Plant Soil (2024) 500:181-195
https://doi.org/10.1007/s11104-023-05905-y

RESEARCH ARTICLE

®

Check for
updates

Root metabolites remodeling regulated by y-aminobutyric
acid (GABA) improves adaptability to high temperature

in creeping bentgrass

Zhou Li
Yan Peng

+ Min Zhou - Weihang Zeng - Yan Zhang - Lin Liu - Wei Liu -

Received: 6 June 2022 / Accepted: 27 January 2023 / Published online: 6 February 2023
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2023

Abstract

Aims Global warming due to increasing green-
house gas emissions intensifies frequency and dura-
tion of extreme high temperature which has become
a primary threat to cool-season crops worldwide.
Aim of this study was to examine root adaptabil-
ity to high temperature regulated by y-aminobutyric
acid (GABA) associated with changes in antioxidant
metabolism, root vitality, osmotic balance, and global
metabolites remodeling in roots.

Methods A cool-season creeping bentgrass (Agros-
tis stolonifera) plants were pretreated with or with-
out the 0.5 mM GABA before being subjected to
heat stress (35/30 °C) or optimal temperature condi-
tion (23/19 °C) for 15 days. Roots were sampled to
analyze changes in physiological parameters and
metabolomics.

Results Heat stress significantly induced reac-
tive oxygen species production in roots resulting in
oxidative damage to proteins and cell membranes.
However, the GABA could effectively alleviate
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heat-induced decline in total antioxidant capacity and
also improve multiple antioxidant enzyme activities,
root vitality, and osmotic adjustment ability in roots.
Metabolomic analysis found that a total of 71 metab-
olites were jointly or differentially regulated by heat
stress or heat stress together with the GABA appli-
cation in roots. In response to heat stress, the GABA
improved the accumulation of multiple amino acids,
sugars, organic acids, and other metabolites (urea,
putrescine, myoinositol, arbutin, campesterol, and
stigmasterol) in roots.

Conclusions GABA could effectively increase anti-
oxidant capacity, root vitality, and osmotic adjust-
ment associated with improved root adaptability to
heat stress. In addition, the GABA-regulated metabo-
lites remodeling could be attributed to better energy
metabolism, osmotic balance, antioxidant capacity,
and cellular structures in roots under heat stress.

Keywords Antioxidant capacity - Carbohydrates -
Osmotic adjustment - Organic acid - Metabolic
pathway - Root vitality

Introduction

Global warming due to increasing greenhouse gas
emissions intensifies frequency and duration of
extreme high temperature which has become a pri-
mary threat to cool-season crops worldwide (Fahad
et al. 2017). Maintenance of roots growth and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-023-05905-y&domain=pdf
http://orcid.org/0000-0002-7977-3692

182

Plant Soil (2024) 500:181-195

viability is essential for heat tolerance, since roots are
responsible for water and nutrients uptake as well as
biosynthesis of many hormones for supply to above-
ground tissue. However, roots growth and metabolic
activity are more sensitive than leaves in response
to elevated environmental temperature (Huang et al.
2012). High temperature stress inhibits root growth
and also accelerates root senescence and programmed
cell death through inducing a huge amount of reac-
tive oxygen species (ROS) in roots (Xu et al. 2016).
Enhanced antioxidant scavenging system to maintain
ROS homeostasis in roots is an important adaptive
mechanism for plants surviving under heat stress. It
has been reported that heat-tolerant wucai (Brassica
campestris) genotype could minimize heat-induced
lipid peroxidation damage due to highly effective-
ness of antioxidant metabolism in roots (Yuan et al.
2016). Significant up-regulation of antioxidant-rel-
evant proteins including glutathione S-transferase
(GST) and superoxide dismutase (SOD) contributed
to the superior root tolerance to heat stress in thermal
rough bentgrass (Agrostis scabra) (Xu and Huang
2008). 3',5'-cyclic adenosine monophosphate (cAMP)
pretreatment mitigated deleterious effects of ROS
by enhancing SOD and ascorbate peroxidase (APX)
activity in roots of maize (Zea mays) under high tem-
perature stress (Zhao et al. 2021).

In addition to antioxidant metabolism, root metabo-
lites remodeling and allocation also play important roles
in growth-survival strategy under normal and stress-
ful conditions (Atkinson et al. 2012; Shen et al. 2018).
Metabolomics analysis found that the rhizobium-nod-
ulized alfalfa (Medicago sativa) exhibited better toler-
ance to alkaline salt stress than the non-nodulized plants
associated with the accumulation of more metabolites
such as sugars, glycols, proline, succinic acid, and fuma-
ric acid in roots (Song et al. 2017). A study of Shen et al.
(2018) based on metabolomic profiling revealed that
metabolic disorder occurred in roots of Tibetan wild bar-
ley (Hordeum spontaneum) under salt stress, but the salt-
tolerant XZ26 genotype accumulated more proline and
inositol than the salt-sensitive XZ169. Significant accu-
mulations of betaine, melatonin, and 2-aminobutyric acid
(AABA) in roots could be important adaptive responses
to a long-term salt stress in sugar beet (Beta vulgaris)
(Liu et al. 2020). In addition, integrated transcriptomic
and metabolomic analysis also showed that melatonin
induced the accumulation of linoleic acid and lecithin
in roots of melon (Cucumis melo) related to enhanced
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tolerance to copper toxicity (Hu et al. 2020). These pre-
vious studies have elucidated possible contribution of
differentially accumulated metabolites to stress toler-
ance in roots of different plant species under ionic stress.
However, little researches have been done to understand
global root metabolites reprogramming associated with
the adaptation to heat stress in plants.

Creeping bentgrass (Agrostis stolonifera) is perennial
cool-season turfgrass and used widely in sports turf due
to many excellent features such as soft texture, creeping
growth habit, and capacity of rapid establishment. How-
ever, high temperature stress damages to roots and also
induces declines in turf quality leading to increased turf
maintenance and management costs worldwide (Fry and
Huang 2004; Liu and Huang 2000). y-Aminobutyric acid
(GABA) is known as a non-proteinogenic amino acid
and also recognized as a key metabolite for carbon and
nitrogen metabolism, pollen tube growth, and signaling
transduction in recent decades (Khan et al. 2021). It has
been reported widely about regulatory role of the GABA
in heat tolerance associated with changes in antioxidant
defense, heat shock factor pathway, and metabolic home-
ostasis in plants (Liu et al. 2019; Ren et al. 2021; Wang
et al. 2022). Our previous study has also proved that
foliar application of the GABA conferred heat tolerance
involved in the enhancement of sugars and amino acids
accumulation and organic acids metabolism in leaves
of creeping bentgrass (Li et al. 2016b). Although posi-
tive function of the GABA on thermotolerance has been
extensively documented in leaves of different plant spe-
cies, the GABA-regulated potential mechanism of root
tolerance to high temperature is much less investigated.
Current study focuses on investigation into regulatory
effects of the GABA on root vitality, antioxidant metabo-
lism, osmotic adjustment (OA), primary and secondary
metabolites profiling, and relevant metabolic pathways
associated with root thermotolerance in a cool-season
horticultural crop creeping bentgrass. Current findings
will be contributed to better understand adaptive mecha-
nism of the GABA-regulated heat tolerance in roots.

Materials and methods
Plant material and treatments
Seeds of creeping bentgrass (cv. Penncross) were sowed

evenly in a container (25 cm length, 15 cm width, and
10 cm height) that was filled with quartz sands because
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roots could be taken out from quartz sand easily without
mechanical damage to roots. Seeds germinated in con-
trolled growth chambers (23/19 °C (day/night), 65% rel-
ative humidity, and 750 pmol-m~2s~! PAR) for 7 days
and then watered with Hoagland’s solution (Hoagland
and Arnon 1950). All containers were waterproofed
and had good water holding capacity. Hoagland’s solu-
tion was refreshed every other day. After being cul-
tivated in Hoagland’s solution for 20 days, all plants
were divided into two groups: one group was fed with
Hoagland’s solution containing 0.5 mM GABA in
roots for 2 days as the GABA-pretreated plants; another
group was fed with normal Hoagland’s solution with-
out GABA for 2 days as the non-pretreated plants. Opti-
mal dose of GABA (0.5 mM) for improvement in heat
tolerance of creeping bentgrass has been screened in
our previous study (Li et al. 2016b). GABA-pretreated
and non-pretreated plants were then subjected to high
temperature stress (35/30 °C) or cultivated under nor-
mal condition (23/19 °C) for 15 days in growth cham-
bers. Four treatments were set: 1) C, the plants without
GABA pretreatment were cultivated under normal con-
dition for 15 days; 2) C+GABA, the GABA-pretreated
plants were cultivated under normal condition for
15 days; 3) HS, the plants without GABA pretreatment
were cultivated under heat stress condition for 15 days;
and 4) HS + GABA, the GABA-pretreated plants were
cultivated under heat stress condition for 15 days. Four
biologic replicates (four containers) were used for each
treatment. For the analysis of physiological parameters
and metabolomics, roots collected from more than 20
independent plants were used for each replicate, which
indicated that more than 80 plants were used for each
treatment. Each replicate was grown in independent
batch and four replicates were repeated in four growth
chambers.

Determination of oxidative damage and antioxidant
metabolism

For superoxide anion radical (O,”) dyeing or hydro-
gen peroxide (H,0,) staining, fresh roots were
immerged in 1 mM nitrotetrazolium blue chloride
(NBT) for 3 h or in 0.1% (w/v) 3-diaminobenzinidine
for 8 h, respectively. These roots were cleaned up by
distilled water and then photographed by a micro-
scope (Dunand et al. 2007; Thordal-Christensen et al.
1997). The O, and H,0, contents were detected by
using assay methods of Elstner and Heupel (1976)

and Velikova et al. (2000), respectively. Total anti-
oxidant capacity (TAC) and protein carbonyl content
were detected by using the assay kits that were pur-
chased from Suzhou Comin Biotechnology, Suzhou,
China according to manufacturer’s instructions.
Electrolyte leakage (EL) was detected based on the
method of Blum and Ebercon (1981). Fresh roots
(0.2 g) were cleaned and immerged in 10 ml of dis-
tilled water for 12 h to detect the initial conductivity
(Cipitia) ©f solution by using a conductivity meter.
These roots were autoclaved at 120 °C for 20 min to
detect maximum conductance (C,,,,) of solution. The
EL was calculated as the percentage of C, ;a1 /Crax-

For analysis of malondialdehyde (MDA) and
antioxidant enzyme activities including SOD, per-
oxidase (POD), catalase (CAT), APX, dehydroascor-
bate reductase (DHAR), and monodehydroascorbate
reductase (MDHAR), 0.15 g of clean and fresh roots
were ground with 2 ml of cold phosphate buffer
(50 mM and pH 7.8). After being centrifuged at
10000 g for 15 min at 4 °C, the supernatant was col-
lected for determination of MDA content and antioxi-
dant enzyme activities. The 0.5 ml of supernatant and
1.0 ml of reaction solution (20% w/v trichloroacetic
acid and 0.5% w/v thiobarbituric acid) were mixed
evenly and then placed in boiling water bath for
10 min. After being cooled down in an ice bath, the
solution was centrifuged at 8000 g for 10 min and the
absorbance of supernatant was detected at 532 and
600 nm for the determination of MDA (Dhindsa et al.
1981). The SOD activity was detected based on the
method of Giannopolitis and Ries (1977). The POD
and CAT activities measured according to the method
of Chance and Maehly (1955). The APX activity
was determined by using the method of Nakano and
Asada (1981). DHAR and MDHAR activities were
detected according to the method of Cakmak et al.
(1993).

Determination of osmotic potential and root vitality

For the determination of osmotic potential (OP),
fresh roots were collected and cleaned -care-
fully in distilled water. Roots were frozen in lig-
uid nitrogen for 10 min and thawed at 4 °C. Root
saps were pressed and 10 ml of sap was inserted
into the osmometer (Wescor, Logan, UT) to detect
osmolality (c). The OP was calculated based
on MPa=-cx2.58x10 3 (Blum 1989). Root
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viability was estimated according to the method of
McMichael and Burke (1994) with some modifi-
cation. Fresh roots (0.2 g) were immersed in 5 ml
of 0.4% triphenyltetrazolium chloride (TTC) and
5 ml of phosphate buffer (65 mM and pH 7.0) and
then incubated at 37 °C for 1 h in the dark. After
that, 2 ml of 1 M sulfuric acid was added into the
mixture. Roots were then taken out from the mix-
ture and put into a new centrifuge tube. A 20 ml of
methanol was added into the tube and incubated at
40 °C for 5 h. The absorbance of the supernatant
was measured at 280 nm.

Metabolomics analysis

For analysis of metabolite extraction and identi-
fication, the comprehensive two-dimensional gas
chromatography/time-of-flight mass spectrometry
(GC-TOFMS) was used. Assay method in details
has been reported clearly in our previous study (Li
et al. 2020). Briefly, fresh roots were freeze-dried
and ground into fine powder. A total of 20 mg of
powder was evenly mixed with 100 pL ddH,O and
500 pL of aqueous methanol, and then was soni-
cated for 20 min. The mixture was centrifuged at
12000 g for 10 min, and 300 pL of supernatant was
mixed with 10 pl of ribitol solution. After being
fully desiccated, sediments were re-dissolved in
80 pL of methoxyamine hydrochloride at 30 °C
for 90 min, and the solution was trimethylsilylated
with 80 pL N-methyl-N-(trimethylsily) trifluoro-
acetamide containing 1% trimethylchlorosilane for
60 min at 70 °C. Finally, the intermixture was used
to analyze metabolites by using the GC-TOFMS.
Metabolites were identified and quantified by using
ChromaTOF software (v. 4.50.8.0, LECO, St.
Joseph, MI, USA) coupled with commercially avail-
able compound libraries: NIST 2005, Wiley 7.0.

Statistical analysis

The General Linear Model procedure of SAS (ver-
sion 9.1; SAS Institute, Cary, NC) was used to deter-
mine the significance for physiological parameters.
The significance of differences among treatments was
tested using the least significance test with P <0.05.
Homogeneity of variance test was analyzed by using
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SPSS 20 (IBM, Armonk, NY, USA) based on Hart-
ley’s Test.

Results

Oxidative damage and antioxidant metabolism
regulated by GABA in roots

0O, and H,0, dyeing showed that heat stress induced
a massive accumulation of O,~ or H,0, in roots, but
0O,” or H,0, dyeing was darker in heat-stressed roots
without the GABA pretreatment as compared to heat-
stressed roots with the GABA pretreatment (Fig. 1A
and B). O, or H,0, content significantly increased
in roots under heat stress, and the GABA-pretreated
plants exhibited a 39% or 44% decrease in O, or
H,0, content in roots than the non-pretreated plants
(Fig. 1C and D). Protein carbonyl content, MDA
content, and EL significantly increased in all plants
under heat stress, whereas TAC declined significantly
in roots in response to heat stress (Fig. 2A-D). The
GABA-pretreated plants maintained a 31%, 25%, or
18% decrease in protein carbonyl content, MDA con-
tent, or EL, but a 38% increase in the TAC in roots
than the plants without the GABA pretreatment under
heat stress (Fig. 2A-D). For changes in antioxidant
enzyme activities, the GABA-pretreated plants exhib-
ited significantly higher SDO, POD, CAT, APX,
DHAR, and MDHAR activities in roots than the
plants without GABA pretreatment in response to
heat stress (Fig. 2E).

Root vitality and osmotic potential regulated by
GABA in roots

Heat stress induced a significant decline in root
vitality in all plants; however, the GABA-pre-
treated plants could maintain 16% increase in
root vitality than those plants without the GABA
pretreatment under heat stress (Fig. 3A). As com-
pared to the control, the OP remained unchanged
in roots of heat-stressed plants without the GABA
pretreatment, but the OP significantly declined in
roots of heat-stressed plants with the GABA pre-
treatment (Fig. 3B). Under normal condition, the
GABA application had no significant effects on
root vitality and OP (Fig. 3A and B).
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Fig. 1 Effects of y-aminobutyric acid (GABA) priming on (A)
superoxide anion (O,") staining, (B) hydrogen peroxide (H,0,)
staining, (C) O,~ content, and (D) H,O, content in roots under
normal condition and heat stress. Vertical bars indicate +SE

Metabolites identification and change in total
metabolites regulated by GABA in roots

A total of 71 metabolites were detected in roots includ-
ing 13 amino acids, 17 sugars, 26 organic acids, and
15 other metabolites (Fig. 4A). Heat map showed that
these metabolites were differentially regulated by the
exogenous GABA and heat stress (Fig. 4A). Most of
metabolites were not significantly changed by exog-
enous GABA under normal condition (C+GABA Vs.
C) (Fig. 4B). The GABA induced increases in almost
all metabolites under heat stress (HS + GABA Vs. HS).
In response to heat stress, the overwhelming majority of
metabolites in roots decreased in the GABA-pretreated
and untreated plants (HS Vs. C and HS+GABA Vs.
C) (Fig. 4B). Heat stress induced significant declines in
amino acids, sugars, organic acids, and other metabo-
lites contents in roots of plants without the GABA
application, but did not affect accumulation of sugars

of mean (n=4). Different letters above columns indicate sig-
nificant differences based on LSD (P<0.05). C, control;
C+GABA, control+GABA; HS, heat stress; HS + GABA, heat
stress+GABA

and other metabolites in roots of the GABA-pretreated
plants (Fig. 4C). In addition, the GABA-pretreated
plants also had significantly higher accumulation of
amino acids and organic acids in roots than those
plants without the GABA application under heat stress
(Fig. 4C).

Differentially accumulated metabolites regulated by
GABA in roots

Heat stress led to significant decreases in all amino
acids in roots of plants without GABA application
(Table 1). Exogenous GABA pretreatment effec-
tively alleviated heat-induced declines in GABA,
serine, valine, isoleucine, threonine, proline,
aspartic acid, glutamine, asparagine, or phenylala-
nine content, and also significantly improved the
glycine accumulation under heat stress (Table 1).
For changes in various organic acids, heat stress
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Fig. 2 Effects of y-aminobutyric acid (GABA) priming on
(A) carbonyl content, (B) malondialdehyde content, (C) elec-
trolyte leakage, (D) total antioxidant capacity, and (D) antioxi-
dant enzyme activity in roots under normal condition and heat

significantly inhibited their accumulations in
roots. However, the GABA application signifi-
cantly alleviated inhibitory effects on heat-induced
declines in all detected organic acids under heat
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stress. Vertical bars indicate +SE of mean (n=4). Different
letters above columns indicate significant differences based on
LSD (P<0.05). C, control; C+GABA, control+GABA; HS,
heat stress; HS + GABA, heat stress+ GABA

stress, except for aconitic acid and glyceric acid
(Table 1). Except for gentiobiose, melibiose, and
glucose, the GABA-pretreated plants maintained
significantly higher all detected sugars than those
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Fig. 3 Effects of y-aminobutyric acid (GABA) priming on
(A) root vitality and (B) osmotic potential in roots under nor-
mal condition and heat stress. Vertical bars indicate +SE of
mean (n=4). Different letters above columns indicate sig-

plants without GABA application under heat stress
(Table 2). Similarly, contents of 15 other metab-
olites in roots were significantly decreased in
response to heat stress. Exogenous GABA applica-
tion did not affect ribitol content under heat stress,
but significantly improved the accumulation of
putrescine (Put), myo-inositol, urea, or glycerol.
The GABA application also significantly ame-
liorated heat-induced declines in pyrrolidinone,
arabitol, arbutin, maltitol, glycerol monostearate,
campesterol, and stigamsterol contents in roots
(Table 2).

Metabolic pathways associated with metabolites
regulated by GABA in roots

A total of 32 metabolites were assigned into meta-
bolic pathways involved in sugar and amino acid
metabolism, TCA cycle, and GABA shunt (Fig. 5).
Heat stress inhibited sugar and amino acid metabo-
lism and transformation, TCA cycle, and GABA
shunt in roots of the GABA-pretreated and untreated
plants. As compared to heat-stressed plants with-
out GABA application, the heat-stressed plants with
GABA application could maintain higher accumula-
tion of intermediates involved in TCA cycle (citrate,
succinate, and malate) and also improved GABA
metabolism into glutamine, proline, urea, and Put in
roots (Fig. 5).

nificant differences based on LSD (P<0.05). C, control;
C+ GABA, control+GABA; HS, heat stress; HS + GABA, heat
stress+GABA

Discussion

Temperature optimization is more difficult than the
regulation and control of other abiotic stresses such
as drought and soil salinization in field (Aloni et al.
1992). Previous study has proved the important role
of root systems in whole-plant adaptation to high
temperature stress (Huang et al. 2012). Heat stress
triggers ROS (O,” and H,0,) accumulation leading
to oxidative damage to cellular membrane, proteins,
and nucleic acid (Belhadj Slimen et al. 2014). Creep-
ing bentgrass is sensitive to heat stress and its root
viability significantly declined when soil temperature
increases above 25 °C (Huang et al. 2012). In response
to a prolonged period of heat stress, the heat-tolerant
rough bentgrass could activate stronger antioxidant
scavenging systems to decrease overaccumulation of
0O, and H,0, in roots than the heat-sensitive creeping
bentgrass (Xu et al. 2015). In recent years, GABA has
been used as stress-ameliorating agent to improve plant
adaptability to heat stress associated with enhanced
antioxidant defense system in leaves (Ansari et al.
2021). Our current study demonstrated that ROS level
(0,7 and H,0,), protein carbonyl and MDA contents,
and EL level significantly increased, but total antioxi-
dant capacity significantly declined in roots of creeping
bentgrass under heat stress. However, the application
of GABA mitigated heat-induced oxidative damage to
proteins and cell membranes through improving total
antioxidant capacity and multiple antioxidant enzymes
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activities in roots. In addition, heat stress induces pre-
mature root senescence due to imbalanced production
of ROS, which significantly decreases root vitality
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(Li et al. 2016a). Improved root activity regulated by
plant growth regulators including salicylic acid and
24-epibrassinolide has been reported under heat
stress (Khan et al. 2014). GABA-pretreated creeping
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Table 1 Changes in contents of 13 amino acids and 26 organic acids in roots of creeping bentgrass in response to y-aminobutyric
acid (GABA) priming under normal condition and heat stress. Results were demonstrated by mean + SE

Category Name C C+GABA HS HS + GABA

Amino acids GABA 6.325+1.735b 33.090+£1.739a 0.366 +£0.035d 3.718 £0.323c
Serine 12.906 +2.844a 12.206+1.755a 0.122£0.020c 4.863+0.286b
Valine 53.815+10.635a 39.470£8.453a 1.412+0.162¢c 14.092+1.855b
Isoleucine 51.557+10.869a 44.352+2.465a 0.139+0.015¢ 16.095+0.518b
Threonine 13.936+2.342a 11.184+1.278b 0.131+0.019d 4.151+0.959¢
Proline 17.068 +2.709b 25.283+2.196a 0.040 +0.004d 8.486+0.901c
Glycine 40.326+9.433b 21.038 +3.388¢c 3.646+0.352d 61.768+1.612a
Aspartic acid 69.692 +5.089% 55.931+1.993b 0.518+0.038d 5.703 +£1.623c
Alanine 8.946+1.933a 9.884+1.782a 0.036 +0.002b 0.897 +0.034b
glutamine 2.925+0.777a 3.774+0.439a 0.088 +0.004b 4.104+0.708a
Asparagine 2.705+0.614b 8.789+1.523a 0.059+0.003¢ 2.56+0.841b
Glutamic acid 47.179+10.192a 37.600+4.980a 0.892+0.110b 4.459+1.331b
Phenylalaninea 3.023+0.603a 1.322+0.362b 0.129+0.009¢ 0.989 +0.096b

Organic acids Citric acid 77.228 +1.479b 111.662 +£5.220a 0.590+0.143d 11.765+1.918c
Aconitic acid 40.572+8.981a 43.036+5.467a 0.062+0.013b 4.277+0.635b
Malic acid 25.598 +2.308b 39.508 +£5.942a 0.858 +0.093¢c 23.286+2.378b
Succinic acid 13.406+2.963a 17.447+2.057a 0.078 +£0.009¢ 2.170+0.304b
Lactic acid 44.816+10.439a 19.806+1.010b 3.629+0.225¢ 25.149 +8.688b
Carbamic acid 20.246+5.867a 9.484+0.821b 1.249+0.071c¢ 9.920+3.154b

Shikimic acid
Propanoic acid
Glycolic acid
Quinic acid
Ribonic acid
Pentanedioic acid
Glyceric acid
Oxalic acid
Furoic acid
Butanoic acid
Itaconic acid
Nonanoic acid
Pipecolic acid
Todoacetic acid
Dodecanoic acid
Pentonic acid
Myristic acid
Coumaric acid
Glucuronic acid
Mucic acid

61.923+0.826b
7.682+1.705a
5.858+1.474a
59.454+8.457a
6.144+1.378a
4.807+0.982a
3.268 +£0.796a
0.092+0.034a
0.650+0.207a
1.202+0.203a
1.184+0.388a
0.484 +0.206a
0.968 +0.233a
3.054+0.270a
0.586+0.145a
0.537+0.116a
1.504+0.292a
0.946+0.184a
1.786+0.345a
0.678 £0.085a

76.246 +3.804a
3.643+0.466b
3.366+0.682b
26.947 +6.692b
7.766+0.316a
2.933+0.557b
2.557+0.323a
0.030+0.003b
0.291+0.068b
0.361+0.123c
0.384+0.094b
0.288 +0.065a
1.122+0.193a
1.446 +0.088b
0.294+0.017b
0.283+0.076b
0.815+0.097c
0.910+0.173a
1.510+£0.105a
0.626 +0.044a

0.086 +0.006d
0.091+0.008¢c
0.326+0.013c
1.160+0.014d
0.119+0.016c
0.023 +£0.003d
0.017+0.001b
0.015+0.001b
0.035+0.004c
0.052+0.002d
0.016 +0.006¢
0.023+0.002b
0.015+0.002b
0.111+0.010c
0.022+0.002¢c
0.004+0.001d
0.059+0.013d
0.016+0.001c
0.017+0.002c
0.003+0.001c

3.286+0.181c
2.128+0.412b
3.011+1.18%
8.346£0.757¢
5.364+0.233b
1.673+0.118c
0.540+0.041b
0.068 +0.009a
0.339+0.068b
0.836+0.112b
0.171£0.060b
0.285+0.096a
0.652+0.446a
1.437+0.131b
0.351+0.008b
0.202 +0.006¢
1.167+0.113b
0.337+0.015b
0.267 +£0.020b
0.151+0.012b

Different letters on the same row indicate significant differences based on LSD (P <0.05). C, control; C+GABA, control+GABA;
HS, heat stress; HS + GABA, heat stress+GABA

bentgrass exhibited significantly higher root vitality
than untreated plants under heat stress in the present
study, which will be propitious to uptake and transport

of water and nutrition for metabolic balance under heat
stress.
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Table 2 Changes in contents of 17 sugars and 15 other metabolites in roots of creeping bentgrass in response to y-aminobutyric acid
(GABA) priming under normal condition and heat stress

Category Name C C+GABA HS HS +GABA

Sugars Mannose 212.884+47.415a  238.614+53.779a  7.334+0.407c 114.548 +45.706b
Ribose 139.931+£29.605a  64.534+11.330b 2.479+0.380c  62.280+4.824b
Xylose 169.545+36.276a 173.904 +14.099a  5.257+0.218b 11.028 +0.464b
Talose 8.706+2.183b 9.228 +3.998b 0.341+0.034¢ 15.930+1.224a
Kestose 33.009 £5.336b 333.607+£31.236a  9.375+£0.325b  362.291+63.667a
Fructose-6-phosphate 4.559+0.970a 4.407+0.873a 0.476 +0.055¢ 1.725+0.159b
Glucose-6-phosphate 9.685+0.929a 9.386+0.942a 0.901 +0.146¢ 2.794+1.415b
Galactinol 2.914+0.720b 6.781 +1.414b 2.481+0.228b 105.095+53.900a
Fucose 1.189+0.282a 0.679+0.158b 0.019+0.001c  0.891+0.064b
Glucoheptose 1.253 +0.240b 1.954+0.201a 0.020+£0.002d  0.656+0.344c
Galactoside 0.079+0.024a 0.029+0.023b 0.006+0.001c  0.016+0.012b
Cellobiose 0.550+0.089b 0.947+0.192a 0.009+0.001d  0.192+0.100c
Gentiobiose 0.051+0.011b 0.075+0.085a 0.034+0.001b  0.027+0.014b
Melibiose 0.944+0.191b 1.239+0.119a 0.003+0.001c  0.017+0.015¢
Raffinose 3.845+0.923b 3.446+0.251b 0.161+0.014c  5.222+0.392a
Glucose 0.127+0.038a 0.048 +0.046b 0.015+0.001b  0.016+0.013b
Arabinose 1.605+0.223a 1.770+0.265a 0.112+0.019c  0.959+0.029b

Other metabolites Putrescine 33.095+7.734a 44.032+9.582a 0.816+0.121c 23.059+11.803b
Myo-inositol 24.160+5.205¢ 48.253 +5.366b 5.224+0.352d  99.040+9.747a
Urea 35.201+8.131a 30.842+10.641a 2.651+0.214c 15.951+3.947b
Glycerol 70.069 +13.837a 58.937+8.814a 4.672+0.271c  27.848+4.910b
Ribitol 11.242+2.244b 35.137+3.100a 3.577+0.569c  4.121+2.132¢
Ethylene glycol 6.367+2.228a 8.257+1.079a 0.285+0.021c 3.741+0.354b
Dehydroascorbic acid 6.176 +£0.970a 9.290+1.437a 0.035+0.002c 2.054+1.087b
Phosphogluconate 4.634+1.216b 7.897+1.706a 0.121+0.012¢ 3.203+1.567b
Pyrrolidinone 0.708 +0.228a 0.525+0.151ab 0.027+0.003¢  0.269+0.092b
Arabitol 0.799 +0.196b 1.289+0.194a 0.023+0.002d  0.362+0.166¢
Arbutin 1.106+0.242ab 1.513+0.370a 0.035+0.003¢c  0.650+0.205b
Maltitol 0.331+0.057b 0.601+0.137a 0.013+0.003¢c  0.374+0.108b
Glycerol monostearate 1.951+0.188a 1.205+0.049b 0.136+0.029¢ 1.362+0.205b
Campesterol 1.928 +0.263a 1.343+0.216b 0.057 +0.004c 1.197+0.189b
Stigmasterol 0.679+0.095a 0.758 +£0.038a 0.036+0.003b  0.788 +£0.033a

Results were demonstrated by mean + SE. Different letters on the same row indicate significant differences based on LSD (P <0.05).
C, control; C+ GABA, control+GABA; HS, heat stress; HS + GABA, heat stress+GABA

Heat stress disrupts metabolic activity leading to
loss in physiological function of roots. Amino acids
serve as the basis of protein biosynthesis and also
act as protective substance for OA, osmoprotection,
or antioxidant when plants respond to heat stress
(Batista-Silva et al. 2019). The GABA, glutamine,
and other metabolites such as urea and Put also play
a critical role in nitrogen transform and utilization for
growth regulation and stress tolerance (Rodrigues-
Corréa and Fett-Neto 2019; Valderrama-Martin et al.
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2022; Witte 2011). Heat stress significantly hindered
amino acid accumulation in roots, but this symptom
could be effectively alleviated by the GABA applica-
tion in our current study. As compared to untreated
plants, the GABA-pretreated creeping bentgrass accu-
mulated more endogenous GABA along with sig-
nificant increases in proline, glutamine, urea, and Put
contents in roots. Previous studies have showed that
foliar application of GABA attenuated heat damage
to wheat (Triticum aestivum) and creeping bentgrass
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by regulating amino acid homeostasis in leaves (Rossi
et al. 2021; Wang et al. 2021). Multiple positive roles
of proline as a free radical-scavenger, osmoregulator,
or stress signal molecule have been reported in plants
under stressful condition (Kaur and Asthir 2015). It
has been found that exogenous application of urea
and proline regulated the accumulation of diverse
amino acids in leaves conferring creeping bentgrass
tolerance against heat-induced senescence (Jespersen
et al. 2015; Rossi et al. 2021). Put could alleviate heat
damage to wheat in relation to improvement in root
viability and antioxidant capacity in roots (Asthir and
Deep 2011). These studies together with current find-
ings indicate that the GABA-regulated accumulation
of amino acids, urea, and Put enhanced heat tolerance
in relation to nitrogen metabolism, antioxidant, and
delayed senescence in roots of creeping bentgrass.

It has been documented that the GABA could be
metabolized to the tricarboxylic acid (TCA) cycle for
energy supply in plants under normal condition, salt
stress, or heat stress (Hijaz and Killiny 2019; Li et al.
2020; Li et al. 2016b). Metabolomic analysis found
that heat stress significantly inhibited production
of intermediates of TCA cycle including citric acid,
aconitic acid, succinic acid, and malic acid in roots
of creeping bentgrass, but the application of GABA
effectively alleviated the heat-induced inhibitory
effect of TCA cycle through improving the citric acid,
succinic acid, and malic acid contents in roots. The
study of Liu et al. (2020) also showed that a short-
term salt stress (1 day) decreased sucrose accumu-
lation, but increased the malic acid content in sugar
beet roots, indicating that the regulation of intermedi-
ates of TCA cycle was an important adaptive response
to the early phase of stress. In addition, both of malic
acid and citric acid could significantly enhanced rose
(Rosa X hybrida) rooting (Ghazijahani et al. 2017).
It was noteworthy that the GABA also up-regulated
the accumulation of other organic acids such as oxalic
acid and pipecolic acid in roots of creeping bentgrass
in response to heat stress. Oxalic acid could mitigate
cadmium toxicity to roots of chickpea (Cicer arieti-
num) seedlings by regulating antioxidant defense to
protect plasma membrane integrity (Sakouhi et al.
2022). Pipecolic acid is a critical endogenous plant
immunity inducer in roots against microbial pathogen
invasion and abiotic stress such as drought (Abey-
sekara et al. 2016; Caddell et al. 2020; Navarova
et al. 2012). However, modulatory mechanism of heat
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tolerance induced by these diverse organic acids in
roots deserves further investigation in the future.

Roots require adequate carbohydrates supply to
maintain growth and renewal. Heat stress delays root
development and also increases root mortality associ-
ated with a shortage of available carbohydrates (Xu
and Huang 2000). Thermal rough bentgrass acceler-
ated sugar biosynthesis than the heat-sensitive creep-
ing bentgrass in roots under heat stress (Xu and Huang
2008). Drought preconditioning enhanced heat toler-
ance of Kentucky bluegrass (Poa pratensis) related to
higher carbohydrates accumulation and OA in roots
(Jiang and Huang 2001). Our current findings also
showed that exogenous application of GABA could
restore the accumulation of sugars inhibited by heat
stress in roots of creeping bentgrass. Fructose-6-phos-
phate and glucose-6-phosphate are two critical inter-
mediates of glycolysis for energy production (Fernie
et al. 2004). The study of Sun et al. (2021) found that
fucose synthesis was one of major responsive path-
ways in roots when thermotolerant pearl millet (Pen-
nisetum glaucum) suffered from heat shock. Enhanced
stress tolerance by increasing endogenous mannose
content has been achieved in many plant species (He
et al. 2017; Zhao et al. 2020). Raffinose and galactinol
(a substrate of the raffinose biosynthesis) exhibiting
stronger antioxidant properties could protect plants
from oxidative damage induced by abiotic stress
(ElSayed et al. 2014; Nishizawa et al. 2008). Overex-
pression of ZmHSFA2 in Arabidopsis increased the
raffinose content contributing to enhanced heat toler-
ance (Gu et al. 2019). In addition, heat stress impeded
carbohydrates metabolism into root cellular structures
leading to decreases in amounts of root pectic sub-
stances such as arabinose, which hindered cell-wall
maintenance (Huang et al. 2012). The GABA-induced
accumulation of fructose-6-phosphate, glucose-
6-phosphate, fucose, mannose, galactinol, and raffi-
nose in roots of creeping bentgrass could be attributed
to better energy metabolism, osmotic balance, antioxi-
dant capacity, and cellular structures for root vitality
and renewal under heat stress.

Myo-inositol is a versatile metabolite that gener-
ates diversiform derivatives such as phosphatidylin-
ositols as membrane structural lipid and signaling
molecule or galactinol and raffinose as antioxidants
in response to abiotic stress in plants (Valluru and
Van den Ende 2011). Myo-inositol could induce
the galactinol synthase (MfGolS1) gene expression
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which played a positive role in enhancing tolerance
to freezing, chilling, drought, or salt stress in plants
(Zhuo et al. 2013). Similarly, overexpression of a
myo-inositol-1-phosphate  synthase 2 (TaMIPS2)
could confer heat tolerance to Arabidopsis thaliana
associated with significant increases in endogenous
myo-inositol and raffinose contents under heat stress
(Khurana et al. 2017). Arbutin has been identified
as a strong antioxidative and membrane-stabilizing
compound when plants respond to heat and drought
stresses (Hincha et al. 1999; Ioku et al. 1992; Lawas
et al. 2019). Sterols including campesterol and stig-
masterol act as regulators of cell membrane stability
and fluidity in plants (Saffan 2008). It has been found
that heat-tolerant hard fescue (Festuca trachyphylla)
cultivar ‘Reliant IV’ accumulated more stigmas-
terol than the heat-sensitive ‘Predator’ (Wang et al.
2017). Transgenic A. thaliana overexpressing an
Atcyp710A1 which catalyzed conversion of sitosterol
into stigmasterol exhibited better heat tolerance asso-
ciated with improved cell membrane stability. On the
contrary, the Azcyp710al mutant showed significantly
lower heat tolerance than wild type (Senthil-Kumar
et al. 2013). These findings suggest that the GABA-
regulated adaptability to heat stress could be associ-
ated with improvement in accumulation of myo-inosi-
tol, arbutin, campesterol, and stigmasterol in roots of
creeping bentgrass.

In conclusion, heat stress significantly induced
ROS production resulting in oxidative damage to
roots, but the GABA could effectively increase
antioxidant capacity, root vitality, and OA associ-
ated with improved root adaptability to heat stress.
Diverse metabolites regulated by heat stress or heat
stress together with the GABA application were iden-
tified in roots. The GABA improved the accumulation
of multiple amino acids, urea, and Put in relation to
nitrogen metabolism, antioxidant, and delayed senes-
cence in roots of creeping bentgrass. The GABA
not only could be metabolized to the TCA cycle for
energy supply, but also induced the accumulation of
fructose-6-phosphate, glucose-6-phosphate, fucose,
mannose, galactinol, and raffinose, which attrib-
uted to better energy metabolism, osmotic balance,
antioxidant capacity, and cellular structures in roots
under heat stress. In addition, the GABA-regulated
adaptability to heat stress could be associated with
improvement in accumulation of myo-inositol, arbu-
tin, campesterol, and stigmasterol in roots, since these

metabolites exhibited positive function of antioxidant
and cell membrane stability. Current findings uncover
regulatory mechanism of the GABA-induced thermo-
tolerance when root grows under high temperature
condition.
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