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Abstract

The utilization of cool-season turfgrasses is widespread in urban greening, ecological restoration, and sports fields. The primary limiting factor
affecting its growth and application is considered to be high temperature stress. Under heat stress condition, a range of physiological and
morphological traits will be modulated in cool-season turfgrasses, resulting in a deterioration of lawn quality and subsequently impacting the
ornamental and functional value of lawns. In this review, we summarize physiological and morphological changes in cool-season turfgrasses
caused by high temperature stress. The research progress in molecular characterization of high temperature regulatory networks was further
summarized. Approaches for improving cool-season turfgrasses thermotolerance were proposed. We further put forward challenges and
perspectives of research on heat tolerance of cool-season turfgrasses, aiming to provide references for the research on characterization of heat

tolerance mechanism and breeding heat tolerant cold-season turfgrass.
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Introduction

Turfgrasses are divided into cool-season and warm-season
turfgrasses according to the differences in climate types of
origin. The optimum temperature range for cool-season turf-
grasses aboveground parts is approximately 15—-24 °C, and that
for underground parts is approximately 10—18 °Cl'l. Cool-season
turfgrasses are mainly distributed in cool and humid, semi-
humid, semi-arid and transitional zones. They have the charac-
teristics of dark green leaves, and good adaptation to cold
stressl?2l, Commonly used cool-season turfgrass species include
Kentucky bluegrass (Poa pratensis), tall fescue (Festuca arundi-
nacea), perennial ryegrass (Lolium perenne) and creeping bent-
grass (Agrostis stolonifera).

High temperature is one of the important environmental
factors limiting the management and growth of cool-season
turfgrasses. When the ambient temperature exceeds 30 °C, it
hampers the growth of cool-season turfgrasses, leading to leaf
wilting, yellowing, and even seedling mortality’®. The cool-
season turfgrasses in temperate and transitional zones are
highly sensitive to extreme heat in the summer season. High
temperature leads to the decrease of ornamental value and
increase of maintenance cost of cool-season turfgrasses, which
severely hinders the promotion and application of cool-season
turfgrasses, posing an urgent challenge in turf production. The
cultivation of heat-tolerant varieties is therefore the foremost
priority in temperate and transitional zones. It is crucial to
investigate the physiological and biochemical characteristics of
cool-season turfgrasses in response to high temperatures,
elucidate heat-tolerance-associated genes and proteins, and

© The Author(s)

unravel the molecular mechanisms underlying the heat-
tolerance response. In this review, the research progress of
morphological and physiological changes induced by high
temperature in cool-season turfgrass species were summarized,
as well as the underlying molecular mechanisms governing the
response to heat stress. Furthermore, potential strategies for
enhancing the heat tolerance of cool-season turfgrasses were
also explored.

Morphological and physiological changes of
cool-season turfgrasses in response to high
temperature

Morphological symptoms

Elevated ambient temperatures lead to suboptimal condi-
tions for the growth of cool-season turfgrasses, resulting in
reduced seed germination rates, decreased root vitality and
tillering, wilting and yellowing leaves, and the occurrence of
dead seedlings (Fig. 1). The seeds of three perennial ryegrass
varieties, namely 'Yatsyn', 'Nui', and 'Mathilde’, exhibited a
significant decrease in germination rates when subjected to
different temperatures. Specifically, the germination rates at
36 °C were only 3.3%, 29.7%, and 1.6% for three perennial rye-
grass varieties, respectively, whereas that at 25 °C was 100%™,
Previous studies have shown that the root growth and viability
of tall fescue and creeping bentgrass decreased significantly
under high temperature stresst-7l. The tiller density (tiller
number per unit area) of two varieties of creeping bentgrass ('L-
93" and 'Penncross') experienced a significant reduction under
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Fig.1 Morphological and physiological characteristics of cool-season turfgrasses under heat stress.

high temperature treatment®. Tiller density is one of the
important indexes to evaluate the turfgrass quality. The heat
tolerance comparison among four representative cool-season
turfgrasses species revealed that the turfgrasses initially exhi-
bited leaf wilting and the emergence of dead spots, and ulti-
mately leading to diminished grass cover and root growth
under natural high temperature conditions!. The leaf senes-
cence symptoms (such as chlorophyll decreases, leaf yellowing)
of creeping bentgrass, perennial ryegrass, and bluegrass can
also be induced by high temperatures!’®-12, The stay-green
phenotype (leaves remain green phenotype for a long time) is
one of the ornamental traits for evaluating the turfgrass quality.
Heat sensitivity of cool-season turfgrass causes leaf senescence
in summer season which increases turf management cost and
limits the application of cool-season turfgrasses. Therefore,
breeding of varieties with an improved stay-green trait in the
summer season is highly required.

Oxidative damage and antioxidant defense
Reactive oxygen species (ROS) are an array of highly active

molecular oxygen derivatives!'3l, The generation of ROS pri-

marily occurs in chloroplasts photosystem system | and
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photosystem system Il, and when photorespiration is activated,
peroxisomes also produce ROSU'4. High temperature can
induce a substantial accumulation of ROS in plants, which
changes the properties of membrane proteins and membrane
lipids, inducing lipid peroxidation and enzyme inactivation,
thus increasing membrane permeability, causing damage to
plantsl'314], Simultaneously, plant cells possess a repertoire of
enzymatic defense mechanisms, such as superoxide dismutase
(SOD), catalase (CAT), peroxidase (POD), and ascorbate peroxi-
dase (APX), etct314, Therefore, the changes of ROS levels and
antioxidant enzyme activities are employed as crucial criteria
for assessing the thermotolerance of cool-season turfgrasses.
For example, the heat-tolerant varieties of creeping bentgrass,
perennial ryegrass, and tall fescue exhibit decreased ROS levels,
reduced lipid peroxidation, increased membrane stability as
well as antioxidant enzyme (SOD, POD, and CAT) activity when
compared with heat-sensitive ones under high temperature
stressl'>=171. Similarly, heat-tolerant warm-season turfgrasses
showed higher ROS removal capacity due to higher antioxi-
dant enzymes (SOD, POD, and CAT) activity when compared
with heat-sensitive cool-season turfgrasses under high
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temperature stressl'819, After high temperature treatment, the
activities of CAT, SOD and POD in perennial ryegrass initially
increased before subsequently decreasing!'’l. SOD, POD, and
CAT function as effective ROS scavengers to detoxify overpro-
duced ROS and maintain oxidative balance in plant cells, which
helps to improve the heat tolerance and ornamental perfor-
mance of cool-season turfgrasses29,

Cell membrane thermal stability and fatty acid
metabolism

The primary impact of high temperature stress on plants is
the impairment of cell membrane integrity and the elevation of
plasma membrane permeability. Cell membranes, composed of
lipids and proteins, are highly organized structures and consi-
dered to be the most temperature-sensitive components in
plant cells2.221, High temperature stress causes damage to the
membrane structure, resulting in the disintegration of mem-
brane lipids and an increase in fluidity, permeability, and loss of
cell electrolytes?2. Malondialdehyde (MDA), a byproduct of per-
oxidation in unsaturated fatty acids, serves as a crucial indica-
tor for assessing the extent of lipid membrane peroxidation(23,
Under high temperature stress, a substantial quantity of super-
oxide free radicals, hydroxyl free radicals, and MDA accumulate
in plant cells, which leads to alterations in membrane proteins
and membrane lipids, resulting in increased membrane perme-
ability and damage to plants[?4l. Previous studies have shown
that the heat-tolerant varieties of tall fescue and creeping
bentgrass stocks exhibited lower MDA content, lower lipid
peroxidation level and higher membrane stability under high
temperature stress than those in heat sensitive ones(25-27],

Fatty acids play crucial roles as integral components within
cellular membranes, the endoplasmic reticulum, the Golgi
apparatus, and chloroplast(2829, Under high temperature stress,
a large amount of ROS accumulate in plants, which leads to the
oxidation of fatty acids, causes the change of the composition
and saturation of fatty acids, and disrupts the structure of phos-
pholipid bimolecular layer, thus increasing fluidity and perme-
ability, destroying the integrity of the membrane, increasing
the leakage of organic and inorganic ions in the cells, thereby
affecting plant heat tolerancel2939, The fatty acid content of tall
fescue heat-tolerant varieties was significantly lower than that
of heat-sensitive varieties under high temperature stress(2°],
The content of saturated fatty acids in the leaves of creeping
bentgrass increased proportionally with the duration of high
temperature treatmentl2”], Previous studies have further shown
that high levels of saturated fatty acids is helpful to reduce the
damage of high temperature to plant cell membranel2531],
Therefore, regulation of fatty acid metabolism provides new
approaches to maintain cell membrane stability under high
temperature condition for cool-season turfgrasses.

Photosynthesis and carbohydrate metabolism
Photosynthesis is one of the most heat-sensitive physiologi-
cal processes in plantsi32. Under high temperature stress, the
thylakoid membrane structure of plant chloroplasts and the
thermal stability of each component within the photosynthetic
system are changed, the photochemical reactions in the
thylakoid and carbon metabolism in the chloroplast matrix are
impaired2433341, Moreover, the chlorophyll and photosynthetic
pigment content, the maximum quantum efficiency of photo-
system I, transpiration rate, photosynthetic rate and activities
of membrane-associated enzymes are inhibited, thus reducing
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the photosynthetic rate of plants under heat stress
condition[2433-36], Zhang et al. found that knockdown of peren-
nial ryegrass STAY-GREEN (SGR) gene resulted in heat sensiti-
vity as evidenced by degradation of photosystem protein
(including Lhca3, Lhcb1/2/3/5, PsaA, PsbA (D1), PsbD (D2) and
RbcL), decrease of the photosystem Il quantum vyield, and
increase of energy dissipation level when compared to wild
type (WT)B7L, Bi et al. observed that the potential to protect the
photosystem Il of heat-tolerant tall fescue varieties was higher
than that of heat-sensitive varieties due to increased gene
expression of PsbA (encoding protein subunits of photosystem
Il core reaction center complex) under high temperature
stressl'6l, Overexpression of creeping bentgrass SMALL HEAT
SHOCK PROTEIN 17 (HSP17) reduced heat tolerance in Arabi-
dopsis by reducing chlorophyll and inhibiting plant
photosynthesisi38l. In the above studies, a positive correlation
between heat tolerance and photosynthesis efficiency of cool-
season turfgrasses was observed, which indicated that main-
taining high photosynthesis efficiency was very important to
improve heat tolerance of plants.

Carbohydrates serve as a crucial intermediary storage pro-
duct bridging the gap between photosynthesis and growth
utilization, not only providing energy for plant growth and
development, but also playing a pivotal role in regulating plant
stress tolerancel®l. High temperature will destroy the carbon
assimilation process in photosynthesis and the carbon con-
sumption process in respiration, while long-term exposure to
high temperature will lead to carbon consumption or starva-
tion of plants, thus limiting the growth of cool-season
turfgrasses29l, Studies have shown that under high tempera-
ture stress conditions, carbohydrates including glucose,
sucrose, and starch in perennial ryegrassi“?, tall fescuel?,
creeping bentgrassi', kentucky bluegrassl?®, Festuca rubrat?%
and Trifolium repens(26] accumulated, and heat-tolerant varie-
ties exhibited higher carbohydrate contents than that in
heat-sensitive varieties. These results indicated that carbon
metabolism was closely related to heat tolerance of cool-
season turfgrasses. However, the molecular mechanism of
carbon metabolism during heat stress response of cool-season
turfgrasses is still unclear.

Transpiration and osmotic regulation

In the early stage of heat stress, transpiration of plant leaves
increases, and water vapor is released to the environment
through stomata to reduce leaf temperaturel*?. With the
prolonged duration of high temperature, the water evapora-
tion of plant leaves is excessive, and the stomata is gradually
reduced or closed, followed by declined transpiration, and
photosynthesis“243, Similar results were observed in perennial
ryegrass and tall fescue, where transpiration rates increased
during the first 9 d of heat stressi*4. Under the condition of
sufficient soil moisture, the increase of plant transpiration can
effectively reduce leaf temperature, so as to maintain plant
physiological function at high temperature stress. Under high
temperature stress, plants adjust cellular osmotic pressure
through accumulation of compatible solutes, which are a group
of highly soluble organic molecules acting as osmoprotectants
to stabilize cellular proteinsi24l. The compatible solutes not only
serve as a stress signal, but also play crucial roles in mitigating
the stress-induced plant injury possibly by maintaining photo-
synthesis, antioxidant enzyme activity, and nonenzymatic
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antioxidant compound levels, thereby reducing ROS content
and enhancing plant cell osmotic potential*>#l. Under high
temperature stress, the increase of osmoprotectants in plants
can effectively buffer the water loss caused by transpiration,
thus maintaining the physiological function of cells and reduc-
ing the damage of high temperature to plantsi .. The content
of soluble sugar and proline significantly increased in Kentucky
bluegrass, perennial ryegrass, and tall fescue under high
temperature stress, and heat-tolerant varieties demonstrated
superior growth rates, tiller numbers and antioxidant activity,
and also exhibited higher soluble sugar and proline contents
than those in heat-sensitive varieties!7.46-48], Exogenous appli-
cation of proline may enhance heat tolerance of creeping bent-
grass by increasing endogenous proline content*l, Therefore,
understanding the regulatory mechanism of compatible
solutes (such as soluble sugar and proline) will help improve
the heat tolerance of cool-season turfgrasses.

Phytohormone

Phytohormones, such as auxin, abscisic acid (ABA), salicylic
acid (SA), jasmonate acids, cytokinin (CTK) and ethylene (ET),
serve as crucial endogenous signaling molecules in plants and
play pivotal roles in regulating plant growth and development
as well as abiotic stress responses®0-5%, Lj et al. investigated the
alterations in endogenous hormone levels in heat-tolerant and
heat-sensitive varieties of perennial ryegrass under high tem-
perature stress, and observed that maintaining appropriate
levels of indole-3-acetic acid (IAA), indole-3-butyric acid (IBA),
and SA, as well as delaying the increase in ABA content and the
decrease in gibberellin content, may contribute to enhancing
the thermotolerance of perennial ryegrass!>3l. The ABA content
exhibited an initial increase followed by a subsequent decrease
in creeping bentgrass under high temperature stress, whereas
the ET and CTK contents gradually declined®®. The ABA
content in Kentucky bluegrass gradually increased under high
temperature stress, while the IAA content exhibited an initial
increase followed by a subsequent decreasel®’l. Exogenous
ABA, SA, CTK, and ET significantly enhanced the heat tolerance
of various cool-season turfgrasses (Supplemental Table S1).
ABA, ET and SA function as pivotal hormones in plant response
to abiotic stress including heat through regulating stress
responsive genes and senescence related genes, whereas IAA
and CTK are important hormones in maintaining plant growth
under heat stress condition®9->3, Hormone metabolisms are
complex and the homeostasis of endogenous hormones is
important for proper growth and development of cool-season
turfgrasses under heat stress condition.

Molecular mechanisms of cool-season
turfgrasses to high temperature stress

Transcriptome analysis

With the rapid development of next-generation sequencing
technology, high-throughput RNA sequencing has become
extensively employed in investigating the stress response
mechanism of turfgrasses. Currently, transcriptomic methods
have been employed by researchers to investigate the
response of Kentucky bluegrass®d, tall fescuel'®7], creeping
bentgrass®8], and perennial ryegrass!'7>759 as well as other
cool-season turfgrass species to high temperature stress. These
studies aim to elucidate key genes involved in the response
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and explore the molecular mechanisms underlying turfgrass
adaptation to high temperature.

Qiong et al. conducted transcriptome analysis on two
Kentucky bluegrass varieties subjected to 40 °C stress and
observed that heat-sensitive Kentucky bluegrass exhibited a
higher number of up-regulated differentially expressed genes
than that of heat-tolerant variety, including HEAT STRESS TRAN-
SCRIPTION FACTORS (HSFs, such as HSFA2, HSFA3, HSFB1 and
HSFC1) and HEAT SHOCK PROTEINS (HSPs, such as HSP70 and
HSP81)158L, Liu et al. conducted transcriptome analysis of tall
fescue and bermudagrass (Cynodon dactylon) under 42 °C
stress, and found that high temperature stress induced the
specific expression of F-box genes and ABA pathway genes in
tall fescuel'. The transcriptomic analysis of creeping bent-
grass in response to high temperature stress revealed a close
association between the heat tolerance and expressions
changes of four miRNA, including cca-miR156b, miR398s,
aly-miR159¢-3p and ata-miR408-3pl>8], The transcriptome data
of perennial ryegrass after heat stress treatment showed that
genes involving in antioxidant response, plant hormones,
signal transduction, and cellular metabolic pathways were
enriched under high temperature stressi>. Although a large
number of genes related to heat tolerance of cool-season turf-
grasses have been identified and cloned based on RNA
sequencing, the detailed functions and regulatory mechanisms
of these genes during turfgrass heat stress response remain to
be characterized.

Transcriptional regulatory networks in response
to high temperature stress

Plant HSFs are the most important components of transcrip-
tional regulatory networks in response to high temperature
stressl69l, Under high temperature conditions, plant HSFs acti-
vate heat stress-responsive genes (HSRs) by binding to heat
shock elements (HSEs, 5'-nGAANNTTCn-3') in HSRs promoters,
thereby enhancing plant heat tolerancel®%6'), The heat stress-
responsive genes encompass HSPs and other molecular chape-
rones, ROS scavenging enzymes, metabolic balance-protecting
enzymes, plant hormone synthesis-related enzymes, and other
transcription factors®%6', Based on the characteristics of DNA-
binding domain and oligomerization domain in its amino acid
sequence, HSFs can be divided into three classes: A, B and C.
HSFA and HSFC have similar functions, often acting as positive
regulators of high temperature stress, while HSFB mainly acts
as inhibitorst6%62l, In total, 25 HSFs have been systematically
identified in perennial ryegrass, and nine HSF genes were
significantly induced by high temperature stress®3l. Seventy-
four HSF genes were identified in tall fescue based on transcrip-
tome data, and 34 HSF genes were significantly induced at high
temperature stress®7l, The overexpression of tall fescue
FaHSFA2c has been shown to enhance the heat tolerance of
both tall fescue and Arabidopsis, as well as restore the heat-
sensitive phenotype observed in Arabidopsis hsfa2 mutants[64,
Italian ryegrass (L. multiflorum) LmHSFA5 enhanced plant heat
and drought tolerance by activating the expression of
LmHSP18.2 and LmAPX2(%5], The heat tolerance function of class
C HSF gene in cool-season turfgrasses has been recently investi-
gated. Overexpression of perennial ryegrass LpHSFC1b and
LpHSFC2b and tall fescue FaHSFC1b increased the heat tole-
rance of transgenic Arabidopsis and activated the expression of
downstream heat stress response genesl!7.6366] The above
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results indicate that HSFs are closely related to heat tolerance of
cool-season turfgrasses, and functional characterization of HSFs
target genes provides further clues to understand heat stress
response to high temperature.

Heat shock proteins play a crucial role as molecular chape-
rones in plant thermoregulatory networks, facilitating the
refolding or degradation of denatured proteins[®7l. HSPs can be
classified into five classes based on their molecular weight:
HSP100, HSP90, HSP70, HSP60, and small heat shock
proteinsl®859, Heterologous expression of rice (Oryza sativa)
OsHSP26 significantly enhanced the antioxidant and heat tole-
rance of tall fescuel’9. Tall fescue FaHSP17.8-Cll enhances plant
heat tolerance by modulating transcriptional memory by
remodeling photosystem Il and ROS signaling’"l. Creeping
bentgrass AsHSP26.8 negatively regulates plant heat tolerance
by regulating auxin related genes, HSPs, HSFs and other stress-
related genes!’2l,

In addition to HSF genes, other family genes also play an
important role in the plant transcriptional regulation network
at high temperature, such as F-box, MULTIPROTEIN-BRIDGING
FACTOR 1c (MBF1C), NON-YELLOW COLORING 1 (NYCT), STAY-
GREEN (SGR) and HOMEOBOX (HOX) genes (Fig. 2)[12:1937.73-75],
Heterologous expression of tall fescue and bermudagrass F-box
genes significantly increased the heat tolerance of transgenic
Arabidopsis('9l. Heterologous expression of wheat (Triticum
aestivum) TaMBF1C significantly increased the heat tolerance of
perennial ryegrass74. Zhang et al. conducted heat tolerance
identification and molecular marker experiments on 98 varie-
ties of perennial ryegrass, revealing a close association between
heat tolerance and four chlorophyll catabolism genes (NYCT,
NYC1-like (NOL), SGR, and PHEOPHYTINASE (PPH))V6l. Subse-
quent investigations demonstrated that the interference of
NOL and SGR in perennial ryegrass could effectively delay
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heat-induced leaf senescence and enhance leaf greenness
retentionl'237.75], The expression levels of HOX6, HOXS8, and
HOX24 in perennial ryegrass exhibited a negative correlation
with heat stress, whereas the expression levels of HOX21
showed a positive correlation with heat stressl’3.. These studies
characterized the detailed functions of heat stress responsive
genes and provide genetic resources for molecular breeding of
heat tolerant cool-season turfgrasses in the future.

The function of microRNAs (miRNAs) in response
to high temperature stress

The microRNAs, as small noncoding regulatory RNAs,
perform posttranscriptional regulation by facilitating mRNA
degradation (Fig. 2)7). miRNAs have been demonstrated to
play a pivotal role in the response of turfgrass to high tempera-
ture stress[>878-82] | j et al. found that the expression profiles of
miRNA in the two genotypes of tall fescue were significantly
different through small RNA sequencing, and identified four
miRNAs (including miR7758, miR5568c-5p, miR5813, and
miR9774) significantly induced by high temperaturel®2, Analy-
sis of creeping bentgrass small RNA data revealed that nine
miRNAs (including miR398s, cca-miR156b, aly-miR159¢-3p, ata-
miR408-3p, vvi-miR845c, ama-miR156, novel-24223, novel-
2964, and novel-10098) were closely related to heat tolerance
of creeping bentgrassl>8l. Based on the comprehensive analysis
of transcriptome and small RNA data, the miRNA-RNA regu-
lated heat tolerance network in perennial ryegrass was con-
structed, and 20 miRNAs (such as miR5658-z, miR5185-y,
miR1144-z, novel-m0258-5p, novel-m0163-3p and novel-
mO0008-5p) and their corresponding 51 target genes (such as
LpCOMT, LpLOX, LpPPH, LpNAC, LpDDP and LpLAC) were identi-
fied to be involved in the regulation of heat tolerance in peren-
nial ryegrass’9. Ectopic expression of rice OsmiR408 signifi-
cantly enhanced the thermotolerance of perennial ryegrass(8°,

H(}
catabolism

1
1
' miRNAs genes
1
1
U

| ’

HSP17.8-ClII

chlorophyll

Expression of HSPs, ROS scavenging and metabolism enzymes, hormone production, ......

{

Regulate heat tolerance

Fig. 2 The regulatory network involved in heat stress response in cool-season turfgrasses. Heat stress induces expression of heat stress-
related genes (HSFs, F-box, MBF1C, HOXs, etc) or miRNA, which controls the expression of downstream genes to regulate plant heat tolerance.
HSFs, heat stress transcription factor family genes; MBF1C, multiprotein-bridging factor 1c; HOX21, HOMEOBOX gene 21; miRNA, microRNAs.
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Rice OsmiR393 may increase the heat tolerance of creeping
bentgrass by regulating the expression of AsHSP17 and
AsHSP26.71811, Small RNA sequencing identified a large number
of miRNAs and target genes involving in heat stress response in
cool-season turfgrassesi82. The data showed that small RNAs
and their targets were extensively changed under heat stress
condition. Although a large number of miRNAs related to heat
tolerance of cool-season turfgrasses have been identified based
on small RNA sequencing technology, functions and mecha-
nisms of miRNA regulated pathways need to be characterized
in cool-season turfgrasses under heat stress condition.

Approaches for improving thermotolerance
in cool-season turfgrasses

Cultivation and maintenance management

Several cultivation and maintenance management strate-
gies enhanced the heat tolerance of cool-season turfgrasses,
including application of exogenous small molecule substances
or microorganisms, optimization of nutrient and water mana-
gement, and stress acclimation!*%2l, Exogenous application of
phytohormones and growth regulators proved to effectively
enhance the heat tolerance of cool-season turfgrasses, inclu-
ding abscisic acid, melatonin, polyamines, cytokinin, salicylic
acid, brassinosteroids, ethylene, gibberellin, strigolactones,
jasmonate acids and paclobutrazole. Additionally, osmoregula-
tory substances (proline), inorganic substances (calcium and
silicon), gas molecules (nitric oxide and carbon dioxide), other
small molecules (y-aminobutyric acid, inorganic nitrogen,
ascorbic acid, citric acid, butanediol and hydrogen peroxide)
and microorganisms (Arbuscular mycorrhizal and Aspergillus
aculeatus) also showed protective effects on heat stress toler-
ance in cool-season turfgrasses (for details, see Supplemental
Table S1 and associated references). Previous studies have
shown that heat acclimation enhanced plants tolerance to high
temperature, that is, plants can acquire stress memory through
short-term heat stress treatment to survive under long-term
and more severe heat stress conditionl708384], High tempera-
ture acclimation diminished chloroplast damage and decreased
the contents of antioxidant ascorbic acid and glutathione in tall
fescue and perennial ryegrass, thereby improving the heat
tolerance of plants(®4. Attention should be paid to the fact that
these research results were obtained under laboratory condi-
tions. However, the heat tolerances of cool-season turfgrasses
were affected by many factors such as environment and
management. Therefore, further field experiments are needed
to test these research results.

Breeding of heat tolerant turfgrass varieties

The conventional breeding method serves as the fundamen-
tal approach for cultivating new turfgrass varieties that possess
superior heat tolerance and agronomic characteristics(®®l,
Conventional breeding approaches typically relies on pheno-
typic selection associated with heat tolerance, enabling the
successful transfer of heat-tolerant traits to specific varieties
exhibiting favorable agronomic characteristics through accu-
rate evaluation and selection of exceptional tolerant varieties or
breeding lines[2:861, The effects of high temperature on seed
germination rate, tiller number, growth rate, root activity,
chlorophyll, soluble sugar and proline content in leaves of cool-
season turfgrass can be used as an important index to evaluate
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the heat resistance of cool-season turfgrass. At present, nume-
rous turfgrass varieties with exceptional quality were obtained
through conventional breeding. For example, Oregro Seeds Inc
(Albany, NY, USA) used tall fescue 'K31' and other tall fescue
varieties ('Stargrazer', 'Orygun' and 'Fawn') as parents to breed
'K32' varieties which can adapt to extensive maintenance
conditions and have excellent durability. In the US, germi-
plasms of cool season turfgrass with improved heat stress tole-
rance were screened and selected at two different research
farms, including tall fescue, perennial ryegrass and bentgrass
species®”l, Therefore, many widely used cool season turfgrass
come from conventional breeding approaches.

The utilization of genetic engineering in breeding heat-
tolerant turfgrass is a more efficient and time-saving approach
compared to conventional breeding methods. However, gene-
tic engineering breeding may cause serious ecological crisis
due to genetic drift, and the safety of transgenic plants must be
considered. The presence of an efficient genetic transforma-
tion system is the prerequisite and basis for molecular bree-
ding in turfgrass. Agrobacterium-mediated genetic transforma-
tion method has been successfully applied in perennial
ryegrass88], tall fescuel8d, creeping bentgrassl®?, and Kentucky
bluegrass®'l. In addition, gene gun transformation was also
successfully applied in perennial ryegrass®Z, tall fescue!®3l. The
CRISPR/Cas9 system can realize accurate improvement of plant
stress tolerance, yield and quality through precise editing of a
genome, which can greatly promote the creation of heat-
tolerant germplasm of turfgrass®¥. The establishment and
application of CRISPR/Cas9 system for perennial ryegrass and
tall fescue have also been successfully accomplished[92:9596],
The application of CRISPR/Cas9 system and genetic transforma-
tion technology in cool-season turfgrasses could not only
shorten the breeding process and improve the breeding effi-
ciency, but accurately improve the ecological adaptability and
ornamental quality of turfgrass. The efficient application of
CRISPR/Cas9 systems requires high-quality genomes as a
support. With the continuous updates of high throughput
sequencing technology, more genome data of cool-season turf-
grasses will be released to promote the genetic engineering
breeding of turfgrasses.

Challenges and perspectives of research on
the heat tolerance of cool-season turfgrasses

Numerous studies have been conducted on the heat tole-
rance of cool-season turfgrasses to primarily focus on the evalu-
ation of heat tolerance, growth and development, physiologi-
cal and biochemical aspects. However, the transcriptional regu-
latory network of turfgrass in response to heat stress still needs
to be further characterized. Considering the fact that plant
response to high temperature is a highly intricate process
encompassing complex transcriptional regulation, posttran-
scriptional regulation, epigenetic regulation, as well as protein
and metabolite balance, it becomes feasible to employ a
combination of genomics, transcriptomics, epigenomics, pro-
teomics, and metabolomics for systematic characterization of
regulatory networks in response to high temperature and del-
ving deeper into pivotal genes associated with heat tolerance.
The results of these studies will provide genetic resources and
serve as a reference for breeding new turfgrass varieties exhi-
biting high heat tolerance and exceptional agronomic traits.
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Currently, despite the existence of numerous studies on
exogenous substances mitigating high temperature stress in
cool-season turfgrasses, the majority studies predominantly
concentrated on individual plant hormones or small molecules,
the evaluation of germplasm thermotolerance, and physiologi-
cal level changes in response to heat stress. Less attention was
paid regarding genes associated with plant hormone metabolic
pathways and their molecular mechanisms within high tem-
perature regulation networks. In the future, a comprehensive
molecular analysis on how exogenous substances regulate the
heat tolerance of turfgrass is worthy to be conducted. These
efforts will contribute to establishing a solid theoretical founda-
tion for both turfgrass maintenance and tolerance breeding.

The findings from studies on other plant species should also
be extrapolated to turfgrasses. For instance, the overexpres-
sion of wheat TaMBF1C and rice OsmiR408 in perennial ryegrass
has been shown to significantly enhance the thermotolerance
of transgenic perennial ryegrass7480, Turfgrass can be catego-
rized into cool-season turfgrasses and warm-season turfgrasses
based on their climate and regional origins. To explore the key
regulatory genes associated with heat tolerance traits in these
two types of turfgrass, a systematic comparison utilizing geno-
mic, transcriptomic, and metabolomics techniques may serve
as an effective approach to uncovering their natural differences
in heat tolerance.

Research on turfgrass heat tolerance necessitates accurate
phenotypic identification. The evaluation system for heat tole-
rance (for example, measurements of electrolyte leakage,
malondialdehyde, chlorophyll, proline and antioxidant enzyme
activities) has drawbacks due to low measurement accuracy,
destructiveness, time and effort requirements, and limited
applicability. These limitations fail to meet the demands of
rapidly advancing turfgrass tolerance research and signifi-
cantly impede the exploration of heat-tolerant resources in
turfgrass. A systematic high-throughput phenotyping platform
developed for maizel®”! and ricel®! has the potential to be
established in turfgrass. Subsequently, the high-flux turfgrass
phenotyping platform for cool-season turfgrasses could be
established using advanced technologies such as visible light
imaging, spectral imaging, thermal imaging, fluorescence
imaging, and other cutting-edge techniques. This system aims
to achieve accurate identification of plant phenotypes in a
dynamic and nondestructive manner, thereby facilitating rapid
development in the improvement and breeding of heat-
tolerant turfgrasses.
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