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The ability of plants to tolerate drought conditions is crucial for plant survival and crop production
worldwide. The present data confirm previous findings reported existence of a strong relation between
abscisic acid (ABA) content and amino acid accumulation as response water stress which is one of the
most important defense mechanism activated during water stress in many plant species. Therefore, free
amino acids were measured to determine any changes in the metabolite pool in relation to ABA content.
The ABA defective mutants of Arabidopsis plants were subjected to leaf dehydration for Arabidopsis on
Whatman 3 mm filter paper at room temperature while, tomato mutant plants were subjected to drought
stresses for tomato plants by withholding water. To understand the signal transduction mechanisms
underlying osmotic stress-regulating gene induction and activation of osmoprotectant free amino acid
synthesizing genes, we carried out a genetic screen to isolate Arabidopsis mutants defective in ABA
biosynthesis under drought stress conditions. The present results revealed an accumulation of specific
free amino acid in water stressed tissues in which majority of free amino acids are increased especially
those playing an osmoprotectant role such as proline and glycine. Drought stress related Amino acids
contents are significantly reduced in the mutants under water stress condition while they are increased
significantly in the wild types plants. The exhibited higher accumulation of other amino acids under
stressed condition in the mutant plants suggest that, their expressions are regulated in an ABA
independent pathways. In addition, free amino acids content changes during water stress condition
suggest their contribution in drought toleration as common compatible osmolytes.
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Plants abiotic resistance mechanism is very al., 2005). In case of drought stress tolrtation, plant
complex as it is influenced by several physiological  responses improve  water-use
environmental factors during developmental stage efficiency (Sahi C. et al., 2006 and Umezawa et al.,
of plant (Ramachandra-Reddy et al, 2004; Gubler et 2006) through several mechanisms such as, leaf
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wilting, reduction in leaf area (Deak and Malamy,
2005; De Smet et al., 2008) reducing of
transpiration and photosynthesis activities (Flowers,
2004: Vinocur and Altman, 2005) and
accumulation of solutes, such as sugars, amino
acids, organic acids and ions — especially potassium
(K% (Wang et al, 2005; Mittler, 2006; Ribaut and
Poland, 2004). In addition, drought stress is
accompanied with accumulation of free amino acids
(Stewart and Larher, 1980) to adjust Nitrogen
metabolism which in turn will principally used for
synthesis of specific enzymes or proteins involved
in drought toleration (Navari-Izzo et al., 1990 +
ABAIl). Amino acids are not only fundamental
protein constituents but also serve as precursors for
many essential plant metabolites. Although amino
acid biosynthetic pathways in plants have been
identified, pathway regulation, catabolism, and
downstream  metabolite  partitioning  remain
relatively uninvestigated. Beyond their essential
function as the building blocks of proteins, amino
acids contribute to many aspects of plant
biochemistry and physiology. Despite this, there are
relatively large gaps in our understanding of the
biochemical pathways and regulation of amino acid
synthesis in plants. (Jander et al, 2004). Recently,
free amino acids are hypothesized to act as
osmolytes that protect plant cells against
dehydration (Nambara et al., 1998; Joshi and
Jander, 2009). The recent progress in gene
expression, transcriptional regulation and signal
transduction knowledge in plant responses to
drought has facilitated gene discovery and enabled
genetic engineering using several functional or
regulatory genes to activate specific or broad
pathways related to drought tolerance in plants.
Therefore, plant responses underlying drought
tolerance are accompanied by the activation of two
main groups of genes (Shinozaki and Yamaguchi-

Shinozaki, 2007; Zhang et al., 2004). One group is
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involved in accumulation of compatible metabolites
such as the phytohormone abscisic acid (ABA),
amino acids or osmotically active compounds,
while the other is involved in the perception of
drought stress and in the transmission of the stress
signal (Bruce, 2002, Colmer, 2006 ) (AA-ABA 2).
ABA plays important role in many plant cellular
plant  cellular  processes  including  seed
development, dormancy, germination, vegetative
growth, adaptation to water deficit, through
combinatorial signaling pathways (Shinozaki et al,
2003 + ABA1) along with its previously known
functions in regulation of plant development,
stomatal opening, low temperature and salinity
adaptive responses. Moreover, ABA serves as a
stress signal for production of some metabolites
such as, osmolytes (Munns and Sharp, 1993;
Verslues and Zhu, 2005 + AA-ABA3). It is clear
that there is cellular collaboration for protection
against drought that can be achieved accumulation
of osmoprotective compound and their elicitors.
Therefore, the current study aimed to determine the
levels of free amino acids in response to a water
deficit in ABA defective tomato and Arabidopsis
various mutants at the different growth stages. This
will increase our understanding of the regulatory
networks controlling the drought stress response.
Achievement of the previous objective in the
present investigation was done by determination of
free amino acids levels in response to a water
deficit in different ABA defective mutants of
Tomato and Arabidopsis plants at different growth
stages. The availability of ABA-deficient mutants
in Arabidopsis and tomato has provided invaluable
opportunities to investigate the role of ABA in plant
stress responses through osmoprotectant free amino
acids. (AA-ABA 1). The various mutants have been
used to analyse the role of ABA in stress tolerance,
however, there is limited information available on

the correlation between stress induced amino acids
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and ABA accumulation in plants.
MATERIALS AND METHODS
Plant Materials:

The selected plants used for drought stress
experiments in the current study were the ABA-
biosynthetic mutants and wild-types strains of
tomato (Lycopersicon esculentum) and Arabidopsis
plants. Three tomato wilty mutants, notabilis (not),
flacca (flc) and sitiens (sif) defective in ABA
biosynthesis were used for the drought experiment
along with wild type control tomato plants and four
Arabidopsis thaliana ABA-biosynthetic mutants
were (aba2-2, aba3-1, aao3-1 and nced3-4). The
control used in this experiment was wild-type (Col-
0).

Seeds sterilization and Vernalization:

Mutant and wild-type seeds of both plants were
surface sterilized with a 1 min wash of 70%
ethanol, followed by 50% bleach and 0.01%
Tween-80 for 10 min. Then, Tomato and
Arabidopsis seeds were rinsed four times with
sterilized water, and were suspended in 0.1% sterile
phytoagar (Gibco BRL Life Technologies). Seeds
were cold-stratified at 4°C for 3 days.

Seeds germination and plant growth

Arabidopsis plant seeds were germinated in
Cornell Mix with Osmocoat fertilizer (Landry et al.,
1995) in 20 x 40-cm nursery flats in Conviron
growth chambers. Photosynthetic photon flux
density was 200 umol m s, the photoperiod was
16:8 day: night, the temperature was 23°C, and the

relative humidity was 50%.

Tomato seeds were germinated in soil pots
fertilized with 20:20:20 (N:phosphate: potassium)
fertilizer (J.R. Peters) under greenhouse conditions
under 14 h of light and with photosynthetically
active radiation between 400 and 500 mmol
photons m™ at the soil surface. Greenhouse

temperatures ranged from C during the day/night.

ABA biosynthesis defective mutants...

They were selected to harvest leaves, flowers and

siliques for amino acid analysis.

Reduced amino acid contents in drought
stressed tomato mutant ‘sitiens’ (sit) were rescued

by exogenous ABA feeding.
Drought tolerance Experiments:

For the drought stress experiments performed
on tomato plants, wild types and mutants were
grown in the same flats, and irrigated to six-week-
old plants was withheld for 6 to 10 days, until

complete wilting.

For dehydration experiments performed on
Arabidopsis plants, tissues were detached from the
3-weeks-old plants and dehydrated on paper towels
for 18 h under ambient humidity. Plant tissue was
weighed before and after the dehydration

treatments.

In dehydration experiments of stressed tomato
mutant ‘sitiens’ (sif) rescued by exogenous ABA
feeding tomato plants, leaves of ABA-defective
mutants fed by ABA and ABA-defective mutants
fed by water leafs were detached from 6-week-old
plants and allowed to feed with ABA (25 uM) for
24 hours.

Arabidopsis and Tomato sampled tissues were
collected for free amino acid extractions and HPLC

evaluation analysis.
Amino Acid Analysis by HPLC:

Tissues were sampled concurrently for wild-
type and transgenic plants from four desiccated

plants in each experiment.

For free amino acid analysis, plant tissue was
pre-weighed and was frozen in liquid nitrogen
along with 3-mm steel balls (Abbott Ball Company)
and was homogenized using a Harbil 5G-HD paint
shaker (Fluid Management). Amino acids levels
were analyzed as described previously (Joshi et al.,
2006) using an AccQ-fluor reagent kit (Waters).
Aliquots (10 uL) were used for HPLC analysis
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using a Waters 2790 separation module. Separation
was performed on 3.9 x150 mm AccQ-Tag column
(Waters) at 38°C, and amino acids were detected
using a Waters 2487 dual-wavelength absorbance
detector at 280 nm and a Waters 2475 photodiode
array detector with excitation at 280 nm and
emission at 395 nm. Eluent A (sodium acetate and
trimethylamine, pH 5.04; Waters) and solution B
(60% acetonitrile:40% water) were used at a 1 mL
min flow rate with the following gradient: 0 to
0.01 min, 100% A; 0.01 to 5.0 min, linear gradient
to 97% A, 3% B; 5 to 12 min, to 95% A, 5% B; 12
to 15 min, 92% A, 8% B; 15 to 45 min, 65% A,
35% B; 45 to 49 min, to 65% A, 35% B; 49 to 50
min, to 100% B; 50 to 60 min, to 100% B, 61 to 68
min, 100% A. Standard curves were prepared using
amino acids purchased from Sigma-Aldrich. Amino
acid concentrations were calculated by comparing
peak areas to those of standard curves and
normalized using L-nor leucine as an internal

control.
RESULTS

The detached leafs from both plant species,
Arabidopsis and tomato wild-type and mutants
defective in ABA biosynthesis used for the drought
experiment have shown that free amino acids
extracts of fresh and drought stressed and
dehydrated tissues detected by using HPLC, as per
methods described by (Joshi and Jander , 2009)
were subjected to quantification done by comparing
peak areas to those of standard curves and
normalized using L-nor-leucine as an internal

control shown in (Fig. 1).

In case of amino acid contents found in tomato
mutant leafs rescued by exogenous ABA feeding
before Dbeing subjected to drought stress
experiment, we found significant differences
observed between amino acids content in ABA fed
and water fed controls leaf tissues of the tomato

mutant ‘sitiens’ (sit) as it is appeared in (Fig. 2).
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These ABA induced amino acids include Tyr, Ile,
Arg, Leu, Val, His, Ser and Thr which were found
in higher concentration in drought stressed tomato
mutant ‘sitiens’ (sif) rescued by exogenous ABA
feeding in comparison with water fed control with
the rate average more than 60%. Significantly
reduced branched chain amino acid accumulation in
ABA-biosynthetic tomato mutants ‘not and ‘sit’
suggests direct role of ABA in stress induced amino

acid synthesis.

Generally, ABA-defective mutants are more
droughts susceptible as compared to the wild types
control. This was clearly found in of species,
tomato and Arabidopsis, examined in this study.
This is underlined by the relatively low production
of leave biomass and expression level of some
ABA-dependent amino acids under water deficit
conditions. Failure to accumulate many stress-
induced amino acids in flowers and siliques of
Arabidopsis plants defective in ABA biosynthesis
implies ABA-mediated regulation of amino acid

synthesis in reproductive tissues.

The levels of free amino acids in 3-week old
tomato leaves (Lycopersicon esculentum L.)
notabilis (not), flacca (flc) and sitiens (sif) mutants
were determined as appeared in (Fig. 3) in which
the levels of 10 different amino acids were changed
in response to a water deficit. The flacca (fic)
tomato mutant displays a wilty phenotype as a
result of abscisic acid deficiency did not show any
significant change in amino acid level comparing to
wild type tomato. However, amino acid levels in
the other tomato mutants, notabilis (not), and
sitiens (sit) under drought stress showed that,
isoleucine (Ile), valine (Val), leucine (leu), alanine
(Ala) and proline (Pro) significantly reduced, while
arginine (Arg) and lysine (Lys) were increased in
the leaves. Histidine (His), serine (Ser) and glycine

(Gly) didn’t change significantly.
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Figure 1. Free amino acids standard curves fractions identified by HPLC analysis
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Figure 2: Amino acid contents in drought stressed tomato mutant ‘sitiens’ (sit) rescued by exogenous
ABA feeding in comparison with water fed control. Significant differences were observed
in amino acids content in ABA fed leaf mutants. Mean + SD of n = 3 to 4. *, P<0.05,
relative to wild-type plant tissue, Student’s t test.
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Figure 3: Illustration of branched chain amino acids of drought stressed leafs of tomato mutants
defective in ABA biosynthesis are significantly reduced compared to wild-type. Fold-
changes in amino acids were calculated by comparing amino acids from fresh tissues to

dehydrated tissues. Mean + SD of n = 3 to 4. Abbreviation (*): P<0.05, relative to wild-
type plant tissue, Student’s t test. Concentrations were measure as pmol/mg.
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Figure 4: Amino acid contents in dehydrated flowers and cliques were significantly reduced in ABA-
biosynthetic mutant (aba2-2, aba3-1, aao3-1 and nced3-4) plants comparing with wild type
Col-0 plants. Fold-changes in amino acids were calculated by comparing amino acids from
fresh tissues to dehydrated tissues.Mean £+ SD of n = 3 to 4. * P<0.05, relative to wild-type
plant tissue, Student’s t test. Concentrations were measure as pmol/mg.
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Within tomato mutants, the most abundant amino
acids were isoleucine (Ile), leucine (leu), arginine
(Arg) and Val which are also the greatest amino acid
shown fluctuations in concentration level in
response to leaves water potential in each mutants.
Fluctuation of other amino acids within and among
mutants can be noticed for valine (Val), arginine
(Arg) and leucine (leu). However, here was a
constant low level of Proline (Pro) amino acid

occurs at water stress.

Amino acids fold-change in drought stressed
Arabidopsis leaves as well as reproductive tissues of
ABA-defective mutants (aba2-2, aba3-1, aao3-1
and nced3-4) were significantly reduced when
compared to Arabidopsis wild-type (Col-O). There
is no different in the type of these changed amino
acids upon stress water treatment, although fold
changes are different among the different plant
tissues. Unlike leaves, amino acid contents in
dehydrated flowers and siliques were significantly
reduced in mutants defective in ABA biosynthesis.
Reproductive tissues are more sensitive to drought
stress than leaf tissues. Level of amino acids changes
or fluctuations in amino acids concentration in
response to water stresses is high in flower tissues
rather than siliques. In addition, this fluctuation
appeared clearly within methionine (Met) and
glycine (Gly) in within the four mutants as shown in
(fig. 4). Aba3-1 mutant is less affected by ABA
defection in siliques tissues. On the other hand, the
most abundant amino acids are phenylalanine (Phe),
leucine (leu), and isoleucine (Ile) in both flowers and
sliques tissues. However, the level of these amino
acids are higher in flowers than siliques and leave

tissues.

Arabidopsis and tomato mutants defective in ABA
biosynthesis are expected to be lesser drought
tolerant, as it is shown in figure 2 in which branched

chain amino acids of drought stressed leaves of

ABA biosynthesis defective mutants...

tomato mutants defective in ABA biosynthesis are

significantly reduced compared to wild-type.
DISCUSSION

It is widely known that, drought stress triggers a
wide range of plant drought-resistance-related genes
regulating the synthesis of osmotically active
compounds such as the phytohormone, abscisic acid
( Ramachandra-Reddy et al, 2004) and specific
proteins/enzymes known for their roles in stress
toleration  through stomatal closure, ROS-
scavenging, membrane protection (Chaves et al,
2004), detoxification and alleviation of cell damage
during dehydration (Bartels and Sunkar, 2005) and
relevant amino acids (Vinocur and Altman, 2005). In
the current study, the increased contents of total
amino acids detected in ABA rescued tomato species
exposed to drought were previously reported by
(Zhang and Kirkham, 1996; Yadav et al, 1999). The
observed data are also in agreement with the
previous studies which showed a marked increase in
the amount of free amino acids due to water stress
(Schubert et al., 1995) such as aspartate, alanine and
glutamate in stressed leaves of wheat (Barnett and
Naylor, 1966; Routley, 1966), proline (Stewart,
1972 and 1977, Singh et al., 1973; Karamanos et al.
1983; Zagdanska, 1984 and Li et al, 1997),
glutamate (A), isoleucine (B), methionine (C), valine
(D) and proline (E) in leaves of the cotton (Navaro-
Izzo, 1990), methionine (Yang and Adams, 1980),
aspartate, glutamate, proline, alanine and valine
(Zagdanska, 1984), Glu, Pro, Arg, Asn and Orn has

in  ponderosa pine (Vance and Zaerr, 1990).

Arginine (Vance and Zaerr, 1990).

Exogenous application ABA rescues reduced
amino acid phenotypes of “si” mutant but not that
of “not’ and ‘flc’ so that, Tyr, Ile, Arg, Leu, Val,
His, Ser and Thr are categorized as ABA-dependent
amino acids. A general consensus resulting from

using abscisic acid mutants in “sif” tomato mutant
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subjected to drought is that expression of various
free amino acids is mediated by ABA-dependent and
ABA-independent pathways to regulate the
(AMINO ACIDS 9) (AA-ABA 1) (Bray, 2002) in
which ABA that plays an important role in
physiological regulation of ABA-responsive genes
(Finkelstein et al., 2002). Therefore, we can come to
conclude that ABA is directly involved in either up
or down regulation of certain amino acids involved
in response to environmental drought stress.
Moreover, amino acids that are not affected by ABA
during drought tolerance in both plants seems to be
regulated through ABA independent pathway.
Previously mentioned physiological significance of
amino acids accumulation the presence of water
deficit plants were attributed to increase in osmotic
potential (Navari-Izzo et al, 1990), synthesis of
specific drought-resistance enzymes rich in Gly, Pro
and other hydrophilic amino acids, adjustment of N
metabolism (Stewart and Larher, 1980; Vance and
Zaerr, 1990), a long-distance transport and storage
form of nitrogen in plant trees such as Arg and Asp
(Vance and Zaerr, 1990), maintaining energy fluxes
of the chloroplast such as aspartate, glutamate,
proline, alanine and valine (Zagdanska, 1984),
protection of several enzymes against heat
denaturation and other destructive effects of drought
stress such as proline and valine (Aspinall and Paleg
et al, 1981; Irigoyen et al., 1992 ; Raggi, 1994),
osmotic adjustment of the cell such as proline
(Brhada et al., 1997) and involvement in metabolic
synthesis of different precursors during water stress
in plant such as (2-oxobutyrate and pyruvate, by
isoleucine and valine (Val) respectively (Bryan,
1980) and precursors or activators of phytohormones
and growth substances such as, ethylene synthesis
from methionine (Yang and Adams, 1980).
Similarly, amino Acids are. In addition, free amino
acids were reported to act as osmolytes in abiotic

stress response of many plants such as, leucine and
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valine that are coordinately regulated are induced
many-fold during osmotic stress and their
accumulation has biological significance under

abiotic stress (Joshi et al. 2010).

On the other hand, plant’s response to multiple
stresses is more complicated as it cannot be inferred
from the response to individual stress (Mittler,
2006). In addition, there is limited information
available on this correlation, since there were high
number of transcriptional factors regulating drought
stress-responsive genes in higher plants (Signal).
However, the noticed variation patterns of free
amino acid synthesis in the identified mutants
comparing to wild types evident for that, ABA
transcription factors seems to be co-expressed with
genes involved in amino acid metabolism. It was
previously reported that accumulate high amounts of
ABA induce expression of many transcription
factors cascades that lead to expression of many
drought stressed induced functional proteins and
many branched chain amino acids used by many
plants for enhancement of drought toleration
(Umezawa et al, 2006). The previous explanations
can show the presence of complex interactions
mechanism between ABA-induced signaling and
drought-stress signaling of related amino acid. In the
current study, we have found that amino acids have
two different types of responses underlying drought
tolerance in plant. The first group seems to be ABA
independent in which elevation of these amino acids
is probably accompanied by the activation of genes
involved in the perception of drought stress and in
the transmission of the stress signal. On the other
hand, reduced amino acids are categorized within
the another group compatible metabolites such as the
phytohormone abscisic acid (ABA), sugars, organic
acids, amino acids or osmotically active compounds
and ions expressed in response to drought stress
(Bartels and Sunkar, 2005). Similar results were

obtained by (Hanson and Hitz, 1982) on sorghum.
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Therefore, it is not surprising to have differences in

the amino acid pattern for stress conditions in these

ABA biosynthesis defective mutants...

ABA mutants where, signal transduction specific

steps are impaired in ABA (AA-ABA 2).
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Figure 5: Schematic representation of biosynthetic pathways of abscisic acid in tomato and
Arabidopsis. The hormone is synthesized through the shunt pathway via abscisic alcohol
precursor in tomato. Alternatively, it can be from the carotenoids precursor,Neoxanthin in
Arabidopsis. Mutants of Arabidopsis and tomato defective in ABA biosynthesis are lesser
droughts tolerant. Plants, in response to stress, accumulate high amounts of ABA and
induce expression of many transcription factors. However, no information is yet known
about how ABA or transcription factors are associated with drought stressed induced
accumulation of branched chain amino acids.

Consequently, it seems that I have two kinds of
transcriptional elements according to amino acids
characters of expression under drought stress. Based
on literature survey and publicly available database
of model Arabidopsis, a hypothetical schematic
reprehensive of ABA biosynthetic pathways in
tomato and Arabidopsis is illustrated in (fig. 5) that
clarify our proposed sight of view regarding
complex regulatory mechanisms involved in drought
stress toleration regulated by internal signals
mediated by abscisic acid (ABA) that involves its
control, production, degradation, signal perception,

and transduction.

Upon water stress, higher plant’s response,
Arabidopsis and tomato, trigger ABA synthesis from
a carotenoids compounds, 9-cis-epoxycarotenoids

(2,3 Amino acids 7) through contribution of

zeaXanthin  epoxidase,

dioxygenase (NCED: Thompson et al., 2000) and

9-cis-epoxycarotenoid

abscisic aldehyde oxidase under drought-stressed
conditions (Mahajan and Tuteja, 2005; Chaves et al,
2004 + Amino acids 7). (AMINO ACIDS 9).). ABA
then play major role in up-regulation of drought
stress-responsive genes expression as well as other
osmoprotective compounds involved in an ABA-
dependent pathway such as amino acids involved in
stress toleration (Shinozaki and Yamaguchi-
Shinozaki, 2000; Mahajan and Tuteja, 2005; Zhu et
al., 2002 + AA-ABA3). On the other hand,
transcription factors such as DREB family
(Stockinger et al., 1997; Kasuga et al., 1999)) that
include four main kinds: APETALA2/EREBP, bZIP,
WRKY, and MYB [70-79 + SIGNAL]. They induce

the expression of stress tolerance genes and hence
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activated the expression of stress tolerance genes
involved in an ABA-independent pathway, leading
to improvement of tolerance to drought stress
(Stockinger et al., 1997; Kasuga et al., 1999). In
Arabidopsis thaliana, it was we reported that a
R2R3-type MYB transcription factor, MYB96,
regulates drought stress response by integrating

ABA signaling (Drought resistance 4).

The protein of most different genes coding
drought-resistance is rich in Gly, Pro and other
hydrophilic amino acids, but the content of Trp and
Cys is lower than others (Li et al, 1997+ Signal).
Drought responsive genes like RD (response to
dehydration), COR (cold responsive), LEA (late
embryogenes.

abundant)/dehydrin-like, and
aquaporin genes (Seki et al., 2001).

CONCLUSION

1- The increase in free proline may have

contributed to the osmotic adjustment.

2- Isoleucine and valine present the same
response profile to water stress, with progressive
increases in concentration with lower water

potentials.

3- The increase in methionine levels may also be

an indicator of water stress in plant tissues.
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