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Abstract

The adverse effects of mounting environmental challenges, including extreme

temperatures, threaten the global food supply due to their impact on plant growth

and productivity. Temperature extremes disrupt plant genetics, leading to significant

growth issues and eventually damaging phenotypes. Plants have developed complex

signaling networks to respond and tolerate temperature stimuli, including genetic,

physiological, biochemical, and molecular adaptations. In recent decades, omics tools

and other molecular strategies have rapidly advanced, offering crucial insights and a

wealth of information about how plants respond and adapt to stress. This review

explores the potential of an integrated omics-driven approach to understanding how

plants adapt and tolerate extreme temperatures. By leveraging cutting-edge omics

methods, including genomics, transcriptomics, proteomics, metabolomics, miRNAo-

mics, epigenomics, phenomics, and ionomics, alongside the power of machine learn-

ing and speed breeding data, we can revolutionize plant breeding practices. These
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advanced techniques offer a promising pathway to developing climate-proof plant

varieties that can withstand temperature fluctuations, addressing the increasing

global demand for high-quality food in the face of a changing climate.

1 | INTRODUCTION

Climate change has resulted in significant temperature fluctuations

worldwide, posing a critical challenge to plant growth, yield, and distri-

bution (Raza et al., 2019; Zandalinas et al., 2021; Farooq et al., 2022;

Rivero et al., 2022; Zandalinas et al., 2023). Crops in field environ-

ments experience a wide range of temperature stress, including heat

stress (HS; >25�C), chilling stress (CS; 0–15�C), and freezing stress

(FS; <0�C), which seriously threaten agricultural food production

(Zhang et al., 2019; Raza et al., 2021c; Zandalinas and Mittler, 2022;

Raza et al., 2023e; Raza et al., 2024; Saeed et al., 2023). In response

to these extreme temperatures, plants use a range of morphological,

physiological, biochemical, molecular and cellular adaptations, which

have been reviewed extensively in recent literature (Zhang

et al., 2019; Raza et al., 2021c; Zandalinas and Mittler, 2022; Sharma

et al., 2022; Ding and Yang, 2022; Djalovic et al., 2023; Raza et al.,

2023c; Raza et al., 2023e; Saeed et al., 2023). Temperature stress,

whether in isolation or combined with other stressors, can induce oxi-

dative damage in plants (Zandalinas et al., 2018; Mittler et al., 2022;

Zandalinas and Mittler, 2022). Consequently, HS and CS impede plant

development by causing cellular injury or even cell death, leading to

reduced membrane fluidity, decreased antioxidant enzyme activities,

altered biosynthesis of various proteins and secondary metabolites,

and changes in hormonal signaling and source–sink relationships after

prolonged exposure (Zhang et al., 2019; Abdelrahman et al., 2020;

Raza et al., 2021c; Sharma et al., 2022; Ding and Yang, 2022; Kumar

et al., 2022; Raza, 2022; Raza et al., 2023c; Djalovic et al., 2023; Raza

et al., 2023e; Raza et al., 2024; Saeed et al., 2023). Understanding

how plants adapt to, respond to, and tolerate temperature fluctua-

tions is crucial for enhancing plant productivity under changing cli-

matic conditions. Investigating how plants have developed stress

tolerance and survival strategies to mitigate the adverse effects of

temperature stress can provide insights for innovative approaches in

breeding temperature-smart crops.

In response to external and internal stimuli, plants must autono-

mously regulate their growth and development. Over the past few

decades, various biotechnological techniques have been harnessed to

understand the mechanisms and pathways underpinning plant

responses and tolerance to temperature stress. Among these tools,

omics approaches (e.g., genomics, transcriptomics, proteomics, meta-

bolomics, miRNAomics, epigenomics, phenomics, and ionomics) at tis-

sue or single-cell levels have emerged as cutting-edge methods with

the potential to advance crop improvement and ensure global food

security (Figure 1) (Varshney et al., 2018; Esposito et al., 2019;

Varshney et al., 2020; Varshney et al., 2021b; Varshney et al., 2021a;

Sinha et al., 2021; Raza et al., 2021c; Raza et al., 2021a; Shen

et al., 2022; Derbyshire et al., 2022; Raza, 2022; Raza et al., 2022b;

Yan and Wang, 2023; Benitez-Alfonso et al., 2023; Jan et al., 2023c;

Raza et al., 2023a; Raza et al., 2023b). These revolutionary omics

approaches play a fundamental role in stress-smart breeding pro-

grams, offering significant insights into genetic, molecular, and physio-

logical aspects shaping plant responses to temperature stress. By

unraveling complex molecular systems, these approaches aid in

designing temperature-smart plants with enhanced tolerance and

yield, contributing to sustainable agriculture and addressing global

food security challenges.

Similarly, machine learning (ML) (Singh et al., 2016; Yoosefzadeh

Najafabadi et al., 2023; Yan and Wang, 2023) and speed breeding

(SB) (Watson et al., 2018; Hickey et al., 2019; Alahmad et al., 2022)

methods have gained widespread use to expedite breeding programs

and develop new cultivars within shortened timeframes (Figure 1). Nota-

bly, ML can explore extensive datasets and forecast complex traits,

enhancing cultivar productivity and enabling informed decisions for trait

advancement, such as temperature-smart plants (Singh et al., 2016; Yoo-

sefzadeh Najafabadi et al., 2023; Yan and Wang, 2023). In contrast, SB

accelerates plant growth and shortens breeding cycles, facilitating the

rapid generation of new cultivars. Moreover, SB significantly expedites

traditional breeding timelines and influences the swift development of

stress-smart and high-yielding plant varieties (Watson et al., 2018;

Hickey et al., 2019; Alahmad et al., 2022).

This review comprehensively discusses the impacts of climate

change and extreme temperatures on crop production. It also eluci-

dates recent advances in various omics approaches with the potential

to enhance the breeding and development of temperature-smart

plants. Moreover, it explores the potential of single-cell omics-assisted

breeding, ML, and SB in accelerating the creation of climate-smart

plants. Ultimately, this review offers an up-to-date overview of fast-

track breeding methods that could be pivotal in developing

temperature-smart crop plants to meet future challenges.

2 | IMPACT OF CLIMATE CHANGE AND
EXTREME TEMPERATURE ON CROP
PRODUCTION

Climate change presents a constant and profound threat, exerting

substantial pressure on various global economic sectors. The agricul-

tural sector, heavily reliant on stable climate conditions, is particularly

vulnerable, resulting in widespread yield losses on a global scale

(Zandalinas et al., 2021; Farooq et al., 2022; Rivero et al., 2022;

Benitez-Alfonso et al., 2023). Climate change contributes to the

increase in the frequency and severity of various abiotic stresses,

including temperature, salinity, drought, and flooding, which adv-

ersely affect crop production (Figure 2A) (Raza et al., 2019;
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Zandalinas et al., 2021; Farooq et al., 2022; Gonzalez et al., 2022;

Rivero et al., 2022; Benitez-Alfonso et al., 2023; Djalovic

et al., 2023; Varshney and Bohra, 2023; Zandalinas et al., 2023).

These repercussions of climate change are predicted to affect

agricultural yields in the years ahead (Figure 2B). Recent reports

on climate change highlight its origins in natural factors, human

activities, and deforestation. Human consumption of fossil fuels,

the accumulation of harmful greenhouse gasses (GHGs), and land

use practices have led to a dangerous escalation in atmospheric

carbon dioxide (CO2) concentrations, increasing from 284-

410 ppm since the Industrial Revolution. Projections indicate a fur-

ther increase to 730–1,000 ppm by 2100. Anthropogenic activities

have also contributed to increased methane (CH4) and nitric oxide

concentrations in the atmosphere, further exacerbating global

warming (Raza et al., 2019; Morán-Ord�oñez et al., 2020) (https://

www.wri.org/insights/2023-ipcc-ar6-synthesis-report-climate-change-

findings; https://www.ipcc.ch/ar6-syr/; https://www.un.org/en/

climatechange/science/causes-effects-climate-change).

Recent data suggests that abrupt changes driven by climate

change will intensify the frequency and magnitude of precipitation,

temperature fluctuations, and extreme events like heat waves.

These changes pose a significant challenge to plant survival and

crop yields (https://www.un.org/en/climatechange/science/causes-

effects-climate-change). The global mean temperature has increased

by 0.8–1.5�C since the early 19th century (Li et al., 2023b; Saeed

et al., 2023), with the heightened levels of GHGs forecast to

increase global annual temperatures by 0.3–4.8�C by 2100

(Zandalinas et al., 2021). Climate change has triggered changes in

temperature, rainfall patterns, and atmospheric conditions, nega-

tively affecting the morphological, cellular, and metabolic processes

in plants (Zhang et al., 2019; Zandalinas et al., 2021; Farooq

et al., 2022; Rivero et al., 2022; Zandalinas et al., 2023). Extreme

weather events resulting from global climate change indicate that

low and high temperatures could adversely impact the productivity

of major crops (Zhang et al., 2019; Zandalinas et al., 2021; Rivero

et al., 2022).

F IGURE 1 Systems biology approach to studying plant responses to temperature stress and enhancing tolerance mechanisms.
(A) Integrated omics analysis involves merging two, three, or multiple omics approaches in a single study under the same or different stress
conditions and plant tissues. This integration generates a comprehensive omics dataset for future breeding programs focused on developing
temperature-smart plants. (B, C) Leveraging multi-omics data from integrated studies (shown in A) with machine learning algorithms and speed
breeding methods to fast-track breeding processes to develop improved temperature-smart cultivars. (B) Machine learning processes these
datasets to assess plant responses to temperature stress and discover key factors, such as markers, genes, metabolites, and proteins. (C) Speed
breeding accelerates breeding cycles, facilitating rapid introgression of desired traits and evaluation of temperature-smart traits. This integration
of multi-omics data, machine learning, and speed breeding modernizes the breeding process to develop improved cultivars adapted to extreme
temperature conditions. Created with BioRender.com.
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Extreme weather conditions significantly disrupt various meta-

bolic processes in plants (Figure 2C) (Raza et al., 2021c; Zandalinas

and Mittler, 2022; Djalovic et al., 2023; Raza et al., 2023e; Raza

et al., 2024; Saeed et al., 2023). The phenological phase of plants has

an optimum temperature range for normal growth and development,

and temperature fluctuations significantly impact growth, leading to

crop loss and food shortages (Raza et al., 2021c; Raza et al., 2022a;

Djalovic et al., 2023; Raza et al., 2023c; Raza et al., 2023e; Saeed

et al., 2023). Recent data indicates that for every 1�C increase in the

global average temperature, maize (Zea mays L.), wheat (Triticum aesti-

vum L.), rice (Oryza sativa L.), and soybean (Glycine max L.) production

is projected to decrease by 7.4, 6.0, 3.2 and 3.1%, respectively, on

average (Ding and Yang, 2022).

Crop plants encounter varying temperature conditions during

growth, including high and low temperatures, posing significant risks

to agricultural food production (Zandalinas et al., 2018; Zhang

et al., 2019; Raza et al., 2022a; Huang et al., 2023; Raza et al., 2023c).

Factors like temperature intensity, fluctuation frequency, and expo-

sure duration impact the molecular mechanisms governing normal

plant growth and reproduction, significantly reducing morpho-

physiological traits (Ding et al., 2020b; Zhang et al., 2021). Different

crop species exhibit distinct temperature thresholds at various devel-

opmental stages, significantly impacting their growth (Ding and

Yang, 2022). The plant photosynthetic system is particularly sensitive

to HS, and cellular damage can occur due to disrupted leaf cellular

organization (Allakhverdiev et al., 2008; Sun et al., 2023a; Zahra

et al., 2023). Heat stress can significantly decrease chlorophyll (Chl)

biosynthesis due to Chl synthase degradation (Sharma et al., 2022;

Zahra et al., 2023), induce protein denaturation and aggregation, and

enhance lipid membrane fluidity (Zhang et al., 2019; Ding

et al., 2020b; Raza et al., 2022a; Raza et al., 2023c). Indirect impacts

include enzyme denaturation in mitochondria and chloroplasts, pro-

tein synthesis inactivation, and disrupted cellular membrane integrity

(Ding et al., 2020b; Wu et al., 2022; Sharma et al., 2022). Furthermore,

HS affects microtubule organization (critical for cell division) and dis-

rupts microtubule aster formation in mitotic cells (Mareri and

Cai, 2022; Kumar et al., 2023b). Heat stress disrupts the reproductive

phase of crop plants more than the vegetative stage, resulting in yield

F IGURE 2 Impact of climate change on agricultural productivity. (A) Climate change manifestation varies across regions globally. It can entail
synchronized or chronological events of two or more diverse stresses, including extreme temperatures, flooding, drought, and soil salinity. Data
obtained from www.climate.gov and NOAA. Map adapted from Rivero et al. (2022). (B) Projected impact of climate change on agricultural yields
by the 2080s, compared to 2003 levels, due to the multifaceted processes illustrated in (A). Source: https://www.eea.europa.eu/en. (C) Overview
of the impact of extreme temperatures (heat and cold stress) on plant morphological, physiological, biochemical, molecular, and cellular processes.
Modified from Raza et al. (2022a). Created with BioRender.com.
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loss due to pollen infertility and subsequent reduced fruit or seed

development (Aghamolki et al., 2014; Cheabu et al., 2018; Ahmad

et al., 2023). Recent data indicates that HS is linked to the inhibition of

ribulose bisphosphate carboxylase (RuBisCo) and RuBisCo activase,

damaging the C3 cycle. This reduction in carbon fixation produces

excessive reactive oxygen species (ROS) in plant photosystems, imped-

ing plant repair mechanisms (Perdomo et al., 2017; Li et al., 2021b;

Sharma et al., 2022; Qu et al., 2023).

Heat stress adversely affects various plant growth stages,

decreasing germination percentage, seed vigor, and radicle growth,

often associated with decreased relative water content, inhibiting

overall plant growth (Zhang et al., 2019; Ding et al., 2020b; Wu

et al., 2022). Wheat plants exposed to HS at pre-anthesis exhibited

reduced dry weight due to alterations in net assimilation rate, decreas-

ing seed nutritional value (Degen et al., 2021). This stress disrupts the

balance between sucrose introduction and consumption within tis-

sues, impacting the optimal growth of reproductive structures

(Abdelrahman et al., 2020; Kumar et al., 2022). Temperatures above

30�C inhibits the translocation of resources to emerging grain, shorten

the grain-filling period, and reduce starch accumulation due to dimin-

ished flag leaf assimilatory efficiency, impairing the reproductive phys-

iology of wheat plants (Ullah et al., 2022). Managing the source–sink

balance, by facilitating the passage of photoassimilates to sink tissues

and adjusting their consumption is essential to enhance wheat grain

yields under HS (Kumar et al., 2017; Hütsch et al., 2019; Abdelrahman

et al., 2020). However, interruptions in these interactions significantly

affect final grain yields under HS. For example, HS at 45�C adversely

affected crop physiology and caused 80–90% seedling mortality in

wheat plants (Abd El-Daim et al., 2014). Extreme temperatures accel-

erate the aging process in plants, triggering premature senescence,

characterized by early yellowing and shedding of leaves, ultimately

reducing photosynthetic capacity and crop productivity (Guo

et al., 2022; Ahmad et al., 2023; Zahra et al., 2023). Heat stress also

reduces root and shoot lengths, plant height, and biomass production

in various field crops (Zhang et al., 2019; Ding et al., 2020b; Wu

et al., 2022; Raza et al., 2023c). For instance, HS at 39�C decreased

rice shoot length by 16.67% (Kilasi et al., 2018), while HS at 42 �C

decreased shoot length and biomass of tomato (Solanum lycopersicum L.)

(Mukhtar et al., 2023).

Reproductive tissues are particularly vulnerable to HS and CS. For

instance, when crop development reaches the anther differentiation

stage, CS can lead to production losses of up to 30–50% (Liu

et al., 2019; Hassan et al., 2021). Recent data revealed that CS

adversely impacts critical crop growth stages in cereals, resulting in

carbohydrate accumulation that alters hormone contents (Xu

et al., 2022a). Furthermore, CS significantly affects proteins involved

in carbohydrate metabolism, protein folding, dilapidation, and stress,

and the synthesis of compatible solutes (Raza et al., 2021b; Mehmood

et al., 2021; Raza et al., 2021c; He et al., 2023; Seydel et al., 2022).

Moreover, FS can cause cellular desiccation and disruptions in cell

membranes in crop plants, resulting in damaged membrane structures

that disturb osmotic homeostasis and affect metabolic activities (Liu

et al., 2019; Ding et al., 2020b; Hassan et al., 2021).

Another significant effect of temperature stress is the associated

reduction in water use efficiency (WUE) (Li et al., 2021b), such

that CS and HS adversely affect the plant root–shoot system, which

regulates nutrient and water uptake and their transport to above-

ground plant tissues (Kummerow and Ellis, 1984; Caldwell and

Richards, 1989; Jackson et al., 2000). Moreover, temperature fluctua-

tions often increase respiration rates in plants, resulting in a higher

energy demand, which can deplete plant resources and negatively

impact overall growth and yield (Debnath et al., 2022; Sharma

et al., 2022). It has been well-documented that CS decreases grain

yield in various crop plants (Rane et al., 2021; Ullah et al., 2022;

Kuczy�nski et al., 2022; Li et al., 2022b; Bhat et al., 2022; Hernández

et al., 2023), significantly impacting future food security for the grow-

ing population. For instance, CS at 13/8�C decreased maize yield by

21.87% (Waqas et al., 2017), while CS at 4�C decreased wheat yield

by 40% (Li et al., 2017).

3 | OMICS-DRIVEN BREEDING FOR
TEMPERATURE-SMART PLANTS

Plant responses to temperature stress depend on the regulation of

genes, proteins, metabolites, miRNAs, and epigenetic markers, collec-

tively shaping plant phenotype. Integrated omics approaches have

been explored extensively to elucidate stress responses and tolerance

mechanisms, enabling the expedited development of temperature-

resilient crop plants (Figure 1). Despite remarkable advances in geno-

mics (Varshney et al., 2005; Varshney et al., 2018; Bohra et al., 2020;

Varshney et al., 2020; Varshney et al., 2021b; Varshney et al., 2021a;

Sinha et al., 2021), there is a pressing need to explore other omics

approaches, including transcriptomics, proteomics, metabolomics,

miRNAomics, epigenomics, phenomics, and ionomics profiling, to

enhance our understanding of gene–phenotype interactions, or more

precisely, genotype–environment interactions (see Figure 1). Before

embarking on large-scale omics integration, it is essential to investi-

gate diverse germplasm to determine the relationship between

temperature-stressed and stress-free plants (Figure 3A). This knowl-

edge will help identify the best germplasm, cultivars, or wild relatives

with superior performance under temperature stress. In the subse-

quent sections, we have comprehensively reviewed the literature to

explore the mechanisms underpinning temperature stress tolerance in

various plant species to help fast-track breeding processes (e.g.,

genetic engineering) to design temperature-smart crop plants and

ensure future food safety (Figure 3).

3.1 | Genomics innovations

Genomics is a classic omics approach, providing comprehensive data

on the entire genome rather than just a single gene or its product

(Varshney et al., 2018; Varshney et al., 2021b). Genomics focuses on

complete hereditary material information, including essential data

on the three critical interactions (heterosis, pleiotropy, and epistasis),

RAZA ET AL. 5 of 28
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F IGURE 3 Omics-mediated proposed strategies for designing temperature-smart cultivars. (A) collecting and screening germplasm,
(B) omics integration, (C) genetic engineering, and (D) speed breeding. (A) Collecting and screening diverse germplasm from various
gene banks and regions worldwide, including temperature-tolerant and -sensitive lines/cultivars, landraces, and their wild relatives.
Recent advances in high-performance computing, including the use of multi-omics-level data, have greatly enhanced crop genetic
exploration. (B) Integrating diverse omics tools can help uncover stress-associated key players, such as genes, proteins, metabolites,
miRNAs, and metabolic pathways, that are pivotal in understanding temperature stress responses and tolerance mechanisms.

(C) Genetic engineering methods, including gene editing and transgenic breeding, offer immense potential in designing climate-smart
future crops to address global food security challenges. Technologies like the CRISPR/Cas system have revolutionized modern
agricultural biotechnology (Tariq et al., 2023; Yaqoob et al., 2023; Zaman et al., 2023a; Zaman et al., 2023b). Key players revealed
through integrated omics can be genetically engineered to modulate gene expression and the abundance of metabolites/proteins
associated with stress tolerance. The CRISPR system and introgression can be used to transfer favorable loci/genes isolated from wild
relatives into cultivated/domesticated plants. (D) Speed breeding involves the manipulation of environmental conditions under
which crop genotypes are cultivated, with the objective of fast-tracking the breeding cycle and advancing to the next breeding generation
as quickly as possible (Watson et al., 2018; Hickey et al., 2019; Alahmad et al., 2022). This method is instrumental in rapidly developing
numerous generations of modern climate-smart crop plants. In conclusion, integrating these tools could empower plant scientists to
develop future-ready cultivars for farmers and growers that are poised to help feed the ever-growing global population (https://www.un.
org/development/desa/en/news/population/world-population-prospects-2017.html) and ensuring future food safety. Created with
BioRender.com.
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enabling the identification of a consortium of genes that can be subse-

quently used in crop improvement programs (Varshney et al., 2005;

Varshney et al., 2018; Varshney et al., 2020; Varshney et al., 2021b;

Sinha et al., 2021; Shen et al., 2022). Advances in high-throughput

next-generation sequencing platforms, robust computational biology

tools, and database management practices for sequence analysis have

significantly enhanced genomics capabilities (Varshney et al., 2018;

Bohra et al., 2020; Varshney et al., 2021b). Genomics can identify sin-

gle and multiple genes specific to stress responses and quantitative

trait loci (QTL) using techniques like polymerase chain reaction and

hybridization-based molecular markers, which can be subsequently

used in agricultural breeding programs like genomics-assisted

breeding (GAB) and marker-assisted selection (MAS) to develop supe-

rior cultivars (Varshney et al., 2018; Varshney et al., 2020; Bohra

et al., 2020; Varshney et al., 2021b).

Genome-wide association (GWAS) and QTL mapping studies are

instrumental in identifying key elements (e.g., genes, QTL, molecular

markers, genomic regions) associated with temperature stress

responses in plants. For instance, under HS (45�C), GWAS and linkage

analysis uncovered two QTLs (qDW7 and qFW6) associated with rice

seedling development (Wei et al., 2021). Heat stress significantly

affects rice grain quality, often leading to chalkiness. Fine mapping

identified two QTLs associated with chalkiness in single-segment sub-

stitution lines for all 12 chromosomes: HP67-11 from Oryza glaber-

rima and 11–09 from Oryza sativa (Yang et al., 2021). Reproductive

stages in rice are highly sensitive to HS and crucial for rice quality and

yield. A QTL analysis of the genetics underlying HS sensitivity identi-

fied a QTL on chromosome 5 in O. rufipogon Griff (qHTH5) coding the

HTH5 gene—which affects the pyridoxal phosphate-binding protein

PLPBP—with differential expression patterns in the HS (38 ± 0.5�C

from 8:30 am to 3:00 pm) and CS (�30 ± 0.5�C from 3:00 pm to

8:30 am) treatments (Cao et al., 2022). More recently, a genomics

study used 113 segment substitution lines derived from heat-sensitive

(9311) and heat-resistant (N22) indica varieties at the heading stage

(38 ± 2�C) (Nguyen et al., 2022). Five QTL associated with HS toler-

ance were detected based on a seed-setting rate evaluation: qSSR6-1,

qSSR7-1, qSSR8-1, qSSR9-1, and qSSR11-1 located on chromosomes

6, 7, 8, 9, and 11, respectively (Nguyen et al., 2022).

A GWAS study involving 96 wheat genotypes was conducted to

elucidate the genetic basis of HS tolerance (Ahmed et al., 2022a).

Using single nucleotide polymorphisms (SNPs) array and assessing

various physiological and yield indices, the study investigated the

response of these genotypes under normal and HS environments

(>40�C). A structure analysis identified 320 significant (–log10P ≥ 3)

marker-trait associations (MTAs), with 169 MTAs recorded under

normal conditions and 151 MTAs under HS conditions across chro-

mosomes 4B, 6B, 7B, 5A, 1B, and 3D. The candidate SNPs identified

in this study could be used to develop HS-tolerant wheat genotypes

(Ahmed et al., 2022a). Another GWAS study identified seven QTL

associated with the response to post-anthesis HS (daytime maximum

21�C/night-time minimum 15�C) for two weeks in 199 European

winter wheat varieties (Touzy et al., 2022). Two main QTLs associ-

ated with HS tolerance for thousand-kernel weight were identified

on chromosomes 4B and 6B, offering valuable tools for breeders to

improve grain yield in the face of rising temperatures (Touzy

et al., 2022).

Heat-tolerant association mapping was used to investigate geno-

mic regions associated with HS in 543 tropical maize plants in various

locations, with temperatures ranging from 35–40�C (Seetharam

et al., 2021). The study identified 269 novel significant SNPs linked to

grain yield, with another 175 SNPs found within 140 unique gene

models involved in various biological pathways responding to differ-

ent abiotic stresses, including HS (Seetharam et al., 2021). In another

GWAS study, 375 maize inbred lines were sown at the end of May,

experiencing temperatures ranging from 29–35�C (Ahmed

et al., 2022b). The stressed plants flowered from early to mid-July,

encountering temperatures ranging from 38–45�C. The study

assessed the effect of HS on pollen germination percentage (PGP),

identifying 10 SNPs associated with PGP35�C (p ≤ 10�5), nine associ-

ated with PGP45�C (p ≤ 10�6 to 10�8), and 10 SNPs associated with

the PGP ratio (p ≤ 10�5). The genetic mapping of yield (adjusted

weight per plant, AWP�1) and flowering time (anthesis–silking interval

ASI) revealed five common SNPs: three shared for AWP�1 between

normal and HS conditions, one for ASI between conditions, and one

associated with ASI and AWP�1 (Ahmed et al., 2022b). In another

GWAS mapping study involving 162 early-maturing inbred maize lines

sourced from the International Institute of Tropical Agriculture, Iba-

dan, Nigeria, researchers identified four SNP markers exhibiting pleio-

tropic effects for days to 50% anthesis and days to silking under HS

combined with drought (Osuman et al., 2022).

An integrated omics investigation explored important agricul-

tural traits using non-reference sequences within the rice genome

(Woldegiorgis et al., 2022). The genomic variation analysis detected

76,435 SNPs, identified SNPs related to HS tolerance, and mapped

1,677 differentially expressed genes (DEGs) to 46 HS-resistant

QTL regions. Two DEGS, calmodulin-binding protein 60 A-like

(maker_00000041) and cysteine-rich receptor-like protein kinase

6 (maker_00001878), were up-regulated and harbored SNPs linked

to HS tolerance in the non-reference rice sequences (Woldegiorgis

et al., 2022). Anthesis is a critical phase in the rice development

cycle, significantly influencing grain yield and quality. A recent study

identified five QTL associated with relative spikelet fertility (RSF)

rate, one of which (qRSF9.2) contained 16 candidate genes for HS

tolerance (Hu et al., 2022). One specific gene (LOC_Os09g38500)

contained non-synonymous SNPs significantly associated with RSF

(Hu et al., 2022). A meta-QTL analysis was conducted to identify

potential candidate genes associated with the rice grain chalkiness

trait, retrieving 64 meta-QTL from a pool of 403 previously

identified QTL comprising 5,262 non-redundant genes (Kumar

et al., 2023a). Further investigations revealed 39 candidate genes

associated with non-synonymous allelic variations under HS condi-

tions (38–41�C) (Kumar et al., 2023a). The study also screened

185 F12 recombinant inbred lines derived from two US rice culti-

vars to identify genomic regions associated with grain quality traits

under HS conditions (30 ± 1�C day/22.2 ± 1�C night, at the booting

stage) (Kumar et al., 2023a). These efforts identified 15 QTLs (nine
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associated with night-time HS) containing 6,160 SNPs and 149 DEGs.

Eleven potential candidate genes were significantly linked to SNP asso-

ciations and HS tolerance in rice (Kumar et al., 2023a).

In response to CS, a GWAS involving 370 rice accessions was

conducted using the rice diversity panel to explore correlations among

cold-stressed phenotypes (Phan and Schläppi, 2021). The study identi-

fied 20 novel QTLs associated with antioxidant activity, including

membrane damage, seed survivability, catalase, and anthocyanin,

under CS (10�C, 7 days) (Phan and Schläppi, 2021). Another GWAS

analysis in rice focused on the seedling stage response to CS and chill-

ing acclimation identified 235 SNPs (120 and 88 for relative shoot

fresh weight under CS and chilling acclimation, respectively) and

11 and 12 QTL for CS and chilling acclimation, respectively (Li

et al., 2022a). A GWAS study investigated phenotypic and physio-

logical parameters at the seedling emergence stage in 200 cotton

accessions from five ecological distributions under constant chilling

(CC) and diurnal variation in chilling (DVC) identified 575 signifi-

cantly associated SNPs and 35 stable QTL, with five each associated

with traits under CC and DVC stress and 25 co-associated (Shen

et al., 2023a). Another recent GWAS study coupled with RNA-seq

in 351 core rice germplasm under three temperature conditions

detected 54, 59, and 21 QTL (total 134 QTL) associated with nor-

mal, CS, and chilling acclimation conditions, respectively (Khatab

et al., 2022). Furthermore, the integrated SNP analysis of these

134 QTL identified 116 QTL for three temperature conditions

(53, 43, and 18 QTL linked to normal, CS, and chilling acclimation,

respectively), with two QTL colocalized for CS and chilling acclima-

tion (Khatab et al., 2022).

A GWAS study investigating 96 barley spring cultivars to under-

stand cold acclimation (20 /15�C, 14 days) at different time intervals

using Chl fluorescence-related traits identified three major and puta-

tive genomic regions, with 52 significant quantitative trait nucleotides

(QTNs) on chromosomes 1H, 3H, and 6H (Elakhdar et al., 2023). The

QTN annotation identified metabolites like hydrolase activity, ABA

signaling, protein kinase, and some signal transduction players

(Elakhdar et al., 2023). A novel GWAS study detected CS tolerance-

related QTL (qPSR7-2) on chromosome 7 in 173 japonica rice germ-

plasm (Xiao et al., 2023). Fine mapping identified Os07g0541800 as a

candidate gene associated with qPSR7-2, encoding cysteine-rich

receptor-like kinase (Xiao et al., 2023). Another study exploring

the impact of CS (13�C, 14 days) on the germination rate of

151 cucumber (Cucumis sativus L.) accessions from seven diverse eco-

types identified 1,522,847 SNPs, with seven loci (gLTG1.1, gLTG1.2,

gLTG1.3, gLTG4.1, gLTG5.1, gLTG5.2, and gLTG6.1) associated with

low-temperature germination (LTG) (Li et al., 2023a). gLTG1.2,

gLTG4.1, and gLTG5.2 exhibited strong signals for four germination

indices across two years. Moreover, eight candidate genes associ-

ated with abiotic stresses were reported, with three significantly

linked to LTG: CsaV3_1G044080 (pentatricopeptide repeat-

containing protein) for gLTG1.2, CsaV3_4G013480 (RING-type E3

ubiquitin transferase) for gLTG4.1, and CsaV3_5G029350 (serine/

threonine-protein kinase) for gLTG5.2 (Li et al., 2023a). Frost toler-

ance (FroT) QTL were identified in 276 winter wheat genotypes

previously phenotyped at field locations in Germany and Russia

(Soleimani et al., 2022). From a pool of 17,566 SNPs, 53 were signifi-

cantly associated with FroT, corresponding to 23 QTL regions on

11 chromosomes (1A, 1B, 2A, 2B, 2D, 3A, 3D, 4A, 5A, 5B, and 7D).

The QTL regions on chromosome 5A were strongly responsible for

FroT (Soleimani et al., 2022).

The availability of genome sequences for numerous crop plants

has facilitated the exploration of novel gene family members in differ-

ent species in response to various stress conditions. For instance, an

exploration of the NAC (NAM, ATAF1/2, and CUC2) gene family in

Kandelia obovata revealed expression patterns of different members

in response to CS at 4�C over various time points (0, 6, 12, and 24 h)

(Sun et al., 2021). Among the identified genes, 12 were up-regulated,

and one was down-regulated under CS. Promoter analysis of

these KoNAC genes revealed the presence of stress-related elements

like ABRE (abscisic acid response element), LTR (low-temperature

response), WUN (wound-responsive element), and STRE (stress

response element) (Sun et al., 2021). In maize, the hyperosmolality-

gated calcium-permeable channels (OSCA) gene family was explored

in response to temperature stress, identifying ZmOSCA2.2 and

ZmOSCA2.3 genes as key responders to temperature stress stimuli (Li

et al., 2022d). Another study investigated the cellulose synthase-like

gene (Csl) gene family in contrasting cultivars of Musa acuminata in

response to CS, identifying 42 MaCsls, with MaCslA4/12, MaCslD4,

and MaCslE2 promising candidate genes for chilling tolerance (Yuan

et al., 2021). A study on Prunus persica identified 17 calcium-depen-

dent protein kinase (CDPK) family genes, with the sequence analysis

revealing PpCDPK2, PpCDPK7, PpCDPK10, and PpCDPK13 genes

related to CS tolerance during postharvest (Zhao et al., 2022a).

These genomics studies have significantly advanced our under-

standing of temperature stress adaptation in different plant species.

High-throughput sequencing tools and pioneering computational anal-

ysis have led to the documentation of key genes, QTL, and SNPs cru-

cial for stress adaptation and tolerance in crops like rice, wheat, and

maize. These outcomes have informed the genetic basis of stress

responses and specified new insights for precision plant breeding

plans. Harnessing this learning provides scientists with robust tools to

design climate-smart crop varieties, confirming food security in the

face of rapidly shifting climatic conditions.

3.2 | Transcriptomics

Transcriptomics is a powerful tool for analyzing gene expression pro-

files, regulatory pathways, related transcripts, and post-translational

modifications in organisms (Raza et al., 2021a; Raza et al., 2021c; Raza

et al., 2021b). It plays a crucial role in deciphering how plants swiftly

reprogram transcription networks in response to external stimuli

(Bhardwaj et al., 2021). High-throughput transcriptomic tools lay the

foundation for gene discovery, molecular marker development, and

marker-assisted breeding (Varshney et al., 2020), ultimately contribut-

ing to temperature-smart plant breeding (Raza et al., 2021a; Raza

et al., 2021c; Raza et al., 2021b). Here are some examples of how
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transcriptomic studies have enhanced our understanding of plant

responses to HS. A study on lentil (Lens culinaris L.) exposed to HS

(40�C) for 4 h identified 4,327 DEGs (1,959 up-regulated and 2,368

down-regulated) (Hosseini et al., 2021). Up-regulated genes were pre-

dominantly related to cell cycle and division, protein binding, and micro-

tubule binding, while down-regulated genes were associated with

membrane and transport (Hosseini et al., 2021). In coffee (Coffea arabica

L. (polyploid) and Coffea canephora (diploid)), exposure to HS at 42�C

altered the expression of 667 DEGs in both species (Marques

et al., 2021). Photosynthesis and other biochemical processes, including

photosystems I and II, Chl a/b binding, and RuBisCo activity, were nota-

bly down-regulated in Coffea arabica (Marques et al., 2021). The com-

parison of heat-tolerant and heat-sensitive rose varieties (Rosa multiflora

and Rosa chinensis, respectively) exposed to 45�C for 6 h exhibited

up-regulation (3,849 and 3,453) and down-regulation (3,483 and 2,944)

of DEGs, respectively, in R. chinensis (Qi et al., 2021). Variability in

gene expression patterns in response to HS was observed between a

self-root grafting line (XX) and a heterogeneous grafting line (XW) (Qi

et al., 2021). In rice, Wei et al. (2021) identified eight genes significantly

regulated in response to HS (45�C for 52 h), including LOC_

Os06g10790, LOC_Os06g10860, LOC_Os07g30330, LOC_Os06g10810,

LOC_Os01g09450, LOC_Os03g59040, LOC_Os12g42980, and LOC_

Os02g12890.

Potato (Solanum tuberosum L.) variety ‘Hezuo 88’ exposed to HS

for 6 h exhibited up-regulation of 160 DEGs enriched in various pro-

cesses, including amino acid production, cell wall degradation, protein

degradation, hormone metabolism, secondary metabolism, and heat

shock proteins (HSPs) and down-regulation of 538 DEGs related to

signal transduction, RNA regulation, fatty acid desaturation (lipid

metabolism), and cytokinin metabolism (Liu et al., 2021a). A compara-

tive transcriptomic analysis of two Chinese cabbage cultivars (‘268’
and ‘334’) revealed significant differences in their response to HS,

with ‘268’ up-regulating 11,055 DEGs involved in ribosome biosyn-

thesis, autophagy pathways, and glutathione metabolism and down-

regulating photosynthesis-related genes, and ‘334’ exhibiting changes

in endoplasmic reticulum protein processing and hormonal signal

transduction (Yue et al., 2021). In rice, elevated night-time tempera-

tures (by 2–3�C) resulted in the down-regulation of 695 DEGs related

to HS, photosynthesis, and protein folding and up-regulation of

415 DEGs associated with signaling, carbohydrate metabolism, RNA

processing, kaurene synthesis, and post-translational protein modifica-

tions (Desai et al., 2021). A comparative review of lentil plants

exposed to HS and stemphylium blight stress highlighted the

expression of DEGs associated with cell cycle and division, cell wall

synthesis, photosynthesis, phytohormones (auxin and ABA), kinases

(LRR-RLKs and serine/threonine kinases), transcription factors, and

HSPs among others (Tiwari et al., 2022).

Ren et al. (2023) observed CS responses in grapevines (Vitis vinif-

era L.), noting the regulation of various metabolites, phytohormones,

and specified proteins, controlled by the up- and down-regulation of

cold-regulated genes (COR). The authors identified significant tran-

scription factors in the AP2, RAV1, and ERF gene families that regu-

late the CS response in grapevine. Moreover, Cheng et al. (2023)

highlighted the role of the CBF (C-repeat-binding factor)-COR path-

way in managing CS in two tea cultivars: cold-tolerant Shuchazao

(SCZ) and cold-sensitive Yinghong 9 (YH9). SCZ exhibited enhanced

amino acid and arginine biosynthesis under CS compared to YH9.

Waititu et al. (2021) reported increased expression of 779 DEGs in a

cold-tolerant maize variety under CS (<10�C), with many related to

antioxidation, transport, hormone signaling, glutathione, and lipid, car-

bon, and amino acid metabolism, and increased expression of

877 DEGs in cold-sensitive maize varieties, with many associated with

proteolysis, peroxisomes, ribosomes, MAPK signaling, and carbon

metabolism. Tian et al. (2021) explored the response of cold-tolerant

and cold-sensitive Rutaceae (Zanthoxylum bungeanum) varieties

exposed to CS (4�C), revealing the expression of 3,513 and 25,157

DEGs, respectively. Among these DEGs, pivotal hub genes like ERD7,

PP2C, LEA D-29, ZB01477, and pp34 played significant roles in regu-

lating the CS response in these plants. In another study, wild apple

(Malus sieversii L.) exhibited 4,410 DEGs under FS (�4�C) related to

the regulation of hormone signal transduction, starch and sucrose

metabolism, peroxisome function, and photosynthesis pathways

(Zhou et al., 2021). Transcription factors, including DREB1/CBF,

MYC2, WRKY70, WRKY71, MYB4, and MYB88, played prominent

roles in the FS response (Zhou et al., 2021).

Comparative transcriptomic analysis of cold-tolerant (C18) and

cold-sensitive (C6) rapeseed varieties under CS (4�C for 0, 1,

and 7 days) unveiled 3,358 and 2,819 DEGs on days 1 and 7 of CS

exposure, respectively, related to secondary metabolism, amino acids,

lipids, and cell wall pathways (Raza et al., 2021b). Key genes, including

Bn4CL3, BnCEL5, BnFRUCT4, BnUGP1, BnAXS1, and BnBAM2/9, were

instrumental in conferring CS tolerance in rapeseed (Raza et al.,

2021b). Yan et al. (2022a) investigated the role of inositol, a cyclic

polyol-inositol, in managing CS in a cold-tolerant rapeseed cultivar

(C18) compared to a cold-sensitive cultivar (C20). The authors

reported that C18 increased inositol concentration with decreasing

temperature and increased expression of 35 inositol enzyme-encoding

DEGs. Inositol regulated CS by enhancing calcium (Ca2+) influx and

inhibiting the CBL1 (calcineurin B-like) gene. Exogenous application of

inositol induced the expression of CBF-COR genes, contributing to

cold tolerance (Yan et al., 2022a). Luo et al. (2023) reported that the

down-regulation of BnaMYBL17 (MYB-like gene) adversely impacted

CS tolerance in Zhongshuang 6 (ZS6) rapeseed cultivar exposed to CS

(�4�C for 4 h). Transcriptomic analysis of BnaMYBL17 revealed

14,298 DEGs and 1,321 candidate target genes. Up-regulation of

genes like BnaPLC1, BnaFLZ8, and BnaKOIN was associated with

increased freezing sensitivity in ZS6 (Luo et al., 2023).

Luo et al. (2022) conducted a comparative transcriptomic analysis

using two tobacco cultivars—cold-tolerant ‘Yanyan97 tobacco (YT)’
and cold-sensitive ‘Taiyan8 tobacco (TT)’—exposed to CS (4�C) at the

five-leaf stage for varying durations, reporting distinct DEG expres-

sion patterns between TT and YT, which were closely associated with

their CS response and explained their differential cold tolerance (Luo

et al., 2022). Moso bamboo (Phyllostachys edulis) exposed to CS (0�C)

for 2 or 4 h exhibited 2,322 (1,418 up-regulated and 904 down-regu-

lated) and 661 (565 up-regulated and 96 down-regulated) DEGs,
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respectively, mainly involved in dehydration responses (Huang

et al., 2022). A study on centipede grass (Eremochloa ophiuroides)

exposed to CS (4 �C) for varying durations identified 129, 398, and

477 DEGs after 3, 6, and 9 h of CS exposure, which were associated

with various cellular and molecular processes, including transcription

regulation, redox mechanisms, phosphorylation, and DNA-templated

processes (Liu et al., 2023). Two passionfruit (Passiflora edulis)

varieties—cold-tolerant Tainong 1 (TN1) and cold-sensitive Huangjin-

guo (HJG)—exposed to CS (7�C) exhibited a 33.6% increase in DEGs

compared to normal temperature conditions (Wu et al. (2021).

These examples illustrate the power of transcriptomics in unco-

vering the molecular responses of plants to temperature stress, offer-

ing valuable insights into the genes and pathways involved in their

adaptation to extreme temperatures. Transcriptomic studies contrib-

ute to understanding temperature stress responses in various plant

species, facilitating the development of temperature-smart crops

through breeding and genetic engineering.

3.3 | Proteomics

Proteomics examines the protein constituents in an organism at a spe-

cific point in time, serving as a vital link between the transcriptome

and the metabolome (Yan et al., 2022b; Jan et al., 2023b). In recent

decades, proteomic approaches as a powerful next-generation

research tool have significantly advanced, especially with the estab-

lishment of instruments with high resolution and mass accuracy (Raza

et al., 2021a; Jan et al., 2023b; Yan et al., 2022b). These techniques

have been instrumental in unraveling plant responses to changing

temperatures at the protein level (Raza et al., 2021a; Raza

et al., 2021c). For example, HS disrupts plant protein balance and reg-

ulatory mechanisms (Xu et al., 2021; Raza et al., 2021c). In a study on

Monterey pine (Pinus radiata) embryos exposed to two HS conditions

(40�C for 4 h, 60�C for 5 min), proteomic analysis revealed the up-

regulation of ribosomes, cell wall carbohydrates, transmembrane

transport proteins, HSPs and chaperones, post-transcriptional regula-

tion proteins, and fatty acid biosynthesis proteins and the down-

regulation of adenosylhomocysteinase protein, glycolytic pathway

enzymes, nitrogen assimilation enzymes, oxidative stress enzymes,

and methionine-tRNA ligase (Castander-Olarieta et al., 2021). Simi-

larly, in chickpea (Cicer arietinum L.), HS led to the differential expres-

sion of various proteins, including HSP70, ribulose bisphosphate

carboxylase/oxygenase activase, plastocyanin oxidase and proto-

porphyrinogen oxidase, alongside the up-regulation of proteins

related to defense, transport, intracellular traffic, and protein biosyn-

thesis (Makonya et al., 2021).

Wang et al. (2021) reported 1,591 differentially abundant pro-

teins (DAPs) related to stimuli response, structural molecule activity

and transporter activity, catalytic activity, energy production and con-

version, and carbohydrate transport and metabolism in two pepper

varieties (heat-tolerant 17CL30 and heat-sensitive 05S180) upon HS

exposure (40�C). In wheat under HS, Chunduri et al. (2021) reported

enhanced expression of DAPs involved in translation, gliadins, and

low-molecular-weight glutenins and decreased expression of defense-

related, photosynthesis, glycolysis, and high-molecular-weight glute-

nins DAPs. Lettuce plants suffered early bolting within 8 days of HS

(33�C), resulting in 93 DAPs, with 38 up-regulated, such as HSP-like

proteins (XP_023757207.1, XP_023740399.1, and PLY74879.1),

thaumatin-like protein, rRNA 20-O-methyl-transferase fibrillarin-like

protein, GA-related protein14-like protein, and aldehyde dehydroge-

nase family 2 member B4, and 55 down-regulated, such as the Calvin

cycle protein CP12–3 and TsetseEP-like protein (Hao et al., 2021).

Furthermore, proteomic characterization of Brachypodium distachyon

cell walls under HS (40 �C) revealed decreased cell wall expansion, lig-

nification, and protease activity associated with 46 DAPs (4 up-

regulated and 42 down-regulated) (Pinski et al., 2021). In strawberries,

HS (37�C) resulted in 1,138 DAPs (490 up-regulated and 648 down-

regulated) enriched in binding functions, catalytic activity, and cellular

and organelle processes (Lv et al., 2022a).

Potato plants exposed to CS (4/2�C day/night) for 7 days exhib-

ited 52 DAPs related to ribosome formation, cell movement,

photosynthesis, signal transduction, nitrogen metabolism, energy

metabolism, protein synthesis and degradation, defense response, and

other physiological processes (Li et al., 2021a). In rapeseed exposed to

CS (8/4 �C day/ night) for 0, 1, and 7 days, Mehmood et al. (2021)

reported 8, 25, and 43 up-regulated and 2, 20, and 30 down-regulated

DAPs in cold-tolerant ‘C18’ and 18, 25, and 25 up-regulated, and

5, 54, and 127 down-regulated DAPs in cold-sensitive ‘C6’, respec-
tively. The DAPs in C18 were related to photosynthesis-antenna pro-

teins, thiamine metabolism, and anthocyanin biosynthesis, while those

in C6 were associated with carbon, glyoxylate, and dicarboxylate

metabolism (Mehmood et al., 2021). In another rapeseed study, a

comparative proteomic analysis of cold-tolerant ‘17NTS57’ and cold-

sensitive ‘NQF24’ exposed to CS (�4�C) revealed 1,235 DAPs after

12 h and 1,543 DAPs after 24 h in the cold-tolerant variety associated

with the biosynthesis of flavonoids, phenylalanine, tyrosine, and tryp-

tophan, and ubiquinone and other terpenoid-quinones, and lysine

degradation (Mi et al., 2021). An iTRAQ-based proteomic analysis of

cold-tolerant rice ‘Kongyu131’ under CS (8�C) unveiled 289 DAPs

(169 up-regulated and 125 down-regulated) enriched in antioxidant

activity, photosynthesis, binding, molecular functions, carbon metabo-

lism, and secondary metabolite biosynthesis (Qing et al., 2022).

Cold-tolerant Citrus junos produced 6,678 distinct protein species

upon exposure to FS (�7�C for 36 h), with 413 classified as DAPs and

associated with the secondary metabolite biosynthesis, phenylpro-

panoid biosynthesis, and starch and glucose metabolism (Jiang

et al., 2021). Cold acclimation of wheat seedlings (4 �C for 28 days)

resulted in 668 DAPs involved in defense responses, signal transduc-

tion, protein regulation, carbohydrate metabolism, and phenylpropa-

noid biosynthesis (Xu et al., 2022b). Exposure of Calendula officinalis

to CS (4�C for 24 h) revealed 24 DAPS, with up-regulation observed

in proteins related to stress resistance, antioxidant defense, signal

transduction, respiration, photosynthesis, fatty acid metabolism, and

other plant development-related proteins (Jan et al., 2023a). Cold

acclimation improved cold tolerance in Sonneratia apetala by up-

regulating proteins related to ROS scavenging, photosynthesis, energy

10 of 28 RAZA ET AL.
Physiologia Plantarum

 13993054, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.14188 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [07/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



and carbohydrate metabolism, protein folding, and cofactor biosyn-

thesis and down-regulating proteins related to stress response and

growth, including VHA, OEE2, CSD, ELIP, and EIF5A (Shen

et al., 2021). Liu et al. (2022a) reported that parental salt priming

enhanced cold tolerance in wheat seeds [wild-type Novosibirskaya

67 (WT) and its Chl b-deficient mutant (ANK)], with expression

changes in DAPs associated with photosynthesis, electron transfer

activity, carbohydrate metabolism, and redox homeostasis, including

17 and 4 up-regulated and down-regulated DAPs in WT and nine and

27 up-regulated and down-regulated DAPs in ANK compared to the

non-primed test group (Liu et al., 2022a).

Proteomic studies have revealed intricate protein-level responses

and adaptation to temperature stress in various crop plants. These

analyses revealed changes in key pathways such as photosynthesis

and defense mechanisms. In short, discovering key proteins offers

new insights for targeted breeding, promoting the development of

temperature-smart crop plants.

3.4 | Metabolomics

Metabolomics, an advanced computational tool in systems biology,

offers a comprehensive profile of primary and secondary metabolites

and hormones produced by single cells or organisms during cellular

mechanisms (Raza, 2022; Shen et al., 2023b). It plays a crucial role in

deciphering the mechanisms underlying plant–environment interac-

tions, especially in changing climate conditions (Raza, 2022; Yan

et al., 2022b; Shen et al., 2023b). Various metabolites indicate stress-

adaptive mechanisms by modulating plant signaling cascade networks,

growth patterns, and physiological conditions (Raza, 2022; Hall

et al., 2022; Yan et al., 2022b; Shen et al., 2023b).

In recent years, research efforts have focused on identifying tem-

perature stress-responsive metabolites and associated pathways. For

instance, metabolomic profiling of tomato was conducted to

understand the HS response (38�C for 1 h) by suppressing or overex-

pressing HsfB1 in WT and transgenic plants (Paupière et al., 2020).

Knock-down plants accumulated metabolites (glucose, sucrose, and

polyamine putrescine), whereas HsfB1 overexpressing plants accumu-

lated products from the flavonoid and phenylpropanoid pathways and

some caffeoyl quinic acid isomers, contributing to HS tolerance

(Paupière et al., 2020). Cucumber exposed to HS (38/30�C light/ dark

12/12 h) and normal conditions (Chen et al., 2023) exhibited 125 dif-

ferential accumulated metabolites (DAMs) (99 up-regulated and

26 down-regulated), with significant changes in four metabolic path-

ways associated with HS: plant hormone signal transduction, amino

sugar and nucleotide sugar metabolism, porphyrin and Chl metabo-

lism, and glycine, serine, and threonine metabolism (Chen et al., 2023).

Metabolite profiling of rice leaf segments from six cultivars sensi-

tive to high-night temperatures revealed the accumulation of several

metabolites, including sugars, organic acids, amino acids, and unknown

analytes, in response to HS (Schaarschmidt et al., 2021). In another

study, intermediates of the lignin biosynthetic pathway, including

caffeate and coniferaldehyde, increased in Populus spp. after exposure

to HS (35�C) for 3 days (Zhao et al., 2022b). A study on tobacco

revealed increased levels of sugars (sedoheptulose and sucrose) and

non-codogenic amino acids (pipecolate and c-amino butyrate) at

22 and 37 �C, respectively (Krawczyk et al., 2022). A metabolomic

analysis of 304 lettuce (Lactuca sativa L.) accessions exposed to

21, 28, or 35�C for 40 h revealed significant decreases in the average

germination rate with increasing temperature, and sensitive acces-

sions accumulated more amino acids, sugars, sterols, organic acids,

phenolic compounds, and terpenoids than tolerant accessions (Wei

et al., 2020).

To gain insights into the relationship between yield-growth traits

and metabolic dynamics within source and sink structures, a study

conducted on the impact of HS on single mature pollen grains in two

contrasting rice cultivars—N22 (heat-tolerant) and Koshihikari (heat-

sensitive)—revealed contrasting varietal differences in phosphatidyli-

nositol (PI) and 106 other metabolites in mature pollen (Wada

et al., 2020). N22 and Koshihikari exposed to HS (34�C for 48 h after

the heading stage) exhibited 90.0 and 46.8% spikelet fertility, respec-

tively (Wada et al., 2020). Similarly, in winter wheat, a study examined

the impact of post-heading high-night temperature (HNT; 23�C) on

sink–source metabolic dynamics, reporting elevated proteinogenic

amino acids like glycine, methionine, and some carbohydrates,

i.e., sucrose, glucose, fructose, myo-inositol, raffinose, and maltose, in

the spikes (sinks) during HNT (Impa et al., 2019). Contrasting

responses were observed between the heat-tolerant genotype

‘Tascosa’ and the heat-sensitive genotype ‘TX86A5606’. Tacosa

exhibited reduced TCA intermediate compounds, such as isocitrate

and fumarate, and amino acids like lysine, leucine, and tyrosine in the

leaves (sources) compared to TX86A5606 under HNT (Impa

et al., 2019), suggesting alterations in carbohydrate and amino acid

metabolism/accumulation to sustain improved respiratory load under

HNT. These changes potentially aided Tascosa in maintaining cell tur-

gor, stabilizing cell membranes, and protecting the photosynthetic

electron transport chain during HNT (Impa et al., 2019). A metabolic

profiling study in bread wheat cultivars responding to post-anthesis

HS (35:28 ± 0.08�C for 10 days) identified changes in 316 metabolites,

with increased levels of tryptophan, arginine, histidine, pipecolate, and

α-aminoadipate and decreased levels of anthranilate, dimethylmaleate,

guanine, glycerone, and galactosyglycerol in heat-stressed plants

(sources) compared to control plants (Thomason et al. (2018). Interest-

ingly, metabolites like arginine and pipecolate, which increased under

HS, exhibited strong negative correlations with yield, PSII efficiency,

and Chl content. Conversely, metabolites decreasing under HS, like

dimethylmaleate and galactosyglycerol, exhibited positive correlations

with yield, SPAD values, and PSII efficiency. These findings suggest

potential roles for certain metabolites as stress markers, offering

insights for targeted wheat breeding strategies to enhance yields

(Thomason et al., 2018).

Metabolomic profiling of wheat under FS identified 88 DAMs,

including alkaloids, amino acids, and some phenolic acids, with

13 metabolites closely associated with CS tolerance (Lv et al., 2022b).

The dynamics of metabolite accumulation were studied in six wheat

genotypes to understand the impact of CS (2�C) and prolonged CS

RAZA ET AL. 11 of 28
Physiologia Plantarum

 13993054, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.14188 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [07/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



(28 days at 10�C, followed by 2�C to day 49) (Vaitkeviči�utė

et al., 2022). The genotypes exhibited varying glucose, protein, and

amino acid concentrations between CS treatments (Vaitkeviči�utė

et al., 2022). In another metabolic study, two rice varieties—02428

(Japonica) and YZX (Indica)—subjected to low temperature (LT, 15�C

for 4 days), normal temperature (NT, 30�C), and a transition from

LT to NT identified 730 metabolites, with 35 related to the

LT stress response and involved in phenylpropanoid, amino acid, inosi-

tol phosphate, and glutathione biosynthesis (Yang et al., 2019). An

eco-metabolomics analysis of four Nepenthes species—highlander

(N. minima) with CS tolerance and lowland species (N. ampullaria,

N. rafesiana, and N. northiana) with HS tolerance—showed increased

levels of various phytohormones (e.g., jasmonic acid, auxin, and trigo-

nelline), nitrogen storage, polyamide synthesis, norbergenin and lignin

production (Wong et al., 2020).

A study exposing the seeds of two quinoa (Chenopodium quinoa)

variants (Quinoa 2324 and Dian Quinoa 281) to CS (�2, 5, and 22�C)

for 11 h detected 794 metabolites, mainly soluble sugars and some

involved in secondary metabolism, such as α-linolenic acid, phenolic

acids, flavonoids, lipids, amino acids, nucleic acids, and organic acids

(Xie et al., 2022). Cold-tolerant (C18) and cold-sensitive (C6) rapeseed

genotypes subjected to CS (8/4�C day/night for 7 days) exhibited

31 metabolites related to carbohydrates, amino acids, secondary

metabolites, lipids, membrane transport, cofactors and vitamins,

nucleotides, and energy metabolism (Raza et al., 2021b). Another met-

abolic profiling study on cold-tolerant (GX74) and sensitive (XY15)

rapeseed genotypes exposed to short CS treatments (�2�C for 2 h)

detected 545 metabolites primarily involved in sugar metabolism,

ROS scavenging, photosynthesis, phytohormone signaling, and MAPK

signaling metabolism pathways (Liu et al., 2022b). Camellia oleifera

flower buds subjected to CS (6�C) exhibited differential expression of

metabolites associated with carbohydrate, phenylpropanoid, and hor-

mone metabolism in two contrasting cultivars (Wang et al., 2023). In

another study, Camellia sinensis var. ‘Shuchazao’ (cold-tolerant, SCZ)
and C. sinensis var. assamica ‘Yinghong 9’ (cold-sensitive, YH9) sub-

jected to CS (10/4�C day/night) for 7 days followed by freezing accli-

mation (4/0�C day/night) for another 7 days, and they identified 51

DAMs only in SCZ, involved mainly in amino acid pathways metabo-

lism, particularly arginine and lysine metabolism (Cheng et al., 2023). A

metabolome analysis of five spring and five winter rapeseed ecotypes

exposed to CS (4�C for 12 h) identified 41 metabolites in spring eco-

types and 47 in winter ecotypes, with most involved in sugar, amino

acid, and organic acid metabolism pathways (Jian et al., 2020).

Metabolomic profiling in rice highlighted the significance of oxyli-

pins in stress adaptation, with one member (OsHPL1) of the cyto-

chrome P450 (CYP74) family selected for metabolic profiling under

cold stress (6�C for 24 and 48 h) (Wu et al., 2023). The study identi-

fied 597 metabolites, most involved in jasmonate metabolism and

some related to sugar, secondary metabolite, and amino acid

pathways (Wu et al., 2023). Saussurea involucrata (Sik.), an alpine

plant, exhibited altered metabolic patterns under CS, with 360 of

the 753 metabolites identified by Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway analysis associated with secondary

metabolism, amino acids, and sugars, including phenylpropane syn-

thesis, glycolysis, pentose phosphate pathway, tricarboxylic acid

cycle, glutamic acid-mediated proline biosynthesis, and purine

metabolism (Sun et al., 2023b). An investigation to identify key

metabolites involved in CS (4�C, 3 days) tolerance in common bean

(Phaseolus vulgaris L.) reported that methionine, flavonoids, and

malondialdehyde could serve as biomarkers for plant chilling injury

(Yang et al., 2023).

Metabolomics studies have informed complex plant responses to

temperature stress, revealing dynamic metabolic pathways and adap-

tive approaches. Identifying key markers increases our perception of

stress adaptation and tolerance mechanisms in diverse plant species.

These insights increase our knowledge of plant–environment interac-

tions and pave the way for designing temperature-smart crop plants.

3.5 | miRNAomics

microRNAs (miRNAs), a distinct class of small, non-coding, regulatory

RNAs typically single-stranded, usually 20–24 nucleotides in length, play

a crucial role in regulating gene expression in plants (Bhogireddy

et al., 2021; Raza et al., 2023d; Islam et al., 2024). They modulate the

expression of target genes by inhibiting translation or cleaving target tran-

scripts (Bhogireddy et al., 2021; Jamla et al., 2021; Raza et al., 2023d).

These small regulators control the regulatory network of numerous meta-

bolic pathways in plants, influencing processes such as protein re-folding,

antioxidant machinery activation, photosystem efficiency, and reproduc-

tive events, facilitating plants to withstand HS and CS (Ding et al., 2020a;

Das et al., 2021; Megha et al., 2018; Islam et al., 2024). Various studies

have been conducted to identify temperature-responsive miRNAs in

plants (Islam et al., 2024). For instance, deep sequencing and computa-

tional/molecular analysis of harvested bananas (Musa acuminata) con-

ducted under CS (6�C) and HS (35�C) identified 113 known and 26 novel

miRNAs, with 42 differentially expressed under HS and CS (Zhu

et al., 2019). Target assessment of these miRNAs confirmed that 15 mod-

ulated the expression levels of genes specific to temperature responses,

with miR156 and miR535 families exhibiting potential roles in modulating

SPL gene expression levels (Zhu et al., 2019).

A study on sweet potato identified correlations between miRNA

target modules and temperature stress (6�C CS, 47�C HS), with nega-

tive correlations for miR156, miR159, miR160, and miR167, and their

targets, IbSPLs, IBMYB, IbARF10, and IbARF8, and a positive correla-

tion for miR162 and its target DCL1, indicating that complex regula-

tory gene networks are involved in temperature stress responses

(Yu et al., 2020). A study on Betula luminifera exposed to HS (45�C)

identified 206 miRNAs (84 novel and 115 known), of which 98 were

HS-responsive (Pan et al., 2017). The subsequent degradome

sequencing revealed 44 miRNAs and 71 target genes that regulated

stress-responsive genes, transcription factors, and some functional

protein enzymes. The functional assignment of these miRNA targets

confirmed that the genes were related to protein synthesis/folding,

transport, cell wall organization, defense, antioxidants, and overall

cellular growth and development under HS (Pan et al., 2017).
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In flowering Chinese cabbage, small RNA libraries generated after

the HS treatment (38�C, 6 and 12 h) highlighted 43 known and

49 putative novel miRNAs that displayed differential expression in

heat-susceptible and heat-tolerant varieties (Ahmed et al., 2020).

Among these differentially expressed miRNAs, the nine known and

14 unknown miRNAs expressed exclusively in the heat-tolerant vari-

ety and their targets (RPS6, TOA1-like reticulin) were involved in HS

tolerance (Ahmed et al., 2020). A genome-wide analysis in maize

under CS (4�C, 48 h) identified 321 known miRNAs associated with

leaf elongation (6), mature zones (20), and putative meristem

(24) (Aydinoglu, 2020). The meristem-associated miRNAs were sub-

jected to in silico target predictions, confirming the negative regulatory

role of miR160, miR319, miR395, miR408, miR528, and miR1432

(Aydinoglu, 2020). A recent integrated small RNA sequence analysis in

pea (Pisum sativum L.) under CS (8/2�C day/ night, 16 days) identified

136 miRNAs and the modulatory network of 39 miRNA-mRNA tar-

gets with variable expression trends (Mazurier et al., 2022). The study

also confirmed the involvement of 11 miRNA families and their target

genes during CS responses, with the target genes associated with

multi-stress defense mechanisms, antioxidants, and cell wall synthesis

(Mazurier et al., 2022).

Numerous studies have identified and assigned specific functions

to miRNA or miRNA families, including plant metabolism and develop-

ment regulation under temperature stress. For instance, miR156 tar-

geted the gene coding SQUAMOSA PROMOTER BINDING PROTEIN

(SBP)-LIKE (SPL), an important factor binding to the promoter of the

heat shock factor in soybean (Ding et al., 2023). The study also

highlighted the significant role of the miR156-SPL module in regulat-

ing male fertility and HS in soybean (Ding et al., 2023). In other stud-

ies, miR156 enhanced CS tolerance in rice by targeting SPL genes that

encode several transcription factors, such as MYB and WRKY, with a

central role in CS tolerance (Zhou and Tang, 2019) and targeted the

transcription factor MYB15 to positively regulate ABA-mediated CS

tolerance in tomato (Zhang et al., 2022). The miRNA superfamily

miR156-miR529-miR535 has a high sequence identity and is crucial

for optimal plant growth and development. From this family, miR535

altered the expression levels of the C-repeat (CRT) binding factor

(CBF) and influenced osmotic regulation under CS in rice (Sun

et al., 2020b). miR169 (miR169/ Nuclear Factor YA (NF-YA) module)

is an auxin-regulated miRNA with a key role in maintaining cellular sig-

naling in Arabidopsis roots (Aslam et al., 2020). miR528 reduced the

expression of the transcription factor MYB30 by targeting an F-box

domain-containing protein gene (Os06g06050, positive regulator of

MYB30) in rice under CS (Tang and Thompson, 2019). Dong

et al. (2022) demonstrated that the miR164a-NAM4 module, with

NAM as a member of the NAC transcription factor family and a target

of miR164a, is responsible for CS tolerance in tomato. This module

conferred CS tolerance by directly regulating genes encoding

1-aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS) and

ACC oxidase (ACO) for ethylene synthesis induction. Sun et al.

(2022a) reported that miR1320 targets the APETALA2/ethylene-

responsive factor (ERF) transcription factor in rice, repressing

the JA-mediated cold signaling pathway to provide CS tolerance.

According to Szaker et al. (2019), miR824 negatively regulates

AGAMOUS LIKE 16 (AGL16), a MADS-box transcription factor that

negatively regulates flowering time through FLOWERING LOCUS T.

The authors suggested that the heat-mediated regulation of miR824/

AGL16 is well-preserved within the Brassicaceae family, and miR824

acts as a post-translational memory factor for fine-tuning post-stress

development in Arabidopsis (Szaker et al., 2019).

miRNAs have successfully improved crop temperature tolerance

through overexpression. For example, in tomato, overexpression of

miR319d from Solanum habrochaites conferred HS and CS tolerance

by inhibiting GAMYB-like1 and altering ROS signal transduction (Shi

et al., 2019). The miR156/SPL13 module improved HS tolerance in

alfalfa (Medicago sativa L.) in miR156 overexpressing lines and SPL13

RNAi knockout lines (Matthews et al., 2019). Transgenic creeping

bentgrass plants overexpressing rice miR393 (Osa-miR393a) exhibited

enhanced HS tolerance associated with induced expression levels of

small HSPs (Zhao et al., 2020). Overexpression of soybean miR1508a

in soybean itself conferred CS tolerance through possible cleavage of

the miR1508a target gene xyloglucan endo-trans-glucosylase/

hydrolase (Sun et al., 2020a). These promising findings underscore the

significant role of miRNAs as vital molecular regulators for combating

temperature variations in agriculture and the importance of exploring

temperature-responsive miRNAomes in various plant species to

develop strategies for coping with temperature fluctuations.

3.6 | Epigenomics

Epigenomic investigations involve the study of epigenetic changes—

changes in gene expression associated with DNA methylation and

post-translational histone modifications, not changes in DNA

sequence (Fortes and Gallusci, 2017; Saeed et al., 2022). Despite

advances in various omics methodologies, epigenomic approaches are

relatively underexplored, requiring further investigations of experi-

mental designs and methodological frameworks (Fortes and

Gallusci, 2017; Lempe et al., 2022). Epigenomic analysis principally

examines epigenetic marks or epi-marks, including DNA methylation

events and histone post-translational modifications. These epi-marks

undergo dynamic changes in response to endogenous and/or external

(environmental) stimuli, significantly shaping plant phenotypic plastic-

ity (Fortes and Gallusci, 2017; Saeed et al., 2022). Epigenetic regula-

tion in response to temperature fluctuations primarily encompasses

changes in DNA methylation patterns, histone modifications, small

and long non-coding RNAs, and chromatin remodeling, collectively

influencing gene expression patterns and contributing to the epige-

netic memory of plants (Liu et al., 2015; Zhao et al., 2020; Ueda and

Seki, 2020).

DNA methylation patterns in various plants undergo alterations in

response to temperature stress. For instance, 325 differentially meth-

ylated genes were identified in the leaves of maize seedlings sub-

jected to HS (42�C, 8 h) and associated with carbon metabolism, RNA

transport, spliceosomes, ubiquitin-mediated proteolysis, and homolo-

gous recombination (Qian et al., 2019). In Arabidopsis, a study
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investigating the role of histone H1 in repressing heterochromatic

transposable elements (TEs) in response to HS reported that H1 func-

tions differently in TE repression depending on the specific location of

TEs and confirmed that H1 and DNA methylation suppresses HS-

mediated responses in plants (Liu et al., 2021c). DNA methylation

changes in barley subjected to HS (25�C) during grain filling regulated

seed germination, with the promoters of genes involved in ABA

biosynthesis (9-cis-epoxycarotenoid dioxygenase, NCED) hyper-

methylated and those related to ABA catabolism (abscisic acid

80-hydroxylase, ABA'8OH), gibberellic acid biosynthesis (gibberellin

oxidase, GA20ox), and NADPH oxidase (Rboh) hypo-methylated

in HS-treated seeds (Sakai et al., 2022).

Epigenomic interactions, particularly those related to epigenetic

silencing mechanisms, play a critical role in regulating gene expression

and maintaining genome stability in response to environmental stres-

ses, including temperature. These interactions involve various epige-

netic marks, such as DNA methylation and histone modifications,

contributing to heritable changes in gene expression patterns. Some

recent studies shed light on the epigenetic responses of plants to tem-

perature stress. For example, Guo et al. (2021) demonstrated that his-

tone modifications can maintain heritable gene silencing in maize

under HS (42�C, 4 h) and suggested the involvement of H3 lysine

9 dimethylation (H3K9me2), histone H3 lysine 27 dimethylation

(H3K27me2), and histone H3 lysine 27 trimethylation (H3K27me3) in

the heritable silencing of MuDR transposon. Tong et al. (2021)

reported significantly down-regulated expression levels of DNA

methyltransferase genes (DNA METHYLTRANSFERASE1; MET1 and

CHROMOMETHYLASE2/3; CMT2/3) and up-regulated expression

levels of the three demethylase genes (DEMETER-LIKE3; DML3,

REPRESSOR OF SILENCING 1; ROS1 and DEMETER; DME) in tea

plants after CS treatment (4�C, 0 h) for 7 days, highlighting the crucial

role of DNA methylation in the early CS response. Sicilia et al. (2020)

demonstrated the vital role of DNA demethylases in the demethyla-

tion of promoter regions of genes (DFR and Ruby) involved in antho-

cyanin biosynthesis during CS. In another study, potato under CS

(4�C for 14 d) exhibited improved chromatin accessibility and histone

modifications of active genes (Zeng et al., 2019). The authors pro-

posed that the bivalent H3K4me3-H3K27me3 epi-mark creates a dis-

tinct chromatin environment, enhancing accessibility for regulating

CS-responsive proteins (Zeng et al., 2019). The above studies highlight

that epigenomics is a promising tool for enhancing temperature stress

tolerance in plants. Further exploration and research in this field are

needed to uncover the full potential of epigenomic strategies for crop

improvement in the face of changing environmental conditions.

3.7 | Ionomics

Ionomics is an important approach for understanding how plants

absorb, distribute, and accumulate nutrients from the soil, especially

in response to external stimuli like temperature stress. The ionome

represents the pool of essential inorganic nutrients, required in rela-

tively small quantities, that are vital for plant metabolism and stress

adaptation (Huang and Salt, 2016; Ali et al., 2021). Ionomics

approaches include the high-throughput profiling of elemental compo-

sition and deviations in response to various stimuli and/or stressful

environments (Huang and Salt, 2016; Ali et al., 2021). While ionomics

is more commonly associated with studying responses to metal stress,

salinity, and drought, relatively few studies have explored the ionome

of plants under temperature stress. A study by Ardini et al. (2016) pro-

filed the ionome of wild-type and mutant Nicotiana langsdorffii plants

subjected to HS (50 ± 1�C, 2 h), noting significant decreases in iron

(Fe) and zinc (Zn) concentrations and increases in calcium (Ca) and

magnesium (Mg) concentrations, which varied significantly in roots

and aerial parts, suggesting altered efficiency in uptake and transport

processes. Tovar et al. (2022) investigated the ionome of quinoa seeds

under HS applied during anthesis to the roots (30�C) with shoots

growing at 22�C, to shoots (35�C) with roots growing at 22�C, and to

roots and shoots growing at 30 or 35�C. The seed ionome signifi-

cantly altered after the 11-day HS treatment, indicating long-lasting

effects of HS on seed development and the role of short heat expo-

sure in changing the nutritional quality of quinoa seeds. While these

studies provide valuable insights into the ionomic responses of plants

to temperature stress, the ionomics approach is relatively underex-

plored in temperature stress studies.

3.8 | Phenomics

Phenomics—the study of the plant phenotype—has become increas-

ingly important in the post-genomic era for understanding how plants

respond to various environmental factors, including temperature

stress (Singh et al., 2018). Plant phenomics focuses on acquiring high-

dimensional phenotypic information on a whole-plant scale, comple-

menting the insights from genomics. Understanding these phenomic

characteristics can provide mechanistic insights into the pathways con-

necting genotypes to specific phenotypes (Houle et al., 2010). Several

approaches are typically used to explore plant phenomes: visible light,

infrared, thermal-based, fluorescence, spectroscopic, and integrated

imaging (Singh et al., 2018). Several studies have successfully applied

phenomics in addressing plant responses to temperature stress.

For instance, Dingkuhn et al. (2017) studied the phenotypes of

203 indica rice accessions to decipher thermal stress and spikelet ste-

rility. The study used the RIDEV model to successfully capture 64% of

variations when cold acclimation was applied during the vegetative

stage. Gao et al. (2020) used high-throughput phenotyping to assess

HS-induced alterations in Arabidopsis, confirming that a low quantum

yield of PSII increased the leaf angle. They also demonstrated that

exposure to HS (45�C) for 6 h provided more precise differentiation

between heat-treated and control plants compared to other long-term

exposures (Gao et al., 2020). Marla et al. (2022) used an unmanned

aircraft system (UAS) high-throughput phenotyping platform to ana-

lyze sorghum phenotypes for chilling tolerance. The UAS-derived nor-

malized difference vegetation index values obtained from phenomic

mapping were correlated with QTL related to CS tolerance identified

in the same study (Marla et al., 2022).
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Despite significant progress in high-throughput genotyping in

recent decades, the development of rapid and efficient phenotyping

methods has lagged. Consequently, reliable plant phenotyping under

environmental stress conditions has become crucial for crop improve-

ment (Chen et al., 2019). For instance, using non-destructive phe-

nomics tools to understand HS (35�C) tolerance during anthesis in

Brassica species revealed that floral volume is a critical phenomic trait

for HS tolerance (Chen et al. 2019). Furthermore, whole-plant mea-

surements were strongly correlated with variations in fresh weight,

highlighting the importance of whole-plant imaging (Chen

et al., 2019). While phenomics is in its infancy in elucidating the

impact of temperature stress on crops, it has shown promise for accel-

erating crop breeding efforts to improve HS tolerance (Basavaraj and

Rane, 2020). Combining high-throughput genomics with phenomics

can provide valuable insights and facilitate the development of

climate-smart crops (Marsh et al., 2021).

Integrating genomics and phenomics data using bioinformatic

tools can create comprehensive clade-specific datasets, making it eas-

ier to select climate-adaptive traits for breeding purposes (Marsh

et al., 2021). While integrating different omics strategies can be highly

beneficial, establishing such systems can be challenging. Emerging

technologies, such as rapid genomics cycling, high-throughput phe-

nomics, and historical descriptions of environmental relatedness

(enviromics), may be crucial for improving conventional breeding

methods and achieving genetic gain (Crossa et al., 2021). Thus, inte-

grating appropriate omics approaches to identify and improve

climate-resilient traits, including temperature-responsive traits, is the

key to developing climate-smart crops for the future.

4 | ERA OF SINGLE-CELL OMICS-ASSISTED
BREEDING FOR CROP IMPROVEMENT

Recent technological advances have enabled researchers to use single

cells (sc) to explore various molecular dimensions, including genome,

transcriptome, proteome, ionome, metabolome, and epigenetic modi-

fications, at high resolution and across thousands of cells (Libault

et al., 2017; Macaulay et al., 2017; Hu et al., 2018; Shaw et al., 2021;

Chen et al., 2020; Rich-Griffin et al., 2020; Argelaguet et al., 2021).

Moreover, several databases have been developed to facilitate the use

of sc in plant biology, including PlantscRNAdb (Chen et al., 2021a),

Single-Cell Portal (Svensson et al., 2020), PsctH (Xu et al., 2022d),

PCMDB (Jin et al., 2022), IonFlow (Iacovacci et al., 2021), scDEC (Liu

et al., 2021b), RA3 (Chen et al., 2021b), epiAnno (Chen et al., 2022),

and PlantCADB (Ke et al., 2022). When combined with compu-

tational biology, these databases have provided opportunities for

sc-genome-wide approaches to assess different molecules, such as

DNA, RNA, protein, and chromatin, with the highest resolution in

many organisms, including plants (Libault et al., 2017; Hu et al., 2018;

Argelaguet et al., 2021). For instance, Argelaguet et al. (2021) alluded

to using genomic DNA to analyze the sc-genome, methylome, or

chromatin accessibility. In the same cell, RNA can be used to profile the

transcriptome, and proteins can be studied for the proteome.

Serrano-Ron et al. (2021) conducted sc-RNA-seq to investigate

the order of tissue initiation in Arabidopsis. They discovered the ontolog-

ical hierarchy of lateral root formation, involving an early and sequential

differentiation of main root tissues and stem cells. In another study,

3D-sc-shape analysis and sc-mRNA sequencing were used to character-

ize root meristems and mature root segments in brassinosteroid-binding

mutants and wild-type Arabidopsis (Graeff et al., 2021). Han et al. (2017)

developed an sc-RNA-seq protocol for rice to assess allelic expression

patterns in mesophyll cells of indica (93–11), japonica (Nipponbare)

inbred lines, and F1 reciprocal hybrids. They observed widespread

monoallelic gene expression in individual mesophyll cells. Thibivilliers

and Libault (2021) have reported several other recent examples.

In addition to sc-RNA-seq, several studies have explored metabo-

lome profiling at subcellular, sc- and sc-type levels in crops like soy-

bean, Arabidopsis, and cotton, as reviewed by Misra et al. (2014). For

example, Brechenmacher et al. (2010) conducted sc-type metabolo-

mics on soybean root hairs before and after inoculation with Bradyrhi-

zobium japonicum, identifying 2,610 metabolites, with 166 altered in

response to B. japonicum. Trehalose was identified as one of the most

induced metabolites following inoculation. Guo et al. (2007) used gene

expression and metabolome profiling to investigate cotton fiber dur-

ing cell elongation and secondary cell wall synthesis, offering insights

into the active role of cellulose and its synthesis.

Several sc-RNA-seq studies have been conducted in Arabidopsis

(Brennecke et al., 2013; Efroni et al., 2015; Efroni et al., 2016; Denyer

et al., 2019; Ryu et al., 2019; Jean-Baptiste et al., 2019). Jean-Baptiste

et al. (2019) reported that 752 of the 1,783 identified HS-responsive genes

were differentially expressed following heat shock treatment, highlighting

the significant role of HSPs in gene expression across diverse cell types

under HS. Moreover, sc-RNA-seq was used to study gene expression pat-

terns during Chinese cabbage (A03) leaf development, particularly in

response to HS (40�C for 12 h), revealing that the least fractioned subge-

nome expressed more genes than the medium and most fractioned sub-

genomes in different cell types (Sun et al., 2022b). Furthermore, HS

affected gene expression in a cell type-specific manner and influenced sub-

genome dominance. Notably, key meristem development genes, including

SHOOT MERISTEMLESS (STM), KNOTTED 1-LIKE HOMEOBOXs KNAT1,

KNAT2 and KNAT6, CYTOCHROME P450 (CYP78A5), and LIGHT SENSITIVE

HYPOCOTYL 3 (LSH3) were detected in specific clusters (Sun et al., 2022b).

These genes and several others are involved in shoot meristematic cells

(Zondlo and Irish, 1999; Cho and Zambryski, 2011; Luo et al., 2019). Com-

paring the results from these studies suggests that sc-omics analysis could

be used to identify genes, metabolites, proteins, ions, and epigenetic fac-

tors at the sc-level. Additionally, sc-omics holds great promise for future

crop breeding, genetic research, and pathway engineering.

5 | CONTRIBUTION OF MACHINE
LEARNING TO FAST-TRACK BREEDING
EFFORTS

The generation of phenotypic data for crops is a critical step in cate-

gorizing crops as sensitive or tolerant to the specific stress under
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investigation (Rahaman et al., 2015; Song et al., 2021; Oteng-Frimpong

et al., 2023; Yoosefzadeh Najafabadi et al., 2023). The labor-intensive,

time-consuming, potentially destructive, subjective, costly, inefficient,

and lack of inter- or intra-rate repeatability of manual phenotyping

(Araus et al., 2018) has prompted the need for efficient, automatic,

and accurate technologies capable of capturing phenotypic data

across all growth stages and correlating it with genomics information

(Song et al., 2021; Xu et al., 2022c; Li et al., 2022c). The advent of

high-throughput phenotyping, coupled with artificial intelligence

(AI) and ML, has successfully addressed the major bottleneck hindering

crop breeding efforts (Singh et al., 2016; Yoosefzadeh Najafabadi

et al., 2023; Yan and Wang, 2023; Hayes et al., 2023).

Machine learning has been increasingly integrated into sc-RNA-seq

(Denyer et al., 2019; Jean-Baptiste et al., 2019), particularly in

the analysis of unsupervised sc-transcriptomes to reconstruct

sc-developmental trajectories over pseudotime, identifying hundreds of

genes with cell-type-specific expression (Jean-Baptiste et al., 2019).

The clustering of hundreds to millions of sc-genes reported in most

sc-RNA-seq and metabolomics studies has mainly used unsupervised

ML approaches (Brechenmacher et al., 2010; Jean-Baptiste et al., 2019;

Denyer et al., 2019; Luecken and Theis, 2019; Sun et al., 2022b).

Machine learning is also instrumental in constructing pan-genomes

(Golicz et al., 2016; Song et al., 2020; Bayer et al., 2021; Danilevicz

et al., 2020; Torkamaneh et al., 2021; Jha et al., 2022; Ebler

et al., 2022), enabling the identification of core, dispensable, and

specific genes that expedite functional validation and reveal regulatory

roles in genomics (Khan et al., 2020; Tay Fernandez et al., 2022; Zanini

et al., 2022; Shi et al., 2023).

Furthermore, ML algorithms have found applications in crop yield

and complex traits prediction, crop growth monitoring, precision agri-

culture, and automated irrigation (Yoosefzadeh-Najafabadi et al., 2021;

Yoosefzadeh-Najafabadi et al., 2022b; Jeyaraj et al., 2022; Li

et al., 2022c; Croci et al., 2023). Machine learning is also used to

identify genomic regions associated with specific traits (Yoosefzadeh-

Najafabadi et al., 2022a) and select superior genotypes through geno-

mic selection (Tong and Nikoloski, 2021; Yoosefzadeh-Najafabadi

et al., 2022a; Jubair and Domaratzki, 2023). It can also translate biologi-

cal knowledge and data into precision-designed plant breeding by facili-

tating omics sciences in plant biology, expediting the discovery of

agronomically usable genes, mutations, and metabolites for knowledge-

driven molecular breeding (van Dijk et al., 2021; Yan and Wang, 2023).

In commercial breeding programs, ML techniques have been applied to

develop predictive models for data-driven genomic design breeding

(Yan and Wang, 2023). Its ability to identify predictive patterns comple-

ments traditional comparative genomics approaches in plant science

(van Dijk et al., 2021). For example, ML-enabled phenotyping of

869 field-grown sorghum accessions for WUE traits generated data

used for GWAS and transcriptome-wide association studies (TWAS)

(Ferguson et al., 2021), leading to the discovery of multiple candidate

genes with known and putative roles in key WUE traits.

Machine learning has been used to understand and predict gene

expression in plants under biotic and abiotic stresses (Zou et al., 2011;

Sartor et al., 2019; Washburn et al., 2019; Azodi et al., 2020;

Wang et al., 2020) and regulatory architecture (Mejía-Guerra and

Buckler, 2019; Zhou et al., 2022). Zhou et al. (2022) studied transcrip-

tome changes in response to heat or cold stress in maize seedlings from

three genotypes (B73, Mo17, and W22) and their F1 hybrids. They

used motifs enriched near transcription start sites for thermal stress-

responsive genes to develop predictive models of gene expression

responses, identifying known and novel cis-regulatory elements

involved in heat or cold stress and offering potential applications for

designing stress-responsive promoters using biotechnology approaches.

Other studies have applied ML in breeding temperature-smart crops,

particularly in freezing injury assessment (Wang et al., 2016; Cogato

et al., 2020; Fu et al., 2021; Sanaeifar et al., 2023). For example, Li et al.

(2022c) used five deep learning networks and unmanned aerial vehicle

images to predict freezing-tolerant rapeseed lines among more than

3,000 pure lines, reporting greater than 92% accuracy in recognizing

freezing-tolerant rapeseed.

Machine learning is anticipated to continue playing a pivotal role

in harnessing the rapidly accumulating multi-omics data in plant biol-

ogy to breed temperature-smart and stress-resilient crops (Yan and

Wang, 2023). Automated phenotyping systems incorporating ML

and AI can address current plant stress research challenges, particu-

larly in temperature-related phenotyping (Xu et al., 2022c).

However, within the realm of climate-smart agriculture, the Inter-

net of Things, and big data applications, it is important to acknowl-

edge that the widespread adoption of ML is not without its challenges

(Sharma et al., 2020; Cravero et al., 2022). Despite ML significantly

accelerating breeding programs and contributing to innovations in

crop improvement, several fundamental issues need careful consider-

ation (Singh et al., 2016; Yoosefzadeh Najafabadi et al., 2023; Yan and

Wang, 2023; Hayes et al., 2023). Challenges such as ensuring data pri-

vacy, interpreting complex ML models accurately, and the need for

large and diverse datasets for precise predictions pose substantial hur-

dles. Furthermore, integrating ML into precision agriculture and com-

puterized systems demands robust cybersecurity measures to

safeguard sensitive agricultural data (Sharma et al., 2020; Shaikh

et al., 2022; Cravero et al., 2022). Hence, it is vital to balance the

advantages of ML and address these challenges for the responsible

and efficient exploitation of expertise within agricultural sectors.

6 | CONTRIBUTION OF SPEED BREEDING
TO FAST-TRACK THE GROWTH OF NEW
CULTIVARS

The concept of SB has emerged as a valuable tool to expedite the

development of new cultivars for various purposes, including research,

human consumption, and industrial use (Watson et al., 2018; Hickey

et al., 2019; Alahmad et al., 2022). Speed breeding involves tech-

niques that manipulate the environmental conditions in which crop

genotypes are grown to accelerate flowering and seed set to advance

to the next breeding generation as quickly as possible (Figures 3, 4)

(Wanga et al., 2021; Chiurugwi et al., 2019). Conventional breeding

for annual crops like maize, barley, wheat, and soybean typically takes
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8–12 years from crossing parental lines to the commercial release of

new cultivars (Jähne et al., 2020). Speed breeding can potentially

reduce the time needed for breeding by more than half (Figure 4)

(Hickey et al., 2019; Wanga et al., 2021).

Ghosh et al. (2018) proposed three SB methods: SB I, II, and III,

with the choice of method depending on specific needs and resource

availability, as detailed in Ghosh et al. (2018) and Abdul Fiyaz et al.

(2020). Specific SB protocols have been developed and tested for var-

ious crops (Watson et al., 2018; Hickey et al., 2019; Abdul Fiyaz

et al., 2020; Cazzola et al., 2021; Wanga et al., 2021).

Speed breeding can be used independently or with advanced

accelerated breeding methods like omics-assisted selection, genome

editing, and genomic prediction to develop advanced cultivars (Jähne

et al., 2020). For example, Rana et al. (2019) applied a biotron-based

SB technique to transfer the hst1 (OsRR22) gene from Kaijin rice culti-

var, known for its salt tolerance, into high-yielding Yukinko-mai back-

ground using MAS within 17 months. Hickey et al. (2017) successfully

introgressed multiple resistance traits to leaf rust, net and spot forms

of net blotch, and spot blotch from four donor parents into scarlet cul-

tivars within two years and eight generations. Katiyar-Agarwal et al.

(2003) successfully overexpressed the hsp101 gene in basmati rice,

improving its HS tolerance. Therefore, SB offers a promising approach

to fast-track breeding temperature-smart cultivars in rice and other

essential food security crops.

In addition to multi-omics-assisted breeding approaches, such as

MAS and metabolite-assisted selection, SB can reduce the cost and

F IGURE 4 Contribution of speed
breeding (SB) to fast-track the growth and
release of new cultivars. (A) Multiplication
and advancement of rice generations in
SB chamber. It is particularly relevant for
regions like northern South Asia with
seasonal restraints, such as low
temperatures during the dry season.
Therefore, the International Rice Research

Institute (IRRI)-South Asia Regional
Centre (ISARC) in Varanasi is working to
develop temperature-smart rice cultivars
that can survive and deliver higher yields
during the dry season. Source: https://
www.irri.org/news-and-events/news/
speedbreed-crop-breeding-center-built-
speed. (B) Integration of SB with different
breeding systems. The graph
demonstrates how different breeding
systems adjust in terms of the time
required to develop and release advanced
cultivars. Arrows with color bars indicate
the average variation in time required to
release a variety, which can also vary from
species to species. From top to bottom,
the curved arrow indicates how
integrating different breeding systems
helps release a variety quickly.
Abbreviations: Conventional breeding
(CB); genome editing (GE); genomics-
assisted breeding (GAB); speed
breeding (SB)
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space required to breed numerous cultivars. It can expedite the early

registration of new cultivars by generating distinctness, uniformity, and

stability (DUS) data within a shorter timeframe, a requirement for plant

breeders' rights (Saccomanno et al., 2020). Combining SB with other

technologies like GAB, ML, genome editing, and phenomics can further

accelerate the phenotyping of large accessions for temperature-related

traits and facilitate fast-track breeding (Figure 4B) (Rai, 2022; Xu

et al., 2022c).

7 | OUTSTANDING QUESTIONS

1. Which developmental phases and plant tissues should be tar-

geted for comprehensive omics analysis to gain insights into the

key mechanisms that drive temperature stress responses in

plants, and how do these responses fluctuate across different

developmental phases, especially in light of potential variations

among plant species?

2. How can we enhance the integration of multi-omics approaches

to provide a more comprehensive understanding of the genetic

and molecular mechanisms governing plant responses to extreme

temperatures, ultimately facilitating the breeding of temperature-

smart plants?

3. What are the key genomics, transcriptomic, proteomic, and meta-

bolic regulatory networks and pathways involved in plant

responses/tolerance to extreme temperatures, and how can we

manipulate them to uncover targeted breeding strategies for

designing temperature-smart crops?

4. Are there omics technologies and methodologies that hold prom-

ise for advancing our understanding of temperature stress

responses in plants and fast-tracking the breeding of smart future

cultivars?

5. Can we identify and develop MAB and GAB tools (mainly MAS)

that facilitate more precise and efficient trait introgression for

temperature hardiness in different plant species?

6. How can ML algorithms be refined and fitted to predict plant

responses to temperature stress with higher precision and profi-

ciency by integrating real-time environmental data?

7. What are the most effective strategies for integrating ML predic-

tions with conventional breeding methods to fast-track the devel-

opment of temperature-smart cultivars that are robust and

adjustable?

8. How can we ensure the accessibility and affordability of omics

and ML tools for plant researchers and breeders in developing

countries where climate change severely impacts agricultural

production?

9. Can non-model plant-based omics investigations provide deeper

insights into temperature stress tolerance mechanisms, and to

what extent can findings from model plant-based research be

correlated?

10. How can realistic climate simulation facilities be developed to

mimic the omics-assisted breeding crop responses in natural field

environments?

11. What are the potential environmental implications and safety

concerns associated with SB techniques, and how can these be

mitigated or minimized in the quest for expedited crop

development?

12. What potential environmental, ethical and/or safety concerns are

linked to genetic engineering tools (mainly genome-edited crops)

used to manipulate omics-derived data in plant breeding, and

how can these concerns be addressed for future breeding?

13. How can we optimize the use of fast-forward breeding tech-

niques, such as GAB, gene editing, and transgenic breeding, in

combination with omics approaches to design temperature-smart

plants with improved traits?

14. What are the long-term effects and adaptability of temperature-

smart plants in changing climates (i.e., real-world agricultural

systems), and how can we anticipate and manage these potential

consequences?

15. How can interdisciplinary collaboration between plant biologists,

geneticists, data scientists, and agronomists be fostered to suc-

cessfully tackle the multifaceted challenges of breeding

temperature-smart plants?

16. What strategies and policies can be enacted at the national and

international levels to ensure the widespread adoption of

temperature-smart plants and contribute to achieving global food

security goals, including the Food and Agriculture Organization's

(FAO) ‘zero hunger’ goal?

8 | CONCLUDING REMARKS AND FUTURE
OUTLOOKS

The ongoing and unpredictable shifts in the global climate have raised

concerns within communities, with food security issues becoming an

alarming challenge due to the ever-increasing world population.

Extreme temperatures, a consequence of climate change, significantly

jeopardize overall crop health and yield. These temperature extremes

trigger various morphological, physiological, biochemical, and molecu-

lar disruptions in plants, disturbing their homeostasis (Figure 2).

Understanding and engineering specific and non-specific plant stress

responses, enabling plants to withstand current and future changing

environmental conditions, is essential to address and prevent these

escalating food security challenges.

Applying cutting-edge biotechnological tools, such as omics

approaches and modern breeding techniques, has emerged as an

extraordinary means of advancing breeding methodologies to create

temperature-smart future cultivars (Figure 3). Advanced genomics,

transcriptomics, proteomics, metabolomics, miRNAomics, epige-

nomics, phenomics, ionomics, ML, and SB are used widely to decipher

complex mechanisms and their components in response to tempera-

ture stress (Figure 1). These high-throughput and rapid technologies

lay the foundation for a deeper understanding of tolerance mecha-

nisms by revealing key molecular, genetic, transcriptomic, proteomic,

and metabolic factors responsible for these responses. Genomics

innovations such as GAB, MAS, QTL mapping, and GWAS have made
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remarkable strides in this endeavor. It is time for similar advances in

other omics fields to expedite the journey toward temperature-smart

plants. Recent developments in sc-omics have further enabled the

establishment of coherent connections between various omics disci-

plines, consolidating them at a sc-level. Integrating ML and SB makes

the goal of creating temperature-smart plants increasingly attainable

(Figure 1). These tools offer a framework for constructing a multi-

dimensional database to bridge the knowledge gaps in plant research.

Numerous plant species, such as Arabidopsis, wheat, rice, maize,

soybean, tomato, and rapeseed, have been extensively assessed using

various omics platforms under extreme temperatures. These species

serve as a valuable source of large omics datasets that can be trans-

lated into other major food crops to develop ready-to-grow,

temperature-smart future crop plants. Moreover, the data derived

from omics integration can be manipulated using genetic engineering

tools, such as gene editing and transgenic breeding, to develop

temperature-smart plants. While there have been many successful

outcomes in breeding temperature-smart cultivars through genetic

engineering, we advocate for omics-mediated genetic engineering of

newly identified key players to further advance the field and maximize

the utility of omics data. Finally, the modern cultivars generated could

be subjected to SB methods to accelerate their growth within a

shorter timeframe (Figures 3, 4). However, numerous pivotal ques-

tions and bottlenecks still require more attention and concerted

efforts from the scientific community to design climate-smart future

crop plants (see outstanding questions). In summary, integrated omics

approaches are key to breeding plants that are adaptable and resilient

to the ever-evolving environmental and climatic conditions, in turn,

paving the way to fulfilling the FAO's ‘zero hunger’ goal and the

United Nations Sustainability Development Goals, and ultimately fos-

tering sustainable agribusiness and improved quality and security.
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Correia, S., Suárez-Álvarez, S., Manadas, B., Canhoto, J. &

Moncaleán, P. 2021. Proteome-wide analysis of heat-stress in Pinus

radiata somatic embryos reveals a combined response of sugar

metabolism and translational regulation mechanisms. Frontiers in Plant

Science, 12, 631239.

Cazzola, F., Bermejo, C. J., Gatti, I. & Cointry, E. 2021. Speed breeding in

pulses: an opportunity to improve the efficiency of breeding programs.

Crop and Pasture Science, 72, 165–172.
Cheabu, S., Moung-Ngam, P., Arikit, S., Vanavichit, A. & Malumpong, C.

2018. Effects of heat stress at vegetative and reproductive stages on

spikelet fertility. Rice Science, 25, 218–226.
Chen, A., Hansen, T. H., Olsen, L. I., Palmgren, M., Husted, S.,

Schjoerring, J. K. & Persson, D. P. 2020. Towards single-cell ionomics:

a novel micro-scaled method for multi-element analysis of nanogram-

sized biological samples. Plant Methods, 16, 31.

Chen, H., Yin, X., Guo, L., Yao, J., Ding, Y., Xu, X., Liu, L., Zhu, Q.-H.,

Chu, Q. & Fan, L. 2021a. PlantscRNAdb: A database for plant single-

cell RNA analysis. Molecular Plant, 14, 855–857.
Chen, L., Liang, Z., Xie, S., Liu, W., Wang, M., Yan, J., Yang, S., Jiang, B.,

Peng, Q. & Lin, Y. E. 2023. Responses of differential metabolites and

pathways to high temperature in cucumber anther. Frontiers in Plant

Science, 14, 1131735.

Chen, S., Guo, Y., Sirault, X., Stefanova, K., Saradadevi, R., Turner, N. C.,

Nelson, M. N., Furbank, R. T., Siddique, K. H. M. & Cowling, W. A.

2019. Nondestructive phenomic tools for the prediction of heat and

drought tolerance at anthesis in Brassica species. Plant Phenomics,

2019.

Chen, S., Yan, G., Zhang, W., Li, J., Jiang, R. & Lin, Z. 2021b. RA3 is a

reference-guided approach for epigenetic characterization of single

cells. Nature Communications, 12, 2177.

Chen, X., Chen, S., Song, S., Gao, Z., Hou, L., Zhang, X., Lv, H. & Jiang, R.

2022. Cell type annotation of single-cell chromatin accessibility data

via supervised Bayesian embedding. Nature Machine Intelligence, 4,

116–126.
Cheng, Y., Ban, Q., Mao, J., Lin, M., Zhu, X., Xia, Y., Cao, X., Zhang, X. &

Li, Y. 2023. Integrated Metabolomic and Transcriptomic Analysis

Reveals That Amino Acid Biosynthesis May Determine Differences in

Cold-Tolerant and Cold-Sensitive Tea Cultivars. International Journal of

Molecular Sciences, 24, 1907.

Chiurugwi, T., Kemp, S., Powell, W. & Hickey, L. T. 2019. Speed breeding

orphan crops. Theoretical and Applied Genetics, 132, 607–616.
Cho, E. & Zambryski, P. C. 2011. Organ boundary1 defines a gene

expressed at the junction between the shoot apical meristem and lat-

eral organs. Proceedings of the National Academy of Sciences of the

United States of America, 108, 2154–2159.
Chunduri, V., Kaur, A., Kaur, S., Kumar, A., Sharma, S., Sharma, N.,

Singh, P., Kapoor, P., Kaur, S. & Kumari, A. 2021. Gene expression and

proteomics studies suggest an involvement of multiple pathways

under day and day–night combined heat stresses during grain filling in

wheat. Frontiers in Plant Science, 12, 660446.

Cogato, A., Meggio, F., Collins, C. & Marinello, F. 2020. Medium-

Resolution Multispectral Data from Sentinel-2 to Assess the Damage

and the Recovery Time of Late Frost on Vineyards. Remote Sensing,

12, 1896.

Cravero, A., Pardo, S., Sepúlveda, S. & Muñoz, L. 2022. Challenges to Use

Machine Learning in Agricultural Big Data: A Systematic Literature

Review. Agronomy, 12, 748.

Croci, M., Impollonia, G., Meroni, M. & Amaducci, S. 2023. Dynamic Maize

Yield Predictions Using Machine Learning on Multi-Source Data.

Remote Sensing, 15, 100.

Crossa, J., Fritsche-Neto, R., Montesinos-Lopez, O. A., Costa-Neto, G.,

Dreisigacker, S., Montesinos-Lopez, A. & Bentley, A. R. 2021. The

modern plant breeding triangle: optimizing the use of genomics,

phenomics, and enviromics data. Frontiers in Plant Science, 12,

651480.

Danilevicz, M. F., Tay Fernandez, C. G., Marsh, J. I., Bayer, P. E. &

Edwards, D. 2020. Plant pangenomics: approaches, applications and

advancements. Current Opinion in Plant Biology, 54, 18–25.

20 of 28 RAZA ET AL.
Physiologia Plantarum

 13993054, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.14188 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [07/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Das, R., Mukherjee, A., Basak, S. & Kundu, P. 2021. Plant miRNA responses

under temperature stress. Plant Gene, 28, 100317.

Debnath, S., Chakraborty, M. & Kumawat, R. 2022. Physiological

Responses of Plants under High Temperature Stress. Biot. Res. Today,

4, 347–349.
Degen, G. E., Orr, D. J. & Carmo-Silva, E. 2021. Heat-induced changes in

the abundance of wheat Rubisco activase isoforms. New Phytologist,

229, 1298–1311.
Denyer, T., Ma, X., Klesen, S., Scacchi, E., Nieselt, K. & Timmermans,

M. C. P. 2019. Spatiotemporal Developmental Trajectories in the

Arabidopsis Root Revealed Using High-Throughput Single-Cell RNA

Sequencing. Developmental Cell, 48, 840–852.e5.
Derbyshire, M. C., Batley, J. & Edwards, D. 2022. Use of multiple ‘omics

techniques to accelerate the breeding of abiotic stress tolerant crops.

Current Plant Biology, 100262.

Desai, J. S., Lawas, L. M. F., Valente, A. M., Leman, A. R., Grinevich, D. O.,

Jagadish, S. V. K. & Doherty, C. J. 2021. Warm nights disrupt transcrip-

tome rhythms in field-grown rice panicles. Proceedings of the National

Academy of Sciences, 118, e2025899118.

Ding, X., Guo, J., Lv, M., Wang, H., Sheng, Y., Liu, Y., Gai, J. & Yang, S.

2023. The miR156b–GmSPL2b module mediates male fertility

regulation of cytoplasmic male sterility-based restorer line under high-

temperature stress in soybean. Plant Biotechnology Journal, 21, 1542–
1559.

Ding, Y., Huang, L., Jiang, Q. & Zhu, C. 2020a. MicroRNAs as important

regulators of heat stress responses in plants. Journal of Agricultural and

Food Chemistry, 68, 11320–11326.
Ding, Y., Shi, Y. & Yang, S. 2020b. Molecular regulation of plant responses

to environmental temperatures. Molecular Plant, 13, 544–564.
Ding, Y. & Yang, S. 2022. Surviving and thriving: How plants perceive and

respond to temperature stress. Developmental Cell, 57, 947–958.
Dingkuhn, M., Pasco, R., Pasuquin, J. M., Damo, J., Soulié, J.-C.,

Raboin, L.-M., Dusserre, J., Sow, A., Manneh, B. & Shrestha, S. 2017.

Crop-model assisted phenomics and genome-wide association study

for climate adaptation of indica rice. 2. Thermal stress and spikelet ste-

rility. Journal of Experimental Botany, 68, 4389–4406.
Djalovic, I., Kundu, S., Bahuguna, R. N., Pareek, A., Raza, A., Singla-

Pareek, S. L., Prasad, P. V. & Varshney, R. K. 2023. Maize and heat

stress: Physiological, genetic, and molecular insights. The Plant

Genome, e20378.

Dong, Y., Tang, M., Huang, Z., Song, J., Xu, J., Ahammed, G. J., Yu, J. &

Zhou, Y. 2022. The miR164a-NAM3 module confers cold tolerance by

inducing ethylene production in tomato. The Plant Journal, 111,

440–456.
Ebler, J., Ebert, P., Clarke, W. E., Rausch, T., Audano, P. A., Houwaart, T.,

Mao, Y., Korbel, J. O., Eichler, E. E., Zody, M. C., Dilthey, A. T. &

Marschall, T. 2022. Pangenome-based genome inference allows effi-

cient and accurate genotyping across a wide spectrum of variant

classes. Nature Genetics, 54, 518–525.
Efroni, I., Ip, P.-L., Nawy, T., Mello, A. & Birnbaum, K. D. 2015. Quantifica-

tion of cell identity from single-cell gene expression profiles. Genome

Biology, 16, 9.

Efroni, I., Mello, A., Nawy, T., Ip, P.-L., Rahni, R., Delrose, N., Powers, A.,

Satija, R. & Birnbaum, K. D. 2016. Root Regeneration Triggers an

Embryo-like Sequence Guided by Hormonal Interactions. Cell, 165,

1721–1733.
Elakhdar, A., Slaski, J. J., Kubo, T., Hamwieh, A., Hernandez Ramirez, G.,

Beattie, A. D. & Capo-Chichi, L. J. A. 2023. Genome-wide association

analysis provides insights into the genetic basis of photosynthetic

responses to low-temperature stress in spring barley. Frontiers in Plant

Science, 14, 1159016.

Esposito, S., Carputo, D., Cardi, T. & Tripodi, P. 2019. Applications and

trends of machine learning in genomics and phenomics for next-

generation breeding. Plants, 9, 34.

Farooq, M. S., Uzaiir, M., Raza, A., Habib, M., Xu, Y., Yousuf, M.,

Yang, S. H. & Ramzan Khan, M. 2022. Uncovering the research gaps to

alleviate the negative impacts of climate change on food security: a

review. Frontiers in Plant Science, 13, 927535.

Ferguson, J. N., Fernandes, S. B., Monier, B., Miller, N. D., Allen, D.,

Dmitrieva, A., Schmuker, P., Lozano, R., Valluru, R., Buckler, E. S.,

Gore, M. A., Brown, P. J., Spalding, E. P. & Leakey, A. D. B. 2021.

Machine learning-enabled phenotyping for GWAS and TWAS of WUE

traits in 869 field-grown sorghum accessions. Plant Physiology, 187,

1481–1500.
Fortes, A. M. & Gallusci, P. 2017. Plant stress responses and phenotypic

plasticity in the epigenomics era: perspectives on the grapevine sce-

nario, a model for perennial crop plants. Frontiers in Plant Science, 8, 82.

Fu, X., Bai, Y., Zhou, J., Zhang, H. & Xian, J. 2021. A method for obtaining

field wheat freezing injury phenotype based on RGB camera and soft-

ware control. Plant Methods, 17, 120.

Gao, G., Tester, M. A. & Julkowska, M. M. 2020. The use of high-

throughput phenotyping for assessment of heat stress-induced

changes in Arabidopsis. Plant Phenomics, 2020.

Ghosh, S., Watson, A., Gonzalez-Navarro, O. E., Ramirez-Gonzalez, R. H.,

Yanes, L., Mendoza-Suárez, M., Simmonds, J., Wells, R., Rayner, T.,

Green, P., Hafeez, A., Hayta, S., Melton, R. E., Steed, A., Sarkar, A.,

Carter, J., Perkins, L., Lord, J., Tester, M., Osbourn, A., Moscou, M. J.,

Nicholson, P., Harwood, W., Martin, C., Domoney, C., Uauy, C.,

Hazard, B., Wulff, B. B. H. & Hickey, L. T. 2018. Speed breeding in

growth chambers and glasshouses for crop breeding and model plant

research. Nature Protocols, 13, 2944–2963.
Golicz, A. A., Bayer, P. E., Barker, G. C., Edger, P. P., Kim, H.,

Martinez, P. A., Chan, C. K. K., Severn-Ellis, A., Mccombie, W. R.,

Parkin, I. A. P., Paterson, A. H., Pires, J. C., Sharpe, A. G., Tang, H.,

Teakle, G. R., Town, C. D., Batley, J. & Edwards, D. 2016. The pangen-

ome of an agronomically important crop plant Brassica oleracea. Nature

Communications, 7, 13390.

Gonzalez, G. M., Cellini, F., Fotopoulos, V., Balestrini, R. & Arbona, V.

2022. New approaches to improve crop tolerance to biotic and abiotic

stresses. Physiologia Plantarum, 174, e13547.

Graeff, M., Rana, S., Wendrich, J. R., Dorier, J., Eekhout, T., Aliaga

Fandino, A. C., Guex, N., Bassel, G. W., de Rybel, B. &

Hardtke, C. S. 2021. A single-cell morpho-transcriptomic map of

brassinosteroid action in the Arabidopsis root. Molecular Plant, 14,

1985–1999.
Guo, T., Gull, S., Ali, M. M., Yousef, A. F., Ercisli, S., Kalaji, H. M.,

Telesi�nski, A., Auriga, A., Wr�obel, J. & Radwan, N. S. 2022. Heat stress

mitigation in tomato (Solanum lycopersicum L.) through foliar applica-

tion of gibberellic acid. Scientific Reports, 12, 11324.

Guo, W., Wang, D. & Lisch, D. 2021. RNA-directed DNA methylation pre-

vents rapid and heritable reversal of transposon silencing under heat

stress in Zea mays. PLoS Genetics, 17, e1009326.

Hall, R. D., D'auria, J. C., Ferreira, A. C. S., Gibon, Y., Kruszka, D.,

Mishra, P. & van de Zedde, R. 2022. High-throughput plant phenotyp-

ing: a role for metabolomics? Trends in Plant Science, 27, 549–563.
Han, Y., Chu, X., Yu, H., Ma, Y.-K., Wang, X.-J., Qian, W. & Jiao, Y. 2017.

Single-cell transcriptome analysis reveals widespread monoallelic gene

expression in individual rice mesophyll cells. Science Bulletin, 62,

1304–1314.
Hao, J.-H., Su, H.-N., Zhang, L.-L., Liu, C.-J., Han, Y.-Y., Qin, X.-X. &

Fan, S.-X. 2021. Quantitative proteomic analyses reveal that energy

metabolism and protein biosynthesis reinitiation are responsible for

the initiation of bolting induced by high temperature in lettuce (Lac-

tuca sativa L.). BMC Genomics, 22, 427.

Hassan, M. A., Xiang, C., Farooq, M., Muhammad, N., Yan, Z., Hui, X.,

Yuanyuan, K., Bruno, A. K., Lele, Z. & Jincai, L. 2021. Cold stress in

wheat: plant acclimation responses and management strategies. Fron-

tiers in Plant Science, 12, 676884.

RAZA ET AL. 21 of 28
Physiologia Plantarum

 13993054, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.14188 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [07/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Hayes, B. J., Chen, C., Powell, O., Dinglasan, E., Villiers, K., Kemper, K. E. &

Hickey, L. T. 2023. Advancing artificial intelligence to help feed the

world. Nature Biotechnology, 41, 1188–1189.
He, J., Yao, L., Pecoraro, L., Liu, C., Wang, J., Huang, L. & Gao, W.

2023. Cold stress regulates accumulation of flavonoids and terpe-

noids in plants by phytohormone, transcription process, functional

enzyme, and epigenetics. Critical Reviews in Biotechnology, 43,

680–697.
Hernández, P. F. V., Onofre, L. E. M. & Cárdenas, F. D. F. R. 2023.

Responses of sorghum to cold stress: A review focused on molecular

breeding. Frontiers in Plant Science, 14, 1124335.

Hickey, L. T., Germán, S. E., Pereyra, S. A., Diaz, J. E., Ziems, L. A.,

Fowler, R. A., Platz, G. J., Franckowiak, J. D. & Dieters, M. J. 2017.

Speed breeding for multiple disease resistance in barley. Euphytica,

213, 64.

Hickey, L. T., N. Hafeez, A., Robinson, H., Jackson, S. A., Leal-

Bertioli, S. C. M., Tester, M., Gao, C., Godwin, I. D., Hayes, B. J. &

Wulff, B. B. H. 2019. Breeding crops to feed 10 billion. Nature Biotech-

nology, 37, 744–754.
Hosseini, S. Z., Ismaili, A., Nazarian-Firouzabadi, F., Fallahi, H.,

Nejad, A. R. & Sohrabi, S. S. 2021. Dissecting the molecular responses

of lentil to individual and combined drought and heat stresses by com-

parative transcriptomic analysis. Genomics, 113, 693–705.
Houle, D., Govindaraju, D. R. & Omholt, S. 2010. Phenomics: the next chal-

lenge. Nature Reviews Genetics, 11, 855–866.
Hu, C., Jiang, J., Li, Y., Song, S., Zou, Y., Jing, C., Zhang, Y., Wang, D.,

He, Q. & Dang, X. 2022. QTL mapping and identification of candidate

genes using a genome-wide association study for heat tolerance at

anthesis in rice (Oryza sativa L.). Frontiers in Genetics, 13, 983525.

Hu, Y., An, Q., Sheu, K., Trejo, B., Fan, S. & Guo, Y. 2018. Single Cell Multi-

Omics Technology: Methodology and Application. Frontiers in Cell and

Developmental Biology, 6, 28.

Huang, J., Zhao, X., Bürger, M., Chory, J. & Wang, X. 2023. The role of eth-

ylene in plant temperature stress response. Trends in Plant Science, 28,

808-824.

Huang, X.-Y. & Salt, D. E. 2016. Plant ionomics: from elemental profiling to

environmental adaptation. Molecular Plant, 9, 787–797.
Huang, Z., Zhu, P., Zhong, X., Qiu, J., Xu, W. & Song, L. 2022. Transcrip-

tome Analysis of Moso Bamboo (Phyllostachys edulis) Reveals Candi-

date Genes Involved in Response to Dehydration and Cold Stresses.

Frontiers in Plant Science, 13, 960302.

Hütsch, B. W., Jahn, D. & Schubert, S. 2019. Grain yield of wheat (Triticum

aestivum L.) under long-term heat stress is sink-limited with stronger

inhibition of kernel setting than grain filling. Journal of Agronomy and

Crop Science, 205, 22–32.
Iacovacci, J., Lin, W., Griffin, J. L. & Glen, R. C. 2021. IonFlow: a galaxy tool

for the analysis of ionomics data sets. Metabolomics, 17, 91.

Impa, S. M., Sunoj, V. J., Krassovskaya, I., Bheemanahalli, R., Obata, T. &

Jagadish, S. K. 2019. Carbon balance and source-sink metabolic

changes in winter wheat exposed to high night-time temperature.

Plant, Cell & Environment, 42, 1233–1246.
Islam, W., Adnan, M., Alomran, M. M., Qasim, M., Waheed, A.,

Alshaharni, M. O. & Zeng, F. 2024. Plant responses to temperature

stress modulated by microRNAs. Physiologia Plantarum, 176, e14126.

Jackson, R. B., Sperry, J. S. & Dawson, T. E. 2000. Root water uptake and

transport: using physiological processes in global predictions. Trends in

Plant Science, 5, 482–488.
Jähne, F., Hahn, V., Würschum, T. & Leiser, W. L. 2020. Speed breeding

short-day crops by LED-controlled light schemes. Theoretical and

Applied Genetics, 133, 2335–2342.
Jamla, M., Patil, S., Joshi, S., Khare, T. & Kumar, V. 2021. MicroRNAs and

their exploration for developing heavy metal-tolerant plants. Journal of

Plant Growth Regulation, 1–17.
Jan, N., Majeed, U., Wani, M. A., Wani, Z. A., Chakraborty, N. & John, R.

2023a. Analysis of physiological and proteomic changes in marigold

(Calendula officinalis) in response to short term cold stress.

South African Journal of Botany, 158, 31–48.
Jan, N., Rather, A. M.-U.-D., John, R., Chaturvedi, P., Ghatak, A.,

Weckwerth, W., Zargar, S. M., Mir, R. A., Khan, M. A. & Mir, R. R.

2023b. Proteomics for abiotic stresses in legumes: present status and

future directions. Critical Reviews in Biotechnology, 43, 171–190.
Jan, S., Rustgi, S., Barmukh, R., Shikari, A. B., Leske, B., Bekuma, A.,

Sharma, D., Ma, W., Kumar, U. & Kumar, U. 2023c. Advances and

opportunities in unraveling cold-tolerance mechanisms in the world's

primary staple food crops. The Plant Genome, e20402.

Jean-Baptiste, K., Mcfaline-Figueroa, J. L., Alexandre, C. M.,

Dorrity, M. W., Saunders, L., Bubb, K. L., Trapnell, C., Fields, S.,

Queitsch, C. & Cuperus, J. T. 2019. Dynamics of Gene Expression in

Single Root Cells of Arabidopsis thaliana. The Plant Cell, 31, 993–1011.
Jeyaraj, P. R., Asokan, S. P. & Samuel Nadar, E. R. 2022. Computer-

Assisted Real-Time Rice Variety Learning Using Deep Learning Net-

work. Rice Science, 29, 489–498.
Jha, U. C., Nayyar, H., von Wettberg, E. J. B., Naik, Y. D., Thudi, M. &

Siddique, K. H. M. 2022. Legume Pangenome: Status and Scope for

Crop Improvement. Plants, 11, 3041.

Jian, H., Xie, L., Wang, Y., Cao, Y., Wan, M., Lv, D., Li, J., Lu, K., Xu, X. &

Liu, L. 2020. Characterization of cold stress responses in different

rapeseed ecotypes based on metabolomics and transcriptomics ana-

lyses. PeerJ, 8, e8704.

Jiang, J., Hou, R., Yang, N., Li, L., Deng, J., Qin, G. & Ding, D. 2021. Physio-

logical and TMT-labeled proteomic analyses reveal important roles of

sugar and secondary metabolism in Citrus junos under cold stress. Jour-

nal of Proteomics, 237, 104145.

Jin, J., Lu, P., Xu, Y., Tao, J., Li, Z., Wang, S., Yu, S., Wang, C., Xie, X.,

Gao, J., Chen, Q., Wang, L., Pu, W. & Cao, P. 2022. PCMDB: a curated

and comprehensive resource of plant cell markers. Nucleic Acids

Research, 50, D1448-D1455.

Jubair, S. & Domaratzki, M. 2023. Crop genomic selection with deep learn-

ing and environmental data: A survey. Frontiers in Artificial Intelligence,

5, 1040295.

Katiyar-Agarwal, S., Agarwal, M. & Grover, A. 2003. Heat-tolerant basmati

rice engineered by over-expression of hsp101. Plant Molecular Biology,

51, 677–686.
Ke, D., Shanwen, S., Chaoyue, L., Yang, L., Jingwen, Z., Yixiao, Z. &

Guohua, W. 2022. PlantCADB: A comprehensive plant chromatin

accessibility database. bioRxiv, 2022.06.15.496248.

Khan, A. W., Garg, V., Roorkiwal, M., Golicz, A. A., Edwards, D. &

Varshney, R. K. 2020. Super-pangenome by integrating the wild side

of a species for accelerated crop improvement. Trends in Plant Science,

25, 148–158.
Khatab, A. A., Li, J., Hu, L., Yang, J., Fan, C., Wang, L. & Xie, G. 2022. Global

identification of quantitative trait loci and candidate genes for cold

stress and chilling acclimation in rice through GWAS and RNA-seq.

Planta, 256, 82.

Kilasi, N. L., Singh, J., Vallejos, C. E., Ye, C., Jagadish, S. K., Kusolwa, P. &

Rathinasabapathi, B. 2018. Heat stress tolerance in rice (Oryza sativa

L.): identification of quantitative trait loci and candidate genes for

seedling growth under heat stress. Frontiers in plant science, 9, 1578.

Krawczyk, H. E., Rotsch, A. H., Herrfurth, C., Scholz, P., Shomroni, O.,

Salinas-Riester, G., Feussner, I. & Ischebeck, T. 2022. Heat stress leads

to rapid lipid remodeling and transcriptional adaptations in Nicotiana

tabacum pollen tubes. Plant Physiology, 189, 490–515.
Kuczy�nski, J., Gracz-Bernaciak, J., Twardowski, T., Karłowski, W. M. &

Tyczewska, A. 2022. Cold stress-induced miRNA and degradome

changes in four soybean varieties differing in chilling resistance. Jour-

nal of Agronomy and Crop Science, 208, 777–794.
Kumar, A., Thomas, J., Gill, N., Dwiningsih, Y., Ruiz, C., Famoso, A. &

Pereira, A. 2023a. Molecular mapping and characterization of QTLs for

grain quality traits in a RIL population of US rice under high nighttime

temperature stress. Scientific Reports, 13, 4880.

22 of 28 RAZA ET AL.
Physiologia Plantarum

 13993054, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.14188 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [07/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Kumar, R. R., Goswami, S., Shamim, M., Mishra, U., Jain, M., Singh, K.,

Singh, J. P., Dubey, K., Singh, S. & Rai, G. K. 2017. Biochemical defense

response: characterizing the plasticity of source and sink in spring

wheat under terminal heat stress. Frontiers in Plant Science, 8, 1603.

Kumar, S., Jeevaraj, T., Yunus, M. H., Chakraborty, S. & Chakraborty, N.

2023b. The plant cytoskeleton takes center stage in abiotic stress

responses and resilience. Plant, Cell & Environment, 46, 5–22.
Kumar, S., Thakur, M., Mitra, R., Basu, S. & Anand, A. 2022. Sugar metabo-

lism during pre-and post-fertilization events in plants under high tem-

perature stress. Plant Cell Reports, 41, 655–673.
Kummerow, J. & Ellis, B. A. 1984. Temperature effect on biomass produc-

tion and root/shoot biomass ratios in two arctic sedges under con-

trolled environmental conditions. Canadian Journal of Botany, 62,

2150–2153.
Lempe, J., Flachowsky, H. & Peil, A. 2022. Exploring epigenetic variation

for breeding climate resilient apple crops. Physiologia Plantarum, 174,

e13782.

Li, C., Dong, S., Beckles, D. M., Liu, X., Guan, J., Gu, X., Miao, H. & Zhang, S.

2023a. GWAS reveals novel loci and identifies a pentatricopeptide

repeat-containing protein (CsPPR) that improves low temperature ger-

mination in cucumber. Frontiers in Plant Science, 14, 1116214.

Li, H., Luo, W., Ji, R., Xu, Y., Xu, G., Qiu, S. & Tang, H. 2021a. A compara-

tive proteomic study of cold responses in potato leaves. Heliyon, 7,

e06002.

Li, J., Khatab, A. A., Hu, L., Zhao, L., Yang, J., Wang, L. & Xie, G. 2022a.

Genome-Wide Association Mapping Identifies New Candidate Genes

for Cold Stress and Chilling Acclimation at Seedling Stage in Rice

(Oryza sativa L.). International Journal of Molecular Sciences, 23, 13208.

Li, J., Zhang, Z., Chong, K. & Xu, Y. 2022b. Chilling tolerance in rice: Past

and present. Journal of Plant Physiology, 268, 153576.

Li, J. Y., Yang, C., Xu, J., Lu, H. P. & Liu, J. X. 2023b. The hot science in rice

research: How rice plants cope with heat stress. Plant, Cell & Environ-

ment, 46, 1087–1103.
Li, L., Qiao, J., Yao, J., Li, J. & Li, L. 2022c. Automatic freezing-tolerant

rapeseed material recognition using UAV images and deep learning.

Plant Methods, 18, 5.

Li, N., Euring, D., Cha, J. Y., Lin, Z., Lu, M., Huang, L.-J. & Kim, W. Y. 2021b.

Plant hormone-mediated regulation of heat tolerance in response to

global climate change. Frontiers in Plant Science, 11, 627969.

Li, P. F., Ma, B. L., Xiong, Y. C. & Zhang, W. Y. 2017. Morphological and

physiological responses of different wheat genotypes to chilling stress:

a cue to explain yield loss. Journal of the Science of Food and Agricul-

ture, 97, 4036–4045.
Li, Y., Zhang, Y., Li, B., Hou, L., Yu, J., Jia, C., Wang, Z., Chen, S.,

Zhang, M. & Qin, J. 2022d. Preliminary expression analysis of the

OSCA gene family in maize and their involvement in temperature

stress. International Journal of Molecular Sciences, 23, 13658.

Libault, M., Pingault, L., Zogli, P. & Schiefelbein, J. 2017. Plant Systems

Biology at the Single-Cell Level. Trends in Plant Science, 22, 949–960.
Liu, B., Kong, L., Zhang, Y. & Liao, Y. 2021a. Gene and metabolite integra-

tion analysis through transcriptome and metabolome brings new

insight into heat stress tolerance in potato (Solanum tuberosum L.).

Plants, 10, 103.

Liu, J., Feng, L., Li, J. & He, Z. 2015. Genetic and epigenetic control of plant

heat responses. Frontiers in plant science, 6, 267.

Liu, L., Ji, H., An, J., Shi, K., Ma, J., Liu, B., Tang, L., Cao, W. & Zhu, Y. 2019.

Response of biomass accumulation in wheat to low-temperature

stress at jointing and booting stages. Environmental and Experimental

Botany, 157, 46–57.
Liu, L., Li, H., Li, N., Li, S., Guo, J. & Li, X. 2022a. Parental salt priming

improves the low temperature tolerance in wheat offspring via modu-

lating the seed proteome. Plant Science, 324, 111428.

Liu, Q., Chen, S., Jiang, R. & Wong, W. H. 2021b. Simultaneous deep gen-

erative modelling and clustering of single-cell genomic data. Nature

Machine Intelligence, 3, 536–544.

Liu, S., de Jonge, J., Trejo-Arellano, M. S., Santos-González, J., Köhler, C. &

Hennig, L. 2021c. Role of H1 and DNA methylation in selective regula-

tion of transposable elements during heat stress. New Phytologist, 229,

2238–2250.
Liu, X., Wei, R., Tian, M., Liu, J., Ruan, Y., Sun, C. & Liu, C. 2022b. Com-

bined Transcriptome and Metabolome Profiling Provide Insights into

Cold Responses in Rapeseed (Brassica napus L.) Genotypes with Con-

trasting Cold-Stress Sensitivity. International Journal of Molecular Sci-

ences, 23, 13546.

Liu, Y., Xiong, Y., Zhao, J., Bai, S., Li, D., Chen, L., Feng, J., Li, Y., Ma, X. &

Zhang, J. 2023. Molecular Mechanism of Cold Tolerance of Centipede-

grass Based on the Transcriptome. International Journal of Molecular

Sciences, 24, 1265.

Luecken, M. D. & Theis, F. J. 2019. Current best practices in single-cell

RNA-seq analysis: a tutorial. Molecular Systems Biology, 15, e8746.

Luo, D., Raza, A., Cheng, Y., Zou, X. & Lv, Y. 2023. Cloning and Functional

Characterization of Cold-Inducible MYB-like 17 Transcription Factor

in Rapeseed (Brassica napus L.). International Journal of Molecular Sci-

ences, 24, 9514.

Luo, J. S., Yang, Y., Gu, T., Wu, Z. & Zhang, Z. 2019. The Arabidopsis

defensin gene AtPDF2.5 mediates cadmium tolerance and accumula-

tion. Plant, cell & environment, 42, 2681–2695.
Luo, Z., Zhou, Z., Li, Y., Tao, S., Hu, Z.-R., Yang, J.-S., Cheng, X., Hu, R. &

Zhang, W. 2022. Transcriptome-based gene regulatory network ana-

lyses of differential cold tolerance of two tobacco cultivars. BMC Plant

Biology, 22, 1–16.
Lv, J., Zheng, T., Song, Z., Pervaiz, T., Dong, T., Zhang, Y., Jia, H. & Fang, J.

2022a. Strawberry proteome responses to controlled hot and cold

stress partly mimic post-harvest storage temperature effects on fruit

quality. Frontiers in Nutrition, 8, 1356.

Lv, L., Dong, C., Liu, Y., Zhao, A., Zhang, Y., Li, H. & Chen, X. 2022b. Tran-

scription-associated metabolomic profiling reveals the critical role of

frost tolerance in wheat. BMC Plant Biology, 22, 1–22.
Macaulay, I. C., Ponting, C. P. & Voet, T. 2017. Single-Cell Multiomics:

Multiple Measurements from Single Cells. Trends in Genetics, 33,

155–168.
Makonya, G. M., Ogola, J. B. O., Gabier, H., Rafudeen, M. S., Muasya,

A. M., Crespo, O., Maseko, S., Valentine, A. J., Ottosen, C.-O. &

Rosenqvist, E. 2021. Proteome changes and associated physiological

roles in chickpea (Cicer arietinum) tolerance to heat stress under field

conditions. Functional Plant Biology, 49, 13–24.
Mareri, L. & Cai, G. 2022. Pollen priming for more efficient reproduction in

a heating world: what we know, what we need to know. Plant Stress,

100060.

Marla, S. R., Felderhoff, T., Hayes, C., Perumal, R., Wang, X., Poland, J. &

Morris, G. P. 2022. Genomics and Phenomics Enabled Prebreeding

Improved Early-Season Chilling Tolerance in Sorghum. bioRxiv, 2022–10.
Marques, I., Fernandes, I., Paulo, O. S., Lidon, F. C., Damatta, F. M.,

Ramalho, J. C. & Ribeiro-Barros, A. I. 2021. A transcriptomic approach

to understanding the combined impacts of supra-optimal temperatures

and CO2 revealed different responses in the polyploid Coffea arabica

and its diploid progenitor C. canephora. International Journal of Molecu-

lar Sciences, 22, 3125.

Marsh, J. I., Hu, H., Gill, M., Batley, J. & Edwards, D. 2021. Crop breeding

for a changing climate: Integrating phenomics and genomics with bio-

informatics. Theoretical and Applied Genetics, 134, 1677–1690.
Matthews, C., Arshad, M. & Hannoufa, A. 2019. Alfalfa response to heat

stress is modulated by microRNA156. Physiologia Plantarum, 165,

830–842.
Mazurier, M., Drouaud, J., Bahrman, N., Rau, A., Lejeune-Hénaut, I.,

Delbreil, B. & Legrand, S. 2022. Integrated sRNA-seq and RNA-seq

Analyses Reveal a microRNA Regulation Network Involved in Cold

Response in Pisum sativum L. Genes, 13, 1119.

Megha, S., Basu, U. & Kav, N. N. V. 2018. Regulation of low temperature

stress in plants by microRNAs. Plant, Cell & Environment, 41, 1–15.

RAZA ET AL. 23 of 28
Physiologia Plantarum

 13993054, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.14188 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [07/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Mehmood, S. S., Lu, G., Luo, D., Hussain, M. A., Raza, A., Zafar, Z.,

Zhang, X., Cheng, Y., Zou, X. & Lv, Y. 2021. Integrated Analysis of

Transcriptomics and Proteomics provides insights into the molecular

regulation of cold response in Brassica napus. Environmental and Experi-

mental Botany, 187, 104480.

Mejía-Guerra, M. K. & Buckler, E. S. 2019. A k-mer grammar analysis to

uncover maize regulatory architecture. BMC Plant Biology, 19, 103.

Mi, W., Liu, Z., Jin, J., Dong, X., Xu, C., Zou, Y., Xu, M., Zheng, G.,

Cao, X. & Fang, X. 2021. Comparative proteomics analysis reveals

the molecular mechanism of enhanced cold tolerance through ROS

scavenging in winter rapeseed (Brassica napus L.). PloS one, 16,

e0243292.

Misra, B. B., Assmann, S. M. & Chen, S. 2014. Plant single-cell and single-

cell-type metabolomics. Trends in Plant Science, 19, 637–646.
Mittler, R., Zandalinas, S. I., Fichman, Y. & van Breusegem, F. 2022. Reac-

tive oxygen species signalling in plant stress responses. Nature Reviews

Molecular Cell Biology, 23, 663–679.
Morán-Ord�oñez, A., Duane, A., Gil-Tena, A., de Cáceres, M., Aquilué, N.,

Guerra, C. A., Geijzendorffer, I. R., Fortin, M. J. & Brotons, L. 2020.

Future impact of climate extremes in the Mediterranean: Soil erosion

projections when fire and extreme rainfall meet. Land Degradation &

Development, 31, 3040–3054.
Mukhtar, T., Ali, F., Rafique, M., Ali, J., Afridi, M. S., Smith, D.,

Mehmood, S., Amna, Souleimanov, A. & Jellani, G. 2023. Biochemical

Characterization and Potential of Bacillus safensis Strain SCAL1 to

Mitigate Heat Stress in Solanum lycopersicum L. Journal of Plant Growth

Regulation, 42, 523–538.
Nguyen, T., Shen, S., Cheng, M. & Chen, Q. 2022. Identification of QTLs

for heat tolerance at the flowering stage using chromosome segment

substitution lines in rice. Genes, 13, 2248.

Osuman, A. S., Badu-Apraku, B., Karikari, B., Ifie, B. E., Tongoona, P. &

Danquah, E. Y. 2022. Genome-wide association study reveals genetic

architecture and candidate genes for yield and related traits under ter-

minal drought, combined heat and drought in tropical maize germ-

plasm. Genes, 13, 349.

Oteng-Frimpong, R., Karikari, B., Sie, E. K., Kassim, Y. B., Puozaa, D. K.,

Rasheed, M. A., Fonceka, D., Okello, D. K., Balota, M., Burow, M. &

Ozias-Akins, P. 2023. Multi-locus genome-wide association studies

reveal genomic regions and putative candidate genes associated with

leaf spot diseases in African groundnut (Arachis hypogaea L.) germ-

plasm. Frontiers in Plant Science, 13.

Pan, Y., Niu, M., Liang, J., Lin, E., Tong, Z. & Zhang, J. 2017. Identification

of heat-responsive miRNAs to reveal the miRNA-mediated regulatory

network of heat stress response in Betula luminifera. Trees, 31, 1635–
1652.

Paupière, M. J., Tikunov, Y., Schleiff, E., Bovy, A. & Fragkostefanakis, S.

2020. Reprogramming of tomato leaf metabolome by the activity of

heat stress transcription factor HsfB1. Frontiers in Plant Science, 11,

610599.

Perdomo, J. A., Cap�o-Bauçà, S., Carmo-Silva, E. & Galmés, J. 2017. Rubisco

and rubisco activase play an important role in the biochemical limita-

tions of photosynthesis in rice, wheat, and maize under high tempera-

ture and water deficit. Frontiers in plant science, 8, 490.

Phan, H. & Schläppi, M. 2021. Low temperature antioxidant activity QTL

associate with genomic regions involved in physiological cold stress

tolerance responses in rice (Oryza sativa L.). Genes, 12, 1700.

Pinski, A., Betekhtin, A., Skupien-Rabian, B., Jankowska, U., Jamet, E. &

Hasterok, R. 2021. Changes in the cell wall proteome of leaves in

response to high temperature stress in Brachypodium distachyon.

International Journal of Molecular Sciences, 22, 6750.

Qi, W., Zhang, C., Wang, W., Cao, Z., Li, S., Li, H., Zhu, W., Huang, Y.,

Bao, M. & He, Y. 2021. Comparative transcriptome analysis of

different heat stress responses between self-root grafting line and het-

erogeneous grafting line in rose. Horticultural Plant Journal, 7,

243–255.

Qian, Y., Hu, W., Liao, J., Zhang, J. & Ren, Q. 2019. The Dynamics of DNA

methylation in the maize (Zea mays L.) inbred line B73 response to

heat stress at the seedling stage. Biochemical and biophysical research

communications, 512, 742–749.
Qing, D., Deng, G., Pan, Y., Gao, L., Liang, H., Zhou, W., Chen, W., Li, J.,

Huang, J. & Gao, J. 2022. ITRAQ-based quantitative proteomic analy-

sis of japonica rice seedling during cold stress. Breeding Science, 72,

150–168.
Qu, Y., Mueller-Cajar, O. & Yamori, W. 2023. Improving plant heat toler-

ance through modification of Rubisco activase in C3 plants to secure

crop yield and food security in a future warming world. Journal of

Experimental Botany, 74, 591–599.
Rahaman, M. M., Chen, D., Gillani, Z., Klukas, C. & Chen, M. 2015.

Advanced phenotyping and phenotype data analysis for the study of

plant growth and development. Frontiers in Plant Science, 6.

Rai, K. K. 2022. Integrating speed breeding with artificial intelligence for

developing climate-smart crops. Molecular Biology Reports, 49, 11385–
11402.

Rana, M. M., Takamatsu, T., Baslam, M., Kaneko, K., Itoh, K., Harada, N.,

Sugiyama, T., Ohnishi, T., Kinoshita, T., Takagi, H. & Mitsui, T. 2019.

Salt Tolerance Improvement in Rice through Efficient SNP Marker-

Assisted Selection Coupled with Speed-Breeding. International Journal

of Molecular Sciences, 20, 2585.

Rane, J., Singh, A. K., Kumar, M., Boraiah, K. M., Meena, K. K.,

Pradhan, A. & Prasad, P. 2021. The adaptation and tolerance of major

cereals and legumes to important abiotic stresses. International Journal

of Molecular Sciences, 22, 12970.

Raza, A. 2022. Metabolomics: a systems biology approach for enhancing

heat stress tolerance in plants. Plant Cell Reports, 41, 741–763.
Raza, A., Bhardwaj, S., Rahman, M. A., García-Caparr�os, P., Habib, M.,

Saeed, F., Charagh, S., Foyer, C. H., Siddique, K. H. &

Varshney, R. K. 2024. Trehalose: A sugar molecule involved in tem-

perature stress management in plants. The Crop Journal, doi:10.

1016/j.cj.2023.09.010

Raza, A., Bohra, A., Garg, V. & Varshney, R. K. 2023a. Back to wild relatives

for future breeding through super-pangenome. Molecular Plant, 16,

1363–1365.
Raza, A., Bohra, A. & Varshney, R. K. 2023b. Pan-genome for pearl millet

that beats the heat. Trends in Plant Science, 28, 857–860.
Raza, A., Charagh, S., Abbas, S., Hassan, M. U., Saeed, F., Haider, S.,

Sharif, R., Anand, A., Corpas, F. J., Jin, W. & Varshney, R. K. 2023c.

Assessment of proline function in higher plants under extreme tem-

peratures. Plant Biology, 25, 379–395.
Raza, A., Charagh, S., Karikari, B., Sharif, R., Yadav, V., Mubarik, M. S.,

Habib, M., Zhuang, Y., Zhang, C., Chen, H., Varshney, R. K. &

Zhuang, W. 2023d. miRNAs for crop improvement. Plant Physiology

and Biochemistry, 201, 107857.

Raza, A., Charagh, S., Najafi-Kakavand, S., Abbas, S., Shoaib, Y., Anwar, S.,

Sharifi, S., Lu, G. & Siddique, K. H. 2023e. Role of phytohormones in

regulating cold stress tolerance: Physiological and molecular approaches

for developing cold-smart crop plants. Plant Stress, 8, 100152.

Raza, A., Razzaq, A., Mehmood, S. S., Hussain, M. A., Wei, S., He, H.,

Zaman, Q. U., Xuekun, Z., Yong, C. & Hasanuzzaman, M. 2021a.

Omics: The way forward to enhance abiotic stress tolerance in Bras-

sica napus L. GM Crops & Food, 12, 251–281.
Raza, A., Su, W., Hussain, M. A., Mehmood, S. S., Zhang, X., Yong, C.,

Zou, X. & Lv, Y. 2021b. Integrated Analysis of Metabolome and Tran-

scriptome Reveals Insights for Cold Tolerance in Rapeseed (Brassica

napus L.). Frontiers in Plant Science, 12, 721681.

Raza, A., Tabassum, J., Kudapa, H. & Varshney, R. K. 2021c. Can omics

deliver temperature resilient ready-to-grow crops? Critical Reviews in

Biotechnology, 41, 1209–1232.
Raza, A., Charagh, S., García-Caparr�os, P., Rahman, M. A., Ogwugwa, V. H.,

Saeed, F. & Jin, W. 2022a. Melatonin-mediated temperature stress tol-

erance in plants. GM Crops & Food, 13, 196–217.

24 of 28 RAZA ET AL.
Physiologia Plantarum

 13993054, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.14188 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [07/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

info:doi/10.1016/j.cj.2023.09.010
info:doi/10.1016/j.cj.2023.09.010


Raza, A., Tabassum, J., Zahid, Z., Charagh, S., Bashir, S., Barmukh, R.,

Khan, R. S. A., Barbosa Jr, F., Zhang, C., Chen, H., Zhuang, W. &

Varshney, R. K. 2022b. Advances in “Omics” Approaches for Improv-

ing Toxic Metals/Metalloids Tolerance in Plants. Frontiers in Plant Sci-

ence, 12, 794373.

Raza, A., Razzaq, A., Mehmood, S. S., Zou, X., Zhang, X., Lv, Y. & Xu, J.

2019. Impact of climate change on crops adaptation and strategies to

tackle its outcome: A review. Plants, 8, 34.

Ren, C., Fan, P., Li, S. & Liang, Z. 2023. Advances in understanding cold tol-

erance in grapevine. Plant Physiology, kiad092.

Rich-Griffin, C., Stechemesser, A., Finch, J., Lucas, E., Ott, S. & Schäfer, P.

2020. Single-Cell Transcriptomics: A High-Resolution Avenue for Plant

Functional Genomics. Trends in Plant Science, 25, 186–197.
Rivero, R. M., Mittler, R., Blumwald, E. & Zandalinas, S. I. 2022. Developing

climate-resilient crops: improving plant tolerance to stress combina-

tion. The Plant Journal, 109, 373–389.
Ryu, K. H., Huang, L., Kang, H. M. & Schiefelbein, J. 2019. Single-Cell RNA

Sequencing Resolves Molecular Relationships Among Individual Plant

Cells. Plant Physiology, 179, 1444–1456.
Saccomanno, B., Wallace, M., O'sullivan, D. M. & Cockram, J. 2020. Use of

genetic markers for the detection of off-types for DUS phenotypic

traits in the inbreeding crop, barley. Molecular Breeding, 40, 13.

Saeed, F., Chaudhry, U. K., Bakhsh, A., Raza, A., Saeed, Y., Bohra, A. &

Varshney, R. K. 2022. Moving beyond DNA sequence to improve plant

stress responses. Frontiers in Genetics, 929.

Saeed, F., Chaudhry, U. K., Raza, A., Charagh, S., Bakhsh, A., Bohra, A.,

Ali, S., Chitikineni, A., Saeed, Y., Visser, R. G., Siddique, K. H. &

Varshney, R. K. 2023. Developing future heat-resilient vegetable

crops. Functional & Integrative Genomics, 23, 47.

Sakai, Y., Suriyasak, C., Inoue, M., Hamaoka, N. & Ishibashi, Y. 2022. Heat

stress during grain filling regulates seed germination through alter-

ations of DNA methylation in barley (Hordeum vulgare L.). Plant Molec-

ular Biology, 110, 325–332.
Sanaeifar, A., Yang, C., de LA Guardia, M., Zhang, W., Li, X. & He, Y. 2023.

Proximal hyperspectral sensing of abiotic stresses in plants. Science of

The Total Environment, 861, 160652.

Sartor, R. C., Noshay, J., Springer, N. M. & Briggs, S. P. 2019. Identification

of the expressome by machine learning on omics data. Proceedings of

the National Academy of Sciences, 116, 18119–18125.
Schaarschmidt, S., Glaubitz, U., Erban, A., Kopka, J. & Zuther, E. 2021. Dif-

ferentiation of the High Night Temperature Response in Leaf Seg-

ments of Rice Cultivars with Contrasting Tolerance. International

Journal of Molecular Sciences, 22, 10451.

Seetharam, K., Kuchanur, P. H., Koirala, K. B., Tripathi, M. P., Patil, A.,

Sudarsanam, V., Das, R. R., Chaurasia, R., Pandey, K. & Vemuri, H.

2021. Genomic regions associated with heat stress tolerance in tropi-

cal maize (Zea mays L.). Scientific Reports, 11, 13730.

Serrano-Ron, L., Perez-Garcia, P., Sanchez-Corrionero, A., Gude, I.,

Cabrera, J., IP, P.-L., Birnbaum, K. D. & Moreno-Risueno, M. A. 2021.

Reconstruction of lateral root formation through single-cell RNA

sequencing reveals order of tissue initiation. Molecular Plant, 14,

1362–1378.
Seydel, C., Kitashova, A., Fürtauer, L. & Nägele, T. 2022. Temperature-

induced dynamics of plant carbohydrate metabolism. Physiologia Plan-

tarum, 174, e13602.

Shaikh, T. A., Mir, W. A., Rasool, T. & Sofi, S. 2022. Machine learning for

smart agriculture and precision farming: towards making the fields talk.

Archives of Computational Methods in Engineering, 29, 4557–4597.
Sharma, A., Jain, A., Gupta, P. & Chowdary, V. 2020. Machine learning

applications for precision agriculture: A comprehensive review. IEEE

Access, 9, 4843–4873.
Sharma, N., Thakur, M., Suryakumar, P., Mukherjee, P., Raza, A.,

Prakash, C. S. & Anand, A. 2022. ‘Breathing Out'under Heat Stress—
Respiratory Control of Crop Yield under High Temperature. Agronomy,

12, 806.

Shaw, R., Tian, X. & Xu, J. 2021. Single-Cell Transcriptome Analysis in

Plants: Advances and Challenges. Molecular Plant, 14, 115–126.
Shen, Q., Zhang, S., Ge, C., Liu, S., Chen, J., Liu, R., Ma, H., Song, M. & Pang, C.

2023a. Genome-wide association study identifies GhSAL1 affects cold

tolerance at the seedling emergence stage in upland cotton (Gossypium

hirsutum L.). Theoretical and Applied Genetics, 136, 27.

Shen, S., Zhan, C., Yang, C., Fernie, A. R. & Luo, J. 2023b. Metabolomics-

centered mining of plant metabolic diversity and function: Past decade

and future perspectives. Molecular Plant, 16, 43–63.
Shen, Y., Zhou, G., Liang, C. & Tian, Z. 2022. Omics-based interdisciplinar-

ity is accelerating plant breeding. Current Opinion in Plant Biology, 66,

102167.

Shen, Z.-J., Qin, Y.-Y., Luo, M.-R., Li, Z., Ma, D.-N., Wang, W.-H. &

Zheng, H.-L. 2021. Proteome analysis reveals a systematic response of

cold-acclimated seedlings of an exotic mangrove plant Sonneratia ape-

tala to chilling stress. Journal of Proteomics, 248, 104349.

Shi, J., Tian, Z., Lai, J. & Huang, X. 2023. Plant pan-genomics and its appli-

cations. Molecular Plant, 16, 168–186.
Shi, X., Jiang, F., Wen, J. & Wu, Z. 2019. Overexpression of Solanum hab-

rochaites microRNA319d (sha-miR319d) confers chilling and heat

stress tolerance in tomato (S. lycopersicum). BMC plant biology, 19,

1–17.
Singh, A., Ganapathysubramanian, B., Singh, A. K. & Sarkar, S. 2016.

Machine Learning for High-Throughput Stress Phenotyping in Plants.

Trends in Plant Science, 21, 110–124.
Singh, B., Mishra, S., Bohra, A., Joshi, R. & Siddique, K. H. M. 2018. Crop

phenomics for abiotic stress tolerance in crop plants. Biochemical, physi-

ological and molecular avenues for combating abiotic stress tolerance

in plants. Elsevier.

Sinha, P., Singh, V. K., Bohra, A., Kumar, A., Reif, J. C. & Varshney, R. K.

2021. Genomics and breeding innovations for enhancing genetic gain

for climate resilience and nutrition traits. Theoretical and Applied Genet-

ics, 134, 1829–1843.
Soleimani, B., Lehnert, H., Babben, S., Keilwagen, J., Koch, M., Arana-

Ceballos, F. A., Chesnokov, Y., Pshenichnikova, T., Schondelmaier, J. &

Ordon, F. 2022. Genome wide association study of frost tolerance in

wheat. Scientific Reports, 12, 5275.

Song, J.-M., Guan, Z., Hu, J., Guo, C., Yang, Z., Wang, S., Liu, D., Wang, B.,

Lu, S., Zhou, R., Xie, W.-Z., Cheng, Y., Zhang, Y., Liu, K., Yang, Q.-Y.,

Chen, L.-L. & Guo, L. 2020. Eight high-quality genomes reveal pan-

genome architecture and ecotype differentiation of Brassica napus.

Nature Plants, 6, 34–45.
Song, P., Wang, J., Guo, X., Yang, W. & Zhao, C. 2021. High-throughput

phenotyping: Breaking through the bottleneck in future crop breeding.

The Crop Journal, 9, 633–645.
Sun, C., Meng, S., Wang, B., Zhao, S., Liu, Y., Qi, M., Wang, Z., Yin, Z. &

Li, T. 2023a. Exogenous melatonin enhances tomato heat resistance

by regulating photosynthetic electron flux and maintaining ROS

homeostasis. Plant Physiology and Biochemistry, 196, 197–209.
Sun, Q., Ma, L. & Zhu, X. 2023b. Metabolomics-based exploration the

response mechanisms of Saussurea involucrata leaves under different

levels of low temperature stress. BMC Genomics, 24, 297.

Sun, M., Jing, Y., Wang, X., Zhang, Y., Zhang, Y., Ai, J., Li, J., Jin, L., Li, W. &

Li, Y. 2020a. Gma-miR1508a confers dwarfing, cold tolerance, and

drought sensitivity in soybean. Molecular Breeding, 40, 1–13.
Sun, M., Shen, Y., Yang, J., Cai, X., Li, H., Zhu, Y., Jia, B. & Sun, X. 2020b.

miR535 negatively regulates cold tolerance in rice. Molecular Breeding,

40, 1–12.
Sun, S., Fang, J., Lin, M., Hu, C., Qi, X., Chen, J., Zhong, Y.,

Muhammad, A., Li, Z. & Li, Y. 2021. Comparative metabolomic and

transcriptomic studies reveal key metabolism pathways contributing

to freezing tolerance under cold stress in kiwifruit. Frontiers in Plant

Science, 12, 628969.

Sun, M., Shen, Y., Chen, Y., Wang, Y., Cai, X., Yang, J., Jia, B., Dong, W.,

Chen, X. & Sun, X. 2022a. Osa-miR1320 targets the ERF transcription

RAZA ET AL. 25 of 28
Physiologia Plantarum

 13993054, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.14188 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [07/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



factor OsERF096 to regulate cold tolerance via JA-mediated signaling.

Plant physiology, 189, 2500–2516.
Sun, X., Feng, D., Liu, M., Qin, R., Li, Y., Lu, Y., Zhang, X., Wang, Y.,

Shen, S., Ma, W. & Zhao, J. 2022b. Single-cell transcriptome reveals

dominant subgenome expression and transcriptional response to heat

stress in Chinese cabbage. Genome Biology, 23, 262.

Svensson, V., da Veiga Beltrame, E. & Pachter, L. 2020. A curated database

reveals trends in single-cell transcriptomics. Database, 2020, baaa073.

Szaker, H. M., Dark�o, �E., Medzihradszky, A., Janda, T., Liu, H.-C.,

Charng, Y.-Y. & Csorba, T. 2019. miR824/AGAMOUS-LIKE16 module

integrates recurring environmental heat stress changes to fine-tune

poststress development. Frontiers in Plant Science, 10, 1454.

Tang, W. & Thompson, W. A. 2019. OsmiR528 enhances cold stress toler-

ance by repressing expression of stress response-related transcription

factor genes in plant cells. Current Genomics, 20, 100–114.
Tariq, A., Mushtaq, M., Yaqoob, H., Bhat, B. A., Zargar, S. M., Raza, A., Ali, S.,

Charagh, S., Mubarik, M. S. & Zaman, Q. U. 2023. Putting CRISPR-Cas

system in action: a golden window for efficient and precise genome

editing for crop improvement. GM Crops & Food, 14, 1–27.
Tay Fernandez, C. G., Nestor, B. J., Danilevicz, M. F., Marsh, J. I.,

Petereit, J., Bayer, P. E., Batley, J. & Edwards, D. 2022. Expanding

Gene-Editing Potential in Crop Improvement with Pangenomes. Inter-

national Journal of Molecular Sciences, 23, 2276.

Thibivilliers, S. & Libault, M. 2021. Plant Single-Cell Multiomics: Cracking

the Molecular Profiles of Plant Cells. Trends in Plant Science, 26,

662–663.
Thomason, K., Babar, M. A., Erickson, J. E., Mulvaney, M., Beecher, C. &

Macdonald, G. 2018. Comparative physiological and metabolomics

analysis of wheat (Triticum aestivum L.) following post-anthesis heat

stress. PLoS One, 13, e0197919.

Tian, J., Ma, Y., Tian, L., Huang, C., Chen, M. & Wei, A. 2021. Comparative

physiology and transcriptome response patterns in cold-tolerant and

cold-sensitive varieties of Zanthoxylum bungeanum Maxim. Industrial

Crops and Products, 167, 113562.

Tiwari, M., Singh, B., Min, D. & Jagadish, S. V. 2022. Omics path to increas-

ing productivity in less-studied crops under changing climate—lentil a

case study. Frontiers in Plant Science, 13, 1239.

Tong, H. & Nikoloski, Z. 2021. Machine learning approaches for crop

improvement: Leveraging phenotypic and genotypic big data. Journal

of Plant Physiology, 257, 153354.

Tong, W., Li, R., Huang, J., Zhao, H., Ge, R., Wu, Q., Mallano, A. I.,

Wang, Y., Li, F. & Deng, W. 2021. Divergent DNA methylation contrib-

utes to duplicated gene evolution and chilling response in tea plants.

The Plant Journal, 106, 1312–1327.
Torkamaneh, D., Lemay, M.-A. & Belzile, F. 2021. The pan-genome of the

cultivated soybean (PanSoy) reveals an extraordinarily conserved gene

content. Plant Biotechnology Journal, 19, 1852–1862.
Touzy, G., Lafarge, S., Redondo, E., Lievin, V., Decoopman, X., le

Gouis, J. & Praud, S. 2022. Identification of QTLs affecting post-

anthesis heat stress responses in European bread wheat. Theoretical

and Applied Genetics, 1–18.
Tovar, J. C., Berry, J. C., Quillatupa, C., Castillo, S. E., Acosta-Gamboa, L.,

Fahlgren, N. & Gehan, M. A. 2022. Heat stress changes mineral nutri-

ent concentrations in Chenopodium quinoa seed. Plant Direct, 6, e384.

Ueda, M. & Seki, M. 2020. Histone modifications form epigenetic regula-

tory networks to regulate abiotic stress response. Plant Physiology,

182, 15–26.
Ullah, A., Nadeem, F., Nawaz, A., Siddique, K. H. & Farooq, M. 2022. Heat

stress effects on the reproductive physiology and yield of wheat. Jour-

nal of Agronomy and Crop Science, 208, 1–17.
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