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Abstract
Main conclusion y-Aminobutyric acid alleviates acid-aluminum toxicity to roots associated with enhanced antioxidant
metabolism as well as accumulation and transportation of citric and malic acids.

Abstract Aluminum (Al) toxicity has become the main limiting factor for crop growth and development in acidic soils and is
further being aggravated worldwide due to continuous industrial pollution. The current study was designed to examine effects
of GABA priming on alleviating acid-Al toxicity in terms of root growth, antioxidant defense, citrate and malate metabolisms,
and extensive metabolites remodeling in roots under acidic conditions. Thirty-seven-day-old creeping bentgrass (Agrostis
stolonifera) plants were used as test materials. Roots priming with or without 0.5 mM GABA for 3 days were cultivated in
standard nutrient solution for 15 days as control or subjected to nutrient solution containing 5 mM AICI;-6H,0 for 15 days
as acid-Al stress treatment. Roots were sampled for determinations of root characteristics, physiological and biochemical
parameters, and metabolomics. GABA priming significantly alleviated acid-Al-induced root growth inhibition and oxida-
tive damage, despite it promoted the accumulation of Al in roots. Analysis of metabolomics showed that GABA priming
significantly increased accumulations of organic acids, amino acids, carbohydrates, and other metabolites in roots under
acid-Al stress. In addition, GABA priming also significantly up-regulated key genes related to accumulation and transporta-
tion of malic and citric acids in roots under acid-Al stress. GABA-regulated metabolites participated in tricarboxylic acid
cycle, GABA shunt, antioxidant defense system, and lipid metabolism, which played positive roles in reactive oxygen species
scavenging, energy conversion, osmotic adjustment, and Al ion chelation in roots.
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Abbreviations SOD Superoxide dismutase

ALMT9-like Al-activated malate transport 9-like STOPI1-like  Sensitive to proton rhizotoxicity 1-like

APX Ascorbate peroxidase

CAT Catalase

cMDH-like = Malate dehydrogenase, cytoplasmic-like Introduction

CS-like Citrate synthase-like

MATEs-like  Multidrug and toxic compound As the most abundant metal element in the earth's crust,
extrusions-like aluminum (Al) is widely distributed in soils in the form of

MDA Malondialdehyde insoluble silicate or alumina, water-soluble Al, exchangeable

POD Peroxidase Al, active hydroxyl Al, and organic complex Al (Ofoe et al.

2023). Generally, insoluble Al tends to transform into solu-
ble Al when soil pH is lower than 5. It has been estimated
that acidic soils account for one-third of arable land on earth
D Zhou Li (Gurmessa 2021). A substantial accumulation of soluble Al
zhouli2006@sicau.edu.cn; lizhou1986814@163.com results in Al toxicity which has become the main limiting
College of Grassland Science and Technology, Sichuan factor for crop growth and development in acidic soils (Haji-
Agricultural University, Chengdu 61130, China boland et al. 2023). Due to the continuous application of
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agricultural chemicals, fertilizers, and industrial pollution,
Al toxicity is further being aggravated worldwide. Root is
affected primarily by acid-Al toxicity and also acts as the
first line of defense to cope with acid-Al toxicity (Liu et al.
2020). Al stress not only restrains root growth, but also
decreases root vitality leading to limited uptake of water
and nutrients from soils. In addition, cell membrane stability
significantly declines as a result of huge amounts of accu-
mulation of reactive oxygen species (ROS) in roots under
Al stress (Fan et al. 2022). Enhanced antioxidant enzyme
activities for ROS elimination such as superoxide dismutase
(SOD), peroxidase (POD), catalase (CAT), and ascorbate
peroxidase (APX) have been found as one of the most criti-
cal tolerance mechanisms in plants in response to Al stress
(Yu et al. 2012; Liang et al. 2022).

Besides antioxidant defense system, plants have devel-
oped many other Al-detoxification strategies in the long pro-
cess of evolution. For example, plants transport the extra
Al to older tissues to relieve Al toxicity to young leaves. In
addition, roots secrete organic acids such as malic acid, citric
acid, and oxalic acid into soils to chelate Al ions, thereby
reducing the bioavailable Al in the soil (Chauhan et al. 2021;
Chen et al. 2022). In the tricarboxylic acid cycle (TCA),
citrate synthase (CS) catalyzes biosynthesis of citrate by
using acetyl CoA and oxaloacetic acid, and the malate
dehydrogenase (MDH) is mainly responsible for catalyz-
ing the mutual conversion of oxaloacetate and malic acid
in animals, plants, and microorganisms. Beneficial roles of
CS and MDH have been studied extensively in plants suffer-
ing from Al stress. For example, Wang et al. (2013) found
that higher CS and MDH activities significantly increased
concentrations of citric acid and malic acid in roots, thus
alleviating acid-Al toxicity to winter rape (Brassica napus)
plants. Al-activated malate transport (ALMT) and multid-
rug and toxic compound extrusion (MATE)-type transport
have been identified as two main organic acid transporters.
Multi-gene members in ALMT family are involved in various
biological processes including Al tolerance, vacuolar stabil-
ity, and stomatal movement (Kovermann et al. 2007; Palmer
et al. 2016). MATE family members can transport citrate
into vacuole or rhizosphere, which is helpful to improve
the tolerance to acid-Al stress in plants (Zhou et al. 2023).
It has been reported that Sensitive to proton rhizotoxicity
1 (STOPI) gene in Arabidopsis thaliana played a key role
in the tolerance to acid-Al toxicity through regulating gene
members of ALMT or MATE family (Tuchi et al. 2007; Liu
et al. 2009).

Plant or seed priming by amino acids or other bioactive
substances has been proved as an efficient and cheap tech-
nique for the improvement in stress tolerance (Jisha et al.
2013; Vijayakumari et al. 2016). As a four-carbon non-
protein amino acid, y-aminobutyric acid (GABA) exhibits
a positive function in the enhancement of root adaptation
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to various abiotic stresses. Previous studies found that the
application of exogenous GABA could reduce ROS pro-
duction and improve membrane stability through increas-
ing antioxidant enzyme activities under salt stress, thereby
effectively alleviating salt-induced root growth inhibition
and a decline in root activity (Shi et al. 2010; Feng et al.
2023). Exogenous GABA also could enhance the tolerance
of heat-sensitive creeping bentgrass (Agrostis stolonifera)
roots to heat stress (Li et al. 2023). Root growth and contents
of malic acid and citric acid in leaves could be significantly
promoted by exogenous GABA when Malus hupehensis
plants suffered from alkaline stress (Li et al. 2020a). In
addition, a recent study has demonstrated that the GABA
induced accumulations of MATE1 and MATE?2 proteins and
also up-regulated transcript levels of MATEI and MATE2
contribute to Al tolerance of hybrid Liriodendron (L. chin-
ense X tulipifera) plants (Wang et al. 2021). However, the
GABA-regulated adaptation mechanism of roots to Al stress
is far from being fully understood in perennial plant species.

Grass species, the third most abundant flowering plants,
have been widely used for phytoremediation which is an
accessible technology involved in the application of plants to
remove metals from contaminated soil because of its advan-
tages such as low cost and non-destructibility to primitive
environments (Prasad 2003; Huang 2021). Creeping bent-
grass is a perennial grass and prefers to grow in weakly
acidic soils with appropriate pH between 5.0 and 6.5. It has
been used in sports turf, urban green space, and ecologi-
cal management due to soft texture, stoloniferous-growing
habit, strong aggressivity, and vegetation coverage. Objec-
tives of the current study were to examine effects of root
priming with GABA on alleviating acid-Al toxicity through
maintaining root growth and antioxidant homeostasis and
to further explore potential mechanism of GABA-regulated
root adaptability to acid-Al toxicity in acidic environment
associated with alterations in organic acid metabolism and
global metabolites remodeling.

Materials and methods
Plant growth conditions and treatments

Seeds of creeping bentgrass cultivar ‘Penncross’ germinated
and grew in white quartz sands filled with 2 Hogland’s
nutrient solution (Hoagland and Arnon 1950) for 30 days.
Mature plants with same sizes were removed carefully from
quartz sands and then were suspended in Hogland’s nutrient
solution for hydroponic cultivation by using styrofoam float-
ing boards on the rectangular container (25 cm in length,
15 cm in width, and 20 cm in height) for 7 days. Plants were
then divided into two groups. One group was cultivated in
nutrient solution containing 0.5 mM GABA for 3 days as
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GABA priming, and another group was cultivated in nutrient
solution without GABA for 3 days as non-priming. These
plants with or without GABA priming were then removed
into new nutrient solution without GABA for 15 days of
control cultivation or into nutrient solution containing 5 mM
AICl;-6H,0 for 15 days as acid-Al stress treatment. Nutrient
solution was refreshed every 2 days. All plants were kept in
the growth chamber at 23/19 °C (day/night) with 12 h pho-
toperiod, 700 pmol m~2 s~! PAR, and 65% relative humidity.

Consequently, four treatments were set: (1) C (control,
plants without GABA priming grew in nutrient solution,
pH 6.2); (2) C+ GABA (plants were primed with GABA
and then grew in nutrient solution, pH 6.2); (3) Al (plants
without GABA priming grew in nutrient solution contain-
ing 5 mM AICl;-6H,0, pH 4.35); (4) Al+GABA (plants
were primed with GABA and then grew in nutrient solution
containing 5 mM AICl;-6H,0, pH 4.35). All nutrient solu-
tions were refreshed every 2 days. Each treatment included
four independent biological replications (four containers)
which were placed in four independent growth chambers
to eliminate spatial effects. Each replication included 20
independent plants in one container. Roots were sampled
on 0 day (after 3 days of priming), 7th day, and 15th day
for determination of endogenous GABA and on 15th day
for determination of root characteristics, physiological and
bio-chemical parameters, and metabolomics.

Determinations of endogenous GABA, Al content,
and growth parameters

Root activity was reflected by dehydrogenase activity which
can reduce triphenyl tetrazolium chloride (TTC) to triph-
enyltetrazolium formate (TTF), thereby changing the color
of the roots from white into pink (Fontana et al. 2020). Fresh
root samples (0.2 g) were soaked in the mixed solution of
0.4% TTC and pH 7.0 phosphoric acid buffer at 37 °C for
1 h, and then 2 ml of 2 M sulfuric acid solution was added
to stop the reaction. The roots were taken out from solu-
tion and the moisture on roots surface were removed care-
fully by using absorbent papers, and then roots were put in
a mortar filled with 5 ml ethyl acetate. Finally, the absorb-
ance of extracts was determined at 485 nm. Roots were used
for determination of Al content, and dry roots (0.3 g) were
ground to fine powders and put into the polytetrafluoroeth-
ylene digestion tank. Then, 5 ml of concentrated nitric acid
and 2 ml of hydrogen peroxide were added into this tank.
After being digested completely, the mixture was cooled
down to room temperature and diluted with distilled water to
50 ml. The supernatant was used for determining the Al con-
tent by using an inductively coupled plasma emission mass
spectrometer (ICP-MS). In addition, hematoxylin staining
was used to dye the Al in roots. Fresh roots were rinsed
with distilled water and then were immersed in hematoxylin

solution including 0.1% hematoxylin, 0.01% potassium per-
manganate, and 0.2 mM sodium hydroxide for 30 s. The
dyed roots were photographed by using a microscope after
being rinsed in distilled water to remove extra colourant from
roots surface. For determination of root length, root number,
fresh, and dry weight of roots, 10 independent plants were
randomly selected for one biological replication and each
treatment included four biological replications. Assay Kit
(GABA-2-W) purchased from Comin Biotechnology Co.,
Ltd. (Suzhou, China) was used to detect endogenous GABA
content according to the label instructions.

Determinations of antioxidant enzyme activities,
reactive oxygen species, and membrane stability

A total of 0.1 g roots were ground on ice with 1.5 ml of
150 mM cold phosphate buffer saline (PBS) (pH 7.0) and
the homogenate was centrifuged at 12,000g for 20 min. The
supernatant was collected for the determination of malondi-
aldehyde (MDA). The 1 ml of reaction solution [20% trichlo-
roacetic acid and 0.5% thiobarbituric acid (TBA)] was added
to the supernatant. The absorbance of mixture was detected
at 532 and 600 nm after the mixture was heated at 100 °C for
5 min (Dhindsa et al. 1981). The supernatant, as mentioned
above, was also used to determine the SOD activity by nitro-
gen blue tetrazole (NBT) photoreduction method (Gian-
nopolitis and Ries 1977) at 560 nm, guaiacol method for
determination of POD activity (Chance and Maehly 1955)
at 470 nm, respectively. For the CAT activity, 50 mM phos-
phoric acid buffer (pH 7.0) and 45 mM hydrogen peroxide
were added to the supernatant, and the absorbance value was
measured at 240 nm (Chance and Maehly 1955). APX activ-
ity was determined at 290 nm based on the principle that
APX reduced the amount of ascorbic acid in the presence of
H,0, (Nakano and Asada 1981). Electrolyte leakage (EL),
superoxide anion (O, "), or hydrogen peroxide (H,0,) was
measured by using the method of Blum and Ebercon (1981),
Elstner and Heupel (1976), or Uchida (2002), respectively.
O, or H,0, staining in roots was dyed by using DAB
(3,3'-diaminobenzidine) or NBT (nitrotetrazolium blue chlo-
ride) (Zhang et al. 2015). Assay methods in details have been
published in our previous study (Li et al. 2016).

Extraction, separation, and quantification of root
metabolites

Root metabolites were extracted using the method from
Roessner et al. (2000) and Rizhsky et al. (2004). Root sam-
ples were lyophilized in a lyophilizer (LGJ-10C, Chengdu,
China) until the sample weight maintained a consistent
weight. Freeze-dried samples were crushed into fine pow-
der and then extracted in 80% aqueous methanol. Test pro-
cedure for metabolites extraction has been described in our
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previous study (Li et al. 2016). Analysis procedure of gas
chromatograph-mass spectrometer (GC-MS) referred to
the method of Qiu et al. (2007). Helium with a constant
flow rate of 1.0 ml/min was used as the carrier gas, and
metabolites were separated on DB-5MS capillary column
(30 m %250 pm 1.D., 0.25 pm film thickness; Agilent J&W
Scientific, Folsom, CA, USA). Implantation temperature, the
temperature of transfer interface, or ion source temperature
was set at 280 °C, 270 °C, or 220 °C, respectively. The ini-
tial GC temperature was maintained at 80 °C for 5 min, and
then increased to 180 °C at 10 °C/min, 240 °C at 5 °C/min,
280 °C at 20 °C/min, and finally at 280 °C for 11 min. In the
full scan mode (m/z 30-550), the measurement was carried
out by electron impact ionization (70 eV). TURBOMASS
4.1.1 software (PerkinElmer Inc., Waltham, MA, USA) cou-
pled with commercially available compound libraries (NIST
2005 (PerkinElmer) and Wiley 7.0 (John Wiley & Sons Ltd.,
Hoboken, NJ, USA) was used to identify global metabolites.

Gene expression analysis

Total RNA was extracted from 0.1 g of fresh roots by using
a HiPure Universal RNA kit (Magen). Then, these RNAs
were reverse-transcribed into cDNA using the MonScriptTM
RTIII All-in-one Mix with dsDNase kit (Monad). cDNAs
were amplified by real-time quantitative fluorescent PCR
(qQRT-PCR). Primers of genes involved in citric and malic
acids metabolism including ALMT9-like, STOP1-like,
MATE]I2-like, 14-like, 27-like, 29-like, and 48-like, CS-like,
cMDH-like (MDH located in cytoplasm), and mMDH-like
(MDH located in mitochondrion) and relevant information
for qRT-PCR were shown in Table S1. PCR procedure for

all genes: 5 min at 94 °C, denaturation at 95 °C for 30 s
(those two steps require 40 repeats), and then annealing at
57-60 °C (Table S1) for 30 s, and extension at 72 °C for
30 s. Expression levels of genes were calculated according
to the method of Livak and Schmittgen (2001).

Statistical analysis

Experimental data were analyzed by SPSS 26.0 (IBM,
Armonk, NY, USA) software based on one-way analy-
sis of variance (ANOVA). All data were analyzed with
mean =+ standard deviation (mean + SD) and the #-test method
was used to compare the two groups of data. The results
were presented significant differences at P <0.05. All bar
charts were drawn by using Origin (OriginLab, Northamp-
ton, MA, USA). The pictures of phenotype and staining were
shot by camera (EOS 6D Mark II; Canon, Tokyo, Japan).
TBtools (Guangzhou, Guangdong, China) was used to make
the heatmap. Metabolic pathways were created using Excel
(Microsoft, Redmond, WA, USA), and potential mechanism
diagram was drawn using Ai (Adobe, San Jose, CA, USA).

Results

Effects of GABA priming on endogenous GABA
content and root growth and activity under control
condition and acid-Al stress

Figure 1A shows that roots pretreated with GABA grew
better than roots without GABA priming under control
condition or acid-Al stress. On day 0, GABA priming
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Fig. 1 Effects of GABA priming on phenotypic changes (A), endog-
enous GABA content (B), root activity (C), root length (D), the
number of root (E), root dry weight (F), and root fresh weight (G) of
creeping bentgrass under control condition and acid-aluminum stress.
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Different small letters above columns indicate significant differences
among four treatments (P <0.05). The “*” indicates significant differ-
ence between two treatments (P <0.05). C, control; C+GABA, con-
trol + GABA; Al, acid-Al stress; Al+GABA, acid-Al stress + GABA
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could significantly increase endogenous GABA content
(Fig. 1B). Acid-Al stress had a positive effect on accumu-
lation of GABA in both of GABA-primed and non-primed
roots, and GABA priming could further promote the accu-
mulation of GABA in roots on the 7th day. GABA-primed
roots maintained significantly lower endogenous GABA
content than the roots without GABA priming on the 15th
days of acid-Al stress (Fig. 1B). Acid-Al stress signifi-
cantly decreased root activity, root length, the number of
root, and fresh or dry weight of root, but the decreasing
trend was lower for the GABA-primed roots (Fig. IC-G).
Root activity indicated the healthy status of roots, which
was reflected by dehydrogenase activity. GABA priming
did not affect root activity and the number of root under
control condition, but significantly increased root length,
dry weight, and fresh weight under control condition. In
addition, GABA priming induced a 62.23%, 23.28%,
37.14%, 25%, or 21.49% increase in root activity, root
length, the number of root, dry weight, or fresh weight
as compared to non-primed roots under acid-Al stress,
respectively (Fig. 1C-G).

Effects of GABA priming on Al accumulation
and antioxidant defense under control condition
and Al stress

Under control condition, contents of Al, O, ", and H,0,
remained at a low level, and there is no significant difference
in these parameters between GABA-primed and non-primed
roots (Fig. 2A, C, E). Acid-Al stress significantly induced the
accumulation of Al, O, or H,0, in roots. GABA priming
significantly inhibited acid-Al-induced increases in O, and
H,0, in roots, but enhanced Al accumulation in roots under
acid-Al stress (Fig. 2A, C, E). Results of Al, O, ™, and H,0,
staining were consistent with contents of Al, O,~, and H,0,
in roots (Fig. 2B, D, F). Under control condition, GABA
priming did not significantly affect MDA and EL, but GABA
priming significantly alleviated the accumulation of MDA
and an increase in EL under acid-Al stress (Fig. 3A, B).
GABA-primed roots maintained significantly higher SOD
activity than roots without GABA priming under control
condition or acid-Al stress (Fig. 3C). POD, CAT, and APX
activities were not significantly different between treatments
with and without GABA priming under control condition
(Fig. 3D-F). Al stress increased POD activity, but reduced
the activity of CAT or APX. GABA priming significantly
increased activities of POD, CAT, and APX in roots under
acid-Al stress (Fig. 3D-F).

Effects of GABA priming on global metabolites
remodeling under control condition and acid-Al
stress

A total of 70 metabolites were identified and quantified in
roots based on GC-MS. Discrimination information of each
metabolite is shown in Table S2. These metabolites con-
sisted of 18 amino acids, 16 sugars, 21 organic acids, and 15
other metabolites (Fig. 4A). In order to observe changes in
metabolites between two treatments, four different compara-
ble groups were set including C+ GABA vs. C, A1+ GABA
vs. Al, Al vs. C, and Al+GABA vs. C (Fig. 4B). Firstly, the
C+GABA vs. Cindicated the effect of GABA under optimal
condition. In the second, the A1+ GABA vs. Al indicated the
effect of GABA on alleviating acid-Al toxicity to roots under
acidic condition. Thirdly, the Al+GABA vs. C or Al vs. C
reflected acid-Al toxicity to roots with or without GABA
application, respectively. 37.23% of metabolites remained
unchanged, 18.09% of metabolites increased, and 44.68% of
metabolites decreased in C+ GABA vs. C. 63.83%, 7.45%,
or 28.72% of metabolites increased, decreased, or did not
significantly change in A1+ GABA vs. Al, respectively
(Fig. 4B). As compared with the control condition, acid-Al
stress induced a decline in 56.38% or 50.00% of metabo-
lites in roots without or with GABA priming, respectively
(Fig. 4B). GABA priming did not affect the accumulation
of amino acids, sugars, and other metabolites under control
condition, but significantly decreased the accumulation of
organic acids under control condition (Fig. 4C). Total con-
tent of organic acids decreased significantly in roots with
and without GABA priming under acid-Al stress, however
acid-Al stress induced significant increases in total amino
acids, sugars, and other metabolites in roots. Roots primed
with GABA exhibited significantly higher organic acids,
amino acids, sugars, and other metabolites than roots with-
out GABA priming under acid-Al stress (Fig. 4C).

Figure S1 shows relative contents of 18 amino acids in
the roots under control condition and acid-Al stress. GABA
priming significantly induced the accumulation of oxopro-
line, glutamic acid, cycloleucine, serine, lysine, or tyrosine,
but decreased the accumulation of proline, leucine, or glu-
tamine under stress condition. For organic acids involved in
TCA cycle, the accumulation of citric acid, a-ketoglutarate,
fumaric acid, or malic acid could be significantly induced by
GABA priming under control and stressful conditions. Roots
primed with GABA also exhibited significantly higher suc-
cinic acid content than these roots without GABA priming
under acid-Al stress (Fig. S2A and B). In addition, GABA
priming significantly induced accumulation of lactic acid,
glyceric acid, quinic acid, oxalic acid, maleic acid, citra-
malic acid, threonic acid, saccharic acid, shikimic acid, or
gluconic acid in roots under acid-Al stress (Fig. S2A and
B). In response to acid-Al stress, roots primed with GABA
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Fig.2 Effects of GABA priming on Al content (A), Al staining (B),
superoxide anion (O, ™) content (C), O, staining (D), hydrogen per-
oxide (H,0,) content (E), and H,0, staining (F) in roots of creeping
bentgrass under control condition and acid-aluminum stress. Differ-

had a significantly higher accumulation of 12 sugars (eryth-
rose, glucose, ribose, talose, sucrose, glucose-6-phoshate,
trehalose-6-phosphate, glucose-1-phosphhate, levoglucosan,
maltose, ketose, and gentiobiose) and 10 other metabolites
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ent small letters above columns indicate significant differences among
four treatments (P <0.05). C, control; C+GABA, control+GABA;
Al, acid-Al stress; Al+GABA, acid-Al stress+ GABA

(dithioerythritol, dehydroascorbic acid, ascorbate, xylitol,
ribitol, gluconic lactone, putrescine, galactinol, mannitol,
and myo-inositol) than those roots without GABA priming
under acid-Al stress (Fig. S3 and S4).
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Fig.3 Effects of GABA priming on malondialdehyde (MDA) con-
tent (A), electrolyte leakage (EL) (B), superoxide dismutase (SOD)
activity (C), peroxidase (POD) activity (D), catalase (CAT) activity
(E), and ascorbate peroxidase (APX) activity (F) in roots of creeping

Effects of GABA priming on metabolic pathways
under control condition and acid-Al stress

Changes in metabolic pathways involved in TCA cycle,
GABA shunt, and metabolism of organic and amino
acids, etc., in roots of creeping bentgrass in response to
GABA priming under acid-Al stress are shown in Fig. 5.
A total of 40 metabolites consisting of 11 amino acids,
10 organic acids, 7 sugars, and 12 other metabolites were

bentgrass under control condition and ac-id-aluminum stress. Differ-
ent small letters above columns indicate significant differences among
four treatments (P <0.05). C, control; C+GABA, control+ GABA;
Al, acid-Al stress; Al+GABA, acid-Al stress+ GABA

listed in these metabolic pathways. GABA priming had
greater effects on metabolites in roots under acid-Al stress
than control condition. Under Al stress, GABA priming
enhanced amino acids and sugars metabolism, and also
increased the accumulation of citric acid, a-ketoglutaric
acid, succinic acid, fumaric acid, and malic acid involved
in TCA cycle (Fig. 5). Under control condition, expression
levels of all genes involved in organic acid metabolism and
transport kept at a low level without significant difference
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lites (C) in roots of creeping bentgrass under control condition and

between treatments “C” and “C + GABA” (Fig. 6). Al
stress significantly induced increases in expression levels
of ALMT9-like, MATE2-like, MATE14-like, MATE27-
like, MATE29-like, MATE48-like, cMDH-like, and CS-
like in roots with or without GABA priming. In addition,
GABA priming further improved Al-induced the expres-
sion of these genes mentioned above (Fig. 6). Expression
level of STOP1-like did not increase significantly in roots
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is shown in Fig. 7.

Sugars Others

acid-aluminum stress. Different small letters above columns indicate
significant differences among four treatments (P <0.05). C, control;
C+ GABA, control+GABA; Al, acid-Al stress; Al+GABA, acid-Al

without GABA priming under stressful condition, but
acid-Al stress significantly induced STOPI-like expres-
sion in roots with GABA priming under acidic condition
(Fig. 6). The pivotal mechanism of acid-Al tolerance
induced by GABA priming in roots of creeping bentgrass
associated with enhancements in antioxidant defense and
accumulation and transportation of citric and malic acids
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Fig.5 The assignment of 40 metabolites into integrative metabolic
pathways involved in TCA cycle, GABA shunt, amino acids and sug-
ars metabolism in roots of creeping bentgrass. Metabolic pathways

Discussion

Although different plant species have different tolerance to
Al stress, inhibitions of root elongation, root activity, and
root biomass are first symptoms when plants suffer from
acid-Al toxicity (Hui et al. 2011; Choudhury and Sharma
2014). As an economic and environmentally-friendly plant
growth regulator, GABA could significantly promote roots
growth under multi-stress conditions including alkaline
stress and salt stress (Wang et al. 2017; Li et al. 2020a).
Similar results were found between GABA-pretreated
and unpretreated creeping bentgrass roots in response
to Al stress. GABA priming significantly improved root

were made based on four different comparable groups. Red represents
up-regulation; green represents down-regulation; gray represents no
significant change

elongation, root activity, and root biomass of creeping
bentgrass under acid-Al stress. It is well known that acid-
Al stress induces a substantial production of ROS which
causes lipid peroxidation, accelerated programmed cell
death and damage to nucleic acids and protein, leading to
root growth inhibition (Yamamoto et al. 2003; Hao et al.
2022). Therefore, it is of primary importance to remove
extra ROS to control growth and development of roots
under Al stress. One of the most important mechanisms of
ROS scavenging is the antioxidant defense system involved
in multiple enzymes (Dumanovic et al. 2021). It has been
reported that exogenous GABA reduced accumulations of
ROS and MDA by increasing activities of SOD, CAT, and
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Fig.6 Effects of GABA prim- 25
ing on transcript levels of [ ]c C+GABA
genes related to organic acid
metabolism in roots of creep-
ing bentgrass under control
condition and aluminum stress.
Different small letters above
columns indicate significant
differences among four treat-
ments (P <0.05). C, control;
C+ GABA, control + GABA;
Al, acid-Al stress; Al+ GABA,
acid-Al stress + GABA
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APX in rice (Oryza sativa) under salinity, osmotic stress,
and their combination (Sheteiwy et al. 2019). Exogenous
application of GABA alleviated an increase in EL and the
accumulation of H,0, associated with significant increases
in activities of SOD, POD, and CAT in Malus hupehensis
under alkaline stress (Li et al. 2020a). Acid-Al stress led
to the accumulation of MDA and ROS (H,0, and O, ")
in creeping bentgrass roots, however, roots primed with
GABA maintained significantly higher activities of SOD,
POD, CAT, and APX as well as lower oxidative damage to
roots than those roots without GABA priming under acid-
Al stress. These findings supported that enhanced anti-
oxidant defense induced by GABA priming is of primary
importance for ROS homeostasis to ensure a well oxida-
tion—reduction environment for root growth and develop-
ment under acid-Al stress.

Many studies have demonstrated that exogenous applica-
tion of GABA could significantly induce the accumulation
of endogenous GABA in roots or leaves of various plant
species under abiotic stress (Li et al. 2017a, 2020b; Cekig
2018). Similar findings were demonstrated in roots of creep-
ing bentgrass during 7 days of acid-Al stress. However, roots
primed with GABA could not maintain higher endogenous
GABA content than those roots without GABA priming
on 15th day of acid-Al stress, which indicated that GABA
priming might accelerate the transformation of endoge-
nous GABA into other substances during the later stage of
acid-Al stress. It has been found that plants often undergo
metabolic imbalance and energy shortages due to enhanced
respiratory pathway under stressful conditions (Heinemann
and Hildebrandt 2021). GABA could be metabolized into
different amino acids in plants, which is known as GABA
shunt (Bouche and Fromm 2004; Ansari et al. 2021).
Enhanced metabolic circulation induced by GABA prim-
ing was propitious to maintenance of osmotic adjustment
(OA) and metabolites homeostasis under environmental
stress (Li et al. 2016, 2017b). Findings from metabolome
also showed that GABA priming significantly increased
accumulations of total metabolites, organic acids, amino
acids, sugars, and other metabolites in roots of creeping
bentgrass in response to acid-Al stress. The recent study
of Tan et al. (2022) demonstrated that exogenous applica-
tion of spermine significantly improved transformation and
utilization of endogenous GABA to support TCA cycle for
energy metabolism in creeping bentgrass under drought
stress. Our study found that GABA priming induced sig-
nificant increases in glutamate (an important intermediate
metabolite of GABA shunt) and other amino acids includ-
ing oxyproline, cycloleucine, serine, lysine, and tyrosine in
roots of creeping bentgrass under acid-Al stress. Significant
accumulation of these amino acids played positive roles in
OA, osmoprotectant, and metabolic homeostasis (Reddy and
Shad Ali 2011; Bhutto et al. 2023).

Enhanced GABA shunt has been proved to be beneficial
to better maintenance of intermediate metabolites includ-
ing citric acid, malic acid, fumaric acid, and succinic acids
in TCA cycle (Hijaz and Killiny 2019; Nehela and Killiny
2019). Most of organic acids involved in the TCA cycle
exhibit important functions of redox regulation, energy
production, OA, and cation homeostasis in higher plants
(Igamberdiev and Eprintsev 2016). As early as 1998, Zheng
et al. (1998) found that high levels of organic acid secretion
were associated with high Al resistance (pH 4.8). More and
more studies also further proved positive roles of citric acid
and malic acid in acid-Al tolerance due to their ability to
chelate AI** in cells and rhizosphere, thereby decreasing
acid-Al toxicity to roots (Wang et al. 2022, 2023). There-
fore, the improvement in Al tolerance induced by GABA
priming could be related to significant increases in contents
of citric and malic acids in roots of creeping bentgrass.
MDH isozymes exist in mitochondria (mMDH), cytoplasm
(cMDH), and other organellae (Tomaz et al. 2010; Zheng
et al. 2021). The mMDH catalyzes the oxidation of malic
acid to oxaloacetic acid, while cMDH is mainly involved in
the hydrogenation of oxaloacetic acid to malic acid as the
last step of the TCA cycle (Chinopoulos 2020). Oxaloacetic
acid is then catalyzed by CS to form citric acid in plants.
Overexpression of cMDH or CS could improve the resistance
of transgenic crops to cold, salt, and acid-Al stress (Tes-
faye et al. 2001; Anoop et al. 2003; Yao et al. 2011; Wang
et al. 2016). In addition, increased activities of cMDH or
CS promoted the production of malic acid or citric acid,
thus improving the acid-Al tolerance in different plant spe-
cies (Hidayah et al. 2020; Yao et al. 2020). GABA prim-
ing significantly promoted transcript levels of cMDH and
CS, which was consistent with changes in accumulations of
malate and citric acid in roots of creeping bentgrass under
acid-Al stress. These findings indicated that enhanced
metabolism of citric and malic acids was an important regu-
latory mechanism of acid-Al tolerance induced by GABA
priming in roots. This might explain the reason why GABA-
primed roots accumulated more Al, but exhibited better root
growth and activity than non-primed roots in response to
acid-Al stress. In addition, plants store Al in the root apex
instead of transferring Al to the aboveground parts in favor
of photosynthesis for growth maintenance. For example,
a recent research of Silva et al. (2020) found that soybean
(Glycine max) cultivar Conquista has good adaptability to
acid-Al stress due to a great capacity of Al immobilization
in roots. However, it still deserves to be further investigated
whether GABA regulates Al immobilization in roots to
decrease accumulation of Al in aboveground tissues or not
in our further study.

ALMTs, known as plant-specific anion channel proteins
that can be activated by Al, protect plant roots from Al toxic-
ity through regulating malate transport to chelate with the
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AI’* (Magalhaes et al. 2018). MATEs are a novel family
of secondary transporter genes encoding citrate transport-
ers associated with Al tolerance in plants. Ye et al. (2017)
indicated that a significant increase in vacuolar membrane-
localized SL-ALMT9 expression enhanced malate transport
and acid-Al resistance of tomato (Solanum lycopersicum).
In addition, Liu et al. (2016) found that the expression of
multiple MATESs in Al-tolerant soybean varieties was twice
as high as that in sensitive varieties in response to acid-
Al toxicity. It has also been confirmed that AfALMT]I or
AtMATE were regulated by the transcription factor STOPI
in A. thaliana (Liu et al. 2009; Ito et al. 2019). A. thaliana
stopl mutants significantly repressed expression of MATE
and ALMT] leading to significant declines in exudations
of malate and citrate in roots under acid-Al stress (Jiang
et al. 2017). A. thaliana stopl mutants exhibited hypersen-
sitivity to Al rhizotoxicity due to a lack of ability to induce
AtALMTI expression in roots (Ohyama et al. 2013). Ectopic
expression of STOPI could significantly alleviate acid-Al
damage to A. thaliana stopl mutation (Silva-Navas et al.
2021). In addition, overexpression of GmSTOP1a increased
the expression of GmALMT1 related to enhanced acid-Al
tolerance of soybean hairy roots (Zhou et al. 2018). Our
findings showed that GABA priming further activated acid-
Al-induced expression of ALMT9-like and five MATE genes
(MATE]2-like, MATE14-like, MATE27-like, MATE29-like
and MATE48-like) and also significantly up-regulated
STOP-like expression in roots of creeping bentgrass under
acid-Al stress. A previous study has shown that the GABA
could directly regulate the activity of TaALMT] to affect
plant growth (Ramesh et al. 2015). However, the GABA as
a signaling molecule directly regulates STOP1-like expres-
sion or indirectly affects its expression through regulating
metabolic homeostasis under acid-Al stress, which cannot
be fully explained in our current study. The regulatory role
of GABA in transport and secretion of organic acids in roots
associated with enhanced acid-Al tolerance deserves to be
further investigated in our future studies.

In addition to amino acids and organic acids, GABA
priming also improved accumulation of many sugars includ-
ing erythrose, glucose, ribose, talose, sucrose, glucose-
6-phosphate, trehalose-6-phosphate, glucose-1-phosphate,
levoglucosan, maltose, kestose, and gentiobiose in roots of
creeping bentgrass. Sugars are important osmo-regulators,
membrane stabilizer, and metabolic resources for energy
cycle under stressful conditions (Jouve et al. 2004; Khan
et al. 2020). Soluble sugars also act as one of the major
messengers to regulate gene expression and enzymatic
activities involved in plant development, cell metabolism,
and stress tolerance (Khan et al. 2020; Afzal et al. 2021).
Al-tolerant maize (Zea mays) genotype minimized acid-Al-
induced membrane lipid peroxidation and inhibition of root
growth, which was correlated with increased accumulation
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of carbohydrates in roots, but carbohydrates content in roots
of Al-sensitive genotype remained unchanged in response
to acid-Al stress (Giannakoula et al. 2008). Similar results
were demonstrated in the study of Khan et al. (2000) who
found that Al-tolerant maize accessions accumulated more
carbohydrates in roots than sensitive genotypes under acid-
Al stress. Moreover, phosphorus addition could promote oil
tea (Camellia aleifera) root growth under acid-Al stress by
increasing accumulation of various sugars including arab-
inose, glucose, glucose-1-phosphate, glucose-6-phosphate,
mannose, and sucrose (Qu et al. 2020). Other metabolites
like putrescine (Put), myo-inositol, ascorbate, and galacti-
nol were significantly improved by GABA priming in roots
of creeping bentgrass subjected to acid-Al stress. Previ-
ous studies have demonstrated positive function of these
metabolites in regulating acid-Al tolerance in plants. In
rice roots, Put enhanced acid-Al tolerance associated with
the decrease in Al retention in root cell walls (Zhu et al.
2019). Myo-inositol was implicated in various physiologi-
cal and biochemical processes such as antioxidant defense,
hormonal regulation, and lipid signaling transduction, and
its accumulation helped plants to overcome environmental
stresses (Valluru and Van den Ende 2011; Hu et al. 2020; Li
et al. 2020c). Ascorbate was an important antioxidant which
alleviated acid-Al-induced oxidative damage to wheat (7riti-
cum aestivum) roots (Sun et al. 2015; Liu et al. 2018). As
the precursor of raffinose family oligosaccharides (RFOs),
galactinol exhibited positive roles in OA, DNA repair, and
protein protection in plants under abiotic stress (Taji et al.
2002), and enhanced synthesis of galactol conferred salt
tolerance of poplar (Populus trichocarpa) (Liu et al. 2021).
GABA priming induced accumulations of Put, myo-inosi-
tol, ascorbate, and galactinol in roots of creeping bentgrass
under acid-Al stress, which could be important strategies to
improve the acid-Al tolerance of roots because of their roles
in antioxidant, OA, and metabolic regulation.

Conclusion

GABA priming significantly mitigated Al-induced inhibition
of root growth and oxidative damage through maintaining
high SOD, POD, CAT, and APX activities under acid-Al
stress. In response to acid-Al stress, enhanced accumula-
tions of multiple amino acids, organic acids, carbohydrates,
and other metabolites such as myo-inositol, Put, ascorbate,
and galactinol in roots were induced by exogenous GABA
priming. These metabolites participated in TCA cycle,
GABA shunt, and lipids metabolism, which played positive
roles in energy conversion, OA, and ion chelation in roots.
In addition, the GABA priming particularly up-regulated
accumulation and transportation of citric and malic acids
in roots under acid-Al stress. The current findings promote
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understanding of GABA-regulated roots growth and toler-
ance to acid-Al stress in perennial plant species. GABA-
enhanced Al immobilization in roots in favor of photosyn-
thesis for maintenance of aboveground growth needs further
research in future.
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