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AbstRAct
GABA is a non-protein amino acid that accumulates rapidly in plant tissues in 

response to biotic and abiotic stress. There have been a number of suggestions as to 
the role that GABA might play in plants, ranging from a straightforward involvement in 
N metabolism to a signal mediating plant-animal and plant-microbe interactions. It has 
also been several proposed that it might function as an intracellular signalling molecule 
in plants. Here, we discuss recent evidence that plant cells respond at the molecular level 
to the presence of applied GABA. We argue that these data might serve as the basis 
for investigating the possible signalling role for GABA in plant development and stress 
responses in more detail.

GABA (γ-aminobutyric acid), which comprises a significant fraction of the free amino 
acid pool in plant cells, was first identified in potato tubers over half a century ago, but its 
functions remained obscure for many years. In animal systems, GABA is present at high 
levels in the brain where it acts as an important neurotransmitter. GABA is synthesised 
in a pathway known as the GABA shunt, which operates not only in the animals, but in 
bacteria, fungi and plants too.1,2 The function of GABA in plants has attracted renewed 
attention in the last decade following the discovery that intracellular and/or extracellular 
GABA concentrations increase rapidly in response to a range of stresses. Subsequently, a 
number of possible roles for GABA and the GABA shunt in plants have been suggested.1,2 
These include acting as a buffering mechanism in C and N metabolism, cytosolic pH 
regulation, protection against oxidative stress and defence against herbivorous pests. It has 
been proposed recently that one common function of GABA might be to mediate inter-
actions between plants and other organisms, including bacterial and fungal pathogens, 
nematodes and insect pests.3 On the other hand, because of the rapid increases in GABA 
concentration in response to stress, it has sometimes been inferred that GABA might 
act as an intracellular signalling molecule in plants. However, few studies have adopted 
molecular approaches to GABA function, and molecular responses are largely unknown.

evidence foR gAbA signAlling in PlAnts
Perhaps the clearest evidence for GABA signalling in plants comes from the  

characterisation of an Arabidopsis GABA transaminase mutant (pop2) which revealed that a 
GABA concentration gradient in the style is required to guide pollen tubes to the ovary.4 
The effect of disrupting GABA metabolism on plant development is also suggestive of 
more than a metabolic role: the over-accumulation of GABA that resulted from ectopic  
expression of constitutively actived glutamate decarboxylase in transgenic tobacco 
plants was correlated with developmental abnormalities.5 Both GABA and glutamate  
(at 5 or 10 mM) stimulated growth of Lemna, while other amino acids had no effect.6 
Further evidence that exogenous GABA has specific effects that extend beyond its role 
as a N source has recently emerged from gene expression studies. In roots of Brassica 
napus, a 100 mM GABA treatment induced a significant increase in abundance of mRNA 
for the BnNRT2 nitrate transporter, while other amino acids either had no effect or  
(in the case of Gln) had the opposite effect.7 Most recently, we have published results showing 
that in the presence of high concentrations of external calcium, GABA, but not glutamate, 
strongly down-regulates seven of the nine 14-3-3 genes expressed in Arabidopsis seed-
lings, an effect that was also dependent on ethylene and abscisic acid signalling.8 One 
hypothesis is that calcium and GABA interact to signal specific forms of environmental stress. 
Alternatively, it is possible that GABA might act as signal for N status in germinating 
seedlings, in much the same way that sugars signal for C status.
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otheR MoleculAR tARgets foR gAbA
Following this discovery, we wanted to see whether the expres-

sion of other genes might be regulated by exposure to GABA. Using 
RNA isolated from seedlings grown on 10 mM GABA as before,8 we 
analysed global changes in gene expression using an Affymetrix ATH1 
GeneChip™ microarray. In comparison with seedlings grown in the 
absence of GABA, we identified 71 genes that were downregulated 
and 36 genes that were upregulated by GABA, using a 2.5-fold differ-
ence in probe signal to define the altered gene set. Changes in expression 
of a number of these genes was confirmed by RT-PCR. Although 
this was a preliminary, unreplicated experiment, a bioinformatic 
analysis of the data revealed several intriguing aspects of the GABA 
response. Of the genes downregulated by GABA, 90% are expressed 
exclusively or preferentially in roots, according to data in the 
Genevestigator microarray database.9 This contrasts with the random 
distribution in different tissues and organs of the basal expression 
of GABA-induced genes. Furthermore, there is a rather striking 
abundance of genes encoding proteins associated with the plant cell 
wall and extracellular matrix. Iterative group analysis10 identified 
peroxidases (10/71 downregulated genes) and lipid transfer proteins 
(6/71 downregulated genes), as highly significantly over-represented, 
and a number of other genes encoding cell wall proteins such as arabi-
nogalactan proteins (five genes), hydroxyproline-rich glycoproteins and 
others, are also down-regulated by GABA. On the basis of our gene 
expression data, we were interested to know whether application 
of external GABA might affect root growth. Hence, we measured 
the length of the primary roots of Arabidopsis seedlings grown on 
media containing 1 mM total N with the addition of either 10 mM 
GABA, 10 mM Glu. The results clearly indicate a significant 
reduction in root growth in the presence of GABA, but not Glu  
(Fig. 1). It is tempting to speculate, therefore, that the changes in 
gene expression indicated by the microarray are manifest in the plant 
as reduced root growth.

The GABA upregulated gene set by contrast, showed a high 
degree of overlap (24/36 genes) with genes upregulated during 
senescence in tissue cultured cells. Interestingly, the Genevestigator 
database also revealed that both sets of GABA-regulated genes may 
also be regulated by cytokinin, a hormone intimately involved with 
senescence. Twenty nine out of 36 GABA upregulated genes were 
upregulated by application of 6-benzyl adenine to Arabidopsis  

seedlings, whilst 36 GABA downregulated genes were downreg- 
ulated by the same treatment. A large proportion of the GABA 
upregulated genes also appear to be downregulated by glucose  
addition (33/36 genes) and by nitrate starvation (29/36 genes). Earlier 
studies also linked GABA with senescence, including observations 
of increased GABA concentrations11,12 and GABA-transaminase 
expression13 in senescent leaves. Together, these correlations begin 
to suggest a possible role for GABA in C and N metabolism both in 
post-germinative growth and senescence.

Whilst these data do not provide any direct evidence for a role 
for GABA in plant cell signalling, our published and preliminary 
unpublished results provide a platform for a more detailed analysis 
of the molecular and physiological effects of GABA in plants. We 
also recognise the limitations of the experimental system that we 
have used to date, and it will be important to examine the kinetics 
and dose responses of GABA-induced changes in gene expression. 
Together with the availability of additional tools such as mutants in 
GABA biosynthetic genes (e.g., ref. 14) and GABA catabolic enzymes 
(e.g., ref. 15), these ideas present a range of opportunities to begin to 
reveal the elusive functions of GABA in plants.
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Figure 1. GABA inhibits Arabidopsis root growth. Histogram showing mean 
primary root lengths of 7-day-old Arabidopsis seedlings grown on vertical 
agar plates containing a modified Gamborg’s B5 medium16 with the addi-
tion of either 10 mM GABA or glutamate (Glu), or with no supplementary 
amino acids (control). Error bars represent SEM. Nitrate was included in the 
medium in the form of 0.33 mM NH4NO3 (1 mM total N) to suppress the 
inhibition of root growth by Glu reported by Walch-Liu et al.17
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