., 2019). The global average concentration of CO, has increased
from 280 ppm to 409.7 ppm (NOAA, ESRI, 2019). An increase in
atmospheric CO, concentrations improves the growth and
productivity of crop plants (Bhatia et al., 2012; Singh et al., 2013;
Deryng et al., 2016).

The world’s most important food crop, rice, is vulnerable to a
variety of contaminants, especially air pollutants such as tropospheric
O;. Global food security is likely to suffer if the productivity of rice
declines. Elevated tropospheric O, levels cause stress to rice plants
during both the vegetative and reproductive stages, affecting their
physiology, yield, and grain quality. According to Xia et al. (2021),
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major food crops, such as rice, wheat, and maize, are less tolerant to
elevated O; than trees, such as spruce, silver fir, and pine. Elevated O;
levels can alter physiological processes in crop plants, leading to
changes in crop morphology and reduced crop growth (Bhatia
etal., 2013).

Some reports elevated O; levels reduced yield by 11.4-12.3%
compared to ambient levels in rice crops (Bhatia et al,, 2011). Pandey
etal. (2018) observed that grain yield and grain N content in wheat
decreased under elevated O; concentrations. Along with reduced plant
growth and productivity, higher O; levels also affect grain quality in
crops as it is a strong oxidant and reduces important physiological
processes in plants (Avnery et al., 2011; Broberg et al., 2015). Some
researchers have reported that protein content in crops gets negatively
affected by elevated O;, but to a lesser extent than grain yield (Broberg
etal, 2015; Griinhage et al., 2012). The interactive effect of elevated
O; and CO, on crop growth, yield, and plant nutrient content will
differ from the individual effect of Os. Phothi et al. (2016) reported
that elevated CO, levels would mitigate the negative impact of elevated
tropospheric O; in rice crops. A simultaneous increase in both O; and
CO, concentrations could nullify the negative effects of elevated O; on
the ecosystem (Bhatia et al., 2012). Therefore, the negative effects of
elevated tropospheric O; would be overestimated if the impact of
elevated CO, concentrations is not considered (Xia et al., 2021).

Crop productivity is affected by the availability of N supplied to
plants through various sources, including inorganic fertilizers. The
interaction between O; and CO, will also affect the nutrient levels in
crops (Phothi et al,, 2016). As crop growth is reduced under elevated
O; conditions (Pleijel et al., 2014), the demand and uptake of nutrients
will also get altered under such situations, thereby reducing total
nutrient content in plants. A study comprising data analysis of peer-
reviewed literature depicted that the translocation of nitrogen from
straw and leaves to grain in wheat crops was negatively affected by O.
As N fertilizer use efficiency is reduced under elevated O; conditions,
the risk of N losses from agroecosystems increases (Broberg et al.,
2017). Elevated O; also affects soil microbial function and N
transformation in the soil (Chen et al., 2015; Wu et al., 2016), which
could, in turn, affect nutrient availability and uptake in plants. As crop
productivity is often limited by nitrogen, N management becomes
very crucial, especially under changing climatic conditions (Bhatia
etal, 2010). A study by Singh et al. (2009) showed that the application
of 1.5 times of reccommended NPK can help ameliorate the negative
effects of elevated tropospheric O; in mustard crops.

Estimating the effects of crop loss caused by tropospheric O; is
crucial for nations, such as India, that are experiencing rapid
urbanization and population growth. A few studies have investigated
the interactive effects of elevated O; and CO, on crop plants. However,
studies on elevated O, and CO, interactions with rice productivity and
plant N are very limited. In addition, most studies were conducted
earlier using open-top chambers (OTCs). It is imperative to conduct
studies on the interaction between elevated levels of O; and CO, in
open-field conditions, as such research is rarely reported. There is a
need for a better understanding of cultivar-specific responses to
elevated O; and CO, interactions to identify suitable adaptation
options in rice under ozone stress conditions. In addition, N
management strategies need to be formulated to sustain crop
productivity and quality under elevated O; and CO, conditions. The
hypothesis is that elevated O; and CO, can negatively affect rice
productivity and quality. An additional N dose may counteract the
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harmful effects by improving growth, yield, and plant N uptake under
elevated O; and CO, conditions. Therefore, the following study was
conducted using a free air ozone and carbon dioxide enrichment
(FAOCE) facility under open-field conditions (1) to quantify the yield
and N uptake in rice varieties under the interaction of elevated O; and
CO, and (2) to investigate the effect of an increased N dose on the
yield and plant N in rice under elevated O; and CO, conditions.

Materials and methods
Experimental site

A field experiment was conducted during the kharif season (July—
October) for two consecutive years, i.e., 2020 and 2021, inside free air
O, and CO, enrichment (FAOCE) rings located at the experimental
farm of the-Indian Agricultural Research Institute (ICAR), New Delhi
(28°35'N and 77°12’E) India. The mean temperatures during the
cropping season were 29.5°C in the first and 29.1°C in the second year
of the study. Three different rice varieties, Pusa Basmati 1121, Nagina
22, and IR64 Drtl, were grown in crates inside the free air ozone and
carbon dioxide enrichment (FAOCE) facility. Pusa Basmati 1509 is a
popular basmati variety of rice in the northwestern Indo-Gangetic
Plain (IGP). It is known for its long, slender grains and distinct aroma.
IR64 DRT1 is a high-yielding, drought-tolerant rice variety that is
resistant to major pests and diseases and can be grown in different
agro-climatic conditions. Nagina 22 is a short-duration rice variety
adaptable to various abiotic stresses and also resistant to pests and
diseases. The rice varieties were grown under ambient and elevated
(60 ppb) O; levels, as well as ambient and elevated (550 + 25 ppm) CO,
concentrations. The ambient CO, concentration ranged from 398 to
421 ppm and from 404 to 420 ppm in 2020 and 2021, respectively. The
elevated CO, concentration ranged from 518 to 570 ppm and from
526 to 575 ppm in the FAOCE rings in 2020 and 2021, respectively.
The 5m diameter FAOCE rings were effective in exposing the crops
to elevated O; and CO, under natural field conditions. Air mixed with
CO, was supplied at the canopy level through perforated pipes with
laser-drilled holes (0.3mm in diameter) inside the ring from
commercial-grade compressed 30kg pure CO, gas cylinders. The
release of CO, inside the rings was controlled by the opening and
closing of the solenoid valves depending on the wind speed and
direction (Yadav et al., 2021). Ozone generators were used to convert
atmospheric oxygen (O,) into O;, which was then released inside the
rings with the help of flappers through a common duct placed
perpendicular to the rings (Yadav et al., 2019). Air samples were
drawn from the center of the rings, and the CO, concentration was
measured using a CO, analyzer (NDIR, Topak United States), while
the O; concentration was measured using an O; analyzer (2B
Technologies). The CO, and O, concentrations in the rings were
automatically logged in the computer by microprocessors through
digital input and output modules on a real-time basis. The crops were
exposed to elevated CO, and O; for 7h (10.00am to 17.00 pm). Four
rings were used for the study: (1) ambient CO, and O;, (2) ambient
O; and elevated CO,, (3) elevated O, and ambient CO,, and (4)
elevated O; and elevated CO,. Rice seedlings (30days old) were
transplanted into crates (42 cm X 63 cm) filled with 40kg of soil inside
the FAOCE rings during the second week of July. The crops were
fertilized with two doses of N: the recommended dose of N (RDN)
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(120kgha™) and 125% of the recommended dose of N (150 kg ha™).
Phosphorus (P) and potassium (K) were applied at the rate of
60 kg ha™". Half of the N dose and the total amount of P and K were
applied at the time of transplanting. The remaining half of the N dose
was applied in two equal splits at the maximum tillering and flowering
stages of the crops. In total, there were 24 treatments, each with
three replications.

Measurements of the crop growth
parameters

Gas exchange parameters, such as photosynthesis rate, stomatal
conductance, and transpiration rate, were measured using the Portable
Photosynthesis System IRGA (LI-6400XT, LiCOR, United States) at
the maximum tillering stage of the crops. The observations were
recorded on physiologically active, fully expanded leaves exposed to
the sun between 9:00 AM to 11:00 AM. The flow rate of input air was

-1

set at 300 pmol s™', and photosynthetically active radiation (PAR) was
set at 1,000 pmol m™2 s7!. The reference CO, concentration was
maintained at 410 ppm. Ten readings were recorded for each
observation in each treatment. The number of tillers per hill was also
counted for each treatment. The plant samples were harvested at
maturity and air-dried, and the weights of the grain and straw were
recorded. The number of grains per panicle was counted after

harvesting the crops for each treatment.

Soil and plant sample collection and
analysis

Soil samples were collected at the flowering stage. Available N in
the soil was estimated using the Subbiah and Asija (1956) method. The
soil was distilled with alkaline KMnO, (potassium permanganate) and
NaOH (sodium hydroxide) solutions, and the amount of liberated
NH, (ammonia) was estimated by titration with standard H,SO,
(sulphuric acid). The plant samples were collected after harvesting the
crops. The rice grains were separated from the straw biomass, and the
samples were dried in an oven at 65+2°C for 72 h. The nitrogen
concentration in the grain and straw samples was determined using
the method described by Jackson (1956). The plant samples were
digested using concentrated H,SO, and a digestion mixture in a micro
Kjeldahl digestion block. The digested samples were distilled with
NaOH, and the liberated NH; was absorbed in H;BO; (boric acid) and
then titrated against standard H,SO,. The grain N uptake (mg plant™)
was then calculated by multiplying the grain weight/plant by the grain
N concentration, as described by Cowan et al. (2021).

Statistical analysis

The experiment was a factorial, completely randomized design
with 24 treatments, each having three replicates. Four factorial (CO,
level, O; level, variety, and N dose) analysis of variance (ANOVA) was
carried out using SAS (ver. 9.3) statistical package (SAS Institute Inc.,
CA, United States). Tukey’s honestly significant difference (HSD) test
at the 5% level of significance was performed to check if the differences
were statistically significant.
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Results

Effect of elevated Oz and CO, on the rice
physiology

The photosynthesis rates varied among the different rice varieties,
ranging from 23.1 to 36.1 pmol CO, m™s™" in the first year and from
23.2 to 35.1 pmol CO, m™ s7' in the second year under the
recommended N dose (Figures 1a,b). Pusa Basmati 1121 exhibited a
significant decrease in the photosynthesis rates, dropping from 30.3
to 26.5 pmol CO, m™ s7" in the first year and from 31.1 to 27.9 pmol

10.3389/fsufs.2024.1477210

CO, m™? s7! in the second year. In the case of IR64 Drtl, the
photosynthesis rate was significantly lower under the elevated O,
levels compared to the ambient levels in the second year. Conversely,
there was no notable reduction in the photosynthesis rates for the
Nagina 22 variety over both years under the elevated O, conditions.
The elevated CO, concentration exhibited a positive impact on the
photosynthesis rates of all rice varieties. However, the interactive
treatment of elevated O; and CO, still maintained the photosynthesis
rates similar to those under the ambient condition. The application of
additional N positively influenced the photosynthesis rates across all
treatments. When 25% additional N was applied, the photosynthesis
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rates in the elevated O, treatment became comparable to those in the
ambient treatment.

Stomatal conductance in the rice varieties decreased in the
presence of the elevated O; and elevated O; plus CO, treatments
compared to the ambient treatment. In the treatments with the
recommended N application, stomatal conductance ranged from 0.31
to 0.42 m mol H,0 m~2 s7! in Pusa Basmati 1121, 0.29 to 0.31 m mol
H,0 m™*s™" in Nagina 22, and 0.33 to 0.41 m mol H,O m™*s™" in [R64
Drtl under the ambient conditions (Figures 2a,b). However, stomatal
conductance decreased in the elevated O; plus CO, treatment, ranging
from 0.24 to 0.30 m mol H,O m™2 s™! in Pusa Basmati 1121, 0.22 to
0.24 m mol H,0 m™ s™" in Nagina 22, and 0.29 to 0.30 m mol H,0
m~2s7!in IR64 Drtl. Furthermore, the elevated O; and elevated O,
plus CO, treatments significantly reduced transpiration rates in the
Pusa Basmati 1121 and IR64 Drt1 varieties. Over the two-year study,
the transpiration rates in Pusa Basmati 1121 ranged from 12.3 to
16.4 m mol H,O m™s™" in the ambient treatment, while decreasing to
9.5 from 11.9 H,O m™2 57" in the elevated O; treatment (Figures 3a,b).
Similarly, in the IR64 Drtl variety, the transpiration rates ranged from

10.3389/fsufs.2024.1477210

14.5 to 15.0 m mol H,0 m™ s7! in the ambient treatment, but in the
elevated O; treatment, they ranged from 9.5 to 11.8 m mol H,O

m~2s7h.

Effect of elevated Oz and CO, on rice yield

The elevated O; level significantly decreased the grain yield of the
Pusa Basmati 1121 and IR64 Drtl varieties in both years of the study.
The grain yield was reduced by 7.2-7.5%, in Pusa Basmati 1121 and
by 6.9-9% in IR64 Drtl in the elevated O; treatment as compared to
the ambient treatment (Figure 4). In the Nagina 22 variety, there was
areduction in the yield by 4.4% in the elevated O, treatment compared
to the ambient treatment during the first year. However, in the second
year, there was no reduction in the grain yield of this variety under the
elevated O; condition. Nagina 22 is a stress-tolerant variety, which is
why an increase in the O; levels had little to no effect on it. In the
present study, the reduction in the grain yield in the elevated O;
treatment was attributed to a lower number of panicles per hill and
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fewer grains per panicle under the elevated O; condition. Under the
ambient condition, the number of grains per panicle ranged from 101
to 111 among the different rice varieties, while in the elevated O,
treatment, the number of grains per panicle ranged from 95 to 101
(Table 1). The number of panicles per hill also decreased in the
elevated O, treatment compared to the ambient treatment. In the
ambient treatment, the number of panicles per hill ranged from 14 to
17, while in the elevated O, treatment, it decreased from 15 to 13.

In the elevated O; plus elevated CO, treatment, the grain yield was
2.9-3.4% lower than in the ambient treatment for the Pusa Basmati
1121 variety. This shows that the increased CO, concentration of
550 ppm was able to compensate for 3.9-4.6% yield loss in the Pusa
Basmati 1121 variety. In the IR64 Drt1 variety, the grain yield in the
elevated O; plus elevated CO, treatment was 3.4% lower than in the
ambient during the first year of the study. However, during the second
year, the yield was 1.1% higher than in the ambient treatment for this
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variety. The Nagina 22 variety recorded higher yields in the elevated
O; plus elevated CO, treatment compared to the ambient treatment in
both years. The application of a higher N dose also helped in
preventing the yield loss in the rice varieties under the elevated O,
concentration. In the treatment with elevated O; plus CO,, along with
125% of the RDN, the grain yield of the Pusa Basmati 1121 variety
increased by 11-13% compared to the ambient treatment (Figure 4).
Similarly, in the IR64 Drtl variety, the yield increased by 9-10%, and
in the Nagina 22 variety, it increased by 6-7% in this treatment.

The grain number per panicle also increased in the elevated CO,
plus elevated O, treatment compared to that in the elevated O;
treatment. The elevated CO, level increased the photosynthesis rates
of the crops, which led to greater biomass accumulation and
subsequently more grains, resulting in higher crop yields. The
application of a higher dose of N also increased the grain number in
all three rice varieties, which led to higher crop yields. In the elevated
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TABLE 1 Effect of the elevated CO,, O; and N treatments on the yield parameters of rice.

Variety Os CO, Panicles hill™ Panicles hill™! Grains panicle™ Grains panicle™
First year Secondyear First year Secondyear
100% 125% 100% 125% 100% 125% 100% 125%
RDN RDN RDN RDN RDN RDN RDN RDN
PB1121 Ambient | Ambient | 164+1.8% 202402 | 164059 | 183+0.7% | 111.4+3.8%% | 120.4+2.9% 104.9+3.1%¢ | 116.1+4.5%
Elevated = 202+254%¢ = 233+0.6° 18.0+1.2¢% 220409 | 1157%6.1%¢ 124.9 +4.0° 1122+3.6%¢ | 1193429
Elevated | Ambient 14.1+1.5° 18.5+0.9%¢ | 14.0+1.1%  17.2+1.6 96.5+3.9¢ 105.5 + 3.4 94.9+3.1" 101.1+3.0%
Elevated = 17.4+0.2% | 188%0.4%¢  16.0+0.8%  185+0.8%¢  106.8+4.8"% | 113.9+6.6%¢ = 989+1.9% 106.2+1.7>¢
Nagina22 | Ambient = Ambient 14.9+0.5¢ 185+0.8%¢ | 13.740.7% | 16111 1063+2.0%% | 113.3+3.9%¢  100.7+1.3% | 114.0+2.3%¢
Elevated 17.3£0.5 21.8+0.8% 16.5+0.4% | 192421 | 114.9+6.0° 117.6+4.2% | 109.8+3.3% = 116.5+0.9F
Elevated = Ambient 14.4+0.6" 17.7+0.9%% 125+0.8¢ | 15.1+1.3%% 97.0+1.2° 104.1 +4.2¢% 98.1+3.6 105.5+3.1%¢
Elevated = 16.4%0.5% 18.0+1.0% | 14.0+0.5% = 159+1.1%% | 106.3+2.0%% = 110.8+8.9% | 99.8+15% | 110.8+3.7
IR64Drtl | Ambient = Ambient 14940.6% | 18.7+0.6%% | 171+0.6% = 19.1+10% = 106.8+59"% = 110.5+54™% = 106.8+0.9° = 114.3+4.6"
Elevated =~ 19.2+1.1%¢ 23.1+1.2% 19.7404%  22.8+0.3* | 108.8+4.0%% | 1185+2.5% 118.3+1.2% 1252455
Elevated = Ambient 14.3+0.7° 18.1 1.1 15.4+0.7%% | 17.5+0.5¢ 96.1+2.0°¢ 102.4+3.1%% 100.6+ 1.0%¢ 107.7 +2.7%¢
Elevated = 17.0£1.2% | 195+1.1%¢ 1624019 | 19.1+0.5%  100.1+7.3% | 108.3+2.5%% | 1051+3.1%¢ = 113.3+3.9%

Numbers in each column represent the mean values along with their standard deviation. Means with at least one letter in common are not statistically significant (p <0.05).

O; treatment, the application of a higher N dose also helped in
increasing the panicle number and grain number, thereby increasing
the grain yield to a certain extent.

Effect of elevated O; and CO, on the plant N

The responses of the grain N concentration (%) in the rice
varieties to the elevated CO, and O; treatments are shown in
Figure 5a. In the 100% recommended N applied treatments, the
grain N concentration ranged from 1.20-1.36% under the ambient
condition, with a mean value of 1.30%. The grain N concentration
significantly decreased in the elevated CO, and elevated O; plus
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CO, interaction treatment compared to the ambient treatment. In
the elevated O; plus CO, interaction treatment, the grain N
concentration ranged from 1.07-1.18%, with a mean value of
1.13%. The application of an additional 25% of N improved the
grain N concentration in both years. When the additional N dose
was applied, the grain N concentration ranged from 1.25-1.33%
in the elevated O; plus CO, interaction treatments, with a mean
value of 1.29%. The grain N concentration was higher in the Pusa
Basmati 1121 and IR64 Drtl varieties than in the Nagina
22 variety.

Elevated O; also reduced the grain N uptake of the rice varieties
compared to the ambient treatment. In the ambient treatment, the
grain N uptake ranged from 189 to 269 mg hill™!, with a mean value
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(a) Grain nitrogen concentration (%) and (b) grain N uptake (mg hill™}) in the rice varieties under the elevated Os; and CO, conditions. The bottom and
top of the whiskers denote the first and third quartiles, respectively. The line inside the box represents the median line.

of 229 mg hill™ in the treatment with the 100% RDN (Figure 5b). In
the elevated O; plus CO, interaction treatment, the grain N uptake
decreased and ranged from 165 to 223 mg hill™, with a mean value of
196 mg hill™". The application of a higher N dose increased the grain
N uptake in the rice varieties. In the elevated O; plus CO, interaction
treatment, the grain N uptake was even higher than in the ambient
treatment. It ranged from 204 to 292 mg hill™', with a mean value of
247 mg hill™". The grain N uptake was greater in the Pusa Basmati
1121 and IR64 Drtl varieties than in the Nagina 22 variety. The
application of an additional 25% of N increased the grain N uptake by
30.2-40.8% in Pusa Basmati 1121, by 15.3-22.3% in Nagina 22, and
by 21.7% in the IR64 Drt1 variety of the rice crops (Table 2).

Effect of elevated Oz and CO, on the soil
available N

In the ambient treatment, the soil available N ranged from 176.4-
204.2 kg ha™" in the first year and from 135.2-151.7 kg ha™' in the
second year among the different rice varieties with the recommended
dose of the N application (Table 2). In the elevated O; plus CO,
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interaction treatment, the soil available N was lower than in the
ambient treatment in both years of the study. The soil available N was
also found to be lower in the elevated CO, treatment compared to the
ambient treatment. The application of a higher dose of N increased the
available N content of the soil. In the elevated O, plus CO, interaction
treatment, the application of an additional 25% of N increased the soil
available N by 5.3-14.9% in Pusa Basmati 1121, by 6.3-9.0% in Nagina
22 and by 16-16.9% in IR64 Drt1 of the rice crops.

Discussion

Tropospheric O; is a secondary air pollutant generated through
photochemical reactions among precursors such as nitrogen oxides
(NOx), volatile organic compounds (VOCs), and carbon monoxide
(CO), primarily released from anthropogenic activities (Broberg et al.,
2015). Several researchers have reported the substantial impact of
elevated O; levels on crop productivity and quality (Singh et al., 2018;
Yadav et al., 2019). The results from the current study showed that
elevated O; reduced the photosynthesis rates of the Pusa Basmati 1121
and IR64 Drt1 varieties of the rice crop, while the elevated O; plus CO,
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treatment was able to maintain the photosynthesis rates of the crops.
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Grinhage et al,, 2012). Broberg et al. (2017) reported that O impairs
the N translocation from straw to grain, thereby reducing the N use
efficiency of crops. In addition, the applied N fertilizer is used less
efficiently under elevated O;, leading to adverse effects on grain
protein content in crops. Under elevated CO, conditions, higher
photosynthesis rates lead to greater carbon assimilation in rice,
thereby reducing plant N concentrations due to the dilution effect
(Kim etal., 2001). Reports indicate that protein content and N content
in plants, especially cereal crops, decrease under elevated CO,
conditions (Abebe et al., 2016; Chakrabarti et al., 2020; Raj et al., 2019).

Soil available N is also negatively affected by elevated O; and CO,
treatment, which may be attributed to increased N losses from crop
fields under elevated O; (Broberg et al., 2017). Under O; exposure,
plant photosynthesis and grain filling duration are shortened (Gelang
et al., 2000), which reduces the nutrient uptake period and increases
the likelihood of greater N loss from the soil. Earlier studies
(Chakrabarti et al., 2020; Maity et al., 2020) have also reported a
decrease in soil available N under elevated CO, conditions due to
increased crop growth resulting in higher N demand by the crop. As
plant photosynthesis is hampered under increased O; concentrations,
reduced photosynthates in the roots affect the root system and various
soil processes (Chen et al.,, 2008). This may further affect soil N
transformation rates (Wu et al., 2016), thereby lowering the available
N status in the soil. The application of a higher N dose increased both
the grain N uptake and soil available N in rice. As the crop growth was
greater under the higher N doses, this generated more aboveground
and belowground biomass of the crops. This might have led to
increased microbial activity in the rhizosphere, leading to enhanced
availability of N to the plants.

The study showed that although the negative effects of elevated O,
on the rice yield were negated by the elevated CO, concentration, the
adverse effect of elevated O; on the grain N content could not
be compensated for. The response of rice to elevated CO, may
be limited when nitrogen levels are sub-optimal. However, the
decrease in plant N could be alleviated to a certain extent by applying
higher doses of N (Maity et al., 2020). Our study showed that the
application of the 25% RDN improved both the grain N concentration
and grain N uptake, as well as soil available N, in the rice crops under
the elevated O, and CO, interaction.

Conclusion

The grain yield of the rice varieties decreased under the elevated
O; condition. An elevated CO, concentration of 550 ppm was able to
compensate for the yield loss by 3.9-4.6% in the Pusa Basmati 1121
rice variety and by 4.6-8.0% in the IR64 Drtl variety. Although
elevated CO, was able to compensate for the yield loss due to elevated
O;, the N content in the rice grains was further reduced in the
elevated O; plus CO, treatment. The application of an additional 25%
of the recommended dose of N improved the grain N uptake by
15.3-40.8% in the different rice varieties compared to the 100% RDN
in the elevated O; plus CO, interaction treatment. The study shows
that nitrogen in rice grains and soil available N will decrease under
elevated O; plus CO, conditions. An elevated CO, concentration of
550 ppm will be able to compensate for yield loss to a certain extent,
but grain quality will further deteriorate in the elevated O; plus CO,
treatment. The application of an additional 25% of the recommended
dose of N could help in sustaining rice yield and also maintaining
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plant and soil N under elevated O; and CO, conditions in the future.
However, the response of rice varieties to elevated O; and CO, might
vary with different climate types. Therefore, the findings of the study
could be further improved by testing different N fertilizer
formulations to suggest the best N management options for the
sustaining productivity and quality of rice under elevated O; and
CO, conditions.
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Effects of cypermethrin on
morphological, physiological and
biochemical attributes of Cicer
arietinum (Fabales: Fabaceae)

Sazada Siddiqui*

Department of Biology, College of Science, King Khalid University, Abha, Saudi Arabia

Cypermethrin, a synthetic pyrethroid, is a widely employed pesticide in large-
scale commercial agriculture and domestic settings to control pests and boost
crop yields. Despite its effectiveness in controlling pests, concerns persist about
the potential ecological and human health impacts associated with its use.
In the present study, the impact of cypermethrin on different parameters,
including growth indices, pollen morphology and pollen fertility, chlorophyll and
carotenoid content, hydrogen peroxide (H,O») scavenging, lipid peroxidation
(MDA concentration), superoxide dismutase (SOD), and catalase (CAT) activities,
was investigated in Cicer arietinum L. The results showed that plants exhibited
decreasing trends in plant height, number of branches, pods, and seeds per plant
as cypermethrin concentrations increased. These changes resulted in significant
reductions in the overall yield of the plants. The percentage of wrinkled pollen
significantly increased with higher concentrations of cypermethrin and longer
exposure durations. Exposure to cypermethrin showed significant variations in
pollen fertility of C. arietinum at different concentrations and time intervals in
comparison to control, which had a baseline pollen fertility of 79.12% + 4.59.
Chlorophyll and carotenoid content of C. arietinum were considerably affected
by cypermethrin, indicative of potential disturbances in essential photosynthetic
processes crucial for plant health. Further, with increasing concentrations of
cypermethrin ranging from 100 mg/L to 500 mg/L, noticeable effects were
observed on H,O»,_ scavenging, MDA concentration, SOD and CAT activities
of C. arietinum in dose-dependent manner. Further, it was found that the
duration of exposure and concentration of cypermethrin played a crucial role
in exacerbating these detrimental effects. The findings of the present study
raise concerns regarding the harmful effects of agricultural pesticides like
cypermethrin and highlight the need for more research on the nutritional value
of products derived from plants and seeds exposed to these agents.

KEYWORDS

cypermethrin, growth indices, chlorophyll content, lipid peroxidation, Cicer arietinum L

1 Introduction

The world is grappling with the dual challenge of a rapidly growing population
and diminishing food resources, prompting global concerns (Ridwan et al., 2022;
Rajak et al, 2023). The intensified development of the global economy has resulted
in a surge in pesticide production and usage. In agriculture, pesticides are common
chemical substances that are used to eradicate weeds, insects, and other pests
(Sharma et al., 2020; Kenko et al, 2023; Gautam et al, 2023). They are an
essential component of modern agricultural practices and play a crucial role in
safeguarding crops and enhancing yields, as approximately 45% of annual food
production is lost due to pest invasions (Borowik et al., 2023a,b; Skubala et al., 2024).
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However, the widespread use of pesticides poses significant
threats to ecosystems, human health, and other biotic elements
of the environment (Khan et al, 2023; Liess and Groning,
2024). Cypermethrin is a widely employed pesticide in large-
scale commercial agriculture and domestic settings to control
pests and boost crop yields (Nath et al., 2024). Classified as an
extremely effective synthetic type II pyrethroid, cypermethrin is
recognized as a valuable pesticide in agricultural, horticultural, and
aquatic systems, having comparatively less noxiousness to non-
target animals (Liu et al., 2009; Baruah et al., 2024). Cypermethrin
has very low vapor pressure and solubility in water, but it is
highly soluble in a wide range of organic solvents. It primarily
targets sodium channels and adenosine triphosphatase in pests
(Cavusoglu, 2011). Despite its effectiveness, concerns persist about
the potential ecological and human health impacts associated with
the use of cypermethrin and similar pesticides (Cavusoglu, 2011).
Methods for the determination of residues of cypermethrin in foods
and in the environment are well established. In most substrates,
the practical limit of determination of is 0.01 mg/kg (World Health
Organization, 1989).

Several crop plants, like Crepis capillaries, Vicia faba, Hordeum
vulgare, Pisum sativum, Allium cepa, and Cicer arietinum, have
been identified as bioindicators for evaluating the biological effects
of chemicals from diverse sources (Sheikh et al., 2020; Hoseiny-
Rad and Aivazi, 2020). Chickpea (Cicer arietinum L.) stands
out as the second most cultivated legume globally, following
soybeans (Pang et al., 2017). Although estimates vary, Nedumaran
et al. (2015) reported cultivation at 11 million hectares with
a production of 8 million tons, positioning chickpea as the
third most crucial food legume ever grown. Beyond its role
as a significant food source for both humans and animals,
chickpea contributes substantially to soil fertility conservation,
especially in dry, rain-fed regions, through symbiotic nitrogen
fixation (Sharma, 2012; Angaji et al., 2013). However, chickpea
faces challenges due to its limited competitiveness with weeds,
attributed to its sluggish growth and constrained development of
leaf area in the initial phases of growth (Hoseiny-Rad and Aivazi,
2020).

Previous research has explored the effects of various pesticides
on plants, such as the accumulation of atrazine in rice plants,
leading to toxic reactions through the over-formation of
reactive oxygen species (ROS) and activation of plant safety
mechanisms (Zhang et al,, 2014). Yin et al. (2008) found that
isoproturon delayed wheat plant growth and impacted various
physiological processes, inducing oxidative stress. In our current
investigation, we examined the impact of cypermethrin on
different parameters in chickpea plants. This involved analyzing
growth patterns, pollen fertility, and pollen morphology, as
well as investigating potential alterations in the antioxidant
structure and photosynthetic procedure in cypermethrin-
induced stress. We specifically assessed hydrogen peroxide
(H20,) -scavenging, malondialdehyde (MDA) levels, catalase
(CAT), and superoxide dismutase (SOD) activity, in addition to
chlorophyll and carotenoid levels. Our primary objective was to
develop a comprehensive understanding of how cypermethrin
influences critical aspects of Cicer arietinum development
and biochemistry.
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2 Methodology

2.1 Procurement of chemical and seeds

Cypermethrin (CAS No. 52315-07-8) was purchased from
Sigma Chemicals Ltd., USA. Cicer arietinum seeds were obtained
from a certified dealer in Abha, Aseer Region, KSA.

2.2 Agroclimatic conditions of the
experimental site

The studies were carried out in the Department of Botany,
Science College, Alfarra Campus, King Khalid University,
Abha, Saudi Arabia. Abha is 2,270 meters above sea level
and situated in the southern region of Saudi Arabia, near
Aseer. Abhas high elevation gives it a semi-arid climate.
Abha, Asir, Saudi Arabia is located at latitude 18.216797 and
longitude 42.503765.

2.3 Plant materials and treatments

Fresh and vigorous seeds were surface sterilized using a 5%
NaOCl solution for 10min. Post-sterilization, the seeds were
carefully rinsed multiple times with distilled water. Subsequently,
the seeds were divided into distinct groups, each comprising
100 seeds. The experimental treatments involved subjecting the
seeds to five different concentrations (100 mg/L, 200 mg/L,
300 mg/L, 400 mg/L and 500 mg/L) of a 250 ml cypermethrin
solution, with exposure durations of 1 and 3h. For control
group (0) 100 seeds were treated with distilled water. Following
treatment, the seeds were permitted to germinate on petri plates
containing damp cotton, maintained at a controlled temperature
in the dark for 24h. The germination status of the seeds
was then assessed, and the resulting sprouts were utilized
for subsequent growth and yield investigations. Additionally,
another set of seeds for each concentration was planted in
earthen pots to facilitate biochemical studies. These seeds were
grown in greenhouse conditions. The temperature and humidity
in a greenhouse were 64 to 75°F and approximately 80%,
respectively. In parallel, plants in the control group, devoid of
any exposure, were cultivated to serve as a basis for comparative
analysis. The entire experiment was replicated three times under
consistent conditions to ensure the reliability and repeatability of
the results.

2.4 Growth studies

Growth parameters were examined on 14-day-old seedlings.
The studied growth parameters include Plant height, number of
branches, number and length of pods, number of seeds per pod,
along with their weights and total yield.
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2.5 Pollen studies

An examination of 100 pollens from each treatment was
conducted to assess fertility, pollen morphology, and shape. The
pollens were categorized based on their shape and dimensions
in equatorial and polar views, following the classification method
proposed by Erdtman (1966). For determining pollen viability, a
total of 100 pollen grains from each group were observed under a
light microscope. The viability level was assessed by a solution of 2,
3, 5-triphenyl tetrazolium chloride (TTC) (Norton, 1966).

To conduct this viability test, a drop of TTC solution was kept
on a slide, and pollens were spread using a brush, followed by the
placement of a cover slip. After the application of TTC, counting
was done, and the pollens were categorized into three sets based on
staining density. Pollen exhibiting a dark red stain were considered
viable; those with a light red stain were categorized as semi-viable;
and unstained pollens were classified as non-viable, following the
criteria established by Eti (1991) and Stosser (1984).

2.6 Photosynthetic pigment measurement

The chlorophyll estimation was carried out using the Acetone
method, following Arnon (1949). Chlorophyll extraction was
performed in 80% acetone, and absorbance was measured at
wavelengths of 663 nm and 645nm. Chlorophyll and carotenoid
content were calculated by Khan et al. (2019).

2.7 Hydrogen peroxide (H2O3) scavenging
effects

The assessment of hydrogen peroxide scavenging activity was
conducted following the technique stated by Ruch et al. (1989),
employing spectrophotometry at 230 nm. Leaf extracts in methanol
were prepared at 100 wg/mL concentration and then mixed with a
H,0; solution (0.6 mL; 40 mM) in phosphate buffer (PB) having a
pH of 7.4. The volume of the final solution was adjusted to 3 mL,
and the mixture was kept in incubation for 10 min. PB solution
with no H,O, was kept as a reference. At 230 nm, absorbance was
measured for all compounds. The degree of H,O, scavenging by
plant extracts was subsequently calculated by Khan et al. (2019).

2.8 Lipid peroxidation

Rao and Sresty (2000) were followed for the estimation of
lipid peroxidation. 0.2 g of frozen leaf sections were homogenized
in 2mL of 0.1% trichloroacetic acid (TCA) and subjected to
centrifugation at 10,000 rpm for 10 min to precipitate the remains.
Supernatant aliquots were then added to 4mL of 20% TCA with
0.5% thiobarbituric acid and 100 pL of butylated hydroxyl toluene
in 4% ethanol. The mixture was incubated for 1h at 90°C, later
cooled in an ice bath and subsequently centrifuged at 10,000
rpm for 5min. The supernatant and the unspecific turbidity of
the sample were measured at 532 nm and 600 nm, respectively.
This turbidity value was subtracted from the absorbance at
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532nm. A solution of 0.25% TBA in 10% TCA served as a blank
reference. The content of TBA reactive substances was depicted
as nmol/g fresh weight by means of an extinction coefficient of
155 mM~! em™~1.

2.9 Superoxide dismutase (SOD) and
catalase (CAT) activity

Total CAT activity was examined by quantifying the intake of
H, 0, at 240 nm, following the technique described by Gallego et al.
(1996). The enzymatic actions of both SOD and CAT were stated as
units per milligram of protein (U mg ™! protein). The measurement
of SOD activity was conducted following Khan et al. (2019) with
slight modifications.

2.10 Statistical analysis

One way ANOVA using SPSS software (version 16.0, SPSS
Inc., Chicago, IL, USA) was applied to find the significance of
differences in variables. The changes were considered statistically
significant at p < 0.05. All the outcomes are expressed as mean +
standard error.

3 Results

3.1 Effects of cypermethrin on growth and
development of C. arietinum

Table I, Figure I show the impact of diverse cypermethrin
concentrations from 100 mg/L to 500 mg/L on several growth
parameters of C. arietinum. In both 1 and 3h exposures to
increasing concentrations of cypermethrin, noticeable adverse
effects were observed on various growth parameters of C.
arietinum. Relative to the control group, the plants exhibited
decreasing trends in plant height (21.04% in 1h; 25.32% in 3h),
branches (31.48% in 1 h; 37.23% in 3 h), pods (13.87% in 1 h; 17.33%
in 3h), and seeds per plant (40.45% in 1h; 44.87% in 3h), as
cypermethrin concentrations increased. These changes resulted in
significant reductions in the overall yield of the plants (14.95% in
1h; 40.53% in 3 h). Furthermore, negative consequences extended
to individual seed quality, as evidenced by a decrease in pod length
(72.54% in 1h; 64.07% in 3 h) and the weight of seeds (14.61% in
1h; 10.24% in 3 h).

3.2 Effects of cypermethrin on pollen
morphology of C. arietinum

Cypermethrin has a notable detrimental effect on the pollen
morphology of C. arietinum, as evidenced by increased wrinkled
pollen, a higher proportion of pollen without visible pores, and an
elevated occurrence of abnormal pollen shapes. Table 2, Figure 2
illustrate the impact of various concentrations of cypermethrin
(100 mg/L to 500 mg/L) and different exposure durations (1 h and
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TABLE 1 Impact on the growth and yield of C. arietinum treated with cypermethrin for 1 and 3 h.

10.3389/fsufs.2024.1446308

Concentration No. of [\[oWe}§ Length No. of Total no. 100 seeds Totalyield
(mg/L) branches podsper perpod seedsper ofseeds weight(g) per plant
per plant plant (cm) pod per plant (gm)

1h

0 55367 +2.72 | 4.86+049 | 49534265 | 3.06+0.16 4124046 | 97.05+4.08 | 5.13+0.40 4.48 4+ 0.65
100 mg/L 59.53 4+ 4.74 | 394+0.68° | 4846+282 | 2.1240.13" 3674054 | 81.75+441° | 424+056° | 3914089
200 mg/L 4884 +431° | 3.82+0.67° | 4743+388 | 096+0.34° 3.66+0.68 | 72.64+3.65° | 4284059 | 3314068
300 mg/L 46.574+0.32° | 376 £0.83° | 4543+326° | 0924035° | 3324069 | 68.73+4.16° | 420+061° 3.48 +0.61
400 mg/L 4446 +5.88° | 3.62+£091° | 43534289 | 0.77+£0.27° 343+049 | 60.88+586° | 4.62+0.46 3.71+0.55
500 mg/L 4371 4+4.66° | 3334071 | 42.6643.38° | 0.84+0.28" 3434068 | 5779 £4.19° | 4.38 4 0.64° 3.81 +0.60
3h

0 45264272 | 3764039 | 39.63+235 | 206+0.16 3004046 | 87.06+3.08 | 4.10+0.30 3.38 4+ 0.55
100 mg/L 39.53£4.74° | 2934057 | 38364358 | 1.00+0.13" 2.6640.54 | 71.85+542° | 3.94+0.46 2.8140.79
200 mg/L 38.934+4.31° | 2834067 | 37334377 | 0.86+0.34° 2464058 | 62.74+564° | 3884049 | 2.5140.68°
300 mg/L 36.46 £4.32° | 2.864+073° | 35634446 | 0.82+035° | 033+£059C | 5883+4.15°  3.80+0.51 2.28 £0.71°
400 mg/L 34.46 £5.88° | 2.5040.80° | 35.63+3.89° | 0.67+027° | 0264039 | 50.98 £4.81° | 3.7240.56 2.11 £ 0.65°
500 mg/L 33.80 £4.66° | 2.36+0.68° | 3276 £2.38° | 074+£028° | 0204058 | 47.99+5.09° | 3.68 % 0.60 2.01 = 0.50°

p < 0.05; p < 0.01 compared to control group. Data are mean of three replicates & SE, 0 = Control group.

FIGURE 1
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Effect on morphology of C. arietinum. treated with cypermethrin for 1 and 3 h.

3h) on the pollen morphology of C. arietinum. In comparison to
control, the percentage of wrinkled pollen significantly increased
with higher concentrations of cypermethrin (with 3.71 £ 1.47 in
control group to 40.35 + 4.58; p < 0.01 at 500 mg/L for 1h)
and longer exposure durations (with 2.77 & 1.27 in control to
31.75 + 5.37; p < 0.01 at 500 mg/L for 3h). This is evident in all
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treated groups, indicating a dose-dependent and time-dependent
effect on pollen morphology. Treatment with cypermethrin led to
a significant rise in the percentage of pollen without visible pores.
This effect was more pronounced with increased concentrations
and exposure durations (with 2.54 £+ 1.45 at control to 26.55
+ 3.39; at 500 mg/L for 1h and, with 2.78 £ 0.91 at control
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to 51.37 £ 4.53; at 500 mg/L for 3h) highlighting the adverse
impact of cypermethrin on the structural integrity of pollen
grains. Similarly, the percentage of pollen with abnormal shapes
displayed a significant rise in relation to cypermethrin treatment
in Table 2.

TABLE 2 Impact on the pollen morphology of C. arietinum treated with
cypermethrin for 1 and 3 h.

Concentration Wrinkled Pollen Pollen
(mg/L) pollen (%) without with
visible abnormal
pore (%) shape (%)
1h
0 371+ 147 254+ 145 123 +0.04
100 mg/L 14.75 £ 3.52° 17.55 £2.15° 8.77 £2.17°
200 mg/L 20.65 + 4.23° 25.75 +3.22° 14.22 + 3.52°
300 mg/L 27.15 4 2.78° 32.88 + 4.55" 17.32 £2.13°
400 mg/L 35.25+3.11° 40.77 £3.22° 2045 + 3.45°
500 mg/L 4035 + 4.58° 45.23 £ 4.58° 26.55 + 3.39°
3h
0 277 £ 127 2.78 £ 0.91 2.34 4 0.09
100 mg/L 10.77 £ 3.17° 20.75 £ 3.74° 10.45 £ 2.75°
200 mg/L 15.15 £ 3.75P 27.68 + 4.25" 19.75 £ 4.23°
300 mg/L 23.45 4 4.65° 34.99 +3.75" 25.85 + 3.75"
400 mg/L 2745 +4.23° 45.95 + 435" 31.78 4 4.23°
500 mg/L 31.75 £ 5.37° 51.37 + 4.53" 35.88 + 3.15°

p < 0.05; °p < 0.01 compared to control group. Data are mean of three replicates =SE, 0 =
Control group.

10.3389/fsufs.2024.1446308

3.3 Effects of cypermethrin on pollen
fertility of C. arietinum

Exposure to cypermethrin showed significant variations in
pollen fertility of C. arietinum at different concentrations and
time intervals in comparison to the control, which had a
baseline pollen fertility of 79.12% =+ 4.59. After a 1h exposure,
lower concentrations of cypermethrin slightly increased the
pollen fertility of C. arietinum compared to the control, with
concentrations of 100 mg/L and 200 mg/L resulting in increased
pollen fertility to 84.54% =+ 6.23 and 80.14% =+ 5.73, respectively.
However, higher concentrations exhibited a significant decline in
the fertility of pollens, with 500 mg/L showing the maximum
reduction in the fertility of pollens with a pollen fertility of 65.57%
+4.32 (p < 0.01). In the 3 h exposure, a similar but non-significant
pattern was observed. It was observed that the two-time intervals
(I'h and 3 h) revealed distinct effects of cypermethrin on the pollen
fertility of C. arietinum. For instance, after 1h of exposure, a
concentration of 300 mg/L demonstrated a significant reduction
in pollen fertility to 73.12% == 4.42, whereas at 3h of exposure
with the same concentration, a pollen fertility rate of 70.78% =+
6.12 was observed, and similar trends were observed for other
concentrations as well (Figures 3, 4). The decrease in the percentage
of fertile pollen with increasing dosage is likely attributable to the
toxic effects of cypermethrin on pollen.

3.4 Effects of cypermethrin on leaf
pigments of C. arietinum

Chlorophyll (Figure 5A) and carotenoid content (Figure 58) of
C. arietinum were considerably affected by cypermethrin, indicative
of potential disturbances in essential photosynthetic processes

FIGURE 2

Impact on pollen morphology of C. arietinum treated with cypermethrin for 1 and or 3h in PMCs. (A) Wrinkled pollen grain; (B, C) Pollen without
visible pore; (D) Pollen with abnormal shape. Scale bars = 10 uM; bars = 10 uM.
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FIGURE 3
Effect of cypermethrin on pollen fertility C. arietinum for 1 and
3h.Sp < 0.05; °p < 0.01 compared to control group. Data are mean
of three replicates +£SE, 0 = Control group.

crucial for plant health. Upon exposure to cypermethrin for 1h,
a visible dose-dependent response was observed with a 12.5%
decrease at 500 mg/L in comparison to the control. Overall, a
statistically significant reduction in chlorophyll content was noted
as the concentration of cypermethrin increased in Figure 5A.
Concentrations equal to or exceeding 200 mg/L exhibited a
noteworthy decline in chlorophyll content compared to the
control group. Similarly, after a 3h exposure, a dose-dependent
decrease in chlorophyll content was evident, with all concentrations
ranging from 100 mg/L to 500 mg/L displaying statistically
significant reductions compared to the control, with an 18.75%
reduction at 500 mg/L in Figure 5A. These findings emphasize
the concentration-dependent and exposure duration-dependent
impact of cypermethrin on the chlorophyll content of C. arietinum.

Cypermethrin exposure also adversely affected the carotenoid
content of C. arietinum indicating potential disruptions in essential
pigment concentrations crucial for plant health. Following a
1h exposure, a concentration dependent decrease in carotenoid
content was observed, with a 58.9% decrease at 500 mg/L
Similarly, after a 3h exposure, a concentration-dependent decline
in carotenoid content was evident across all concentrations
compared to the control group, with a 54.1% decrease at 500 mg/L.
The consistent and statistically significant differences highlight
the concentration-dependent and exposure duration-dependent
effects of cypermethrin on the carotenoid content of the plant in
Figure 5B.

3.5 Effects of cypermethrin on HO,_
scavenging, MDA, SOD, and CAT activities
C. arietinum

Figures 6A-D show the effect of different cypermethrin
concentrations from 100 mg/L to 500 mg/L on various
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biochemical parameters such as H,O, scavenging (Figure 6A),
lipid peroxidation concentration (MDA; Figure 6B), superoxide
dismutase (SOD) activity (Figure 6C) and catalase (CAT) activity
(Figure 6D) on C. arietinum for 1 and 3h. In both 1 and 3h
exposures to increasing concentrations of cypermethrin ranging
from 100 mg/L to 500 mg/L, noticeable enhanced effects were
observed on various parameters such as hydrogen peroxide
scavenging, MDA, SOD and CAT activity of C. arietinum in a
dose-dependent manner, which is very significantly increased (p <
0.01) when compared to control.

4 Discussion

This implies that cypermethrin not only impacts the overall
productivity of the plants but also affects the characteristics
of the produced seeds. Interestingly, the duration of exposure
played a crucial role in exacerbating these detrimental effects. The
3h exposure to cypermethrin demonstrated a more pronounced
negative influence on all measured growth parameters compared
to the 1h exposure. This suggests that prolonged exposure to
cypermethrin intensifies its impact on the growth and reproductive
aspects of chickpea plants. The findings align with results obtained
by Obidola et al. (2019) in cowpea, indicating a common sensitivity
of leguminous crops to cypermethrin. Ramzan et al. (2022)
have also found that cypermethrin has the most toxic effects
on growth parameters like root length, stem length, and dry
weight in Helianthus annus and Brassica juncea. A very strong
negative correlation was found between the concentration of
cypermethrin and plant height in 1h treatment (—0.88) and 3h
treatment (—0.95). Increased exposures to pesticides reduce the
photosynthetic capacity of the plants by inhibiting PSII, which in
turn reduces the overall growth of the plant (Ramzan et al., 2022;
Borowik et al., 2023a; Khurshid et al., 2024).

Higher concentrations and longer durations were associated
with a greater incidence of abnormal pollen shapes, suggesting a
disruptive influence on the typical morphology of C. arietinum
pollen. It has been found that pesticides have direct negative effects
on the morphology and anatomy of pollens (Wronska-Pilarel
et al, 2023). It is well known that the generative reproduction
organs of plants are more susceptible to stress than the vegetative
portions. Because of this, pollen is frequently used to evaluate the
harmful effects of xenobiotics (Zanelli et al., 2023).

This toxic impact becomes more pronounced at higher
dosages, and the observed reduction in fertile pollens compared
to the control may have negative implications for the long-term
productivity and quality of chickpeas (Cali, 2009). Similar negative
effects on pollen viability were reported in eggplants exposed to
a combination of two organophosphate insecticides and a dinitro
herbicide. Furthermore, the fungicide propiconazole was found
to adversely affect pollen germination and pollen tube growth
in Tradescantia virginiana. Regardless of the type or dosage of
herbicide used, pesticide treatment reduces the viability of pollen
grains in both laboratory testing and field observations (Wronska-
Pilarelk et al, 2023), and thus the significance of adequate
pollination and fertilization in economically important crops is
emphasized in various studies.
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FIGURE 4

PMCs of C. arietinum; bars =10 pM.

Impact on pollen fertility of C. arietinum treated with cypermethrin for 1 and 3 h in PMCs. (A) Fertile pollen grain in PMCs; (B) Sterile pollen grain in
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Effect of Cypermethrin on chlorophyll (A) and carotenoids (B) on C. arietinum for 1 and 3h. p < 0.05; °p < 0.01 compared to control group. Data
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In pigment investigations, when the concentration of
cypermethrin increased, the chlorophyll content in C. ariteinum
leaves reduced considerably. Reduced pigment content can be
attributed to various factors, and several studies have revealed a
decrease in chlorophyll content in responses to increased stress
(Chen et al., 2024; Skubatla et al., 2024; Somtrakoon et al., 2024).

The carotenoid contents in this study reduced when
treated with cypermethrin, although at a slower rate than
the contents of chlorophyll. Cypermethrin not only caused
pigment degradation but also lowered the biosynthesis
mechanism, as seen by the decrease in carotenoid concentration.
It is well-established that carotenoids play a vital role
in protecting cells against photooxidation by assisting in
the dissipation of excessive excitation energy (Vukovic
et al, 2021; Gautam et al, 2023). Cypermethrin not only
induces the dilapidation of pigments but hampers their
biosynthesis process by inhibiting membrane bound enzymes
(Stelzer 1988; 1990;

and Gordon, Michelangeli et al,
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Cavusoglu, 2011; Somtrakoon et al., 2024; Ariola and Ramize,
2024).

In our study, we observed a gradual increase in both
SOD and CAT activities
concentration of cypermethrin increased in comparison to

in treated populations as the

the control group. The significant rise in SOD and CAT
activity at maximum concentration suggests an augmented
generation of ROS. This increase leads to the transformation
of superoxide anion free radicals into H,O,, as indicated
by the elevated hydrogen peroxide scavenging observed in
our results. According to Ayhan et al. (2024), the presence
of hazardous chemicals serious

causes oxidative damage

to various cell structures and biomolecules. Antioxidant
enzymes like CAT and SOD can cause oxidative damage
and SOD is an essential part of antioxidative mechanisms in
cell metabolism.

oxidative stress-induced harm to

To evaluate lipid

membranes, we monitored the change in malondialdehyde
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Effect of cypermethrin on Hydrogen peroxide scavenging (A), lipid peroxidation (B), SOD (C) and CAT (D) activities, on C. arietinum for 1 and 3h. “p <
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(MDA) concentration. Higher levels of MDA indicate increased
cellular harm and the presence of oxidative stress (Khan
et al, 2019). Our findings revealed a concentration-dependent
response to cypermethrin, with elevated MDA levels observed.
Interestingly, we observed a trend where longer exposure
durations tended to lower SOD and CAT activities (Figures 6C,
D). This was evident in the comparison between the 1 and
3h treatments, suggesting a potential adaptation or regulation
mechanism in response to prolonged cypermethrin exposure.
Several studies have consistently demonstrated that plants have
developed intricate antioxidant defense mechanisms relying
on enzymes like SOD and CAT to neutralize free radicals and
peroxides (Sharma et al., 2024). The enzyme SOD serves as
the primary defense against reactive oxygen species (ROS)
generated during oxidative stress (Khan et al, 2019). The
augmentation of stress tolerance in plants under various stressful
conditions is closely linked to an elevation in the activity
of antioxidant enzymes (Aioub et al, 2021; Khurshid et al,
2024).
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5 Conclusion

The present study aimed to develop a comprehensive
understanding of how cypermethrin influences critical aspects of
development and biochemistry in C. arietinum. The results of this
investigation showed that cypermethrin can alter and negatively
affect the morphology, biochemistry, and physiological aspects
of C. arietinum. The duration of exposure and concentration
of cypermethrin played a crucial role in exacerbating these
detrimental effects. Our concerns regarding the harmful effects of
agricultural pesticides like cypermethrin should be raised by these
results, which also highlight the need for more research on the
nutritional value of products derived from plants and seeds exposed
to these agents. In order to achieve high crop yields, traditional
intensive cropping systems heavily utilize chemical fertilizers,
plant growth regulators, and pesticides. However, increased use
of chemical pesticides on agricultural crops has raised a number
of economic, ecological and health concerns. Governments in
developed nations are establishing goals to limit the use of
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pesticides as awareness of this issue grows, but the adoption and
scope of organic farming are growing more slowly, despite the
efforts of various organizations to support it. This low adoption rate
can be explained by a variety of factors, including the information
given to farmers and their perceptions of the production risk
associated with the new technology. So, more robust efforts are
needed in this direction.
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Perennial ryegrass (Lolium perenne L.) is a key forage species in warm temperate
to subtropical regions worldwide. Climate change poses significant challenges
to agriculture, particularly through drought and heat stress, which adversely
affect ryegrass yield and may be further exacerbated by global warming. Despite
numerous research achievements in recent years, a comprehensive bibliometric
analysis of the literature on drought and heat stress in perennial ryegrass is lacking.
This study provides a quantitative analysis of relevant literature published from
1994 to 2024, utilizing the Web of Science database to evaluate global research
trends and priorities. The results indicate a consistent annual growth in publication
output, with China and the United States being major contributors, and the journal
Crop Science publishing the most papers. Keyword analysis shows that “growth,”
“endophytic fungi,” and "yield” are most frequently used in drought stress research,
while “growth,” “gene,” and “leaf” are common in heat stress research. Over the
past 30 years, research has mainly focused on phenotype, response mechanisms,
and drought and heat resistance techniques in perennial ryegrass. Endophyte
have become a hot topic in drought stress research in recent years and have also
gained attention in heat stress research, suggesting future research directions in
this area. Furthermore, there is a need to strengthen research on the molecular
mechanisms associated with drought stress in ryegrass, as well as to explore
molecular responses to heat stress. The research trend shows increasing attention
to the interaction between drought and heat stress, indicating it will become an
important direction for future studies. The findings of this study offer valuable
insights for guiding future research on perennial ryegrass under drought and heat
stress conditions and provide useful information for researchers in related fields.

KEYWORDS

perennial ryegrass, drought stress, heat stress, bibliometrics, response mechanism

1 Introduction

Global climate change represents a serious worldwide challenge, with wide-ranging
impacts, especially in agriculture. This phenomenon has profoundly affected agricultural
systems by altering temperature patterns and water availability (Gong et al., 2020; Leisner,
2020). According to climate change projections, greenhouse gas emissions may lead to a global
average temperature rise of 1.5-2°C, which is expected to cause more frequent and prolonged
droughts in most crop-growing areas around the world (Naidoo, 2022; Zandalinas et al., 2021).
In crop production, rising temperatures not only exacerbate drought problems but also
increase the frequency and intensity of heat waves. These factors collectively pose significant
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and direct threats to ecosystems and agricultural production (Gornall
etal., 2010; Mittler, 2006). These impacts not only challenge current
agricultural production but also present severe tests for future food
security and agricultural sustainability.

In the coming decades, global agriculture is expected to
experience more severe impacts of climate change, with increased
frequency and intensity of heat and drought events. These stresses
could result in crop yield losses of up to 60%, depending onfactors
such as the crop type, developmental stage, and the severity, type, and
duration of the stress (Jedmowski et al.,, 2015). Drought affects crop
growth by impacting nutrient and water relationships, photosynthesis,
and assimilate allocation, ultimately leading to significant decreases in
crop yield (Farooq et al., 2009; Praba et al., 2009). The severity of
drought-induced damage is often unpredictable, influenced by factors
such as rainfall patterns, soil water retention capacity, and water loss
due to evapotranspiration (Huang et al., 2024). Similarly, heat stress
induces a series of morphological, biochemical, and physiological
changes that greatly affect plant growth and development (Anjum
etal, 2011). Generally, when temperatures exceed the optimal growth
range of plants by 5-10°C, irreversible cellular oxidative damage
occurs, especially affecting photosystems I (PSI) and photosystems II
(PSII) (Pucciariello et al., 2012; Wahid and Close, 2007; Zhao et al.,
2021), leading to delayed growth and wilting (Zhao et al., 2021). Heat
stress can also disrupt carbohydrate metabolism and negatively affect
critical reproductive processes, including stamen and pollen
development, ovule fertilization, fruit set, and seed development,
ultimately leading to yield losses in various crops (Kotak et al., 2007;
Liu et al., 2019; Ozga et al,, 2017; Schauberger et al., 2017; Wahid
et al., 2007).

Drought and heat frequently occur simultaneously, and in
combination with low atmospheric humidity, drought can increase the
vapor pressure deficit (VPD), accelerating the loss of water from both
soil and plant tissues. To counteract increased VPD, plants usually
close their stomata, which is a conservative strategy but often
insufficient to meet the demands of transpirational cooling, resulting
in increased tissue and canopy temperatures (Prasad et al., 2008).
Similarly, water deficits caused by thermal stress require evaporative
cooling to mitigate temperature effects, but under drought conditions,
controlling evaporative cooling to prevent water loss makes plants
more sensitive to heat stress (Craufurd et al., 2013; Steinmeyer et al,
2013). Due to certain physiological characteristics that adapt to stress,
such as canopy temperature, plants may adopt similar regulatory
pathways when facing drought and heat stress (Reynolds et al., 2007).

Perennial ryegrass (Lolium perenne L.) is a high-quality forage and
turf grass native to Europe, Asia, and North Africa, with a cultivation
history of over 100 year (Xie et al., 2020). Due to its ease of cultivation
and low maintenance requirements, perennial ryegrass has been
widely planted in warm temperate and subtropical regions worldwide
(Yu et al, 2021). Fresh perennial ryegrass is palatable and rich in
nutrients, benefiting animal digestion and absorption; its hay is rich
in crude protein and contains various amino acids, vitamins, and
other nutrients, aligning with sustainable animal husbandry practices
(Sun et al,, 2020; Zhang et al., 2020). In dairy production, perennial
ryegrass is superior to many other feeds in terms of corrected milk
solids and fat per hectare, and it can tolerate grazing with uniform
distribution across different seasons, playing an important role in
livestock production (Chapman et al., 2023; Ding et al., 2023; Janke
etal., 2015). However, due to its wide geographical distribution and
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perennial characteristics, perennial ryegrass is highly susceptible to
various environmental stresses, including drought and heat. These
factors are the main limiting factors affecting its growth and
productivity throughout its lifecycle (Huang et al., 2014; Zhou and
Abaraha, 2007). During the sowing and seedling stages, autumn
drought may prevent normal germination and growth; in the mature
stage, heat and drought stress in summer may hinder its survival
through the season (Shen et al., 2008; Wang et al., 2016). Drought
stress leads to decreased forage quality and biomass, causing
premature leaf yellowing and senescence (Rogers et al., 2019). When
summer temperatures exceed 38°C, high heat can disrupt the balance
between development and growth, leading to accelerated metabolic
and physiological changes (Lei and Huang, 2022; Wang et al., 2016).
These environmental stresses exceed the optimal growth conditions
for perennial ryegrass, resulting in decreased forage yield and quality
(Wang et al., 2016). Therefore, addressing global climate change (such
as frequent droughts and heats) has become a key challenge in the
cultivation and management of perennial ryegrass (Armstead et al.,
2006; Mohammadi et al., 2017; Thomas et al., 1999). Therefore,
numerous studies have emerged on drought and heat stress in
perennial ryegrass, underscoring the importance of synthesizing this
growing body of research to identify current trends and future
development directions.

Bibliometrics provides theoretical and methodological tools for
evaluating the scientific productivity, academic impact, and research
frontiers of countries, institutions, or disciplines (Ninkov et al., 2022;
Zhang et al,, 2024). It integrates mathematics, statistics, and literature
studies, focusing on a comprehensive system of quantitative
knowledge. By reviewing the history of research in a particular field,
bibliometric analysis offers valuable insights into the evolution of
research hotspots, the establishment of collaborative networks, and
the identification of emerging research directions (Zhang et al., 2024).
Compared with traditional literature reviews and meta-analyses,
bibliometric analysis can more comprehensively reveal the current
status, frontiers, and potential future trends of a given research field
(Zhou et al, 2024). However, currently, there are no reports on
bibliometric research concerning drought and heat stress in perennial
ryegrass. Although there is a substantial body of literature in related
fields, the quantitative characteristics, development patterns, and
internal relationships of this research remain unclear. To systematically
and objectively summarize global research results on drought and heat
stress in perennial ryegrass, this study employed mainstream
bibliometric software and methods to review research progress across
various growth stages of perennial ryegrass between 1994 and 2024.
This process provides a deep understanding of the history and current
status of drought and heat resistance research in perennial ryegrass
and offers guidance for future research directions.

2 Materials and methods
2.1 Database and search strategy

This study conducted a comprehensive search of the Web of
Science Core Collection (WoSCC) database. For research on drought
in perennial ryegrass, the following search terms were used:
(“perennial ryegrass” OR “Lolium perenne L” OR “Lolium perenne”)
AND (“drought” OR “drought tolerance” OR “drought stress” etc.). For
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studies on heat stress in perennial ryegrass, the search terms were:
(“perennial ryegrass” OR “Lolium perenne L” OR “Lolium perenne”)
AND (“heat” OR “heat tolerance” OR “heat stress” etc.). The search
period spanned from January 1, 1994, to October 16, 2024. There were
no restrictions on language, document type, or data category during
the retrieval process. Initial screening of search results based on
correlation analysis. The titles, keywords, and abstracts of literature
obtained from the search results were checked to determine their
relevance to perennial ryegrass. After excluding irrelevant
publications, the final selection included English articles and reviews.
The literature selection process and the research framework are
detailed in
of perennial ryegrass and 204 publications on heat stress research of

. A total of 680 publications on drought research

perennial ryegrass were selected and output in text format for
further analysis.

10.3389/fsufs.2024.1458552

2.2 Data analysis

VOSviewer software (version 1.6.15) was used to analyze
publication types, years, countries, institutions, journal sources,
co-cited journals, and keywords co-occurrences. Data were
summarized and analyzed using Microsoft Excel 2016, and relevant
charts were generated. Clustering analysis was performed with
VOSviewer to produce social network maps, where node size indicates
the importance or frequency, and the thickness of connecting lines
represents the strength of associations. Additionally, the Bibliometrix
package in R was utilized to analyze author influence and trends in
key keyword changes. This comprehensive approach provided an
in-depth understanding of the research progress in the field of drought
and heat stress in perennial ryegrass, including various bibliometric
indicators such as the number of publications and citation counts.

FIGURE 1
Flowchart illustrating the search strategy and publication filtering steps.
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Data — tolerance” OR “drought stress” et al.) .
Retrieval @239 documents
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3 Results
3.1 Publication trends

Core indicators for evaluating academic publications include the
number of publications and their citation frequency. Figure 2 shows
an increasing trend in the number of publications on drought and heat
stress in perennial ryegrass worldwide from 1994 to 2024. Over the
past 30 years, the average number of citations per article has steadily
increased and then stabilized. This trend may be partly due to newly
published articles gradually replacing earlier works, as current
research often takes longer to accumulate higher citation counts.

The number of articles in drought research is significantly higher
than in heat stress research, indicating that the academic community
places greater emphasis on drought studies. The overall number of
articles is rising, reflecting increasing academic interest in drought
and heat stress in perennial ryegrass. This trend may signify that, as
climate change and environmental challenges become more
prominent, related research fields are receiving more attention and
resource investment.

3.2 Active countries and institutions

3.2.1 Analysis of influential countries/regions and
global cooperation

Figure 3A presents the differences and collaborative trends among
countries involved in drought research on perennial ryegrass. Based
on data from Supplementary Table S1, the graph shows 33 countries
with over five published articles and their collaborative relationships.
The United States ranks first globally with 182 published articles, the
largest number of nodes, the widest range of domain relationships (the
highest TLS), and the highest citation count of 7,658. China follows

10.3389/fsufs.2024.1458552

closely with 127 articles and 2,354 citations. New Zealand ranks third
with 80 papers and 1,938 citations.

Figure 3B presents the distribution and cooperation among
countries in heat stress research on perennial ryegrass. Using data
from Supplementary Table S2, the graph shows 30 countries with over
two published articles and their collaborative relationships. The
United States leads with 67 published articles, the widest domain
relationships (the highest TLS), and 1,973 citations. China, as the
second-largest node, has 58 articles and 1,606 citations. New Zealand
ranks third with 22 articles.

These findings indicate that both China and the United States have
made significant quantitative contributions to drought and heat stress
research on perennial ryegrass. However, in drought research, the
citation rate of Chinese articles is significantly lower than that of the
United States, possibly due to a number of lower-value scientific
articles. Therefore, promoting innovative exploration and reducing
repetitive research is particularly important.

3.2.2 Quantitative analysis of productive and
influential institutions

Figure 4A, along with Supplementary Table S3, shows the
literature coupling relationships among institutions in drought
research. Research institutions in New Zealand, France, the
United States, and China form the core of scientific output. Massey
University leads with 31 articles and occupies a central position in the
network (the highest TLS). Following is the French National Institute
for Agricultural Research (INRA) with 21 articles and Rutgers
University with 19 articles. Notably, Aarhus University, Sichuan
Agricultural University, Lanzhou University, and the University of
Florida, although not in global research hubs, have significant
scientific output and collaborations with numerous institutions.
However, the depth and closeness of these collaborations need
further strengthening.
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FIGURE 2
Annual trends in publications and citations related to drought and heat stress in perennial ryegrass (1994-2024). DT: drought stress; HT: heat stress;
Mean TC per Art: average total citations per article.
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FIGURE 3
Knowledge maps of research on perennial ryegrass in countries: (A) drought stress; (B) heat stress.

Figure 4B, using data from Supplementary Table 54, presents the
inter-institutional literature coupling analysis in heat stress research.
Institutions in China, the United States, and Australia are the main
contributors. Rutgers University ranks first with 15 articles and serves
as a central node (the highest TLS). The Chinese Academy of Sciences
and Nanjing Agricultural University each have 13 articles, playing key

Frontiers in Sustainable Food Systems

roles in China’s academic network. The University of Melbourne,
Teagasc, and AgResearch Limited have also contributed significantly
but need to enhance cooperation intensity with other institutions.
The analysis presented in Figures 3, 4 underscores the dominant
roles of China and the United States in research on drought and heat
stress in perennial ryegrass. Future research efforts should focus on
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expanding cross-regional and interdisciplinary collaborations to
enhance scientific impact.

3.3 Journal contribution and co-citation
analysis

Figure 5A and Supplementary Table S5 present a co-citation
analysis of 262 journals in drought research. Crop Science is the largest
node with 1,516 citations, followed closely by New Phytologist with
1,101 citations and Plant Physiology with 960 citations. The map
displays four clusters (red, green, blue, yellow), corresponding to
environmental change and agriculture, plant physiology and genetics,
microbial-plant interactions, and plant breeding and biotechnology.
This demonstrates that drought resistance research covers forage
production, breeding and genetics, physiological metabolism,
molecular genetics, and biotechnology.

In heat stress research, Figure 5B and Supplementary Table S6
show that Crop Science is the most influential journal with 438
citations, followed by Plant Physiology with 537 citations and the
Journal of Experimental Botany with 259 citations. The map divides
into five clusters (red, green, blue, yellow, purple), representing plant
growth and physiological changes, grass development and utilization,
environmental changes and agricultural research, plant physiology
and biochemistry, and cell tissue structure. These research results
indicate that the study of drought and heat stress on perennial ryegrass
covers a wide range of fields, and Crop Science plays a crucial role in
this research area.

3.4 Most influential papers

In drought research, Supplementary Table S7 lists the top 30 most
cited papers published in 24 journals. Clay and Schardl (2002) article,
cited 887 times in the Web of Science database, is particularly
noteworthy. It reveals the role of endophytic fungi in perennial
ryegrass, emphasizing how their infection can improve drought
tolerance, photosynthetic rate, and growth. Reviewing these articles
shows that the first two mainly explored the effects of drought stress
on growth and yield. Articles ranked 3-13 focused on physiological
and biochemical responses, such as photosynthesis and hormone
Articles ranked 14-18 delved
mechanisms. Researchers also examined management strategies

mechanisms. into molecular
under drought stress, such as mixed planting (Article 19) and
fertilization (Article 20). In the context of climate change, the
symbiotic relationship between endophytic fungi and perennial
ryegrass, especially their role in promoting plant growth and
enhancing drought resistance, has become a research focus in
academia (Articles 21-29). The last paper discussed drought resistance
differences among varieties. These studies highlight critical research
directions, involving yield, physiological and biochemical reactions,
molecular regulation mechanisms, and breeding and cultivation
techniques for drought resistance.

In heat stress research, the top 30 most cited articles were
published in 18 journals (Supplementary Table S8). Xu et al. (2006),
whose paper ranked first with 367 citations, examining physiological
and biochemical responses under heat stress. Zhang et al. (2017), cited
202 times, explored melatonin’s biological functions under heat stress
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and its interaction with plant hormones. Kauffman et al. (2007)
investigated plant hormones’ effects on photosynthetic capacity,
membrane thermal stability, and heat tolerance. Summarizing these
papers reveals that three focused on growth and yield effects under
heat stress. Eight highly cited articles studied physiological and
biochemical reactions, like osmotic regulation and oxidative stress
responses. Sixteen highly cited papers analyzed molecular regulatory
mechanisms. Researchers also emphasized agronomic management
techniques, such as fertilization. These studies not only reveal the
effects of heat stress on plant physiology and molecular levels, but also
emphasize the importance of improving crop heat tolerance through
agronomic management techniques, providing a scientific basis for
addressing climate change.

3.5 Analysis of research hotspots and
evolutionary trends

3.5.1 Most common and trending keywords in
drought resistance research

Figure 6A displays the 20 most frequent keywords. The keyword
“drought stress” has the highest frequency at 627 times, followed by
“perennial ryegrass” (338 times), “growth” (183 times), “fungal
endophyte” (147 times), “yield” (118 times), “CO,” (68 times), “root”
(45 times), “leaf” (43 times), and “photosynthesis” (37 times). This
indicates the significance of studying drought stress effects on growth
and yield, and the interaction mechanisms between endophytic fungi
and perennial ryegrass.

The co-occurrence network (Figure 6B) identifies 198 keywords
that appeared at least three times, grouped into four clusters: (1) Red
cluster focuses on growth and physiological responses, including

» <«

keywords such as “yield,” “endophytes,” “photosynthesis,” “drought
survival strategies,” “physiological responses.” (2) Green cluster centers
on plant hormones and molecular research, featuring keywords like

» o«

“abscisic acid, “hormone metabolism,” “antioxidant enzymes,”
“Arabidopsis,” “gene expression,” “molecular identification.” (3) Blue
cluster emphasizes breeding-related topics, including “interspecific
hybridization,” “breeding,” and “genotype” (4) Yellow cluster
concentrates endophytes and stress responses, such as “fungal

endophytes;
network analysis offers a comprehensive understanding of key themes.

seed germination,” and “environmental pressure” This

Based on Supplementary Table 57, current drought resistance research
focuses on phenotype, response mechanisms, and tolerance
enhancement strategies.

3.5.2 Most common and trending keywords in
heat resistance research

Figure 7A shows the 20 most frequent terms in heat stress
research. “Heat stress” has the highest frequency at 141 times, followed
by “perennial ryegrass” (69 times), “growth” (31 times), “gene” (20
times), “leaf” (20 times), “yield” (18 times), “Arabidopsis” (18 times),
and “water-use” (16 times). This underscores the importance of
studying heat stress effects on growth and molecular mechanisms.

The co-occurrence network (Figure 7B) identifies 84 keywords
that appeared at least twice, grouped into five clusters: (1) Red cluster
focuses on physiology, biochemistry, molecular mechanisms, and
breeding, including keywords like “abscisic acid,” “Arabidopsis,”

» «

“genes;” “heat shock proteins,” and “antioxidant enzymes.” (2) Green
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cluster centers on plant growth under climate change, featuring
“perennial ryegrass,” “cell
membrane stability,” and “germination” (3) Blue cluster highlights

keywords like “climate change,” “CO,,

endophytic fungi and organic compounds, such as “endophytic fungi,”
“alkaloids,” “ergot alkaloids,” and “chemical composition.” (4) Yellow
cluster focuses on plant organic components, including “carbohydrate

reserves, “nutritional value,” and “plant components” (5) Purple
cluster features keywords related to “Temperature and humidity

index” Based on Supplementary Table S8, heat stress research
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emphasizes phenotype, response mechanisms, and tolerance
enhancement strategies.

3.5.3 Evolution of research themes

Figure 8A shows the analysis for drought stress from 1994 to 2024,
divided into three periods: 1994-2004, 2005-2014, and 2015-2024. In
the initial stage (1994-2004), six key themes were identified, with
“gene expression” being the most relevant and persistent across all
periods. In the second period (2005-2014), themes like “drought
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» o«

stress,

» o«

yield, “abscisic acid, “oxidative stress,” “protein,” and
“molecular characterization” emerged. “Drought stress” and “yield”
showed high correlation, indicating a strong link between drought
stress research and yield changes. In the third period (2015-2024), an
increase in keyword variety indicates broader research fields. Notable
keywords include “fungal endophyte, “germination,” and “gene

expression” The shift from phenotypic studies to physiological,
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biochemical, and drought resistance improvement highlights gene
expression as a consistent focus. The emergence of “fungal endophyte”
suggests a future research direction. Current frontiers in drought
resistance research include gene expression and endophytic fungi.
Similarly, Figure 8B presents heat stress research evolution. In the
initial stage, key themes were “yield,” “perennial ryegrass,” and “CO,.

» «

In the second period, themes like “heat stress,” “oxidative stress,”
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“gene,” and “phenolic acids” emerged, with “heat stress” highly
correlated with these words. In the third period, new themes like
“fungal endophyte,” “Arabidopsis,” and “climate change” appeared,
indicating that “fungal endophyte” may become a future focus.

4 Discussion

The challenges posed by global climate change continue to
escalate, particularly the sustained rise in environmental
temperatures, which poses a serious threat to food security and
crop production (Basavaraj and Rane, 2020; Shah et al., 2017).
Extreme weather events such as droughts and heat waves are
expected to become more frequent and intense, serving as major
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factors limiting the growth, geographical distribution, and yield of
perennial ryegrass (Pan et al., 2018; Wang et al., 2017; Yu et al,,
2013). Therefore, understanding the effects of drought and heat
stress on perennial ryegrass, current research progress, and future
research directions is crucial for improving its cultivation
management and yield (Liu and Jiang, 2010; Yu et al., 2015). In this
study, we employed bibliometric methods to analyze all English
academic publications, including articles and reviews, on drought
and heat stress in perennial ryegrass over the past 30 years. The
bibliometric analysis shows that research in this field mainly focuses
on three aspects: the effects of drought and heat stress on phenotypic
changes in perennial ryegrass growth, potential response
and  studies on and  heat

mechanisms, drought

resistance technologies.
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4.1 Phenotypic changes

4.1.1 Effects of drought and heat stress on seed
germination

The development of seeds and the growth of seedlings depend on
suitable soil conditions, which vary depending on the plant type and
include factors such as humidity and temperature levels (Reed et al.,
2022). Drought and rising soil temperatures often have negative effects
on the germination of crop seeds, involving complex physiological
metabolic activities such as enzyme activity and cell division within
the seeds (Huchzermeyer et al., 2022; Wafaa, 2010). For perennial
ryegrass, sufficient water is crucial for seed germination; water not
only promotes enzyme absorption and activation but, when lacking,
leads to delayed germination, thereby affecting the success rate of the
entire germination process (Xiong et al., 2024). Additionally, different
varieties of perennial ryegrass exhibit significant differences in
drought resistance. For example, a study comparing the germination
of four varieties under drought conditions showed that the “Solstice
II” variety exhibited superior germination and seedling growth
abilities under drought stress (Yilmaz and Kisakurek, 2021). Heat
stress can also reduce enzyme activity and interfere with metabolic
processes related to seed germination (Igbal et al., 2024). High soil
temperatures intensify transpiration, reduce the effectiveness of seed
moisture, and thus delay the germination process (Zou et al., 2023).
The ideal growth temperature range for perennial ryegrass is 15-24°C;
beyond this range, an increase in temperature creates heat stress,
limiting its application in temperate regions. Under heat stress
conditions, seedling characteristics of perennial ryegrass—such as
relative germination rate, germination index, vitality index, and root
and seedling length—generally show a downward trend. When the
temperature rises to 35°C, the germination rate sharply decreases, and
the inhibitory effect of heat stress on root and stem growth becomes
increasingly evident (Javaid et al., 2022). Moreover, the combined
effect of drought and heat stress severely inhibits the normal
physiological functions of perennial ryegrass seedlings, leading to
wilting (Rahman et al., 2022).

4.1.2 Effects of drought and heat stress on yield
and phenotype

Drought and heat stress adversely affect the growth and
developmental stages of perennial ryegrass, leading to significant
decreases in yield. Under such environmental pressures, perennial
ryegrass exhibits notable phenotypic adaptive changes to address these
challenges. Under drought stress, the lack of soil moisture directly
affects plant growth and development. When perennial ryegrass
experiences drought stress, its root water absorption capacity is
hindered, disrupting the balance between root water uptake and
canopy transpiration. As drought stress intensifies, parameters such
as leaf relative water content, dark respiration rate, wilting coefficient,
tiller number, and biomass of both aboveground and root systems
show decreasing trends (Patel et al., 2015). Studies have shown that
under severe water scarcity, drought stress can reduce the yield of
fresh grass and hay by 45 and 28%, respectively (Shariatipour et al,
2022), decrease the annual harvest frequency from four to three, and
reduce ryegrass biomass by up to 79% (Kemesyte et al., 2017). Water
shortages in arid environments significantly alter plant morphology,
revealing their drought resistance potential and water-use efficiency
to some extent (Su et al., 2007). Faced with drought stress, plants

Frontiers in Sustainable Food Systems

204

10.3389/fsufs.2024.1458552

typically reduce excessive water consumption by decreasing
aboveground biomass while correspondingly increasing underground
biomass. This strategic redistribution of biomass helps roots absorb
water more effectively, thereby enhancing plant adaptability to
drought stress (Huang et al., 2014; Yang et al., 2014). The root system,
as a key organ for water and nutrient uptake and soil resource
utilization, plays a crucial role in growth and biomass accumulation
and is the first part to perceive and respond to water deficits (Wasaya
et al,, 2018). Under drought conditions, perennial ryegrass resists
stress by forming smaller and thicker leaves and expanding the total
surface area of its roots to absorb more water. Even in extreme drought
conditions, increases in root length and area reveal special adaptive
strategies adopted by plants in arid environments, even though root
deformities and reduced numbers may occur (Jones et al., 1980).

Under heat stress conditions, when perennial ryegrass plants are
subjected to high temperatures above 35°C, this extreme temperature
can directly lead to plant death; leaf color changes from emerald green
to withered yellow, ultimately turning brown (Chen et al., 2023;
Rahman et al.,, 2022). Heat stress can significantly deteriorate the
growth status of ryegrass plants, initially manifested as damage at the
junction of the penultimate and antepenultimate leaf sheaths.
Simultaneously, some leaves begin to wilt, and their color gradually
turns yellow from the base to the tip, followed by damage symptoms
on lodging and aging leaves. If stress persist, these injuries become
irreversible, ultimately leading to decreased forage coverage
(Kauffman et al., 2007; Lei et al., 2022; Yang et al., 2014). During the
maturation stage, heat stress can significantly reduce the effective
number of spikes per unit area. It hinders the vegetative growth of
ryegrass and inhibits material transport, leading to significant
decreases in pollen grain weight and protein content, seriously
affecting reproductive growth. This results in reduced grain numbers
per ear, affecting grain plumpness and thousand-grain weight, and
ultimately decreasing yield (Jung et al., 2021). To adapt to high-
temperature environments, plants cope with heat stress through a
series of complex morphological adjustments. Under heat stress,
plants may exhibit specific thermomorphogenic traits such as
elongation of hypocotyls and petioles, growth of hypocotyl leaves, and
early flowering, which contribute to enhancing photosynthesis and
reproductive capacity under heat stress (Kan et al., 2023). Heat stress
also leads to an increase in specific leaf area, while leaf thickness, cell
layers, and chlorophyll content decrease accordingly. Heat stress
intensify transpiration in leaves, increasing the risk of water loss.
Therefore, plants may develop smaller and denser stomata to reduce
water loss caused by transpiration (Higuchi et al., 1999). Perennial
ryegrass enhances its heat tolerance through adaptive changes such as
reducing plant height, narrowing leaf width, shortening leaf length,
and reducing leaf area (Yang et al., 2024).

4.2 Response mechanism

4.2.1 Physiological mechanisms of perennial
ryegrass in response to drought and heat stress

4.2.1.1 Photosynthesis

In arid environments, the diffusion of carbon dioxide through
stomata and mesophyll tissues is limited, leading to a decrease in CO,
concentration within photosynthetic cells and subsequently reducing
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carbon fixation (Chaves et al, 2009). Under high-temperature
conditions, both carbon fixation and photoreactions are adversely
affected. The carbon-fixing enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) has a dual function, but its specificity
for CO, decreases with increasing temperature. This change enhances
photorespiration, which not only consumes energy but also releases
CO,, thereby reducing the efficiency of net photosynthesis (Moore
et al., 2021). The chlorophyll content in leaves is directly related to
photosynthetic potential and reflects the plant’s adaptability to
drought stress. Drought stress leads to gradual loss of leaf water and
stomatal closure, weakening the plant’s ability to absorb CO,. This
results in the deactivation of the PSII reaction center, affecting the
transfer of photosynthetic electrons and energy conversion, ultimately
reducing overall photosynthetic efficiency (Gunasekera and
Berkowitz, 1993; Medrano et al., 2010). Drought stress also increases
the non-photochemical quenching of chlorophyll fluorescence (NPQ)
by 15 to 47%, which helps protect PSII reaction centers from damage
caused by excess energy (Koscielniak et al., 2006). Research has shown
that under drought stress, the ratio of chlorophyll a to chlorophyll b
increases, which helps ensure the electron supply to PSII and aligns
with the excitation rate of PSI (Ashraf et al.,, 2011).

Under heat stress, the chlorophyll content of ryegrass decreases,
relative conductivity increases, electrolyte leakage rate rises, and
stomatal conductance, instantaneous water-use efficiency, and light
energy-use efficiency decrease (Zhang et al., 2020). The ultrastructure
of leaf cells undergoes significant changes, including chloroplast
expansion, structural damage, morphological alterations, and an
increase in the number of mitochondria and lipid bodies to adapt to
high-temperature environments (Xu et al, 2006). Additionally,
perennial ryegrass slows down chlorophyll degradation by inhibiting
genes involved in chlorophyll catabolism, such as chlorophyll-a
oxygenase, thereby delaying heat-induced leaf senescence (Jespersen
etal, 2016; Zhang et al., 2019; Zhang et al., 2016). Studies have shown
that inhibiting genes involved in chlorophyll degradation, such as
pheophorbide a oxygenas, can effectively slow down the aging process
of perennial ryegrass leaves under heat stress (Zhang et al., 2019).
Chlorophyll a is crucial for enhancing heat tolerance, and reducing the
expression of the chlorophyll catabolism gene LpNOL or applying
chlorophyll derivatives can inhibit heat-induced leaf senescence (Yu
etal, 2022; Zhang et al., 2019). Chlorophyll fluorescence, as a sensitive
physiological indicator, can accurately reflect the maximum quantum
efficiency (Fv/Fm) of PSIL. Maintaining high chlorophyll content and
fluorescence levels can help improve photosynthetic efficiency and
enhance plant heat tolerance (Pan et al., 2018; Zhu et al., 2022).
Moreover, the combined effects of drought and heat stress on
photosynthesis are believed to be synergistic, as stomatal closure not
only limits carbon fixation but may also lead to excess energy,
exacerbating photodamage in the photosystems (Sato et al., 2024).

4.2.1.2 Generation and protective responses to reactive
oxygen species

Under drought and heat stress, oxidative stress indicators—such
as reactive oxygen species (ROS), hydrogen peroxide, and lipid
peroxidation—in perennial ryegrass significantly increase, especially
under combined stress conditions (Rahman et al, 2022). In
chloroplasts, the reaction centers of PSI and PSII are the main sites for
ROS generation; when excess light energy is present, they generate
superoxide (Edreva, 2005). Mitochondria are another source of ROS
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production, where O, is produced through electron leakage from
complexes I and III under abiotic stress conditions (Choudhury et al.,
2017). Due to the similar processes inducing ROS production under
drought and heat stress, their combination synergistically increases
ROS levels (Li et al., 2014). To prevent oxidative damage, plants
activate ROS-scavenging mechanisms, including enzymes such as
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase,
and glutathione peroxidase, as well as antioxidants like ascorbic acid
and glutathione (Kuzniak, 2002). Drought and heat stress typically
trigger these defense processes, but different stress conditions lead to
variations in ROS levels and the induction of ROS detoxification
genes, indicating specific ROS responses under specific stress
combinations (Choudhury et al., 2017; Zandalinas et al., 2018). Under
drought conditions, perennial ryegrass adapts by increasing the
activity of SOD and CAT (Fu and Huang, 2001). Zhang et al. (2015)
found that under drought treatment, resistant varieties had lower
malondialdehyde (MDA) content and less cell membrane damage. To
resist oxidative stress under heat stress, plants activate their
antioxidant defense systems (Hamilton et al., 2012), where SOD and
CAT prevent MDA accumulation, balance free radical production and
scavenging, and enhance plant heat tolerance (Huang et al., 2014; Xu
etal, 2011). Under adverse stresses like drought and heat, the activities
of peroxidase (POD), SOD, and CAT in ryegrass leaves are enhanced,
promoting ROS metabolism balance in cells and improving cell
membrane stability, thereby alleviating stress-induced damage (Wang
et al,, 2022; Wang et al., 2019).

4.2.1.3 Role of osmoregulation

Under drought and heat stress, plant cells maintain osmotic
balance by regulating substances such as proline, soluble sugars, and
proteins. Studies have found that MDA content in different forage is
positively correlated with stress degree, reflecting cell membrane
damage; increased proline content enhances the drought tolerance of
ryegrass (Chen and Murata, 20115 Jafari et al., 2019). As an osmotic
regulator, soluble sugars increase under drought stress, helping plants
adapt to arid environments. Under extreme drought conditions,
increasing the content of hexose and sucrose in leaf sheaths reduces
osmotic potential and enhances drought resistance in perennial
ryegrass (Karsten and Macadam, 2001) Perennial ryegrass resists heat
stress by maintaining high levels of proline and soluble sugar content
(Sun etal, 2020). By maintaining appropriate levels of carbohydrates,
including soluble sugars and fructooligosaccharides, plants protect
their photosynthetic apparatus from thermal damage, maintain
osmotic balance and membrane stability, and slow down leaf
senescence (Wang and Xiong, 2016).

4.2.1.4 Regulatory effects of plant hormones

Recent studies have shown that endogenous and exogenous plant
hormones play important roles in mitigating damage caused by
drought and heat stress. Hormones such as abscisic acid (ABA),
cytokinins (CK), and melatonin (MT) are key in the drought and heat
resistance mechanisms of perennial ryegrass. ABA, as a key hormone
induced by drought, regulates numerous drought-responsive genes
and occupies a central position in abiotic stress signaling (Choi et al.,
2000). MT pretreatment significantly slowed the decline in forage
quality, photochemical efficiency, and relative water content of
perennial ryegrass under drought stress, as well as the increase in
relative conductivity and MDA content. MT maintains cell membrane
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stability by enhancing the activity of SOD, CAT, and peroxidase (Li
and Du, 2019).

Under heat stress, ABA content increases, inducing the expression
of resistance genes, reducing ROS damage to cell membranes,
protecting plants from photoinhibition, and enhancing high-
temperature tolerance (Abro et al., 2023). Cytokinins enhance the
activity of membrane-protective enzymes like SOD, eliminate free
radicals, reduce lipid peroxidation, maintain membrane fatty acid
ratios, and protect cell membrane integrity (Wang, 2000). Maintaining
stable levels of indole-3-acetic acid (IAA) and salicylic acid (SA), as
well as delaying the increase of ABA and the decrease of gibberellin
(GA;), can help improve plant heat tolerance (Li et al., 2020).
Cytokinin and ethylene inhibitors alleviate premature leaf senescence
under heat stress by upregulating the expression of LpWRKY69 and
LpWRKY70 (Chen and Huang, 2022). In perennial ryegrass treated
with MT, the expression of ABA synthesis pathway genes is inhibited,
while the expression of CK synthesis and signaling pathway genes is
upregulated, inhibiting heat-induced leaf senescence (Zhang et al.,
2017). Exogenous MT application alleviates growth inhibition and leaf
senescence caused by heat stress, manifested by increased tiller
number, plant height, leaf chlorophyll content, and decreased
transcription levels of senescence-related genes LpSAG12.1 and Lph3
(Zhang et al., 2017).

4.2.2 Molecular mechanisms of perennial
ryegrass response to drought and heat stress

4.2.2.1 Drought-induced responses: gene expression and
signal transduction

When plants face drought stress, they activate a series of complex
molecular coping strategies involving numerous genes and signaling
pathways. Sensors such as G protein-coupled receptors (GPCRs) and
receptor-like kinases (RLKs) on the cell membrane detect external
drought signals and trigger the expression of drought-responsive
genes through signal transduction networks. In this chain reaction,
secondary messengers like Ca®, ROS, ABA, and transcription
regulators play crucial roles (Mahmood et al., 2020). For example,
GmCIPK2 enhances plant drought resistance by increasing ABA
content and expression of drought-related genes, playing a role in
ABA-mediated stomatal closure (Xu et al., 2021). The MAP3K18
kinase activated by ABA can directly interact with SnRK2.6 kinase and
PP2C phosphatase ABII, participating in the regulation of stomatal
opening and closing in Arabidopsis and improving plant drought
resistance (Tajdel et al., 2016). OsCIPK23 RNAi transgenic plants show
high sensitivity to drought (Li et al., 2014); MAPKSs activate SnRK2s
through phosphorylation, regulating the expression of drought stress
response genes (Mahmood et al., 2020). In combating drought stress,
perennial ryegrass adopts complex regulatory strategies, including
significantly enhanced expression of transcription factors, kinases,
and E3 ubiquitin ligases, promoting ABA and stress signal
transduction (Wang et al., 2023). Amiard et al. (2003) found that
inositol-1-phosphate synthase (INPS) and galactinol synthase (GOLS)
play key roles in regulating the content of raffinose and stachyose
under drought stress. Foito et al. (2009) identified functional genes
regulated under drought stress through metabolomics and
transcriptomics analysis. The cytochrome P450 gene LpCYP72A15, as
a potential gene for osmotic stress tolerance, demonstrates excellent
antioxidant and osmoregulatory abilities, effectively enhancing
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drought tolerance in ryegrass (Xing et al., 2024). In arid environments,

» «

adaptive variations of genotypes such as “Accelerate,” “Icon,” and
“Haymaker” form an important foundation for ryegrass drought
tolerance (Majeed et al., 2023). Genome-wide association studies
(GWAS) have shown that under drought stress, late embryogenesis
abundant protein 3 (LpLEA3) and superoxide dismutase (LpFeSOD)
play crucial roles in maintaining leaf water balance (Yu et al., 2013).

Determining the role of drought-responsive genes in perennial
ryegrass adaptation through genetic transformation is significant for
elucidating its drought resistance mechanisms. Transcription factors
are regulatory proteins that respond to drought stress by modulating
gene expression at the transcriptional level. Plants activate or inhibit
specific transcription factors through MAPK and CDPK cascade
signal transduction pathways, affecting cis-regulatory elements of
stress-related genes to enhance or inhibit their transcription. These
transcription factors include MYB, NAC, WRKY, and ERF/DREB,
playing important roles in plant responses to drought stress (Baillo
et al., 2019). Genes responsible for transcriptional regulation, ROS
scavenging, and osmoregulation of soluble sugars and proline in
perennial ryegrass seedlings (such as DREB, NAC, MYB) are crucial
under drought stress (Demirkol et al., 2023; Liu and Jiang, 2010). In
Arabidopsis, overexpression of the bZIP transcription factor AREBI
increases sensitivity to ABA and enhances drought tolerance (Fujita
et al., 2005). Previous studies have shown that transgenic perennial
ryegrass overexpressing LpHIBI exhibits better drought tolerance,
including higher relative water content, leaf water potential,
chlorophyll content, and photosynthetic rate, indicating that HUBI
may play an important role in abiotic stress tolerance (Patel et al.,
2015). Recent research shows that expressing the rice miR408 gene in
perennial ryegrass through genetic modification can enhance drought
tolerance, possibly related to leaf morphology adjustment and
improved antioxidant capacity (Hang et al., 2021). Additionally,
LpP5CS (pyrroline-5-carboxylate synthase) plays a crucial role in
various stress responses and is a potential candidate gene for stress-
related molecular breeding in perennial ryegrass. Overexpression of
LpP5CS in tobacco plants, especially the mutant form LpP5CSAF128A
not inhibited by proline feedback, enhances tolerance to drought
stress (Cao et al.,, 2015). Using a yeast ectopic expression system,
LpSAPK9 was identified as a candidate positive regulatory factor for
drought tolerance. LpSAPK9 showed distinct expression changes in
drought-tolerant ryegrass varieties, indicating that its expression level
is related to drought tolerance. These results contribute to further
analysis of LpSAPKs for molecular breeding of ryegrass and related
grass species (Xing et al., 2022).

4.2.2.2 Heat-induced responses: gene expression and
signal transduction

Identifying key regulatory genes affecting heat tolerance and
exploring their mechanisms of adaptation provides references for
improving heat tolerance in perennial ryegrass. The process of plant
response to heat stress is complex, involving interactions among
numerous transcription factors and signaling molecules, forming a
regulatory network (Zhang et al., 2020). The homeodomain leucine
zipper (HD-Zip) transcription factor family plays an important role
in regulating plant development and responding to abiotic stresses,
including heat stress. RT-PCR results showed that the expression
levels of LpHOX6, LpHOXS, and LpHOX24 (HD-Zip I transcription
factors) in perennial ryegrass were negatively correlated with heat
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tolerance, while LpHOX21 expression was positively correlated (Wang
et al, 2019). Dai et al. (2017) found through sequencing and
methylation analysis using sodium bisulfite that the P450 gene
LpCYP72A161 in perennial ryegrass is epigenetically regulated under
heat stress. Zhang et al. (2020) conducted heat tolerance identification
and molecular marker experiments on 98 varieties and found that four
chlorophyll catabolism genes (LpNYC1, LpNOL, LpSGR, and LpPPH)
were closely related to heat tolerance. Additionally, heterologous
expression of perennial ryegrass LpHSFCIb in Arabidopsis can
significantly improve heat resistance in transgenic Arabidopsis (Sun
et al., 2020). This study provides new insights into the epigenetic
regulation of perennial ryegrass genes under heat stress.

In addition to transcriptional regulation, post-transcriptional and
post-translational regulations play important roles in plant responses
to heat stress. MicroRNAs (miRNAs) participate in heat stress
responses by regulating transcription factor activity. Under high-
temperature conditions, miRNA398 in Arabidopsis promotes the
accumulation of heat shock transcription factors (HSFs) by inhibiting
three ROS-scavenging enzymes, thereby enhancing heat tolerance
(Guan et al,, 2013). Overexpression of miRNA160 in Arabidopsis can
inhibit ARF10, ARF16, and ARF17, activate a series of downstream
heat shock protein (HSP) genes, and enhance heat tolerance (Lin et al.,
2018). The expression of HSFAI in Arabidopsis is also feedback-
regulated by small RNAs. miR398 induced by HSFAI inhibits the
expression of ROS-scavenging genes CSDI (copper/zinc superoxide
dismutase 1), CSD2, and CCSI (copper chaperone of SOD1), leading
to excessive ROS accumulation, positively regulating HSFAI
expression and ultimately affecting heat tolerance (Guan et al., 2013).
Studies have also found that DREB2A remains stable under high-
temperature stress through SUMO modification, helping improve heat
tolerance (Wang et al., 2020).

4.2.2.3 Heat shock proteins regulating drought and heat
resistance

Plants exposed to high temperatures and/or drought produce
excessive free radicals (0,7, H,O,, OH"), leading to cell damage and
oxidative stress, which inhibit crucial cellular and metabolic processes
(Hussain et al., 2019). These combined effects can slow plant growth
and even cause wilting or death. Genetic and genomic studies have
shown that many proteins and antioxidant genes are involved in plant
responses to heat and drought stress (Al Khateeb et al., 2020; Bourgine
and Guihur, 2021). These candidate proteins and genes protect plants
from abiotic stress through cellular homeostasis, metabolic protein
regulation, signal transduction, and antioxidant defense (Rahman
et al,, 2021; Wang et al., 2004). For example, overexpression of the
TaHsfA6f gene in Arabidopsis significantly enhances tolerance to heat
and drought (Bi et al.,, 2020). Li et al. (2014) analyzed the GmHsf
family in soybean and found that Arabidopsis plants overexpressing
GmHsf-34 exhibited stronger heat and drought tolerance. Ma et al.
(2022) identified and characterized 16 putative Hsf genes through
whole-genome bioinformatics analysis, including eight HsfA, five
HsfB, and three HsfC in ryegrass. These genes mostly respond to early
heat stress and also to late drought stress. Functional analysis of
LmHSFAS5, induced by high temperature and drought, showed that it
may positively regulate heat and drought tolerance by directly
activating the expression of LmHSP18.2 and LmAPX2 in ryegrass.
Rahman et al. (2022) investigated the transcriptional response of HSP
and antioxidant genes in perennial ryegrass under combined heat and
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drought stress. The study showed that oxidative stress indicators
significantly increased under combined stress, while HSP70, HSP90-6,
and mitochondrial small HSP26.2 showed high expression levels.
Additionally, up to 90% of Hsfs in sesame have drought responsiveness
(Dossa et al,, 2016), and ZmHSFO06 has a positive regulatory effect on
drought tolerance in Arabidopsis (Li et al., 2015). Jiang et al. (2016)
compared responses and gene expression differences of two perennial
ryegrass varieties during deficit irrigation and growth recovery. The
results showed significant differences in transcription levels of heat
shock cognate protein 70 (HSC70), iron superoxide dismutase
(FeSOD), and plasma membrane intrinsic protein 1 (PIPI) in leaves
and stems, providing important evidence for further exploration of
molecular mechanisms in drought resistance.

To resist heat stress, HSPs are induced and act as molecular
chaperones to prevent protein denaturation, a process controlled by
heat stress transcription factors. In the HSF gene family, the LpHSFCIb
gene is significantly induced after heat treatment and is a core
regulatory gene (Scharf et al,, 2018). The FaHSFC1b gene of tall fescue
and the LpHSFC1b gene of perennial ryegrass have been confirmed to
be involved in plant heat stress responses. Overexpression of these
genes can enhance heat tolerance in transgenic Arabidopsis and
promote the expression of HSFA genes, HSP genes, and ABA
synthesis-related gene NCED (Sundaram and Rathinasabapathi, 20105
Zhuang et al., 2018). Arabidopsis transformed with the LpHSFC1b
gene showed decreased electrolyte leakage and MDA content, as well
as significantly increased expression of heat stress response genes (Sun
et al., 2020). RNA-seq analysis showed that the HSFA and HSFB
subfamilies in ryegrass are closely related to heat tolerance (Yang et al.,
2012). After 10 h of high-temperature treatment, about 25% of gene
expression in ryegrass leaves showed significant changes, with genes
A2, A3, A4, A6, and A9 in the HSFA subfamily and B genes in the
HSFB subfamily significantly upregulated, indicating the important
role of HSFA and HSFB in heat stress adaptation (Wang et al., 2017).

4.3 Strategies to improve drought and heat
resistance in perennial ryegrass

4.3.1 Enhancing resistance through exogenous
substances

Under drought stress, the water absorption capacity of perennial
ryegrass roots may be impaired. However, increasing the root-to-
shoot ratio can enhance root water uptake, effectively mitigating the
negative effects of drought stress. Adopting appropriate cultivation
and management strategies can significantly improve the drought
resistance of ryegrass. Although drought stress typically restricts
ryegrass growth, appropriate fertilization measures can promote
biomass accumulation (Ponce et al., 1993). For instance, applying
suitable concentrations of potassium fertilizer in arid environments
can significantly improve seed germination rates, increase leaf
thickness, and enhance the root-to-shoot ratio, thereby bolstering
drought resistance (Hoffman et al., 2010). The application of nitrogen
fertilizer has also been shown to significantly increase the dry matter
yield of ryegrass and improve feed quality (Abraha et al., 2015).
Additionally, the use of silicates can alleviate physiological changes in
ryegrass under drought stress, while plant growth regulators can
reduce the rate of quality loss under such conditions (Hahn et al,
2008; Mahdavi et al., 2016). Spraying uniconazole has been found to
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reduce plant height, promote tillering, and improve stress resistance;
foliar application of uniconazole enhances the drought resistance of
ryegrass to varying degrees under drought stress (Ma et al., 2009). The
application of rice husk biochar (RHB) improves shoot and root
growth, increases chlorophyll content, and enhances photosynthetic
efficiency, thereby augmenting drought tolerance (Safari et al., 2023).
Methyl jasmonate (MeJA) treatment increases endogenous indole-3-
acetic acid (IAA) and MeJA levels in ryegrass under drought stress,
contributing to increased biomass and improved drought resistance
(Wei et al., 2024). Adding sludge to the soil can significantly improve
growth rates and osmotic regulation under drought stress, enhance
photosynthesis and water-use efficiency, and ultimately strengthen
drought resistance (Bermanec et al., 2016).

In summer, moderate application of nitrogen fertilizer can meet
the energy needs of plants to resist high temperatures. Adequate
phosphorus fertilization helps plants absorb water from deeper soil
layers, supplementing the insufficient surface moisture caused by high
temperatures. Increasing potassium fertilizer application can enhance
the heat resistance of forage, possibly because potassium promotes
photosynthesis, accelerates protein and starch synthesis, compensates
for excessive consumption of organic matter under high temperatures,
and slows the aging process of forage (Gong et al., 1998). The
application of plant growth regulators can effectively improve the heat
resistance of ryegrass, enabling it to survive hot summer days safely.
For example, the use of chemicals such as paclobutrazol (PPs3;) can
enhance plant heat resistance. Xiong et al. (2006) found that spraying
PPs;; at different concentrations on perennial ryegrass significantly
reduced leaf emergence rates compared to the control group, while
increasing the accumulation of free proline, relative leaf water content,
soluble protein content, and enhancing the activities of ascorbic acid,
peroxidase, and nitrate reductase. These changes work together to
significantly enhance the heat tolerance of perennial ryegrass.

4.3.2 Enhancing resistance through symbiotic
bacteria

Perennial ryegrass forms mutually beneficial symbiotic
relationships with endophytic fungi. The grass provides space and
essential nutrients for the fungi, while endophytic fungi play key roles
in promoting plant growth and enhancing resistance to biotic and
abiotic stresses (Clay and Schardl, 2002; Gao et al., 2024; Zhao et al,
2024a). The impact of endophytic fungi on the resistance of perennial
ryegrass has become an important research topic internationally.
Numerous studies have shown that endophytic fungal infections can
enhance the drought tolerance of perennial ryegrass (Kane, 2011),
reduce damage caused by stress (Deng et al., 2020), and influence
tillering (Ravel et al., 1997) and physiological responses. Endophytic
fungi enhance the drought resistance of the host by boosting its
osmotic regulation and reactive ROS scavenging systems (IVla et al.,
2020). Hesse et al. (2003) reported that under drought conditions,
endophytic fungi increased the root-to-shoot ratio and root dry
weight of ryegrass; subsequent studies found that they significantly
increased seed yield.

Endophytic fungi also play crucial roles in plant growth and
resistance to environmental stresses like heat stress. They effectively
eliminate harmful ROS by inducing antioxidant enzyme production,
thereby enhancing the plant’s antioxidant defense system. Endophytes
can regulate plant hormone levels, promote the synthesis of ABA, and
enhance heat tolerance (Ding et al., 2024; Sahu et al., 2022). Research
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has found that inoculation with Aspergillus oryzae significantly
enhances the heat and drought resistance of perennial ryegrass. After
treatment with Aspergillus nidulans, ABA content in ryegrass leaves
significantly increased, while salicylic acid content decreased (Li et al.,
20215 Wei et al.,, 2023b). Inoculation with arbuscular mycorrhizal
(AM) fungi can enhance the antioxidant defense capacity and
hormone levels of ryegrass under heat stress. Wei et al. (2023a) found
that high-temperature stress significantly inhibited the growth of
perennial ryegrass. However, inoculation with AM fungi combined
with melatonin treatment upregulated the expression of melatonin
synthesis genes in the ryegrass root system, increased endogenous
melatonin content, enhanced antioxidant enzyme activity, reduced
oxidative damage, and improved osmotic regulation ability, thereby
enhancing heat tolerance (Zhao et al., 2022).

4.3.3 Breeding and cultivating superior varieties

4.3.3.1 Drought-resistant breeding strategies

Cultivating drought-resistant varieties is fundamental to
improving plant drought tolerance. With the development of modern
biotechnology, breeding research on perennial ryegrass has gained
new opportunities and methods. Traditional breeding techniques,
such as introduction, hybridization, and selection, have long
improvement cycles and limited genetic material (Ahmar et al., 2020).
Advances in biotechnology have provided new possibilities for
cultivating drought-tolerant varieties.

Introduction is an important method for developing ryegrass
production by bringing in excellent varieties from abroad or other
regions, conducting adaptability assessments, and evaluating their
suitability for promotion in specific areas. Among the 29 ryegrass
varieties introduced by Huang et al. (2008) from Germany, “Taurus,”
“Barfort,” “Gemini,” “Fastyl,” and others showed good adaptability in
Sichuan; “Defo,” “Prestyl,” “Pomerol,” and others provided excellent
genetic material for breeding new ryegrass varieties, accelerating the
breeding process. “Winter Pasture 70” ryegrass exhibits characteristics
of drought tolerance, low fertility requirements, and strong stress
resistance, with yields surpassing those of Italian ryegrass and
perennial ryegrass (Liu et al., 2006). Through introduction, excellent
germplasm resources can be obtained. Wild and cultivated ryegrass
germplasm resources can be collected and sorted, and through
domestication experiments and selective breeding, valuable parents
can be provided for breeding new varieties.

As astrictly cross-pollinated plant, perennial ryegrass may achieve
trait improvements through mixed selection and single-plant selection
methods; cyclical selection can improve ryegrass populations (Sheng
and He, 2003). In an experiment conducted by Mo et al. (2009) in
Guizhou, excellent plants were selected from the seed breeding
population of American varieties. After repeated selection and
improvement, the high-yield and high-quality “Guicao No. 1” Italian
ryegrass was bred. A comparative study on the drought tolerance of
nine perennial ryegrass varieties found that the dry matter content of
the Norwegian germplasm was 50% higher than that of the second-
best performing germplasm. After six drought cycles, the dry matter
content was more than seven times higher than that of the reference
variety “Grasslands Impact,” demonstrating excellent performance
under drought stress (Daliya et al., 2018). A study on the genetic
variation of drought resistance in 18 varieties revealed diversity among
varieties and inconsistencies between survival rate and growth status.
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The “Sopin” variety performed the best under two drought conditions,
adapting to drought by regulating starch and sugar metabolism,
antioxidant enzyme activity, and transcriptional regulation
mechanisms (Wang et al., 2023).

Hybrid breeding, as an effective genetic improvement method,
can integrate the excellent traits of both parents. Through gene
recombination and interaction, offspring with heterosis surpassing the
parents’ traits may be bred (Zhao et al., 2024b). For cross-pollinated
ryegrass, hybridization between different varieties of the same species
is convenient, and interspecific hybridization is also feasible, often
resulting in fertile hybrids. Distant hybridization has proven effective
for enhancing stress resistance in perennial ryegrass. Liu et al. (2004)
confirmed through isoenzyme analysis that “Changjiang No. 2” Italian
ryegrass is a hybrid of “Abode” and “Ganxuan No. 1,” integrating the
excellent qualities of both parents. Studying the drought tolerance of
hybrid offspring from perennial ryegrass and tall fescue revealed that
drought-tolerant ryegrass varieties could be developed through
intergeneric hybridization (Wang and Bughrara, 2008).

Mutation breeding, as an effective means of genetic improvement,
has been widely applied in drought-tolerance breeding of perennial
ryegrass. Using spatial conditions for mutagenesis can generate high-
frequency and significant variations, with most trait variations being
heritable. Yan and Zhang (2008) observed the germination rate,
phenological period, and agronomic traits of “Changjiang No. 2”
Italian ryegrass seeds carried by the “Shijian 8” satellite. They found
that the germination rate of the space-exposed seeds reached 98.34%,
higher than the control group; the later growth rate was faster, and the
coeflicient of variation for various agronomic traits was significantly
higher than the control. Further research showed that the endogenous
hormones, ion content, and nutrient elements of perennial ryegrass
seeds infected with endophytic fungi (E+) and uninfected (E—)
changed after aerospace mutagenesis, these changes promoted host
plant growth and ultimately improved drought resistance (Ma et al.,
2020). Dong et al. (2018) successfully obtained mutant strains B9, B10,
and B12 with strong drought resistance under drought stress by using
EMS to induce mutations in seeds of the perennial ryegrass variety
“Prime Minister”

Global research focuses on introducing key functional genes
into perennial ryegrass to improve its physiological characteristics.
Given that perennial ryegrass is a cross-pollinated crop with high
self-incompatibility, achieving homozygous stability of excellent
genes is challenging, making genetic improvement relatively
difficult. However, advances in biotechnology breeding have
brought new hope. The application of genetic engineering, cell
fusion, and molecular marker-assisted breeding techniques has
improved breeding accuracy and speed, helping cultivate new
varieties with ideal traits (Araghi et al., 2014; Foolad et al., 2001).
Yang et al. (2006) transformed the DREBIB (CBFI) gene using a
gene gun method and subjected 36 transgenic plants to drought
treatment. After 25 days of drought, three plants showed signs of
survival, and one revived after rehydration. Han et al. (2007)
introduced DREBIA and BADH-CMO genes into embryogenic
callus tissue of perennial ryegrass using gene gun and
Agrobacterium-mediated techniques. The transgenic plants
obtained showed strong tolerance to drought stress and produced
fertile transgenic plants with enhanced drought resistance and
normal growth. Zhang et al. (2011) cloned the Ac-I-FFT gene from
ice grass using transgenic technology and transferred it into ryegrass
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to cultivate a new variety with enhanced drought resistance. Jaskune
etal. (2020) successfully identified single nucleotide polymorphism
(SNP) markers adjacent to the Phytochrome B (PhyB) and MYB41
transcription factor genes in perennial ryegrass using genome-wide
association studies (GWAS). Research showed that the expression
of these genes is closely related to leaf growth and yield under
drought stress, playing roles in regulating drought response
mechanisms. These SNP markers have the potential to become
valuable resources for improving biomass and breeding strategies of
perennial ryegrass under drought conditions. Akinroluyo et al.
(2021) found through RNA sequencing that tetraploid lines of
Italian ryegrass (Lolium multiflorum) have higher drought resistance
and survival rates than diploid lines due to high expression of
functional protein and dehydration protein genes. Additionally, the
release of the perennial ryegrass genome has made predictive
research based on genomic data possible, aiding in the selection of
perennial ryegrass and providing a foundation for breeding other
ryegrass species (Byrne et al., 2016).

4.3.3.2 Heat-resistant breeding strategies

To enhance the resistance of perennial ryegrass to heat stress,
several strategies can be adopted. Firstly, introducing new ryegrass
varieties with excellent heat resistance based on the natural ecological
conditions of different regions is considered the most economical and
effective way to improve resistance in ryegrass production. Secondly,
selecting ryegrass varieties with good heat resistance through hybrid
breeding, mutagenesis breeding, biotechnology breeding, or a
combination of conventional and biotechnology breeding is a
comprehensive strategy to prevent and address susceptibility to high-
temperature stress (Kimbeng, 1999; Li et al., 2008; Soliman et al,,
2021). Currently, research on heat-resistant breeding of perennial
ryegrass mainly focuses on screening germplasm resources. For
example, Zhang et al. (2020) subjected 98 varieties to a 24-day heat
treatment at 35°C/30°C and evaluated their heat tolerance using eight
physiological indicators. They successfully identified five heat-resistant
and five heat-sensitive varieties. The study also showed that the
perennial ryegrass variety “Emerald” has poor heat tolerance (Sun
et al., 2020). Shi et al. (2010) used the conductivity method to
determine the heat tolerance of 12 ryegrass varieties and found that
“Esquire” and “Granddaddy” exhibited high heat tolerance after heat
stress and recovery, demonstrating good heat resistance characteristics.
Furthermore, Soliman et al. (2021) successfully cultivated 72 F, hybrid
offspring by crossbreeding the heat-resistant variety “Kangaroo
Valley” with the heat-sensitive variety “Norlea” These offspring exhibit
significant additive genetic variation in heat tolerance, providing
valuable genetic resources for improving the heat tolerance of
perennial ryegrass. In another study, Wang et al. (2016) subjected
perennial ryegrass to high-temperature treatment at 40°C for 10 h
and, compared with ryegrass under normal growth conditions, used
RNA sequencing to identify 52 heat shock transcription factor (HSF)
genes. Similarly, Wang et al. (2017) conducted RNA sequencing on
perennial ryegrass treated at 35°C for 6 h and identified four candidate
genes related to the C, carbon fixation pathway. The significant
differences in heat tolerance among perennial ryegrass varieties are
mainly caused by genetic diversity. Phenotypic and genetic diversity
analysis is necessary for in-depth research on heat tolerance
mechanisms, screening promising plant materials, and developing
effective breeding strategies (Zhu et al., 2022).
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5 Conclusion

In this study, we utilized bibliometric methods to comprehensively
summarize and analyze the global literature on drought and heat stress
in perennial ryegrass over the past 30 years. This analysis clarifies the
overall knowledge framework of research in this area and provides a
detailed and comprehensive reference for future studies. Our findings
indicate a significant upward trend in research output during this
period, with China and the United States emerging as major
contributors. Notably, the journal Crop Science published the highest
number of relevant papers. Keyword analysis revealed that “growth,”
“endophytic fungi,” and “yield” are the most frequently used terms in
drought stress research, while “growth,” “gene;” and “leaf” are prevalent
in heat stress studies. Research has predominantly focused on
phenotypic changes, response mechanisms, and techniques to
enhance drought and heat resistance in perennial ryegrass. Endophytic
fungi have become a hot topic in recent drought stress research and
have also attracted considerable attention in heat stress studies,
suggesting that this area may continue to develop in the future.
Furthermore, there is a need to strengthen research on the functions
and mechanisms of genes related to drought stress in ryegrass and to
further explore molecular response mechanisms under heat stress.
Trend analysis indicates that the interaction between drought and heat
stress is receiving increasing attention, suggesting it will become an
important direction for future research. Monitoring the hotspots and
frontiers in perennial ryegrass research on drought and heat stress can
help effectively identify key turning points and lay the foundation for
future studies. The results of this study not only provide guidance for
future research on perennial ryegrass under drought and heat stress
but also offer valuable information for researchers in related fields.
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