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ABSTRACT: 4-amincbutyrate (GABA) isanon-protein amino acid that iswidely distributed throughout the biol ogica world.
In animas, GABA functions as the predominant inhibitory neurotranamitter in the centr nervous system by acting through
the GABA receptors. The neuromuscular system enables animals to escape from environmenta stresses. Being nonmotile,
plants have evolved chemica responses to mitigate stress. Mechanisms by which GABA may facilitate these responses are
discussed in this review. Environmenta stresses increase GABA accumulation through two different mechanisms. Stresses
causing metabolic and/or mechanica disruptions, resulting in cytosolic acidification, induce an acidic pH-dependent activation
of glutamate decarboxylaseand GABA synthesis. Extremely marked declinesin cytosolic pH occur under oxygen deprivation,
whichisthe primary stressfactor in flooded soils, and this stressinduces the greatest accumulation of GABA. Other stresses,
including cold, heet, sdt, and mild or transient environmenta factors, such astouch, wind, rain, etc. rgpidly increese cdlular
levels of C&*. Increased cytosolic Ca?* simulates camodulin-dependent glutamate decarboxylase activity and GABA
synthesis. A review of the kinetics of GABA accumulation in plants reveds a stress-specific pattern of accumulation that is
congstent with aphysiologica role for GABA in stress mitigation. Recent physiologica and genetic evidence indicates that
plants may possess GABA-like receptors that have features in common with the anima receptors. The mechanism of action
of anima GABA receptors suggests a mode for rapid amplification of ion-mediated signas and GABA accumulation in
response to stress. Metabolic pathways that link GABA to stress-rdated metabolism and plant hormones are identified. The
surviva vaue of sressrelated metabolism is dependent on metabolic changes occurring before stress causes irreversible
damageto plant tissue. Rgpid accumul ation of GABA in stressed tissuemay provideacriticd link inthechain of eventsleading
from perception of environmenta stresses to timely physiologica responses.
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[. INTRODUCTION

In 1949, a report in Science disclosed that
GABA (4-aminobutyric acid or y-aminobutyric
acid) had been identified in tuber tissue (Steward
et al., 1949). That report is credited with aiding
theidentification of GABA in brain extractsshortly
thereafter (Roberts, 1988). For many years the
presence of large amounts of GABA in tissue of
the central nervous system (CNS) remained a
puzzle. It was unclear whether the unusually high
concentrations of GABA in the CNS were con-
nected directly or indirectly with neural transmis-
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sion (Roberts, 1988). Today, GABA is under-
stood to be the magjor inhibitory neurotransmitter
in the CNS. The present situation regarding the
role of GABA in plantsisreminiscent of the early
confusion concerning the role of GABA in the
CNS. Numerous reports over many years have
shown that high levels of GABA accumulate rap-
idly in plant tissues exposed to avariety of differ-
ent stresses (Table 1). In response to environmen-
tal stresses, GABA production often increases so
much that cellular levels of thisnon-protein amino
acid exceed that of amino acids involved in pro-
tein synthesis. This situation has been reported in
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TABLE 1

Stress-Related Kinetics of GABA Accumulation in Plants

Plant Stress GABA?
% of
Control
Asparagus cells Acidosis 300
Soybean leaves Mechanical 1800
damage
Soybean leaves Mechanical 2700
damage
Soybean leaves Cold (6°C) 2000
Asparagus cells Cold (10°C) 200
Radish leaves Anoxia 10,000
Tea leaves Anoxia 4,000
Rice root Anoxia 750
Rice shoot Anoxia 1,000
Cowpea cells Heat 1,800
Bean leaves Drought 200
Turnip leaves Drought 1000
Tomato root Salt 200
Tomato leaves Salt 300
Tomato leaves Viral 130

Time Ref.

15s Crawford et al., 1994

1 min Ramputh and Bown, 1996
5 min Wallace et al., 1984

5 min Walllace et al., 1984

15 min Cholewa et al., 1996

4 h Streeter and Thompson, 1972
12 h. Tsushida and Murai, 1987
24 h Aurisano et al., 1995

24 h. Aurisano et al., 1995

24 h. Mayer et al., 1990

3d Raggi, 1994

3d Thompson et al., 1996
4d Bolarin et al., 1995

5d Bolarin et al., 1995

13d Cooper and Selman, 1974

& For each stress the time to reach the greatest reported GABA accumulation relative to unstressed controls has

been shown.

drought-stressed cotton (Hanower and
Brzozowska, 1975), heat-stressed cowpea cells
(Mayer et al., 1990), and soybeans subjected to
cold stress and mechanical damage (Wallace et
al., 1984). Despite these reports, a direct role for
GABA in mitigating such diverse stresses has not
been demonstrated. Earlier reviews on possible
functions of GABA have focused on rolesin pH
regulation, N storage, plant development, plant
defense, and arole in carbon metabolism (Bown
and Shelp, 1997; Satya Narayan and Nair, 1990).
In a more recent review it was suggested that
GABA could function as an osmolyte and miti-
gate water stress (Shelp et al., 1999). A common
factor in stressesdueto salt, drought, and freezing
iscellular dehydration, and as aresult the concen-
tration of cellular constituents can increase to
levelsthat cause membrane damage and cell death
(Heber et a., 1971). A minimum of 28 to 30%
water is required in plant cells for the mainte-
nance and functional integrity of membrane struc-
ture (Blum, 1988). Cellular accumulation of
GABA could balance the decreasein water poten-
tial that occurs during cellular dehydration. In
support of such aprotectiverolefor GABA, Heber
et a. (1971) showed that GABA can protect bio-
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logical membranesfrom inactivation during freez-
ing. However, other stressesin Table 1, including
mechanica damage, heat, cold, oxygen deficiency,
and viral attack, appear unrelated. | sthereamecha
nism whereby GABA accumulation could miti-
gate all of the stresses plants encounter in nature?
The asking of this question implies a linkage
between stress perception, GABA accumulation,
and functional physiological responses. In turn,
this suggestsinvolvement of asignal transduction
pathway and arole for GABA as an intercellular
signaling molecule. Labeling studies have dem-
onstrated that newly synthesized GABA is ex-
ported from cells(Chung et al., 1992), and GABA
efflux in response to anaerobosis has been re-
ported (Crawford et al., 1994). Thisis consistent
witharolefor GABA asanintercellular signaling
molecule (Crawford et a., 1994; Shelp et al.,
1999). Snedden and Fromm (1999) refer to the
signaling hypothesis as a “provocative idea”, but
point out that no direct evidence for plant GABA
receptors is available. Signaling molecules have
the following characteristics. they (1) alter me-
tabolism and/or growth, (2) alter expression of
genes and/or activate enzymes, and (3) have re-
ceptor or sensor molecules (Sheen et al., 1999;



Iten et al., 1999; Grill and Himmelbach, 1998;
Solano and Ecker, 1998; Waker and Estelle,
1998). GABA hasbeen shownto alter plant growth
in duckweed (Kinnersley and Lin, 2000) and to-
bacco (Baumet al., 1996), stem growthin Selaria
longipes (Kathiresan et ., 1998), and root growth
in Arabidopsis (Locy, 1997). GABA activates
arginine decarboxylase in soybean (Turano et al.,
1997) and induces gene expression in S. longipes
(Kathiresan et a., 1998). Until recently, the final
criteriafor a signaling molecule, the existence of
GABA receptors, hasremained speculative (Shelp
et al., 1999; Snedden and Fromm, 1999). The
major purpose of this review is to discuss recent
physiological and genetic evidence for the exist-
ence of GABA-like receptors in plants, and to
consider possible roles for GABA in plant stress
responses. This discussion is preceded by a re-
view of the historical record linking GABA accu-
mulation to stress signals and the mechanisms
responsible for this association.

II. GABA ACCUMULATION AND STRESS

As discussed by Satya Narayan and Nair
(1990), GABA has been found in virtually every
plant and plant part that has been examined. This
contrasts sharply with the highly restricted dis-
tribution of other non-protein amino acids. Plants
respond to environmental stresses, and arole for
GABA in stressresponses would help to explain
itsubiquitousdistribution. If GABA hasastress-
related function, then levels would be expected
to be greatest in tissues exposed to stress. The
review by Satya Narayan and Nair (1990) re-
ports that Collins and Wilson (1975) showed
that the GABA content of aerobically soaked
seedswas seven times higher than that of anaero-
bically soaked seeds. Likewise, the GABA con-
tent of aerobically grown tobacco cultures was
reportedly higher than that of cellsgrown anaero-
bically (Koiwai et al., 1971). We have studied
both reports and have not found anaerobic con-
ditions mentioned in either report. Our review of
the literature comparing the GABA content of
stressed and nonstressed tissues has consistently
found higher levels of GABA associated with
stressed tissue. In contrast, we find only a few

reports that contradict this finding. Shelp et al.
(1999) have cited labeling studies indicating
GABA does not always accumul ate under stress.
There are also reports showing increases in
GABA accumulation in response to hormone
treatments that appear not directly related to
environmental stress (Kishinami, 1988; Ford et
al., 1996). Pathways by which these reactions
could relate to stress responses are discussed in
a later section.

A. Kinetics of GABA Accumulation

The first report of a dramatic increase in
GABA accumulation in response to stress was
made by Naylor and Tolbert (1956). By feeding
C¥ labeled glutamic acid to barley leaves, the
effects of oxygen deprivation on glutamate me-
tabolism were determined. Under aerobic condi-
tions 32.2% of the C** was recovered from
glutamine and 1.4% from GABA. Under anaero-
bic conditions, only 0.6% of the C** wasfound in
glutamine and 32.3% wasrecovered from GABA.
Many subsequent studies have confirmed large
and rapid accumulations of GABA in response to
diverse stresses. Data presented in Table 1 have
been sdlected toillustrate the magnitude of GABA
accumulation induced by different stresses over
time. The data were obtained from diverse plants
and different tissues (seedlings, roots, leaves, and
cell cultures). Stresses of different magnitudes
were applied for at different times and under dif-
ferent conditions. This may explain some of the
discrepancies between resultsrepresented in Table
1. To determine whether different stressesinduce
unique kinetic patterns of GABA accumulation,
investigations would need to be performed using
the same plant system. In the absence of such
definitive studies, Table 1 is presented to show a
pattern that is consistent with a physiological role
for GABA in stress mitigation.

When the averagetime of GABA accumulation
for each stress is considered, a stress-specific trend
isevident (Table 2, Figures 1 and 2). The pattern of
GABA accumulation in heat-shocked cowpeacells
(Figure 1) and cold-shocked asparagus cells (Figure
2) was different with respect to time. GABA accu-
mulation in cold-shocked cultures occurred in min-
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FIGURE 1. The time course of GABA accumulation in heat-shocked (26°C to 42°C) cowpea cell cultures. Heat
shock resulted in a fivefold increase in GABA levels in 1 h, and 18-fold increase within 24 h. (Data from Table 2.
Mayer, R. R., Cherry, J. L., and Rhodes, D. 1990. Plant Physiol. 94: 796-810.)
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FIGURE 2. The time course of GABA accumulation in cold-shocked (20°C to 1°C) asparagus cell cultures. Cold shock resulted

in a twofold increase in GABA levels within 16 min, and after this time the rate of accumulation diminished. (Reprinted with
permission of Cholewa, E., Cholewinski, A. J., Shelp, B. J., Snedden, W. A., and Bown, A. W. 1996. Can. J. Bot. 75: 375-382.)
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TABLE 2

Stress-Related Trend in Time to Induce Maximum GABA Response

Stress

Mechanical damage
Cold
Anoxia
Heat
Drought
Salt
Viral

utes, whereas in heat-shocked cultures it lasted for
hours. If GABA isinvolved in stress responses, the
temporal differences in GABA accumulation may
reflect differencesin stress-related metabolism. The
time period available to dicit effective stress re-
sponses againg animal feeding, frost or flooding is
likely to be shorter than that to protect plants from
heat, drought, or sat dtress. Differences in patterns
of GABA accumulation in Tables 1 and 2, and
Figures 1 and 2 appear to reflect this phenomena.
Tables 1 and 2 show that the stress that induced the
dowest and smallest accumulation of GABA was
vira infection. In this study tomato plants infected
with TMV virusshowed no changein growthratein
the period 7 to 25 days following inoculation (Coo-
per and Selman, 1974). The ability of many plants
to tolerate vird “stress’ is evidenced by the belief
that al clonaly propagated crops today are harbor-
ing oneor morevird diseases (Hu and Wang, 1983).
Although rdlatively small increasesin GABA accu-
mulation were found in tomatoes following TMV
infection, GABA was the only amino acid that
showed asignificant increase 5, 8, and 13 days after
inoculation (Cooper and Selman, 1974). Interest-
ingly, drought and salt stress induced patterns of
GABA accumulation of similar duration (Tables 1
and 2). Osmotic and salt stress each induce Cea?*
signds of similar magnitude and duration (Sanders
et al., 1999). Stress-induced changes in Ca&* are
related to stress-induced changes in GABA in a
manner discussed in the following section.

If GABA isinvolved in stress responses, the
pattern of GABA accumulation in stress-resistant
and stress-sensitive cultivars should differ. This
guestion has been investigated in leaves and roots
of cultivated tomato (Lycopersicon esculentum)
anditswild sdt-tolerant relative L. penndlii (Bolarin
etal., 1995). Treatment with 140 mM NaCl showed

Time

1-5 min
5-15 min
4-24 h
1d
3d
4-5d
13d

significantly greater GABA accumulation in the
sat-sengitive cultivar when compared with the salt-
tolerant cultivar (Figure 3). Thedifference between
cultivars can berationalized on the basisthat meta-
bolic differences in the salt-tolerant cultivar made
it less sensitiveto salt stress. Salinity-reduced plant
growth of L. esculentum when salt stress was ap-
plied for 8 days, while in the salt-resistant relative,
L. penndlii, growth was increased. Increases in
GABA inthe cultivated tomato preceded increases
in soluble sugars and proline that are known to be
associated with salt tolerance (Harborne, 1997).
Peak accumulations of soluble sugars and proline
in leaves of L. esculentum were found 2 days
after peak accumulation of GABA that occurred at
day 5 (Figure 3). Under salt stress, leaves of
L. esculentumaccumul ated threetimes more soluble
sugarsthen those of the salt-tolerant cultivar by the
end of the sdlinization period. During the same
period, roots of L. esculentum accumulated over
four times more proline than roots of L. penndllii.

B. Mechanisms of GABA Accumulation

Glutamate decarboxylase (GAD) catalyzesthe
formation of GABA from glutamic acid and is
activated by increases in the cytosolic concentra-
tion of H* or Ca?* (Ramputh and Bown, 1996).
This dual mechanism of regulation relates cellu-
lar accumulations of GABA to the nature and
severity of environmental stresses. Cytosolic lev-
els of Ca2* are elevated in response to cold shock,
heat shock, salinity, drought, touch, and osmotic
stress (Sanders et a., 1999). Increased cytosolic
Ca* forms complexes with camodulin (CaM)
and C&**/CaM activates GAD in the physiologi-
ca pH range. Acidic pH stimulation of GAD
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FIGURE 3. The time course of GABA accumulation in leaves and roots of cultivated tomato (L.
esculentum) and wild salt-tolerant relative (L. pennellii). Plants were grown under control medium
(open circles) and 140 mM NaCl (closed circles). Values are means * SE of three replicates.
(Reprinted with permission of Bolarin, M. C., Santa-Cruz, A., Cayuela, E., and Perez-Alfocea,

F. 1995. J. Plant Physiol. 147:463-468.)

occurs in response to stresses that reduce cellular
pH. Anoxia occurs under conditions of flooding,
and this stress causes cytosolic acidosis (Roberts
et al., 1984; Aurisano et a., 1995A), giving the
greatest increases in GABA accumulation. The
vacuoles in plant cells are reservoirs for organic
acids with a pH of 3.5 to 5.5 (Galston €t al.,
1980). Mechanical damage that ruptures vacuolar
membranes will release organic acids into the
cytosol, increasing cytosolic acidification and the
likelihood of GAD activation.

1. Calcium/Calmodulin
In the last decade several plant GADs

have been cloned (Baum et al., 1993; Turano
and Fang, 1998; Zik et al., 1998; Yun and
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Oh, 1998), and recent studies have supported
the hypothesis that GAD and GABA may be
part of a signal transduction pathway occur-
ring in plants after exposure to stress. The
central piece of evidence is the finding that
all plant GADs contain calmodulin-binding
domains (CaM-BDs). Plant GADs have 22 to
25 additional amino acids at the C-termini
when compared with the deduced amino acid
sequences of GADs from other kingdoms.
These domains have been shown to be suffi-
cient for the binding of CaM in the presence
of Ca?* (Arazi et al., 1995; Zik et al., 1998).
Several laboratories demonstrated that plant
GADs were stimulated by Ca?*/CaM, but not
by either Ca?* or CaM alone (Snedden et al.,
1995; 1996; Turano and Fang, 1998; Zik et
al., 1998; Yun and Oh, 1998).



It is recognized that Ca?* and CaM form
complexes, Caz*/CaM, that can stimulate en-
zymes to initiate a cascade of biochemical
and molecular events in plant cells (for re-
view see Zielinski, 1998; Roberts and
Harmon, 1992). Many environmental stresses
are known to increase cellular levels of Ca?*
(Mahlo et al., 1998; Sanders et al,, 1999).
The fact that plant GADs contain CaM-BDs
and are enzymatically stimulated by Ca?*/
CaM, but not by Ca?* or CaM alone, indicates
that GAD isoforms are part of a Ca?*/CaM
signal transduction pathway. However, the
possibility that GABA may function as a sig-
naling molecule has been neglected until re-
cently. Recent findings by Kinnersley and
Lin (2000) and Turano et al. (2000) provide
evidence that GABA functions as a signaling
molecule in plants.

The hypothesis that GABA functions as a
signaling molecule provides a plausible explana
tion for the existence of a CaM-BD on the en-
zyme responsible for its biosynthesis. It is likely
that the CaM-BD provides a mechanism for the
control of GABA biosynthesis at physiological
pH. Ca2*/CaM-dependent stimulation provides
several levelsof control for the activation of GAD
activity and thus GABA accumulation. One level
of control is stress-induced release of Ca* into
the cytosol that can be from various sources, that
is, external or internal (e.g., apoplast, vacuole,
and mitochondria). Recent studies have shown
that there may be stress-specific routes of Ca?*
into the cytosol. For example, anoxia has been
shown to release mitochondrial Ca?* into the cy-
tosol (Subbaiah et al., 1998), while wind and cold
shock promote Ca?* signaling pathways that are
predominantly in the nucleus and cytoplasm, re-
spectively (van der Luit et a., 1999). The other
level of control is viathe interaction of CaM and
the CaM-BD. There appear to be five different
GAD genes in Arabidopsis (Shelp et al., 1999),
each with unique CaM-BDs. The physiological
significance for the variability in the CaM region
is not known. Because there are at least six CaM
and CaM-like genes differentialy expressed in
Arabidopsis; however (Braam and Davis, 1990;
Sistrunk et al., 1994; Ito et al., 1995), itispossible
that each GAD/CaM-BD may have different af-

finitiesfor the various CaM and/or CaM-like pro-
teins. Thishypothesisis supported by the fact that
specific kinases have been shown to be differ-
ently activated by the unique affinities of distinct
CaMs (Leeet al., 1997; 1999; Liao et al., 1996).

It was reported recently that yeast GAD con-
tainsaCaM binding site and that the GABA shunt
is required for yeast to resist oxidative stress
(Coleman et al., 2000). To our knowledge, thisis
the first report of a GAD/CaM-BD in eukaryotic
organisms other than plants. The fact that thisis
associated with stress mitigation in yeast lends
credence to the thesis that CaM-GAD performs a
stress-related function in plants.

2. Acidic pH Stimulation of GAD

In E. coli GAD activity is stimulated by low
pH with maximal activity at 3.8 (Shukuya and
Schwert, 1960). A function of GAD in E. cali
appearsto bethe control of cellular pH (Castanie-
Cornet et a., 1999). For nearly 20 years, plant
GADs were thought to function by reducing cel-
lular acidosis in a manner similar to bacterial
GADs (Davies, 1980; Reggiani et al., 1988;
Menegus et al., 1989; Satya Narayan and Nair,
1990; Snedden et al., 1992; Crawford et al., 1994).
This hypothesis was based on observations that:
(2) al plant GADs, tested to date, have maximal
activity in the acidic range, at approximately pH
5.8 (for review see SatyaNarayan and Nair, 1990;
Snedden et al., 1995; 1996; Johnson et al., 1997);
(2) elevated GAD activity has been identified in
tissues with low cytoplasmic pH (Ramputh and
Bown, 1996; Carroll et al., 1994, Crawford et al .,
1994); and (3) the synthesis of GABA consumes
a proton and raises pH (Davies, 1980). Taken
together those data suggest that GABA metabo-
lism regulates cytosolic pH in plant tissues sub-
jected to stress-induced acidosis (Crawford et al.,
1994; Carroll et a., 1994; Streeter and Thomp-
son, 1972; Satya Narayan and Nair, 1990).

Theisolation of plant GADs and the associa-
tion of CaM-BDswith plant GADs caused amajor
paradigm shift. Several models for the activation
of GAD activity and GABA accumulation have
been proposed (Snedden et a., 1995; Ramputh
and Bown, 1996; Bown and Shelp, 1997; Snedden
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and Fromm, 1999). Most of these models have
focused on different aspects of GAD stimulation
mainly via Ca?*/CaM and not via aterations in
pH. Despite the fact that it becomes clear that
there exists at least two mechanisms, acidic pH
and Ca?*/CaM, by which GAD activity can be
stimulated in vitro and in vivo, (Snedden and
Fromm, 1999; Shelp et al., 1999), there has been
little further discussion concerning the possible
physiological role of in vivo acid-induced GABA
accumulation. In most recent discussions of plant
GAD acidic pH stimulation has received little
attention, and the evolutionary significance of this
mechanism has not been considered.

There are at least two evolutionary perspec-
tivesfor the presence of pH-mediated GAD stimu-
lation in plants. One isthat pH-dependent stimula-
tion of GAD is smply an evolutionary remnant
from prokaryotic ancestors. Alternatively, plant
GADshaveevolved two types of GAD stimulation
(biphasic), a Ca?*/CaM- and acidic pH-dependent,
and thus acidic pH-dependent stimulation has a
physiological role in higher plants. It is apparent
that through evolutionary time organisms havelost
their acidic pH-stimulated GAD activity. The pH
optimum for E. coli isapproximately 3.8 (Shukuya
and Schwert, 1960), in fungi it is 5.0 (Hao and
Schmidt, 1991), for plantsitis5.8 (Snedden et a.,
1996; Johnson et a., 1997), and mammal GADs
have pH optima of 7.0 (Wu et d., 1974). Interest-
ingly, mammalian GADs appear to have logt their
acidic pH stimulation capabilities. These data sug-
gest one of the following two hypotheses (1) there
was strong selective pressure in mammals against
acidic pH stimulated activity, or (2) therewas strong
selective pressuresto maintain the acidic pH stimu-
lation of GAD in plants and other organisms. Al-
though it is difficult to prove either of these hy-
potheses, from the available data one can draw
substantial support for the latter. First, in lower
organisms, such as bacteria, GAD doesplay arole
in protection against low pH (Castanie-Cornet et
al., 1999), so there is a biological rationale for
functional acidic pH-stimulated activity. Second,
there are examples of decreases in cytosolic pH
due to biotic stresses (Aurisano et al., 1995A,
Roberts et a., 1984; Roos et a., 1999) and ex-
amples of acidic pH-dependent activation of vari-
ousenzyme and protein systemsin plants (Tognioli
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and Basso, 1987; Guern et ., 1992; Van der Veen
et a., 1992; Blatt and Thiel, 1993; Hedrich and
Dietrich, 1996). Third, there are data to support
acidic pH stimulation of plant GADs (Ramputh
and Bown, 1996; Carroll et al., 1994, Crawford et
al., 1994), coupled with the occurrence of maximal
GAD activity a pH 5.8, in purified preparations of
the enzyme (Snedden et al., 1995; 1996) and inthe
absence of Ca¢*/CaM. In fact, GAD activity at 5.8
is 3 to 9 times higher than activity at 7.3 in the
presence of saturating Ca?* and CaM (Snedden et
al., 1995, 1996).

3. Bl-Phasic Control of GAD Activity and
GABA Accumulation

It is apparent that under some stress condi-
tions, GAD activity has been linked to increases
in cytosolic Ca2* concentrations, (Cholewaet al.,
1997), whereasin other stress conditions el evated
GAD activity has been associated with decreases
in pH (Ramputh and Bown, 1996; Carroll et al.,
1994; Crawford et al., 1994). It is clear that both
types of GAD stimulation have been observed in
plants. The question is what are the factors that
control the two types of stresssmediated activa-
tion of GAD and resulting GABA accumulation?
There are several parameters that may control
either acidic-pH or Ca?*/CaM GAD stimulation
in plants, which can be divided into organism- or
environment-dependent factors. In the organism,
organ specificity, cell type, developmental stage,
and/or metabolic status of the cell that changes
cytosolic Ca** and/or H+ could control GAD
stimulation. Environmental factors include type,
severity, and/or duration of the stress.

Results from severa investigations support a
working model for the in vivo biphasic stimula-
tion of GAD and control of GABA accumulation
in plants exposed to a variety of environmental
stresses (Figure 4). For the sake of simplicity, we
chose to divide the stimulation of GAD activity
into two phases based on Ca*/CaM-dependent
(Phase ) or acidic pH-dependent (Phase 1) activ-
ity. It isimportant to emphasize that it is not clear
at this time how these phases interrelate, if at al,
in the cell (Snedden and Fromm, 1999). Each
phase may occur continuously or both phases
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may occur as distinct eventsin no predetermined
order, depending on the factors discussed above.
The stimulation of GAD by Ca*/CaM in Phase |
may serve as a rapid or initial response to stress
and/or aresponse to amild or transient stress. As
cytosolic pH decreases due to the extended dura-
tion and/or severity of the stress, then GAD activ-
ity could be stimulated by acidic pH in a Ca2*/
CaM-independent manner in Phasell. If the stress
were transient and/or mild, however, Phase |l
may not be reached and the cells would revert to
normal metabolism directly from Phase |. Alter-
natively, under severe conditions Phase || may be
the only type of control (pH-dependent) of GAD
activity. Thisislikely under conditions of severe
anoxia where pH approaches 6.0 (Roberts et al.,
1984), after exposure to a bacterial elicitor that
decreases cytosolic pH (Roos et al., 1999), or
where cellular damage results in disruption of
vacuolar membranes releasing acids into the cy-
tosol.

At homeostasis, cytosolic pH is approximately
6.8t0 7.0 (Felle, 1988; Horn et al., 1992) and cyto-
solic Ca?+ concentrationsarelow. Estimates of 70to
250 nM and 50 to 150 nM Ca?* have been reported
in the cytosol of guard cells from Commelina com-
munis (McAinsh et d., 1990) and in aleurone proto-
plastsfrom barley (Gilroy and Jones, 1992), respec-
tively. Under similar conditions of neutral pH and
low Cea2* concentrations, little or no in vitro GAD
activity has been observed with either pure GAD
(Snedden et al., 1995) or pure recombinant GAD
(rGADs) isoforms (Snedden et a., 1996; Turano
and Fang, 1998; Yun and Oh, 1998; Zik & 4.,
1998). Thus, under homoeostatic conditions, littleor
no in vivo GAD activity would be expected and
GABA biosynthesis would be minimal.

Various external stimuli have been shown to
increase cytosolic Ca2*, and the kinetics associ-
ated with increased cytosolic Ca?* concentrations
are stress-dependent (Knight et al., 1991, 1992,
1993, 1996; Price et al., 1994). Under stress con-
ditions which elevate cytosolic Ca?*, GAD activ-
ity would be stimulated and GABA biosynthesis
initiated. Ca2*/CaM-dependent activation of GAD
has been demonstrated in tissues after exposureto
cold (Cholewaet al., 1997), and anoxia (Aurisano
et a., 1995). In Arabidopsis, experimental results
are consistent with the hypothesis that high tem-
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perature-induced GABA accumulation is medi-
ated by Ca?*/CaM activation of GAD (Locy etal.,
1998, 1999).

If the stress is prolonged and/or severe, the
likelihood of metabolic dysfunction, membrane
damage and degradation of cellular components
increases, and acidification of the cytosol occurs
(Ramputh and Bown, 1996). Cytosolic acidifica-
tion could stimulate GAD activity in aCa?*/CaM-
independent manner. Snedden et a. (1996) dem-
onstrated there was a very clear point, at
approximately pH 7.0, where the two types of
GAD stimulation, Ca**/CaM- and acidic pH de-
pendent, abruptly changed. Recently, decreases
of 0.3t0 0.7 pH unitswere observed in plant cells
subjected to an elicitor (Roos €t a., 1999). Inter-
estingly, the pH optimafor other glutamate utiliz-
ing enzymes have been shown to bein the neutral
range, that is, pH optima for glutamine synthase
in the presence of Mg?* is 7.0 to 8.0 (see Stewart
et a., 1980 for summary) or akaline pH 9.0 for
cytosolic AAT (see Turano et al., 1990 for recent
summary of values). Theoretically, under condi-
tions that acidify the cytosol, most available Glu
would be utilized by GAD for GABA synthesis.

Thebiphasic modd of GAD activation accounts
for mild and/or transient environmental factors, such
as rain, touch, wind, etc., which rapidly increase
cytosolic Ca?* levelsand may increase GABA accu-
mulation. In addition, Phase | activation could ex-
plainthe(1) pH-independent accumulation of GABA
in maize root tips (Roberts et d., 1992) and root
culturestransformed with Agrobacteriumrhizogenes
(Ford et d., 1996); and (2) the Ca?*/CaM-dependent
stimulation of GAD in responseto cold (Cholewaet
a., 1997), heat (Locy et a., 1999), and anoxia
(Aurisano et d., 1995).

This model also provides an explanation for
acidic pH-dependent (Phase I1) activation of GAD
that has been reported in several studies (Ramputh
and Bown, 1996; Carroll et al., 1994, Crawford et
al., 1994). As mentioned by Snedden and Fromm
(1999), the results from mesophyll cells may be
due to extensive manipulation during the experi-
ments, which results in decreased cytosolic pH.
Similarly, naturally occurring damage to cell com-
partmentaization will result in release of vacuolar
H* and pH-dependent GAD activation. The idea
that extensive manipulation or damage may con-



tribute to acidic-pH GAD stimulation lends cre-
denceto the hypothesis that severe conditions may
contribute to acidic pH-stimulated (Phase 1) GAD
activity, as previoudy discussed. There is a need,
however, for continued research to determine the
factorsthat may contribute to acidic pH-stimulated
GAD activity and to the factors that interact with
Caz*/CaM-dependent stimulation of GAD activity.

lll. EVIDENCE FOR EXISTENCE AND
LOCATION OF PLANT GABA-LIKE
RECEPTORS

A. Physiological Evidence for GABA-
Like Receptors in Plants

Physiological evidence for the presence of
GABA receptorsin plantswas obtained in experi-
ments with duckweed (Lemna minor L). Lemna
provides a simple and rapid whole plant bioassay
for investigating GABA biology. Lemna cultured
in fertilizer solutions with 5 mM GABA showed
2- to 3-fold increasesin growth over plants grown
with fertilizer alone. In contrast, two isomers of
GABA were powerful inhibitors of plant growth.
Growth promotion by GABA (4-aminobutyric
acid) was rapidly terminated by addition of 2-
aminobutyric acid to the culture medium. In cul-
turescontaining 0.5 mM 2-aminobutyric acid, plant
growth wasinhibited by 97% compared with con-
trols (Kinnersley and Lin, 2000). GABA-medi-
ated growth promotion of Lemna contrasts with
reports showing that GABA accumulation inhib-
ited cell elongation intobacco (Baum et ., 1996)
and soybean hypocotyl tissue (Bown and Zhang,
2000). In both studies GABA accumulation was
5- to 10-fold higher than that of control plants,
and growth inhibition may occur at high levels.
Kathiresan et a. (1998) performed a dose re-
sponse study on the effects of GABA on stem
elongation in Sellaria longipes. Results showed
significant growth promotion when shoot tipswere
cultured on media with 0.1 to 0.25 mM GABA,
and significant growth inhibition when media
contained more than 1.0 mM GABA. Likewise,
Lemna showed growth promotion and growth
inhibition that was dose dependent, but inhibition
was not found until the media levels of GABA

exceeded 15 mM (Kinnersley, unpublished). The
dose response growth curves found in in vitro
studies with S. longipes and L. minor are consis-
tent with arole for GABA in plant growth. Evi-
dencethat thisroleinvolves GABA receptorswas
obtained in experiments with pharmacological
agents that have been used to identify GABA
receptors in animals. GABA, receptors in the
CNS were first identified by their sensitivity to
the convulsant alkal oid bicuculline, acompetitive
antagonist of GABA at the GABA, receptor
(Krogsaard-Larsen et a., 1997). Baclofen is a
specific GABA agonist and the finding that acti-
vation of GABA receptors by baclofen was not
inhibited by bicuculline led to the identification
of the GABA; receptors (Deisz, 1997). GABA.
receptors are insensitive to both bicuculline and
baclofen (Johnston, 1997). GABA . receptors are
sensitive to the antagonist picrotoxin. Picrotoxin
isaplant-derived convul sant consisting of equimo-
lar amounts of picrotoxinin and picrotin (Quian
and Dawling, 1994).

Results showed that compounds that act as
antagonists or agonists of GABA activity in ani-
mals acted in a similar manner in Lemna (Figure
5). Growth promotion by 5 and 10 mM GABA
wasincreased significantly in treatments contain-
ing the GABA agonist baclofen. In contrast, the
growth promotive effects of 5 mM GABA were
completely eliminated in treatments containing
either of the GABA antagonists 1 mM bicuculline
or 3 mM picrotoxin. The inhibition was not re-
lieved by increasing the GABA concentration to
10 mM, suggesting that bicuculline was not act-
ing as a competitive antagonist of GABA activity
in plants. In animals, bicuculline competes for
GABA at the GABA recognition site on the
GABA, receptor (Young and Penney, 1991).

Baclofen alone promoted Lemna growth and
showed an optimal growth response at 1 mM, a
level that was at least 10 times lower than the
growth-optimal concentration of GABA. Lemna
growth was significantly inhibited when plants
were cultured in treatments containing bicuculline
or picrotoxin (Kinnerdey and Lin, 2000). The
demonstration that these compounds have physi-
ological activity in treatments without added
GABA suggests that they are affecting a growth-
related function of endogenous GABA. A rolefor
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GABA in plant development has been suggested
by others (Baum et al., 1996).

If the mechanism of action for GABA in-
volves signal transduction and a receptor, it can
be predicted that the application of GABA in the
field could result in dramatic changesin a variety
of plant metabolic processes. This, in fact, has
been demonstrated with a novel GABA-contain-
ing formulation, AuxiGro™, which has been reg-
istered by the United States Environmental Pro-
tection Agency (Kinnersley, 1998). AuxiGro
contains equal parts by weight of GABA and
glutamic acid and was developed after finding
that foliar treatments of greenhouse-grown plants
with GABA dlicited a much smaller growth re-
sponse than when duckweed and other plantswere
treated with GABA hydroponically (Kinnersley,
unpublished). Glutamic acid, the GABA precur-
sor, was added with GABA to increase endog-
enous production of GABA in treated foliage.
Labeling studies have shown that when glutamic
acid was fed to plant leaves, roots, seeds, and
tubers, it was rapidly converted to GABA (Sata
Narayan and Nair, 1990). AuxiGro has been found
to affect the growth, productivity, and quality of
awide variety of crop plants, including root and
bulb crops where the site of response is distant
from the site of foliar application. On potatoes,
for example, application of AuxiGro at the time
that the potato tubers are being formed and 21 to
28 days later, results not only in increased yields
but in significant increases in tuber quality (i.e.,
more larger tubers). Application of AuxiGro to
snap beans at thetime of flowering resultsinyield
increases that can exceed 20% when compared
with plants grown under conventional agronomic
practices but without the application of AuxiGro.
In onions, foliar application of AuxiGro resulted
inincreased yields of more than 300 bags per acre
when compared with yields from areas where the
onions had not been treated with AuxiGro. This
30% vield increase (P < 0.01) is related to in-
creased size and uniformity of the bulbs from
plants treated with AuxiGro. In fact, the increase
in the largest bulbs (colossals) was increased by
five times (Drost, 1999). AuxiGro has also been
demonstrated to increase the resistance of plants
against various pathogens. In Russet Burbank
potatoes, AuxiGro in combination with Dithane®,

a standard fungicide treatment, significantly re-
duced the incidence of both late blight, and early
blight resulting in an increase in fresh market
value of $506 per acre (Stevenson and James,
1999). AuxiGro has also been used on grape va-
rieties and has been shown to both increase the
sugar (Brix) content of fruit and to enhanceresis-
tance of the plant against the powdery mildew
fungal pathogen (Erysiphe spp.). Unpublished
studiesdemonstrate that AuxiGro isneither fungi-
static nor fungicidal in vitro, and other evidence
supportsthat the product may induce resistanceto
the fungal pathogen. This latter mechanism
strongly supports a GABA receptor and signal
transduction to enable the plant to respond with
its own resistance mechanisms more rapidly to
the attack by the fungal pathogen. GABA-medi-
ated responses, which could increase disease re-
sistance through mineral acquisition and/or bio-
synthesis of defensive compounds, are discussed
in later sections of this review.

B. Molecular Evidence of GABA-Like
Receptors

Plant genes encoding for proteinswith ahigh
degree of amino acid sequence homology to the
superfamily of animal ionotropic glutamate re-
ceptors (iIGLRs) have been identified (Lam et al.,
1998). These genes have been designated the
putative plant glutamate receptors (GLRS) based
on their phylogenetic and structural similaritiesto
animal iGLRs. The GLRs contain six signature
domains characteristic of iGLRs, including three
transmembrane, one pore forming and two puta-
tive glutamate-binding domainsin the C-terminal
regions of the proteins. Hydrophobicity analysis
and transmembrane prediction models indicate
the topologies of the putative Arabidopsis GLRs
are similar to those of the iGLRs (Lam et al.,
1998; Chiu et al., 1999). Thetopology predictions
are supported by phylogenetic analyses of the six
signature domains (Chiu et a., 1999), which dem-
onstrates that the plant GLRs are evolutionarily
related to iGLRs, and the periplasmic binding
proteins of bacteria.

A similar approach was used to examine the
evolutionary relationships between eight
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Arabidopsis GLR sequences and the iGLRs and
family 4 of the G-protein-coupled receptors
(GPCRs), specifically the metabotropic glutamate
receptors (MGLR), and y-aminobutyric acidB re-
ceptors (GABAg-Rs) (Turano et al ., 2000). Based
on the results from preliminary BLAST searches
and incongruency analysis, they considered the
possibility of a recombination event at GLR loci
during evolutionary history. The peptides in the
phylogenetic analyses were separated into two
general regions. One contained approximately the
first one-third (N-terminal regions) and the last
two-thirds (C-terminal regions) of the peptides.

As expected, the C-terminal regions of the
plant GLRswererelated to membersof theiGLRs
superfamily and not to members of the GPCRs.
Surprisingly, it was found that the N-terminal
regions of the plant GLRs (within broken circle,
Figure 6) are related to members of GPCRs su-
perfamily, specifically the GABAB-Rs and not to
members of the iGLRs. The phylogenetic rela-
tionship of the N-terminal domains is illustrated
in Figure 6. Results from experiments with iGLR
and GABA antagonists indicate that plants con-
tainbothiGLR-like(Lamet al., 1998) and GABA-
like receptors (Kinnersley and Lin, 2000), respec-
tively. Arabidopsis genes homologous to iGLRs
have been reported (Lam et a., 1998; Chiu et al.,
1999). Genes or peptides with homology to
GABA-Rs have not been reported in plants. We
have searched the Arabidopsis database for
GABA, or GABA.. -like receptors without suc-
cess. Similar searcheswith regionsof the GABA -
Rs identified homology with the N-terminal re-
gions of the putative GLRs.

To date, there are no other GABA-R-like se-
guences in the Arabidopsis genome and most of
the Arabidopsis genome, is sequenced and the
sequence of the entire genome should be com-
pleted by 2001 (Chaudhury et al., 1999). If other
GABA-like receptors are not identified in the
genome, we would propose that the GABA an-
tagonists are interacting with the GABA-like do-
mains of the putative GLRs in plants. This hy-
pothesisis supported by results from experiments
with antagonists and agonists to animal GABAg-
Rs, which demonstrated that the N-termina do-
mains of animal GABAg-Rs are sufficient to spe-
cifically bind to GABA antagonists and agonists
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(Malitschek et al., 1999). These findings suggest
that some of the putative GLRs in plants are
fundamentally and perhaps functionally different
from the iGLRs in animals. Perhaps some of the
putative GLRs may bind GABA and function as
GABA-like receptors.

Other preliminary data suggest that the puta-
tive GLRs may be functionally different from the
iGLRs. In animals the iGLRs are exclusively as-
sociated with the plasma membrane. Protein sort-
ing analysis was used to predict the likely loca-
tion of two putative GLR sequences (2a and 2b)
with N-terminal homology to the GABAg-Rs in
animals (Turano et al., unpublished results). Re-
sults indicated mitochondria as being the most
likely location of GLR2a and the plasma mem-
brane of GLR2b (Turano et al., 2000).

V. POSSIBLE ROLES FOR GABA IN
PLANT STRESS RESPONSES

Circumgtantia evidencegeathered over morethan
40 years suggests that GABA peforms a dress
related function (Naylor and Tolbert, 1956; and Table
1). Physiologica and genetic evidence have indi-
cated theexistence of GABA-likereceptorsin plants
(Kinnerdey and Lin, 2000; Turano et al., 2000).
Hypotheses that relate the function of receptors to
the role of GABA as a signaling molecule in plant
stress responses are discussed below. The intercon-
nection between GABA, environmentd signals, and
stress responses that may involve GABA receptors
are shown in Figure 7. Nonsignaling pathways
through which GABA could mitigate plant stress
are dso indicated in this figure.

A. GABA as an Amplifier of Stress
Signals

The amino acid sequences in the N-terminal
domains of the putative GLRs in Arabidopsis
have domainsin common with GABA receptors
in animals. GABA receptors function by modu-
lating ion channels. This suggests a possible role
for GABA in amplification of stress perception
signals in plants (Kinnersley and Lin, 2000). A
mechanism by which GABA may amplify stress-
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FIGURE 6. Evolutionary relationship of N-terminal domains of putative plant GLR receptors. Phylogeny of bacterial
periplasmic binding proteins and eukaryotic receptors based on parsimony analysis of the N-terminal (circled, left)
amino acid sequences. Sequences included in the phylogentic reconstruction (right) were a bacterial periplasmic
binding protein, the animal ionotropic glutamate (iGLR), metabotropic glutamate (mGLR), and y-aminobutyric acidB
(GABA-BR) receptors, and putative plant glutamate receptors (GLR). The tree is one of four equally parsimonious trees
generated from heuristic analysis (length = 6186 steps, consistency index = 0.649, retention index = 0.753, and
rescaled consistency index = 0.488). A strict consensus tree generated from the four equally parsimonious trees was
identical to the tree shown with the exception that hummglur7n was placed between hummglurén and ratmglur4n.
Support of the more important clades is indicated by bootstrap values using 500 permutations of the aligned data set.
Ecoliginh was used as an outgroup. Similar results were obtained with nearest neighbor analyses (not shown). The
abbreviations and accession numbers for the bacterial periplasmic binding proteins, animal iGLRs, and plant GLRs (1,
3, and 4) sequences are identical to those used by Chiu et al. (1999). The abbreviations and accession numbers for
the mGLRs, GABA;-BRs, and the remaining plant GLRs are as follows: human metabotropic glutamate receptor 1
alpha (hummglurlalpn, ACC# U31215), human metabotropic glutamate receptor 1 beta (hummglurlbetn, ACC#
U31216), human glutamate receptor, metabotropic 5 (hummglur5n, ACC# NM000842), rat metabotropic glutamate
receptor mGIUR5 ratmglursn, ACC# D10891), human glutamate receptor, metabotropic 2 (hummglur2n, ACC#
NMO000839), human glutamate receptor, metabotropic 3 (hummglur3n, ACC# NM000840), human glutamate receptor,
metabotropic 8 (hummglur8n, ACC# U92459), mouse metabotropic glutamate receptor 8 (mousemglur8n, ACC#
U17252), human metabotropic glutamate receptor 7 (hummglur7n, ACC# U92458), human metabotropic glutamate
receptor 4 (hummglurdn, ACC# U92457), rat metabotropic glutamate receptor 4 (ratmglur4n, ACC# M90518), human
glutamate receptor, metabotropic 6 (hummglurén, ACC# NM_000843), human GABAg-B receptor subunit 1a (hum
GABAg-BR1an, ACC# AJ012185), rat GABAg-B receptor subunit 1a (ratGABA-Blan, ACC# Y10369), human GABA;-
B receptor subunit 1b humGABA;-BR1bn, ACC# AJ012186), rat GABA-B receptor subunit 1b (rat GABA-B1bn, ACC#
Y10370), human GABA;-B receptor subunit 2 (humGABA-BR2n, ACC# AJ012188), rat GABA;-B R2 receptor (rat
GABA;-br2n2, ACC# AJ011318), rat GABA,-B R2 receptor (rat GABA-br2nl, ACC# AF07442), Arabidopsis putative
glutamate receptor 2a (glr2an, ACC# AF079999), Arabidopsis putative glutamate receptor 2b (glr2bn, ACC# AF038557),
Arabidopsis putative glutamate eceptor 5 (glron, ACC# AL022604), Arabidopsis putative glutamate receptor 6 (glrén,
ACC# AL022604), and Arabidopsis putative glutamate receptor 7 (glr7n, ACC# AL031004). Lower case n designates
N-terminal sequences from amino acid residues 80 to 320. GLR2a, 2b, 5, 4 and 6 are shown faded to highlight the
closest similarity of these receptors to animal GABAg receptors.
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induced Ca?* signalsis shown in Figure 7. Imme-
diateincreasesin cytosolic Ca2+ occur in response
to stress (Knight et a., 1992; Malho et al., 1998).
Stress-induced increases in cytosolic Ca?* stimu-
late CaM-dependent GAD activity that increases
GABA biosynthesis (Aurisano et al., 1995;
Cholewaet a., 1996). GABA bindsto a receptor
that releases Ca?* from anintracellular Ca?* store.
Theincrease in cytosolic Ca?* bindsto more CaM
increasing GAD activity and amplifying the
GABA accumulation/Ca* release cycle. The
major store of intracellular Ca?* in most plantsis
the vacuol e, and this organelle has been identified
as a source of increases in cytosolic Ca*. A re-
view of ion transport across the vacuolar mem-
brane (Barkla and Pantoja, 1996) discusses volt-
age-dependent Ca2* channels and ligand-gated
C&* channels that are proposed to function as
release mechanisms for Ca?*. The fact that con-
centrations of Ca2* inthe vacuole may exceed 100
mM (Trewavasand Malho, 1997) providesastrong
argument for an important role of the vacuole in
calcium signaling. A recent review discusses
mechanisms by which this organelle regulates
calcium levels in plant cells (Sze et a., 2000).
Despite the prominence of the vacuole as an
intracellular store of Ca2*, Sanders et al. (1999)
have counseled that the possible participation of
other intracellular compartments in Ca?* signal-
ing should not be ignored. Mitochondria are both
alikely store of Ca?* and another possible site of
GABA receptorsin plants. Itisknown that animal
mitochondria have an important role in cellular
C&* signaling through their ability to accumulate
and release large quantities of Ca?* (Babcock et
al., 1997). Calcium release channels have been
identified in the inner membrane of animal mito-
chondria (Bernadi and Petrinelli, 1996). Evidence
that plant mitochondria may perform a similar
role has been obtained in studies showing stress-
induced release of Ca?* from maize mitochondria
(Subbaiah et al., 1998). In response to anoxia,
C&* released from mitochondria made a signifi-
cant contribution to the stress-rel ated el evation of
cytosolic Ca2*. The possibility that oxygen depri-
vation damage was causing mitochondria to re-
lease Ca?* wasinvestigated by measuring changes
in membrane potential during anoxia. At least 30
min or more of oxygen deprivation were required
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before any changes in potential, indicating a loss
of membrane integrity, were found. Substantial
decreases in mitochondrial Ca?* were found 10
min after anoxia, well before any changesin mem-
brane potential. The proposal that mitochondria
are a source of Ca?* for the rapid elevations of
cytosolic Ca?* during anoxia has implications for
signal transmission. Regenerative Ce? rel easefrom
organelles that serve as intracellular Ca?* stores
has been suggested as a mechanism for transmis-
sion of C&* signals to different cell regions
(Malho, 1999). In vitro studies with isolated ani-
mal mitochondria have shown that calcium sig-
nals can propagate from one mitochondria to an-
other generating traveling waves of Ca?* and
depolarization (Ichaset a., 1997). Results of pro-
tein sorting analysis (Nakai and Kanehisa, 1992),
as described earlier, indicate that some GABA-
like receptors in Arabidopsis may be located on
mitochondrial membranes (Turano et a., unpub-
lished results). In animals, mitochondrial mem-
branes contain benzodiazepine receptors (Parola
et al., 1993) and benzodiazepine receptors are
associated with GABA-Rs (GABA , receptors) in
the CNS (Young and Penney, 1991). Plant en-
zymes that catabolize GABA are associated ex-
clusively with mitochondria (Breitkreuz and Shelp,
1995), and evidence for transport of GABA from
the cytosol across mitochondrial membranes has
been found (Shelp et al., 1999). It is possible that
membrane transport of GABA is associated with
Ca* release, and that these events involve the
GABA-Rs. Evidence for an association between
Ca* and a GABA-like receptor was reported re-
cently (Kim et a., 2000). The receptor gene from
Arabidopsis was identified as a glutamate recep-
tor, GLR2, and is the same as the GLR2 loci
described by Lam et al. (1998). As described in
Section |1.B of thisreview, closer analysis of the
N-terminal domain of this sequence has revealed
that it has sequence similarity to the animal
GABAB receptor (Turano et a., 2000). This
GABA-likereceptor, has been designated GLR2a
dueto RNA editing (Turano, unpublished), and is
shown in Figure 6. Kim et a. (2000) have now
reported that this receptor regulates utilization of
C&* in Arabidopsis.

As indicated in Figure 7, there is evidence
that Ca** plays a direct role in dliciting certain
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receptors may also be involved in acquisition of minerals (b) that activate enzymes in stress-related metabolic
pathways. GABA-mediated activation of genes for ethylene biosynthesis (c) induces physiological responses
associated with “stress” ethylene. Non-signaling stress-related roles for GABA (d) include possible functions as an
osmolyte, as an insect deterrent and within mitochondria GABA catabolism may provide carbon skeletons to

replenish carboxylic acids depleted as a result of stress-related metabolism.
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stress responses. Investigations with alfalfa pro-
toplasts showed that the influx of 45 Ca* was
nearly 15timesgreater at 4 than at 25°C. The Ca?*
influx was associated with the induction of cold
acclimation-specific genes and gene expression
and cold acclimation were blocked by calcium
channel blockers and Ca?* chelators (Monroy and
Dhindsa, 1995). In maize seedlings similar stud-
ies have shown that intracellular Ca?* isinvolved
in the expression of anaerobic genes under condi-
tions of oxygen deficiency. In these studies, gene
expression was blocked by ruthenium red, an in-
hibitor of organellar Ca2* fluxes, indicating that
release of Ca?* from an intracellular store was
required for gene expression (Subbaiah et al.,
1994). Increased levels of cytosolic Ca?* have
also beenimplicated in the hypersensitiveresponse
(HR) associated with disease resistance to fungal
infection (Xu and Heath, 1998).

B. GABA as an Inducer of Stress
Ethylene

Stress generally promotes ethylene produc-
tion in plants (Morgan and Drew, 1997). The
response is so evident that the term “ stress ethyl-
ene” was coined by Abeles (1973) to describe the
phenomenon. The association between GABA and
ethylene has received little attention despite the
fact that nearly all of the signal sthat induce GABA
accumulation (Table 1) aso increase production
of ethylene; this includes chilling, high tempera-
ture, salinity, flooding and anoxia, drought, me-
chanical damage, and bending (Abelesetd., 1992;
Morgan and Drew, 1997). In addition, tobacco
mosaic virus infection increased GABA accumu-
lationintomato |eaves (Cooper and Selman, 1974)
and ethylene production from tobacco plants
(Balazset al., 1969). Plant hormonesthat increase
GABA accumulation also increase ethylene pro-
duction. Thus, abscisic acid increased GABA
accumulationin wheat roots (Reggiani et a., 1993)
and has been shown to promote ethylene produc-
tion by leaves (Aharoni, 1989), explants (Abeles,
1967), flowers (Koning, 1986), fruit (Plich, 1987),
and buds (Goren et da., 1979). Likewise, auxins
increased GABA accumulation in rice root tips
(Kishinami, 1988) and root cultures of Datura
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stramonium (Ford et al., 1996). Auxin-induced
ethylene production has been demonstrated in a
widevariety of different plantsand tissues (Abeles
and Rubenstein, 1964; Abeles et al., 1992).

The only signal in Table 1 that has no effect
on ethylene production is acidosis, despite the
fact that acid rain (pH 2.8) induced lesions on
treated oat leaves (Abeles, 1992). Acidosiscan be
relieved with simple proton-consuming reactions
that occur in ethanol production (Roberts, 1984)
or GABA formation, as described previously in
this review article and in GABA reviews (Satya
Narayan and Nair, 1990; Bown and Shelp, 1997;
Snedden and Fromm, 1999).

Establishing a role for GABA in ethylene
production would provide a physiological stress-
related function for GABA accumulationin plants,
as illustrated by the following stresses that all
occur with GABA accumulation.

Oxygen deprivation is the primary stress fac-
tor in flooded soils. In response to flooding and
anoxia, promotion of adventitious rooting by eth-
ylene provides areplacement root system for roots
damaged by extreme oxygen deficiency in water-
logged soil (Morgan and Drew, 1997). This in-
creases survival of plants under flooded condi-
tions, and the formation of adventitious roots is
correlated with flooding resistance of plant spe-
cies (Voesenek and Van der Veen, 1994).

M echanical damage, whichinducesvery rapid
accumulation of GABA (Table1), canresult from
fungal, insect, and herbivore attack. In conifers,
the terpenoid oleoresin is induced by wounding
and has antibacterial, antifungal, insect repellant,
and insecticidal properties, and it also deters her-
bivores. Lewinsohn et a. (1999) have reviewed
the role of ethylene in this defensive response.
Exogenous ethylene had a marked effect on oleo-
resin biosynthesis in grand fir, and promoted the
emission of monoterpenes from cyprus seedlings.
Oleoresin consists of approximately 50% by
weight of monoterpenes. Intriguingly, the review
of the ethylene response in cyprus seedlings sug-
gests a survival-related rationale for ethylene be-
ing a gaseous signaling molecule. Defensive re-
sponses in plants could be amplified through
interplant communication mediated by ethylene.

The term thigmomorphogenesis was intro-
duced by Jaffe (1973) to describe the changesin



plant development induced by the action of me-
chanical stimuli such aswind or rubbing on plant
stems. In response to mechanical stimuli, plants
undergo morphological changes, including short-
ening and thickening that enhance resistance to
subsequent mechanical stresses such as windy
environments. Thigmomorphogenetically hard-
ened plants can survive and produce viable seed
where winds can be in excess of 200 mph (Jaffe
and Forbes, 1993). Jaffe and Biro (1979) identi-
fied ethylene as the phytohormone-mediating
thigmomorphogenesis in kidney bean plants on
the basis of three independent lines of evidence.
First, when various phytohormones were applied
to bean plants, only ethylene was found able to
mimic the shortening and swelling of stemsthat is
associated with mechanically stimulated plants.
Second, ethylene production in bean plants was
increased by mechanical stimulation. Finally,
thigmomorphogenesis was partially inhibited
when ethylene gas was removed from the tissues
of mechanically stimulated plants by placing the
plants in a partial vacuum. The involvement of
ethylene in the developmental and molecular re-
sponses to mechanical stimulation has been ques-
tioned on the basis of kinetic data, and the ability
of ethylene insensitive mutants of Arabidopsisto
respond to mechanical stimuli similar to the re-
sponse of wild-type plants (Johnson et al., 1998).
The failure to find an association between ethyl-
ene and thigmomorphogenesis in Arabidopsis
mutants does not disprove the role of ethylenein
mediating these responses in other species. A
surprising dissociation between ethylene and
wound-inducible gene expression has been ob-
served in Arabidopsis (Reymond et al., 2000).
Abeles et a. (1992) have speculated about com-
pensating mechanisms that could account for the
ability of ethylene-insensitive mutants of
Arabidopsis to complete their life cycle under
laboratory conditions. It seems important to dis-
tinguish between rapid effects of mechanical
stimuli on cell elongation and longer term changes
in cell number and structure that constitute the
kind of thigmomorphogenesis changes shown in
Figure 8. Recently, Bown and Zhang (2000) have
shown that rapid growth inhibition in response to
mechanical stimulation of soybean hypocoty! tis-
sueis associated with rapid GABA synthesis. By

mani pulating tissue GABA levelsand using modu-
lators of Ca?* homeostasis, they concluded that
the elevation in GABA levels aone was not suf-
ficient to cause growth inhibition. Therefore, re-
sultsof studies by Johnson et al. (1998) and Bown
and Zwang (2000) indicate that GABA aone and
ethylene do not mediate the rapid changesin cell
elongation induced by mechanical stimuli.
Thigmomorphogenesis, however, has been ob-
served in 50 species in over 20 families (Abeles
et a., 1992). The evidence suggests that hor-
mones play a key role in the sequence of events
induced by stress (Itai, 1999). If ethylene does not
mediate the thigmomorphogenetic response to
mechanical stress shown in Figure 8, which other
phytohormone is better qualified to fulfill this
role? Intheir study of thigmomorphogenesis, Jaffe
and Biro (1979) measured extensive changes in
cell number and structure days after the increase
in ethylene production and the mechanical stimu-
lation that induced the response. Such stress-in-
duced morphological changes are generally regu-
lated by phytohormones (Itai, 1999).

A linkage between stress-induced increases
in Ca?*, GABA, ethylene, and resulting
thigmomorphogenetic responses remains to be
established. Nevertheless, the indications are
that thigmomorphogenesis could provide an
early example of how stress-induced changes
in Ca?* are coupled to physiological responses.
Lessthan 1 s after mechanical stimulation was
given to bean plants, there was a dramatic
drop in electrical resistance of thetissue which
was interpreted as an increase in membrane
permeability to electrolytes (Jaffe and Biro,
1979). The earliest thigmomorphogenetic
events seem to involve membrane changes that
allow Ca2* to act as a secondary messenger,
probably via CaM. Evidence for the involve-
ment of CaM comes from the demonstration
that thigmomorphogenetic responses have been
blocked by CaM inhibitors (Jaffe and Forbes,
1993). In this later review of thigmomor-
phogenesis, Jaffe and Forbes (1993) conclude
that the strongest evidence indicates that eth-
ylene mediates thigmomorphogenetic re-
sponses. The review ends by anticipating that
the future will show how early changesin Ca?*
are coupled to ethylene production.
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FIGURE 8. Thigmomorphogenesis in kidney beans. Appearance of the first internode of control (left) and rubbed
(right ) plants. Mechanically stimulated plants were rubbed 10 times once each day for 5 days. (Reprinted with
permission of John Wiley and Son, New York. From Jaffe, M. J. and Biro, R. 1979.)

GABA is metabalically positioned to link
stress-induced changes in Ca** to thigmomor-
phogenetic responsesthrough an effect on ethylene
biosynthesis. Direct evidencefor an effect of GABA
on ethylene production has been obtained in vitro
using Sellaria longipes (Kathiresan et d., 1998).
High concentrations of GABA induced ethylene
evolution and inhibited stem elongation in shoot
tip cultures of S longipes. In pardlée to the in-
crease in ethylene production, there was an in-
crease in mRNA for l-aminocyclopropane,
1-carboxylase (ACC) synthase in GABA-treated
plants. ACC synthase playsamajor rolein regulat-
ing ethylene biosynthesis (McKean and Yang,
1988), and in most plant tissues this is considered
theratelimiting step in ethylene production (Kende,
1993). Ethylene production was increased signifi-
cantly when cultureswere grown in mediacontain-
ing 750 uM GABA and ethylene was increased
threefold in treatments with 10 mM GABA. The
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GABA-mediated inhibition of stem elongation was
significantly reduced by aminoethoxyvinylglycine
(AVG), aninhibitor of ethylene biosynthesis, and
siver thiosulfate (ITS) an inhibitor of ethylene
action. In separate studies with sunflower cotyle-
dons exogenous applications of GABA caused up
to a 14-fold increase in ethylene production
(Kathiresan et al., 1997). The effects of GABA on
ethylene production could not be mimicked with
equimolar treatments of either L-glutamate, L-ala
nine, or succinic acid. The findings that GABA
induces ethylene biosynthesis may have been fa
cilitated by the long exposure times of plant tissue
to GABA. Shoot tip cultures of S. longipes were
cultured for 21 days (Kathiresan et a., 1998), and
sunflower cotyledons were treated for 6 h before
any significant increase in ethylene was detected
(Kathiresan et al., 1997).

The effects of GABA on ethylene biosynthe-
sis were investigated in detached soybean |eaves



by Turano et al. (1997). GABA did not increase
ethylene production, but the exposure time to
GABA treatments (6 h) would not have been
sufficient time to induce a response in sunflower
cotyledons (Kathiresan et al ., 1997). Interestingly,
in soybean leaves 20 MM GABA treatments in-
hibited ethylene biosynthesis more than treatments
with AVG and cobalt, an inhibitor of ACC oxi-
dase activity. This result is consistent with an
inhibiting effect of high levels of GABA on the
activity of enzymes for ethylene biosynthesis.

If GABA-induced ethylene production can be
confirmed in other plants, it would connect stress-
induced changes in intracellular Ca2* to func-
tional stress-related responses. Thereis, asyet, ho
case where the entire series of events can be
traced from perception of environmental stressto
hormonal and functional physiological responses
(Morgan and Drew, 1997; Itai, 1999). If GABA-
induced ethylene production is a common ele-
ment in stress transduction pathways, how do
plants differentiate between different stress sig-
nals? Sometimes it seems they do not. Mechani-
cal stress (brushing) applied to tomato leaves in-
creased chilling tolerancein tomato plants (Keller
and Steffen, 1995). Heat shock induced disease
resistance in tomato plants (Stermer and
Hammerschmidt, 1987) and increased salt toler-
ance in cotton plants (Kuznetsov et al., 1993).
Mechanical stimulation increased drought toler-
ance (Figure 9) and freezing tolerance in kidney
beans (Jaffe and Biro, 1979). In these exampl es of
cross tolerance to stress, GABA and ethylene are
common molecules having the characteristics of
signaling molecul es discussed in theintroduction.

C. GABA-Mediated Mineral Acquistion in
Stress-Related Metabolism

An effect of GABA on mineral acquisitionin
plants was found in experiments with duckweed
(Lemna minor L). When plants were cultured in
media containing 1 and 10 mM GABA, plant
growth and plant mineral content were increased
in adose-dependent manner (Kinnersley and Lin,
2000). Plants treated with 10 mM GABA had
higher levels of macronutrients and higher levels
of Mn, Zn, and B than untreated plants, and the

increases in tissue Mn content of GABA-treated
plants were more than twofold higher than that of
other micronutrients.

Observations of improved tolerance to pow-
dery mildew in wheat plants treated with afoliar
GABA-containing formulation (AuxiGro™) sug-
gested a mechanism by which GABA-mediated
mineral acquisition could promote stress-related
metabolism. In a greenhouse experiment, the
AuxiGro-treated plantswere significantly lessin-
fected, yielded 35% more grain, and plant tissue
had 32% higher levels of manganese (Mn) than
untreated plants (Kinnerdey, 1998). Graham and
Webb (1991) have discussed the way that manga-
nese availability can increase tolerance to pow-
dery mildew disease in cereals. The importance
of this element in disease resistance is indicated
by the distribution of powdery mildew problems
in wheat, which is closely correlated with the
distribution of Mn-deficient soils. Manganese-
containing foliar fertilizers have been used to
control powdery mildew in wheat. Manganese is
an essential element for activating enzymesin the
lignin biosynthetic pathway, and an increased
capacity to synthesize lignin has been correlated
to disease resistance in cereals (Hammerschmidt,
1984). Lignin is a complex polymer and cellular
deposition of ligninin cell wallsactsasaphysical
barrier to the penetration of fungal hyphae.

Distinct metabolic pathways are associated
with plant responseto specific stresses (Harborne,
1997). The extent to which tissue resources of
micronutrients are sufficient to support the sud-
den needs of stress-induced metabolic pathways
is unknown. The effectiveness of Mn-containing
fertilizers for treating powdery mildew disease
showsthat there aretimes when the availability of
Mn islimiting the stress response. At such times,
GABA may promote stress-related metabolism
through mineral acquisition.

The minerd acquisition hypothesis merits con-
dderation on at least three accounts. First, it has been
a common observation that tissue samples from
GABA/AuxiGro-treated plants have higher amounts
of minerds than tissue from untreated plants. As
described above, this has been found in duckweed
and greenhouse-grown whest. It has aso been ob-
sarvedinfied grown crops. Intomatoesthe AuxiGro
trestment that gave the greatest increase in plant nu-
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FIGURE 9. Example of cross-tolerance to stress. The effect of drought on control (left) and rubbed (right) kidney
bean plants. Plants that had been rubbed or not rubbed for 8 days were placed in the growth chamber without
irrigation. The picture was taken 5 days later. (Reprinted with permission of John Wiley and Son, Inc. New York, N.Y.

10158. From Jaffe, M. J. and Biro, R. 1979.)

trients ds0 gave the best increasein tomato yield and
solids content (Kinnerdey, 1998). Second, this hy-
pothesis provides a mechanism whereby GABA-
mediated increasesin nutrient availability could pro-
mote both stress-rel ated metabolism and theincreased
crop growth and productivity described in Section
I1.A. Findly, the minerd acquisition hypothesis re-
lates GABA effectsin plants to known mechanisms
of actioninanima systems. GABA, and GABA . are
members of the ligand-gated ion-channd superfam-
ily of receptors(Johnston, 1997). Activationof GABA,
receptors involves a different mechanism, mediated
through G-proteinsthat modulateion channdls (Bow-
ery and Brown, 1997). Direct evidencethat one of the
GABA-like receptors we have identified may regu-
lateion channels was reported recently. Results from
Arabidopsis overexpressing a putetive glutamate re-
ceptor gene suggested that GLR2 may play aregula
tory roleinion utilization during normal development
(Kim et al., 2000). The GLR2 gene that was
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overexpressed in transgenic plants correspondsto the
GABA-like loci shown in Figure 6, (GLR2a) which
has sequence similarity in the N-terminal domain to
anima GABA; receptors.

The observations that samples of tissue from
crops given foliar applications of AuxiGro™ had
higher levels of minerals than tissue from un-
treated plants suggests that GABA mediates a
root-specific response and raises the question of
long distance transport of GABA. Intercellular
GABA transport and the possible involvement of
stress-induced GABA transporter proteins has
been discussed by Shelp et al. (1999).

D. Anaplerotic Role in Stress-Related
Metabolism

Anaplerotic reactions (“filling up reactions’,
Kornberg, 1966) are metabolic processes that



ensure that the intramitochondrial concentrations
of the citric acid cycle intermediates remain con-
stant with time (Matthews and Van Holde, 1996).
Hill (1997) has discussed the fundamental differ-
ence in the role of the TCA cyclein animals and
plants and the metabolic consequences of thisfor
plants. The TCA cyclein plants performs an ana-
bolic role, and consequently intermediates are
constantly being drained from the cycle for bio-
synthesis. A primary anabolic role of TCA cycle
intermediates is the formation of amino acids.
Transamination converts the keto acids, pyruvic,
oxal oacetic, and a-ketoglutaric to alanine, aspar-
tic, and glutamic acids, respectively. The crucia
role of these anabolic reactions in stress-related
metabolism can be appreciated by considering the
role of aspartic acid in the biosynthesis of stress
metabolites. Aspartic acid and the derivativeamino
acids lysine, threonine, methionine, and isoleu-
cine are building blocks for stress-specific pro-
teins. Such proteins include heat-shock proteins
(for review see Waters et a., 1996), anti-freeze
proteins (Antikainen and Griffith, 1997) and low-
temperature-induced proteins (Bootheet al., 1997),
anaerobic proteins (Sackset al., 1980), and patho-
genesis-related proteins (PR-proteins, Kuc, 1997).
In addition, methionine, derived from aspartic
acid, isaprecursor inthe synthesis of polyamines
and ethylene, the formation of which isassociated
with numerous environmental stresses
(Bouchereau et al., 1999) and Section |V.B of this
review.

Theforegoing has been described, with refer-
ence to a single amino acid, to indicate the mag-
nitude of the demand for TCA cycle intermedi-
atesto support stress-related metabolic pathways.
This poses a problem becauseif intermediates are
removed and not replaced, the cycle will ulti-
mately stop. In plantsthefilling up or anaplerotic
roleisprovided by oxal oacetic acid that is synthe-
sized from phosphoenolpyruvic acid (PEP) by
PEP carboxylase (Plaxton, 1996; Hill, 1997). Evi-
dence that anaplerotic carbon fixation occurs in
plants comes from the demonstration that plant
tissues incorporate label from 4CO, into organic
acidsinthedark. Initialy, thelabel is confined to
oxal oacetate, malate, and aspartate, but after fur-
ther metabolism labeling of all the intermediates
of the TCA cycle and many amino acidsis found

(Hill, 1997). Interestingly, PEP carboxylase, the
enzymethat mediates dark CO, fixation, is absent
from animal tissues (Conn and Stumpf, 1973).
Presumably, thisreflectsthefact that heterotrophic
organisms obtain the carbon skeletons of amino
acids from their diet.

The question whether GABA serves an
anapleratic role may be dependent on the extent
to which PEP carboxylase is able to supply suffi-
cient amounts of oxaloacetate from PEP to re-
place carbon lost from the cycle. When the avail-
ability of PEP is limited, the capacity of PEP
carboxylase to fulfill its anaplerotic role will also
be limited. Under a variety of biotic and abiotic
stresses, PEP is also required to support stress-
induced phenylpropanoid biosynthesis, which at
times consumes as much as 20% of total photo-
synthetic carbon (Dennis and Blakely, 1995).
Quantitatively, the most important product of
phenylpropanoid metabolism is lignin. It is esti-
mated that 15 to 20% of the carbon fixed in the
biosphere each year is eventually incorporated
into this cell wall polymer (Ellis, 1997). The de-
fensive function of lignin in disease resistance
was discussed in the preceding section of this
review. Many other stress metabolites are derived
from phenylpropanoid metabolism (Figure 10).
In addition to lignin, stress-induced phenylpro-
panoidsinclude antimicrobial compounds such as
phytoalexins and compounds such as coumestrol
and coumarin, which are toxic to potential herbi-
vores and induced in response to herbivore feed-
ing. All these defensive compounds are derived
from cinnamic acid, which isformed from pheny-
lalanine. Synthesis of phenylalanine requires
equimolar amounts of PEP and p-erythrose-4-
phosphate from the pentose phosphate pathway.
Stress-induced phenylpropanoi d metabolism there-
fore will divert carbon away from the PEP
anapleratic pathway, which is the primary route
to replenish TCA cycle intermediates. How much
carbon is likely to be diverted away from
anaplerotic reactions and into synthesis of
antifeeding compounds such as coumestrol and
coumarin when an otherwise defenseless plant is
being eaten by a herbivore? The answer to that
guestion will determine the extent to which car-
bon in the TCA cycle must be replenished to
maintain a constant concentration of carboxylic
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(Reprinted with permission of the American Society of Plant Physiologists, Rockville, MD. From Dixon, A. and Paiva,

N. L. 1995. The Plant Cell, 7:1085-1097.)

acid intermediates. In such circumstances the
GABA shunt may perform an anaplerotic role by
providing carbon to the cycle through GABA
catabolism to succinic acid. Shelp et al. (1999)
have provided evidence for transport of GABA
from the cytosol into the mitochondria, where the
enzymesfor GABA catabolism are located. Inter-
estingly, the last step of GABA catabolism in-
volves an irreversible oxidation of succinic
semialdehyde to succinate, catalyzed by succinic
semialdehyde dehydrogenase (Shelp et al., 1999).
In his seminal essay on anaplerotic sequences,
Kornberg (1966) notes that a distinguishing fea-
ture of anaplerotic enzymes is that the reactions
they catalyze areirreversible under physiological
conditions. The likelihood that GABA is able to
provide significant amounts of anaplerotic carbon
is strengthened by considering a similar meta-
balic role for proline. This amino acid accumu-
lates in plants in response to drought and cold
stress then disappears rapidly when the stress is
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removed (Stewart and V oetberg, 1985). Prolineis
oxidized via athree-step process that produces 2-
oxyglutarate that feeds into the TCA cycle. In
barley |eaves recovering from drought, the oxida-
tion of proline can account for up to 20% of the
rate of respiration (Stewart and Voetberg, 1985).
Asnoted in the introduction, the levels of GABA
that accumulate under stress frequently exceed
that of amino acidsinvolved in protein synthesis.
Levelsof GABA were more than threefold higher
than levelsof prolineinleaves of cotton (Hanover
and Brzozowoska, 1975) and bean (Raggi, 1994)
exposed to drought stress. Recent reviews on
GABA have suggested that GABA produced dur-
ing stress can provide a source of carbon skel-
etons for the TCA cycle after stress has been
relieved (Snedden and Fromm, 1999; Shelp et al.,
1999; Bown and Shelp, 1997). The metabolic
considerations discussed above suggest that stress-
induced phenylpropanoid metabolism may create
an immediate need for an alternative source of



carbon to provide for the uninterrupted function-
ing of the TCA cycle. GABA is well positioned
metabolically to fulfill this need.

V. CONCLUDING REMARKS

Thediscovery of glutamate receptor-like genes
in plants and their physical similarity to animal
ionotropic glutamate receptor genes led to the
conclusion that both evolved from a primitive
signaling mechanism that existed before plants
and animals diverged (Chiu et al., 1999). In this
review, molecular and physiological studies have
been described that show that plants possess do-
mains that are similar to GABA; receptors and
respond to pharmacologically active agents that
affect animal GABA receptors. Glutamate and
GABA play antithetical roles in the transmission
of systemic signals in animals. Establishing the
existence of GABA-likereceptorsin plantswould
open up the intriguing possihility of finding func-
tional similaritiesamong GABA receptor domains
in receptor molecules found in both kingdoms. In
plants and animals the GABA signaling system
may performasimilar rolein survival by facilitat-
ing responses to stress. The role of GABA in
neural mechanisms that underlie survival-related
motor functions in animals is clear. The role of
GABA in functionally analogous survival activi-
tiesin plantsisnot. “Thereisasyet no case where
the entire series of events can be traced from
stress perception to response” (Morgan and Drew,
1997). However, GABA is connected to environ-
mental stress signals through GAD activation,
which reflects both intensity and duration of en-
vironmental stress. GABA is connected to intra
cellular signal transduction pathways mediated
by Ca?*, and to physiological responses mediated
by “stress’ ethylene. Elucidating the function of
GABA-like receptors in plants may help clarify
the precise roles of GABA in plant responses to
stress.
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