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γ-Aminobutyric acid induces transcriptional changes 
contributing to salt tolerance in creeping bentgrass
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Abstract

γ-Aminobutyric acid (GABA) regulates plant tolerance to abiotic stresses; however, a transcriptomic change and key stress-
related genes induced by GABA have not been investigated in plants during a prolonged period of salt stress. Roots of 
creeping bentgrass (Agrostis stolonifera) cv. Penncross were pretreated with or without 0.5 mM GABA solution for 2 days 
and then subjected to salt stress for 20 days (150 mM NaCl solution for 3 d, 200 mM NaCl for another 3 d, and 250 mM 
NaCl for 14 d) in controlled growth chambers. The application of GABA significantly increased GABA content in roots 
and alleviated a salt-stress induced decrease in GABA content in leaves. This was associated with a significant increase in 
salt tolerance as demonstrated by a significantly higher leaf relative water content, photochemical efficiency, performance 
index on absorption basis, and lower electrolyte leakage in GABA-pretreated plants as compared to untreated plants 
under salt stress. Transcriptomic analysis found that GABA-induced salt tolerance was closely associated with saccharide, 
amino acid, and lipid metabolism. The GABA upregulated key differentially expressed genes including cytochrome P450 
(CYP450), zinc transporter 29 (ZTP29), alpha-amylase 3 (AMY3), 3-ketoacyl-CoA synthase 6 (KCS6), aldehyde oxidase 
(AO), acetyl-CoA carboxylase 1 (ACC1), and magnesium-chelatase (Mg-CHT) involved in zinc homeostasis, starch 
degradation, and the biosynthesis of wax, fatty acid, chlorophyll, and abscisic acid, which could contribute to GABA-
regulated salt tolerance. Current findings prove that GABA application is an efficient approach to enhance salt tolerance of 
creeping bentgrass during a prolonged period of salt stress and also provide valuable information to better understand key 
candidate genes and regulatory pathways of GABA-induced salt tolerance in plants.
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Introduction

Soil salinity has become a serious threat to agricultural 
sustainable development, since over 6 % of total land 
area in the world is affected by salt stress (Flowers et al. 
2010). Physiological, biochemical, and molecular changes 
in plants are negatively impacted by salt stress due to 
low osmotic potential in soil, ion toxicity, and secondary 
damage including nutritional imbalance and oxidative 
stress (Yang and Guo 2018). Salt tolerance like tolerance 
to other abiotic stress is regulated by multiple genes in 
plants. Transcriptomics provides an effective strategy to 
detect extensive gene expressions helping to understand 
complex mechanism of salt tolerance (Nagalakshmi 

et al. 2010). Many candidate genes associated with 
stress signal transduction, ion transport, osmolytes 
synthesis, antioxidant defense, and hormonal regulation 
contributing to salt tolerance have been found or identified 
in various plant species based on RNA-seq method or 
other biotechnological methods (Muchate et al. 2016). 
Recent study found out that differentially expressed genes 
(DEGs) related to Ca2+ signal transduction and abscisic 
acid (ABA) pathway took part in regulating salt tolerance 
when Camellia sinensis was subjected to 4 h of salt stress 
(Wan et al. 2018). Transcriptomic analysis also proved that 
DEGs involved in ion transport and antioxidant defense 
played vital roles in Betula halophila in response to 24 h 
of salt stress (Shao et al. 2018). Although a large number 



745

 AMINOBUTYRIC ACID CONTRIBUTING TO SALT TOLERANCE

of researches have focused on examining changes of gene 
transcriptions during a short-term salt stress (several hours 
or days), the transcriptional regulation has not been well 
documented when plants respond to a long-term salt stress 
(more than 20 d).

With a global climate change, crops are suffering 
from more harsh environmental condition including salt 
stress. Creeping bentgrass (Agrostis stolonifera) is one 
of the most important and desirable turf grasses being 
used in golf course worldwide. As a glycophyte, it has 
lower salt tolerance than other turfgrass species such as 
bermudagrass (Marcum 2001, Tran et al. 2018). The 
accelerated soil salinization due to the extensive use of 
reclaimed water, fertilizers, and pesticides, especially in 
coastal areas, decreases turf quality (Duan et al. 2009). 
Some possible mechanisms of adaptation to salt stress 
have been uncovered in creeping bentgrass. For example, 
increased leaf wax content and reduced sodium uptake are 
crucial for enhanced salt tolerance in transgenic creeping 
bentgrass overexpressing miR319 (Zhou et al. 2013). The 
accumulation of plant growth regulators (PGRs) such as 
abscisic acid (ABA), jasmonic acid (JA), salicylic acid 
(SA), and polyamines (PAs) are beneficial for creeping 
bentgrass to survive salt stress (Krishnan and Merewitz 
2015, Ma and Merewitz 2016). In response to salt stress, 
the relatively salt-tolerant creeping bentgrass cultivar 
Penn-A4 has higher protein abundance associated with 
antioxidant defense and amino acids metabolism compared 
with salt-sensitive cv. Penncross (Xu et al. 2010). Previous 
studies have used transcriptome to explore key genes and 
metabolic pathways in creeping bentgrass when exposed 
to heat and drought stress (Xu et al. 2017, Li et al. 2019). 
However, transcriptomic analysis has not been applied 
to unveil the mechanism of salt tolerance in creeping 
bentgrass.

γ-Aminobutyric acid (GABA) is known to be a non-
protein amino acid participating in plant growth regulation, 
nutrition, and adaptation to abiotic stresses (Tarkowski 
et al. 2020). It has been reported that the positive role of 
GABA in regulating tolerance to abiotic stress is associated 
with organic metabolites accumulation and lower lipid 
peroxidation in creeping bentgrass and perennial ryegrass 
under drought stress (Krishnan et al. 2013, Li et al. 2017b), 
less damage to photosynthetic machinery in mungbean 
plants under heat stress (Priya et al. 2019), and better 
photosynthetic performance and less oxidative damage in 
pepper seedlings under low irradiance (Li et al. 2017a). 
Recent studies also have found out that GABA played 
diverse roles in regulating salt tolerance in different plant 
species. Exogenous GABA mitigates adverse effects of salt 
stress on maize seedlings through improving antioxidant 
enzyme activities to alleviate oxidative damage (Wang 
et al. 2017). The GABA priming significantly enhances 
salt tolerance of white clover during seed germination 
mainly due to accelerated starch metabolism and 
improved antioxidant defense (Cheng et al. 2018). Salt 
stress promotes GABA accumulation and metabolism that 
provided an available carbon source for energy supply 
and defensive responses (Che-Othman et al. 2020). Water, 
ions, and metabolites homeostasis contribute to GABA-

induced salt tolerance in creeping bentgrass based on 
proteomic and metabolomic analyses (Li et al. 2020). 
In spite of these previous studies, the GABA-induced 
change of transcriptome in response to a prolonged period 
of salt stress is not reported yet. Therefore, objectives 
of this study were to investigate effects of exogenous 
application of GABA on improving salt tolerance based 
on physiological analysis and to determine key candidate 
genes and metabolic pathways regulated by GABA under 
salt stress via the transcriptome analysis. Current findings 
could help to elucidate GABA-induced mechanism of 
transcriptional regulation underlying the adaptation to salt 
stress in perennial turfgrass.

Materials and methods

Plants and treatments: Seeds of creeping bentgrass 
(Agrostis stolonifera L. cv. Penncross) were purchased 
from Tee-2-Green Corporation (Hubbard, OR, USA) and 
germinated in containers (30 cm length, 15 cm width, 
and 20 cm height) filled with quartz sand. After being 
germinated in distilled water for 10 d, seedlings were 
cultivated in Hoagland’s nutrient solution (Hoagland 
and Arnon 1950) for 20 d. The growth chambers (GXZ-
500C, Ningbo Jiangnan Instrument Factory, Ningbo, 
China) were set to day/night temperatures of 23/19  °C, 
a 70 % relative humidity, and a 700 µmol m-2 s-1 

photosynthetically active radiation. For the GABA 
(≥ 99 %, Sigma-Aldrich, St. Louis, USA) pretreatment, 
plants were cultivated in the Hoagland’s nutrient solution 
containing 0.5 mM GABA for 2 d and non-GABA-treated 
plants were cultivated in standard Hoagland’s nutrient 
solution for 2 d. The GABA-pretreated or untreated plants 
were then subjected to 150 mM NaCl solution for 3 d, 
200 mM NaCl for another 3 d, and 250 mM NaCl for 14 d 
as the treatments SSG or SS, respectively. The control C 
without salt stress and GABA pretreatment was cultivated 
in Hoagland’s nutrient solution for 22 d. Each treatment 
had four replications (four containers). Hoagland solutions 
were refreshed every day and aerated by using aeration 
pumps (115 V, 60 Hz, Tetra® Blacksburg, Blacksburg, VA, 
USA). Four or three independent replications were used 
for analyzing physiological parameters or transcriptome, 
respectively. Leaves were sampled at 0, 10, and 20 d 
during salt stress.

Measurement of physiological parameters: For 
detecting leaf relative water content (RWC), fresh leaves 
(0.2 g) were collected from plants and fresh mass (FM) 
was determined. These leaves were then immerged in 
deionized water for 12 h and water saturated mass (WSM) 
was obtained. Then, the leaves were dried in an oven at 
80 °C for 72 h to a constant mass (DM). RWC [%] = [(FM 
- DM)/(WSM - DM)] × 100 (Barrs and Weatherley 1962). 
For the determination of electrolyte leakage (EL), 0.15 g 
of fresh leaves was cleaned with deionized water for three 
times and then immerged in 45 cm3 of deionized water 
for 24 h. The initial conductance of leaching solution 
was determined by using a conductivity meter (DDS-



746

LI et al.

307A, INESA Scientific Instrument Company, Shanghai, 
China). The maximum conductance of the leaching 
solution was determined after leaves were autoclaved 
at 120 °C for 15 min and cooled to room temperature 
(Blum and Ebercon 1981) and EL was calculated. For the 
determination of photochemical efficiency (determined 
as variable to maximum chlorophyll fluorescence, Fv/Fm) 
and performance index on absorption basis (PIABS), a 
single leaf was adapted to darkness for 30 min by using 
leaf clips, and the Fv/Fm and PIABS were recorded with 
the fluorescence meter (Pocket PEA, Hansatech, Norfolk, 
UK). The PIABS is a photosynthetic parameter that 
reflects the photosynthetic performance and health status 
of leaves. The GABA content was detected by using the 
assay kits purchased from the Shanghai Enzyme-linked 
Biotechnology Co., Shanghai, China.

Transcriptome analysis: The 0.1 g of fresh leaves 
were collected and immediately immersed in liquid 
nitrogen. For total RNA extraction, an RNeasy Mini kit 
(Qiagen, Düsseldorf, Germany) was used according to 
the manufacturer’s instructions. For the cDNA library 
construction, the mRNA-Seq sample preparation kit™ 
(Illumina, San Diego, CA, USA) was used and specific 
methods have been described in details in our previous 
studies (Li et al. 2017c). Transcriptome assembly was 
carried out with short reads assembling program (Trinity, 
vr20131110), and then the distribution of length of contigs 
and unigenes were calculated (Haas et al. 2013). The 
gene relative expression ratio was obtained according 
to different comparison groups (SS vs. C, SSG vs. C, 
and SSG vs. SS), and the log2 fold change of > 1 or < 
-1 were considered as DEGs. The DEGs were classified 
and annotated with the databases of nonredundant NCBI 
protein sequences (NR, https://www.ncbi.nlm.nih.gov/), 
nonredundant NCBI nucleotide sequences (NT, https://
www.ncbi.nlm.nih.gov/), a manually annotated and 
reviewed protein sequence database (Swiss-Prot, http://
www.ebi.ac.uk/uniprot/), gene ontology (GO, http://www.
geneontology.org/), and Kyoto encyclopedia of gene and 
genomes (KEGG, http://www.genome.jp/kegg/).

Statistical analysis: The significance of effects of 
salt stress and salt stress plus GABA on physiological 
parameters was analyzed by using the general linear 
model procedure of SAS (v. 9.1; SAS Institute, Cary, NC). 
Significant differences were tested by using analysis of 
variance (ANOVA) followed by the least significance 
difference test (LSD) with α = 0.05 at a given day.

Results

Phenotypic changes of creeping bentgrass in response to 
GABA pretreatment and after 20 d of salt stress are shown 
on Fig. 1A. The GABA content in roots significantly 
increased in the SS and SSG compared with that in the 
C (Fig. 1B). The SSG treatment exhibited 22 % increase 
in GABA content in roots than the SS treatment. Salt 
stress significantly decreased GABA content in leaves, 
whereas the GABA content in leaves of salt-stressed 
plants pretreated with GABA maintained on control level 
on 20th day of salt stress (Fig. 1B). Leaf RWC, EL, Fv/Fm, 
and PIABS did not change by the GABA pretreatment at 
0 day (Fig. 2). The RWC, Fv/Fm, and PIABS significantly 
decreased and EL increased gradually in both of GABA-
treated and untreated plants during salt stress. The SSG 
treatment exhibited 16 and 24 % increases in RWC than 
the SS treatment at 10 and 20 d, respectively (Fig. 2A). 
The GABA-pretreated plants had 24 or 25 % decrease in 
EL as compared to untreated plants at 10 or 20 d of salt 
stress, respectively (Fig. 2B). Although salt stress induced 
significant declines in Fv/Fm in both of GABA-pretreated 
and untreated plants, the plants under SSG treatment 
maintained significantly higher Fv/Fm than under the SS 
treatment at 10 and 20 d (Fig. 2C). A 33 or 67 % increase 
in PIABS was observed in the SSG as compared to that in 
the SS at 10 or 20 d, respectively (Fig. 2D).

Fig. 3A showed the heat map of DEGs in SS vs. C, 
SSG vs. C, and SSG vs. SS. The GABA application 
altered the DEGs profiling as reflected by the difference 
in DEGs between SS vs. C and SSG vs. C (Fig. 3A). A 
total of 14 857, 14 649, or 245 DEGs was identified in SS 

Fig. 1. Effects of salt stress and exogenous γ-aminobutyric acid (GABA) on a phenotypic change (A) and GABA content (B) in creeping 
bentgrass at 20 d of salt stress. C - control, SS - salt stress, SSG - salt stress plus 0.5 mM GABA. Means ± SEs, n = 4; different letters 
indicate significant differences at P < 0.05.
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vs. C, SSG vs. C, and SSG vs. SS, respectively (Fig. 3B). 
A total of 120 DEGs was commonly detected in SS vs. 
C, SSG vs. C, and SSG vs. SS; The SS vs. C and SSG vs. 
C had 1 191 common DEGs; a total of 3 494, 3 301, or 
36 DEGs specially identified in SS vs. C, SSG vs. C, or 
SSG vs. SS, respectively (Fig. 3C). Based on GO analysis, 
most of DEGs were involved in protein metabolic process, 
phosphorus metabolic process, phosphate-containing 
compound metabolic process, and macromolecule 
modification, located in transcription factor complex and 
photosystem I, and had transferase activity, ion binding, 
phosphotransferase activity, kinase activity, and protein 
kinase activity (Fig. 1 Suppl.). The pathway enrichment 
analysis of DEGs found that most of DEGs enriched in 
in SS vs. C and SSG vs. C including phenylpropanoid 
biosynthesis, plant hormone signal transduction, starch 
and sucrose metabolism, photosynthesis, and galactose 
metabolism (Fig. 4). The glycerolipid metabolism and 
diterpenoid biosynthesis were only found in SSG vs. C 
(Fig. 4B). The KEGG analysis of DEPs found that most 
of DEGs were involved in saccharide metabolism, lipid 
metabolism, translation, biosynthesis of other secondary 
metabolites, amino acid metabolism, and environmental 

adaptation in SSG vs. SS (Fig. 5).
Fig. 6 showed 12 up-regulated DEGs associated with 

salt tolerance or plant growth and development in SSG 
vs. SS including cytochrome P450 (CYP450), 3-ketoacyl-
CoA synthase 6 (KCS6), endochitinase 1 (Chi1), aldehyde 
oxidase (AO), zinc transporter 29 (ZTP29), cysteine-rich 
receptor-like protein kinase 10 (CRK10), CRK39, acetyl-
CoA carboxylase 1 (ACC1), ABC transporter B family 
member 4 (ABCB4), magnesium-chelatase (Mg-CHT), 
alpha-amylase 3 (AMY3), and CLIP-associated protein 
(CLASP).

Discussion

High salt-induced osmotic stress leads to decrease in RWC 
and stomatal closure, which causes a significant decline 
in photosynthesis (Muchate et al. 2016). Physiological 
analyses found that exogenous GABA significantly 
alleviated salt-induced declines in endogenous GABA 
content, RWC, Fv/Fm, and PIABS, and also improved cell 
membrane stability in leaves during a prolonged period of 
salt stress. These findings are consistent with a previous 

Fig. 2. Effects of salt stress and exogenous γ-aminobutyric acid (GABA) on relative water content (A), electrolyte leakage (B), 
photochemical efficiency (C), and performance index on absorption basis (PIABS, D) in creeping bentgrass. C - control, SS - salt stress, 
SSG - salt stress plus 0.5 mM GABA. Means ± SEs, n = 4; different letters indicate significant differences at P < 0.05.
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study about beneficial effects of GABA on improving 
salt tolerance of maize seedlings (Wang et al. 2017). The 
transcriptomic results showed that salt stress induced 
significant changes of some common metabolic pathways 
in GABA-pretreated and untreated creeping bentgrass 
including phenylpropanoid biosynthesis, plant hormone 
signal transduction, starch and sucrose metabolism, and 
photosynthesis. The activation or up-regulation of these 
pathways has been reported to be closely related to improved 
salt tolerance in plants (Krishnan and Merewitz 2015, 
Muchate et al. 2016, Rossi et al. 2016). In our previous 
study we also found that phenylpropanoid biosynthesis, 
plant hormone signal transduction, and carbon metabolism 
were main metabolic processes involved in the adaptation 
to heat stress and GABA-regulated heat tolerance in 
creeping bentgrass (Li et al. 2019). Interestingly, the DEGs 
concerning glycerolipid metabolism was only found in 
SSG vs. C. In addition, most of DEGs in SSG vs. SS were 
involved in saccharide, amino acid, and lipid metabolism. 
The accumulation of sugars and amino acids induced by 
GABA contributing to enhanced salt tolerance has been 
reported in creeping bentgrass (Li et al. 2020). Dong 
et al. (2019) show that phenylpropanoid biosynthesis and 
glycerolipid metabolism play crucial roles in endophyte-

induced salt tolerance in Arabidopsis. Choline priming 
significantly improves salt tolerance of Paspalum 
vaginatum via the up-regulation of lipid metabolism (Gao 
et al. 2019). Current findings indicate that GABA-induced 
salt tolerance is closely associated with saccharide, 
amino acid, and lipid metabolism in creeping bentgrass. 
These findings further reveal a positive role of GABA in 
regulating lipid metabolism in relation to salt tolerance in 
plants, which has not been investigated in previous studies.

Transcriptions of genes depend on stress severity and 
duration. Some key DEGs including CYP450, ZTP29, 
AMY3, KCS6, AO, ACC1, and Mg-CHT were significantly 
up-regulated by application of GABA in creeping 
bentgrass at 20 d of salt stress. It has been found out 
that a CYP450 mutant of Arabidopsis is sensitive to salt 
stress owing to metabolic disturbance, but the transgenic 
CYP450 mutant with a wild type CYP450 complemented a 
loss of salt tolerance (Mao et al. 2013). ZTP29 plays a vital 
role in enhancing salt tolerance through regulating zinc 
homeostasis in Arabidopsis (Wang et al. 2011), and ZTP29 
Arabidopsis mutant showed hypersensitivity to salt stress, 
which further indicates the positive function of ZTP29 
in salt tolerance (Wang et al. 2010). AMY3 is important 
for stress-induced starch degradation and tolerance to 

Fig. 3. The heat map of differentially expressed genes (DEGs, A), total numbers of DEGs (B), and Venn diagram comparing the number 
of DEGs (C) in leaves of creeping bentgrass in response to salt stress and γ-aminobutyric acid. C - control, SS - salt stress, SSG - salt 
stress plus 0.5 mM GABA.
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osmotic stress in plants (Thalmann et al. 2016). It has been 
found out that GABA priming could significantly improve 
AMY activity leading to the alleviation of salt-induced 
inhibition of starch degradation during white clover seeds 
germination (Cheng et al. 2018). The KCS is involved 
in wax biosynthesis and increased wax content in leaf is 
positively related to salt tolerance in creeping bentgrass 
(Todd et al. 1999, Zhou et al. 2013). The improvement of AO 

activity or AO gene expression provided protection against 
salt stress because AO catalyzed ABA synthesis inducing 
stomatal closure and so improving water balance in plants 
(Omarov et al. 1998, Szepesi et al. 2009, Horváth et al. 
2011). ACC catalyzes the first step of fatty acids synthesis 
and mediates oxidative damage in plants (Zhang et al. 
2012). Mg-CHT is a vital enzyme catalyzing chlorophyll 
biosynthesis and the maintenance of Mg-CHT expression 

Fig. 4. The pathway enrichment analysis of identified differentially expressed genes in SS vs. C (A) and SSG vs. C (B). C - control, SS 
- salt stress, SSG - salt stress plus 0.5 mM γ-aminobutyric acid.

Fig. 5. The Kyoto encyclopedia of genes and genomes analysis of identified differentially expressed genes in salt stress plus 0.5 mM 
γ-aminobutyric acid vs. salt stress. A - environmental information processing, B - genetic information processing, C  metabolism, D - 
systems of organisms.
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is conducive to the alleviation of leaf senescence in white 
clover under osmotic stress (Zhao et al. 2020). Our current 
findings together with previous evidences indicated that 
zinc homeostasis, starch degradation, and the biosynthesis 
of wax, fatty acid, chlorophyll, and ABA could contribute 
to GABA-regulated salt tolerance in creeping bentgrass.

Significantly up-regulated DEGs CRK10, CRK39, 
CLASP, ABCB4, and Chi1 were observed in SSG vs. SS 
in the current study. CRKs are essential regulators of plant 
development and adaptation to stressful environments 
in Arabidopsis and the overexpression of CRK5 in 
Arabidopsis confers drought tolerance through regulating 
ABA signaling (Lu et al. 2016). CLASP regulates cells 
division, the stabilization of dynamic microtubules, and 
subsequent cell shape in plants (Ambrose et al. 2007). The 
transport of auxin and roots development were mediated 
by ABCB4 in Arabidopsis (Terasaka et al. 2005, Santelia 
et al. 2006). Chi catalyzes the degradation of chitosan into 
chito-oligosaccharide that widely takes part in plant growth 
and nutrition regulation (Poshina et al. 2018). However, 
the function of these genes in salt tolerance is still largely 
unknown. The CRK10, CRK39, CLASP, ABCB4, and 
Chi1 could be possible candidate genes related to GABA-
induced salt tolerance in creeping bentgrass, but this needs 
to be verified in future study.

Conclusions

The application of GABA significantly increased 
endogenous GABA accumulation in roots and also 
complemented a loss of GABA in leaves which was 
associated with a significant increase in salt tolerance in 
creeping bentgrass. Transcriptomic analysis found out 
that GABA-induced salt tolerance was closely associated 
with saccharide, amino acid, and lipid metabolism. 
GABA-upregulated key DEGs including CYP450, ZTP29, 
AMY3, KCS6, AO, ACC1, and Mg-CHT involved in zinc 

homeostasis, starch degradation, and the biosynthesis of 
wax, fatty acid, chlorophyll, and ABA, respectively, could 
contribute to GABA-regulated salt tolerance. Current 
findings prove that GABA application is an efficient 
approach to enhance salt tolerance of creeping bentgrass 
during a prolonged period of salt stress and also provide 
valuable information to better understand key candidate 
genes and regulatory pathways of GABA-induced salt 
tolerance in plants.
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