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Using a bioinformatics analysis of public Arabidopsis (Arabidopsis thaliana) microarray data, we propose here a novel regulatory
program, combining transcriptional and posttranslational controls, which participate in modulating fluxes of amino acid
metabolism in response to abiotic stresses. The program includes the following two components: (1) the terminal enzyme of the
module, responsible for the first catabolic step of the amino acid, whose level is stimulated or repressed in response to stress cues,
just-in-time when the cues arrive, principally via transcriptional regulation of its gene; and (2) the initiator enzyme of the module,
whose activity is principally modulated via posttranslational allosteric feedback inhibition in response to changes in the level of
the amino acid, just-in-case when it occurs in response to alteration in its catabolism or sequestration into different intracellular
compartments. Our proposed regulatory program is based on bioinformatics dissection of the response of all biosynthetic and
catabolic genes of seven different pathways, involved in the metabolism of 11 amino acids, to eight different abiotic stresses, as
judged from modulations of their mRNA levels. Our results imply that the transcription of the catabolic genes is principally more
sensitive than that of the biosynthetic genes to fluctuations in stress-associated signals. Notably, the only exception to this program
is the metabolic pathway of Pro, an amino acid that distinctively accumulates to significantly high levels under abiotic stresses.
Examples of the biological significance of our proposed regulatory program are discussed.

Plant cells possess multiple highly regulated meta-
bolic networks that play central regulatory roles in their
growth. Among the various metabolic networks, those
leading to the synthesis of amino acids have gained
considerable interest not only because the amino acids
are vital for the synthesis of proteins but also because
amino acids serve as precursors for a large array of
metabolites with multiple functions in plant growth
and response to various stresses. Just to mention a few
examples, the aromatic amino acids are used as pre-
cursors for numerous metabolites, such as hormones,
cell wall components, and a large group of multiple
functional secondary metabolites (Radwanski and
Last, 1995; Wittstock and Halkier, 2002; Pichersky
et al., 2006; Tempone et al., 2007); Met is a precursor
for the synthesis of the hormone ethylene, polyamines,
cellular energy glucosinolates, and also provides a
methyl group to DNA methylation, chlorophyll bio-

synthesis, cell wall biosynthesis, and to a large number
of secondary metabolites (Amir et al., 2002; Wittstock
and Halkier, 2002; Rebeille et al., 2006; Goyer et al.,
2007); Thr conversion into Gly is important for seed
development (Jander et al., 2004; Joshi et al., 2006); Ile
catabolism leads to the production of cellular energy
(Mooney et al., 2002); and Pro catabolism is important
for the recovery of plants from various abiotic stresses
(Rontein et al., 2002).

Biochemical studies of plant amino acid metabolism
have so far been mostly devoted to the biosynthesis of
the amino acids. These studies showed that the biosyn-
thesis of plant amino acids is largely regulated by end
product feedback inhibition loops in which specific
enzymes in a given amino acid biosynthesis pathway
(called allosteric enzymes) are feedback inhibited by
the amino acids that they synthesize (Galili, 1995;
Radwanski and Last, 1995). Eliminations of feedback
inhibition traits in specific allosteric/biosynthetic en-
zymes generally resulted in increased levels of the cor-
responding amino acids (Widholm, 1972; Galili, 1995,
2002; Radwanski and Last, 1995; Li and Last, 1996),
leading to the notion that the biosynthetic/allosteric
enzymes represent major regulatory factors determin-
ing the rate of the fluxes in metabolic pathways of
amino acids. Consequently, the potential roles of down-
stream enzymes that convert amino acids into other
metabolites (defined as catabolic enzymes of the amino
acids) in the regulation of fluxes of amino acid metab-
olism under specific physiological conditions have
been largely ignored. Nevertheless, direct experimen-
tal evidence (Dixon and Paiva, 1995; Moulin et al., 2000;

1 This work was supported by grants from the United States–
Israel Binational Agricultural Research and Development Fund
(grant no. IS–3331–02) and by the Israel Science Foundation (grant
no. 764/07).

* Corresponding author; e-mail gad.galili@weizmann.ac.il.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy
described in the Instructions for Authors (www.plantphysiol.org) is:
Gad Galili (gad.galili@weizmann.ac.il).

[W] The online version of this article contains Web-only data.
[OA] Open Access articles can be viewed online without a sub-

scription.
www.plantphysiol.org/cgi/doi/10.1104/pp.108.115733

316 Plant Physiology, May 2008, Vol. 147, pp. 316–330, www.plantphysiol.org � 2008 American Society of Plant Biologists



Galili et al., 2001; Galili, 2002; Mikkelsen et al., 2003;
Stepansky and Galili, 2003; Jander et al., 2004) and
results of publicly available microarray results (H. Less
and G. Galili, unpublished data) support such regula-
tory roles by showing that the transcript level of many
of the catabolic enzymes of the amino acids is highly
regulated by developmental, metabolic, and environ-
mental cues.

In this report, we used a bioinformatics approach,
based on publicly available microarray data from the
model plant Arabidopsis (Arabidopsis thaliana), to dis-
sect the potential function of catabolic enzymes of
amino acids in regulating fluxes of amino acid metab-
olism upon the exposure of plants to various abiotic
stresses. Our reasons for selecting abiotic stresses were
as follows: (1) various abiotic stresses stimulate the
expression of a number of genes encoding catabolic
enzymes of amino acids; and (2) the experiments em-
ploying abiotic stresses are most detailed in the pub-
licly available microarray results by having multiple
time points during the stresses, enabling efficient data
mining. Our results show that genes encoding cata-
bolic enzymes of amino acids are principally much
more sensitive and respond faster to abiotic stresses
than genes encoding biosynthetic (allosteric and non-
allosteric) enzymes and hence play major regulatory
roles in amino acid metabolism upon exposure to
these stresses. Yet, the spatial and temporal response
patterns of genes encoding catabolic and biosynthetic
enzymes are distinct for different metabolic pathways
in response to different stress conditions. Our results
also propose that catabolic enzymes contribute to
changes of fluxes via different branches of amino acid
metabolic pathways upon exposure to stress conditions,
apparently to allow timely metabolic adjustments.

RESULTS

Selection of Metabolic Pathways of Amino Acids and
Their Associated Genes

To discover regulatory principles of amino acid
metabolism, we focused on genes encoding biosyn-
thetic enzymes as well as enzymes catalyzing the first
catabolic steps of the amino acids. Our definition of
catabolism included the breakdown of the amino acid
into carbon, nitrogen, and energy-associated mole-
cules and the utilization of the amino acids for the
synthesis of other special metabolites, such as second-
ary metabolites.

In few special cases, a given amino acid is converted
into another amino acid by a second pathway, and the
first enzyme of this second pathway can be defined
either as a catabolic enzyme of the first pathway or as a
biosynthetic enzyme of the second pathway (see be-
low). For simplicity, we defined such an enzyme as a
catabolic enzyme because it uses an amino acid as a
substrate with only one exception of Thr deaminase,
the first enzyme converting Thr into Ile. Thr deaminase

was subjectively defined as a biosynthetic enzyme
because it is an allosteric enzyme that is feedback
inhibited by Ile (see below). Since amino acid metabo-
lism is largely regulated by feedback inhibition of
biosynthetic/allosteric enzymes as well as by enzymes
responsible for the first catabolic steps of the amino
acids, we focused only on amino acid metabolic path-
ways in which the genes encoding these enzymes have
been identified. Hence, our research covered 11 of the
20 amino acids. We did not include in this analysis the
following amino acids: (1) Gln, Glu, Asp, and Asn,
which are the central regulators of carbon/nitrogen
metabolism, interacting with multiple metabolic net-
works; (2) Ala, which is synthesized by one enzymatic
step from pyruvate; (3) His, for which no catabolic gene
has been identified; (4) Gly and Ser, whose metabolism
occurs by several different pathways, one of which is
strongly associated with photorespiration; and (5) Cys,
which is used as a main sulfur donor in plants and as
such is used for multiple catabolic processes catalyzed
by multiple catabolic enzymes (see The Arabidopsis
Information Resource [TAIR] and ARACYC). The 11
selected amino acids were grouped into four distinct
metabolic networks (Fig. 1) whose enzymes and the
genes encoding them are detailed in Table I.

The first network, called the Asp family network (Fig.
1A), includes the amino acids Lys, Thr, and Met, whose
synthesis initiates from Asp, and in which one pathway
leads to Lys metabolism (enzymatic steps 1–8), a second
pathway leads to Thr synthesis and its further catabo-
lism into Gly (enzymatic steps, 2, 9, 10, 18, and 19), and
the third pathway leads to Met metabolism (enzymatic
steps 2 and 9–17). Thr also leads to Ile biosynthesis and
therefore could also be included in this network, but
because Ile biosynthesis is also highly coordinated with
Leu and Val biosynthesis, we subjectively decided to
include Ile in the second network that leads to the
metabolism of these three amino acids, which are also
called branched-chain amino acids. This second net-
work (Fig. 1B) includes three pathways: (1) from Thr to
Ile (enzymatic steps 20–23); (2) from pyruvate to Val
(enzymatic steps 21–23); and (3) from pyruvate to Leu
(enzymatic steps 21–25), but in this study we treated
this network as one pathway, since most of its enzy-
matic steps (steps 21–23) are common to either two or
three of these pathways. Another enzyme that could
belong to both the Asp family and branched-chain
amino acid networks (Fig. 1, A and B) is Met g-lyase,
which catabolizes Met into a number of products,
including Ile (Rebeille et al., 2006). However, we sub-
jectively localized it to the Asp family network (Fig. 1A,
step 15) because its other catabolic products, methane-
thiol and S-methyl-Cys, are generally considered to be
catabolic products of Met (Rebeille et al., 2006; Goyer
et al., 2007). The third network (Fig. 1C) includes the
aromatic amino acids, whose synthesis initiates from
chorismate. This network includes three pathways: one
leading to Trp metabolism (enzymatic steps 26–33), and
the second and third leading to Phe and Tyr metabo-
lism. Since the Phe and Tyr pathways together contain
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only a few enzymatic steps (enzymes 34–38), one of
which is common to both pathways, we treated them as
a single pathway. The fourth network (Fig. 1D) includes
the amino acids Pro and Arg, whose metabolic path-
ways are linked to each other and therefore were
considered a single pathway in this study (enzymatic
steps 39–48). In all of the metabolic pathways, we
included genes whose functional annotation has been
identified, based on a combinatorial analysis of infor-
mation from TAIR (http://www.arabidopsis.org/),
ARACYC (http://www.arabidopsis.org/biocyc/index.
jsp), and literature review.

Selection of Abiotic Stresses as Desirable Cues
to Elucidate Regulatory Principles of Amino
Acid Metabolism

Our selection of abiotic stresses as cues to elucidate
regulatory principles of amino acid metabolism was for
two major reasons. First, adaptation of plants to stress
conditions requires an extensive shift in metabolism,
including metabolic networks associated with amino
acids (Dixon and Paiva, 1995; Zhao and Last, 1996;
Ouwerkerk et al., 1999; Moulin et al., 2000; Galili et al.,
2001; Amir et al., 2002; Galili, 2002; Mikkelsen
et al., 2003; Stepansky and Galili, 2003). Second, our
bioinformatics approach was based on publicly avail-
able Arabidopsis microarray results (Nottingham
Arabidopsis Stock Centre [NASC]; http://affymetrix.
arabidopsis.info/), and hence the quality of data min-
ing was dependent on the quality and reliability of the
data. The publicly available NASC database contains a
group of eight detailed microarray experiments, ana-
lyzing the early response of Arabidopsis roots and
shoots to various abiotic stresses (Kilian et al., 2007). In
contrast to other microarray studies, this study used
Arabidopsis plants of an identical genotype grown
side-by-side under identical conditions, which were
subjected to various stresses and which were measured
at high resolution.

General Responses of Genes Encoding Biosynthetic and
Catabolic Enzymes of Amino Acids to Abiotic Stresses

In order to elucidate the general behavior of the
biosynthetic and catabolic genes belonging to all of
the metabolic pathways shown in Figure 1, we divided
the entire set of these genes into three groups: (1) genes
encoding biosynthetic/allosteric enzymes, which are
feedback inhibited by the amino acids; (2) genes en-
coding biosynthetic/nonallosteric enzymes; and (3)
genes encoding enzymes responsible for the first cata-
bolic steps of the amino acids (Table I). Our choice of
placing the amino acids in a central position (biosyn-
thesis before and catabolism after) was for the follow-
ing reasons: (1) the amino acids are the metabolites that
feedback inhibit the allosteric/biosynthetic enzymes;
and (2) the amino acids are in the junction between
metabolic pathways and protein synthesis and turn-
over. In cases in which a given enzymatic step is cata-

Figure 1. Schematic representation of the four different metabolite
networks analyzed in this report. The positions of the different amino
acids in the different networks are marked with boxes. Biosynthetic/
allosteric, biosynthetic/nonallosteric, and catabolic enzymatic steps
are indicated by double-headed, black, and white-headed arrows,
respectively, while enzymatic steps with no known genes are indicated
by gray arrows. Numbers near each arrow refer to enzyme names
provided in Table I. A, The network of Lys, Met, and Thr metabolism,
composed of three pathways (from Asp to Lys, from Asp to Met, and
from Asp to Thr). B, The network of Ile, Leu, and Val metabolism,
composed of three pathways (from Thr to Ile, from pyruvate to Val, and
from pyruvate to Leu), which were analyzed together (as one pathway).
C, The network of Trp, Phe, and Tyr metabolism, composed of tree
pathways (from chorismate to Trp, from chorismate to Phe, and from
chorismate to Tyr), from which the pathways leading to Phe and Tyr
were analyzed together (as one pathway). D, The network of Pro and
Arg metabolism, composed of two pathways (from Glu and Orn to Pro
and from Glu and Orn to Arg), which were analyzed together (as one
pathway). The reasons for the definition and joining of the different
pathways are explained in the text. Dotted lines ending with a bar sign
represent feedback inhibition loops.
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Table I. A list and additional relevant information of all genes analyzed in the present study

Pathway Enzyme Stepa Symbol ATGb Probesetc Biosyntheticd Catabolice

Lys metabolism Monofunctional Asp kinase 1 AK AT3G02020 258977_s_at Yes (Lys) –
AK AT5G14060 258977_s_at Yes (Lys) –
AK1 AT5G13280 250291_at Yes (Lys) –

Asp-semialdehyde dehydrogenase 2 ASD AT1G14810 262841_at Yes –
Dihydrodipicolinate synthase 3 DHDPS1 AT3G60880 251392_at Yes (Lys) –

DHDPS2 AT2G45440 245145_at Yes (Lys) –
Dihydrodipicolinate reductase 4 DHDPR AT2G44040 267237_s_at Yes –

DHDPR AT3G59890 267237_s_at Yes –
DHDPR AT5G52100 248402_at Yes –

L,L-Diaminopimelate aminotransferase 5 AGD2 AT4G33680 253308_at Yes –
Diaminopimelate epimerase 6 DAPE AT3G53580 251948_at Yes –
Diaminopimelate decarboxylase 7 DAPD AT3G14390 258365_s_at Yes –

DAPD AT5G11880 258365_s_at Yes –
Lys-ketoglutarate reductase/saccharopine

dehydrogenase
8 LKR/SDH AT4G33150 253373_at – Lys

Met metabolism Asp kinase/homo-Ser dehydrogenase 9 AK/HSDH1 AT1G31230 263696_at Yes (Thr) –
AK/HSDH2 AT4G19710 254535_at Yes (Thr) –

Asp-semialdehyde dehydrogenase 2 ASD AT1G14810 262841_at Yes –
Homo-Ser kinase 10 HSK AT2G17265 264855_at Yes –
Cystathionine g-synthase 11 CGS1 AT3G01120 259279_at Yes –

CGS AT1G33320 256531_at Yes –
Cystathionine b-lyase 12 CBL AT3G57050 251666_at Yes –
Met synthase 13 MS1 AT5G17920 259343_s_at Yes –

MS2 AT3G03780 259343_s_at Yes –
MS3 AT5G20980 246185_at Yes –

S-Adenosyl-Met synthetase 14 SAMS1 AT1G02500 260913_at – Met
SAMS4 AT2G36880 263838_at – Met
SAMS3 AT3G17390 258415_at – Met
SAMS2 AT4G01850 255552_at – Met

Met g-lyase 15 MGL AT1G64660 261957_at – Met
Methylthioalkylmalate synthase 16 MAM1 AT5G23010 249866_at – Met

MAM-L AT5G23020 249867_at – Met
Met-oxo-acid transaminase 17 BCAT4 AT3G19710 257021_at – Met

Thr metabolism Asp kinase/homo-Ser dehydrogenase 9 AK/HSDH1 AT1G31230 263696_at Yes (Thr) –
AK/HSDH2 AT4G19710 254535_at Yes (Thr) –

Asp-semialdehyde dehydrogenase 2 ASD AT1G14810 262841_at Yes –
Homo-Ser kinase 10 HSK AT2G17265 264855_at Yes –
Thr synthase 18 TS AT1G72810 262380_at Yes –

TS AT4G29840 253700_at Yes –
Thr aldolase 19 THA1 AT1G08630 264777_at – Thr

THA2 AT3G04520 258599_at – Thr
Ile, Leu, and

Val metabolism
Thr deaminase 20 TD AT3G10050 258884_at Yes (Ile) Thr

Acetolactate synthase 21 AHASS1 AT2G31810 263460_at Yes (Ile,Leu,Val) –
AHASS2 AT5G16290 250111_at Yes (Ile,Leu,Val) –
AHAS AT3G48560 252325_at Yes (Ile,Leu,Val) –

Ketol acid reductoisomerase 22 KARI AT3G58610 251536_at Yes –
Branched-chain amino acid

aminotransferase
23 BCAT1 AT1G10060 264525_at – Ile,Leu,Val

BCAT2 AT1G10070 264524_at – Ile,Leu,Val
BCAT3 AT3G49680 252274_at – Ile,Leu,Val
BCAT5 AT5G65780 247158_at – Ile,Leu,Val
BCAT6 AT1G50110 261636_at – Ile,Leu,Val
BCAT7 AT1G50090 261690_at – Ile,Leu,Val

Isopropylmalate synthase 24 IPMS1 AT1G18500 261668_at Yes (Leu) –
IPMS2 AT1G74040 260384_at Yes (Leu) –

3-Isopropylmalate dehydrogenase 25 IMD1 AT5G14200 263706_s_at Yes –
IMD2 AT1G80560 260285_at Yes –
IMD3 AT1G31180 263706_s_at Yes –

(Table continues on following page.)
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lyzed by a number of isozymes (Table I), the expression
level of each isozymic gene was analyzed separately.
We then elucidated the relative fluctuation of mRNA
levels of individual genes belonging to each group in

response to the entire set of the abiotic stress conditions
in both shoots and roots, by measuring their SD of
expression (log2 ratios of treatments versus controls).
As shown in Figure 2, the fluctuation of expression of

Table I. (Continued from previous page.)

Pathway Enzyme Stepa Symbol ATGb Probesetc Biosyntheticd Catabolice

Trp metabolism Anthranilate synthase b 26 ASB AT1G24807 247864_s_at Yes (Trp) –
ASB AT1G24909 247864_s_at Yes (Trp) –
ASB AT1G25083 247864_s_at Yes (Trp) –
ASB AT1G25155 247864_s_at Yes (Trp) –
ASB AT1G25220 247864_s_at Yes (Trp) –
ASB AT5G57890 247864_s_at Yes (Trp) –

Anthranilate synthase a 27 ASA1 AT5G05730 250738_at Yes (Trp) –
ASA2 AT2G29690 266671_at Yes (Trp) –
ASA AT3G55870 251716_at Yes (Trp) –

Anthranilate phosphoribosyltransferase 28 TRP AT1G70570 260311_at Yes –
TRP1 AT5G17990 250014_at Yes –

Phosphoribosylanthranilate isomerase 29 PAI1 AT1G07780 259770_s_at Yes –
PAI2 AT5G05590 259770_s_at Yes –
PAI3 AT1G29410 259770_s_at Yes –

Indole-3-glycerol phosphate synthase 30 IGPS AT2G04400 263807_at Yes –
IGPS AT5G48220 248688_at Yes –

Trp synthase a 31 TSA2 AT3G54640 251847_at Yes –
TSA AT4G02610 255487_at Yes –

Trp synthase b 32 TSB1 AT5G54810 253898_s_at Yes –
TSB2 AT4G27070 253898_s_at Yes –
TSB AT5G38530 249515_at Yes –

Cytochrome P450 33 CYP79B3 AT2G22330 264052_at – Trp
CYP79B2 AT4G39950 252827_at – Trp

Phe and Tyr metabolism Chorismate mutase 34 CM1 AT3G29200 257746_at Yes (Tyr, Phe) –
CM2 AT5G10870 250407_at Yes –
CM3 AT1G69370 260360_at Yes (Tyr, Phe) –

Arogenate dehydrogenase 35 AAT1 AT5G34930 255859_at Yes (Tyr) –
AAT2 AT1G15710 259486_at Yes (Tyr) –

Tyr aminotransferase 36 TAT3 AT2G24850 263539_at – Tyr
TAT AT5G53970 248207_at – Tyr

Arogenate dehydratase 37 PD1 AT2G27820 266257_at Yes –
PD AT1G08250 261758_at Yes –
PD AT1G11790 262825_at Yes –
PD AT3G07630 259254_at Yes –
PD AT3G44720 252652_at Yes –
PD AT5G22630 249910_at Yes –

Phe-Ala ammonia lyase 38 PAL1 AT2G37040 263845_at – Phe
PAL2 AT3G53260 251984_at – Phe
PAL3 AT5G04230 245690_at – Phe

Pro and Arg metabolism D-1-Pyrroline-5-carboxylate synthetase 39 P5CS1 AT2G39800 251775_s_at Yes (Pro) –
P5CS2 AT3G55610 251775_s_at Yes (Pro) –

Pyrroline-5-carboxylate reductase 40 P5CR AT5G14800 246594_at Yes –
Pro dehydrogenase 41 ERD5 AT3G30775 257315_at – Pro

PRODH AT5G38710 249527_at – Pro
1-Pyrroline-5-carboxylate dehydrogenase 42 P5CDH AT5G62530 247436_at Yes –
Orn d-aminotransferase 43 d-OAT AT5G46180 248879_at Yes –
Orn carbamoyltransferase complex 44 OCT AT1G75330 261122_at Yes –
Arginosuccinate synthase 45 ARS AT4G24830 254134_at Yes –
Argininosuccinate lyase 46 ARL AT5G10920 250403_at Yes –
Arg decarboxylase 47 ADC1 AT2G16500 263241_at – Arg

ADC2 AT4G34710 253203_at – Arg
Arg 48 ARGAH1 AT4G08900 255065_s_at – Arg

ARGAH2 AT4G08870 255065_s_at – Arg

aStep numbers represent enzymatic steps described in Figure 1. bATG represents the common locus number using TAIR nomenclature. cProbeset
represents specific identifiers according to Affymetrix AtH1 microarray. dBiosynthetic enzymes. For biosynthetic/allosteric enzymes, the inhibiting
amino acid is indicated. eCatabolic enzymes. The amino acid substrate of each catabolic enzyme is indicated.
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the entire set of catabolic genes in response to the entire
set of abiotic stresses exhibited a considerably different
distribution of values compared with those of the
combined sets of the biosynthetic/allosteric and the
biosynthetic/nonallosteric genes, which showed no
significant difference between them. This difference
was highly significant using the Kolmogorov-Smirnov
statistical test (P , 3.1 3 1025). The different behavior
between the catabolic and biosynthetic genes was not
due to differences in the mean expression levels (abso-
lute intensity) of the genes, which were statistically
indistinguishable in the three groups (Supplemental
Fig. S1).

We next wished to test whether the higher fluctua-
tion of expression of the catabolic genes, compared
with the biosynthetic/allosteric and biosynthetic/non-
allosteric genes, is a general characteristic of all met-
abolic pathways or is specific to individual metabolic
pathways. To address this, we compared the SD of
expression of the individual genes belonging to each of
the three enzyme groups, in each of the different
metabolic pathways (Fig. 1), across the entire set of the
abiotic stress conditions. As shown in Supplemental
Figure S2, the biosynthetic/allosteric enzymes and the
catabolic enzymes in the metabolic pathways are
encoded by several isozymic genes, besides the path-

ways of Lys, Pro, and Arg, which possess respectively
only a single catabolic or biosynthetic/allosteric gene
(red and blue histograms, respectively). The biosyn-
thetic/nonallosteric enzymes of the different path-
ways were generally, but not entirely, encoded by
single genes. Notably, the gene with the highest fluc-
tuation of expression in each of the metabolic path-
ways encodes a catabolic enzyme (Supplemental Fig.
S2, red histograms), while the fluctuation of expres-
sion of the entire set of genes showed pathway-specific
patterns. The metabolic pathways of Ile and Val and of
Leu, Met, and Lys had significantly higher fluctuations
of expression of the catabolic genes (red histograms)
compared with the biosynthetic genes (blue and black
histograms). The metabolic pathways of Pro and Arg,
Phe and Tyr, and Trp and Thr also had some biosyn-
thetic genes with relatively high fluctuation of expres-
sion, but these were as a whole lower than those of the
catabolic genes (compare the black plus blue histo-
grams with the red histograms).

It was also interesting to examine the molecular
basis responsible for the higher SD of expression of the
catabolic compared with the biosynthetic genes. To
address this, we selected the catabolic genes and the
biosynthetic/allosteric genes (as representatives of
genes with high and low SD of expression, respec-
tively) belonging to six representative metabolic path-
ways and analyzed their actual expression (log2 ratio
of treatments versus controls) in response to the eight
different abiotic stresses both in shoots and in roots.
The entire results are presented in Supplemental Fig-
ures S3 (for shoots) and S4 (for roots). The higher SD of
the mRNA levels of the catabolic genes, compared
with the biosynthetic genes (Fig. 2; Supplemental Fig.
S2), generally reflected two important characteristics:
(1) a higher fluctuation of mRNA levels of the catabolic
than the biosynthetic/allosteric genes around the zero
expression level, either in pathways that do not re-
spond to the stress or in pathways that respond to the
stress, but at earlier time points before the stress effects
occurred (Supplemental Figs. S3 and S4). This indi-
cates that the catabolic genes are generally more
sensitive to varying growth conditions that contribute
to the ‘‘noise’’ of the experiments; and (2) in cases in
which a given pathway responded to a given stress,
the mRNA levels of the catabolic genes seemed to be
stimulated much more frequently than the biosyn-
thetic/allosteric genes (Supplemental Figs. S3 and S4).

Next, we wished to test more accurately whether the
catabolic genes generally respond more frequently
than the biosynthetic/allosteric and the biosynthetic/
nonallosteric genes to the entire set of abiotic stresses.
To address this question, we examined the actual
numbers of genes from each of the three groups that
had a significant response (2-fold increase or decrease
in mRNA level; P , 0.01) at any time point in any
stress condition and compared these numbers with the
expected numbers assuming no preferential responses
of genes from each of the three groups to the different
stresses (see ‘‘Materials and Methods’’ for more details

Figure 2. Distribution of the degree of fluctuations of mRNA levels of
the entire sets of biosynthetic/nonallosteric (inverted triangles), biosyn-
thetic/allosteric (triangles), and enzymes catalyzing the first catabolic
step of the amino acids (circles) genes of the four metabolic networks
described in Figure 1 in response to eight different abiotic stresses (both
in shoots and roots). The degree of fluctuation of the mRNA levels was
estimated using SD of expression (log2 ratio of treatments versus
controls), and the values in each group were sorted along the x axis.
Different letters (a and b at the right of each curve) represent statistically
significantly different groups (P , 3.1 3 1025).
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and justification of the calculation). As shown in
Figure 3, in both roots and shoots, the proportion of
cases with a significant response was higher than
expected (above 100%) in the group of the catabolic
genes and lower then expected (below 100%) in both
groups of the biosynthetic/allosteric and biosyn-
thetic/nonallosteric genes. This deviation from the
expected values was highly significant (P , 8 3 10216)
using a x2 test.

Specialized Response Patterns of the Different Metabolic

Pathways to the Eight Different Stress Conditions

Since different metabolic pathways of amino acids
fulfill different functions in plants, we tested further
how the general principals described above (Figs. 2
and 3) are implemented with respect to the response of
specific metabolic pathways to specific stress condi-
tions. To address this, we analyzed the responses of the
genes encoding each of the biosynthetic and catabolic
steps in each of the metabolic pathways located within
the four different metabolic networks (Fig. 1) to each of
the eight different abiotic stresses. In order to view the
results in a metabolic perspective rather than in an
individual gene perspective, in each of the microarray
chips we combined the mRNA signals of all genes
encoding isozymes that catalyze the same enzymatic
step in a given metabolic pathway (called ‘‘combined

isozymic mRNA signals’’ below). Despite its obvious
limitations, this is the only available way to estimate
total mRNA levels contributing to individual enzy-
matic steps based on mRNA microarray results. The
entire results are provided separately for shoots and
roots in Supplemental Figures S5 and S6, respectively.
To minimize the impact of experimental errors, we
defined in this analysis that a reliable response of a
given metabolic pathway to a given stress condition
requires a minimum of a statistically significant (P ,
0.05) 2-fold increase or 2-fold decrease in the combined
isozymic mRNA signals of at least one of the biosyn-
thetic or catabolic enzymatic steps of this pathway in
at least two consecutive time points of the stress
treatment, compared with the control. This statistical
threshold fits our analysis better than false discovery
rate controlling methods, because our aim was to
elucidate general behaviors of amino acid metabolic
modules under various abiotic stress conditions rather
than elucidating specific behaviors of individual mod-
ules under particular stress conditions. The specific
cases obeying this rule are marked by asterisks in
Supplemental Figures S5 and S6. In total, 45 of the 112
cases (shoots plus roots) satisfied our rule, while the
rest were considered cases in which a given metabolic
pathway does not respond to a given stress cue.
Notably, while based on our requirements none of
the metabolic pathways responded to oxidative stress,
neither in shoots nor in roots, at least one or more
metabolic pathway responded to all other stresses,
either in shoots and/or in roots. In addition, the
different metabolic pathways responded differentially
to the various stresses, as expected from the fact that
they serve different physiological functions. Notably,
the metabolic pathway of Pro and Arg generally
behaved quite differently from the other metabolic
pathways, apparently because Pro is a special amino
acid accumulating to very high levels under various
abiotic stresses (Rontein et al., 2002). Therefore, we will
describe the Pro and Arg module separately from the
other pathways.

Analyzing the data for all metabolic pathways be-
sides the Pro and Arg pathway (Supplemental Figs. S5
and S6), we could identify two principally different
patterns, which accounted for the majority of the re-
sponses. The most frequent pattern signifies a situation
in which the entire pathway, namely, the combined
isozymic mRNA signals of all of the biosynthetic and
catabolic enzymatic steps of the pathway, does not
respond to a given stress cue (Fig. 4A, depicting the
response of shoot Thr metabolism to oxidative stress).
The second most frequent pattern signifies pathways in
which only the combined isozymic mRNA signals of
the catabolic steps (one or more catabolic steps) re-
spond extensively to the stress cue, while the combined
isozymic mRNA signals of the entire biosynthetic steps
either do not respond or are only slightly down-regulated
by the stress cue. This pattern could be divided into
three main subpatterns. The first subpattern includes
pathways in which the combined isozymic mRNA

Figure 3. Comparison of the relative number of cases in which mRNA
levels of genes belonging to each of the groups of the biosynthetic/
nonallosteric enzymes, biosynthetic/allosteric enzymes, and the en-
zymes catalyzing the first catabolic step of the amino acids, derived
from the four metabolic networks described in Figure 1, in response to
the eight different abiotic stresses. Results are presented for roots and
shoots separately. Each histogram represents the actual number of cases
in which a statistically significant response was observed relative to the
expected number of cases assuming no preferential response of each of
the groups (see ‘‘Materials and Methods’’ for details). The hypothesis of
no preferential response was rejected using a x2 test (P , 8 3 10216).
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signals of one or more of the catabolic steps (each
catabolic step leads to a different metabolic direction)
are stimulated by the stress cue. This subpattern is
depicted by the response of the Met pathway in shoots
to salt stress via up-regulating only one of its four
different catabolic enzymatic steps (Fig. 4B) and by the
response of the Phe and Tyr pathway in shoots to cold
stress via up-regulating its two different catabolic steps
(Fig. 4C). The second subpattern includes a repression
of the combined isozymic mRNA signals of the cata-

bolic step by the stress cue (Fig. 4D, depicting the
response of the Trp pathway to cold stress). The third
subpattern includes both up-regulation and repression
of the combined isozymic mRNA signals of different
types of catabolic steps (Fig. 5, A and B, depicting the
response of Met metabolism in roots and shoots to
osmotic stress). In this specific case of the response of
the Met pathway to osmotic stress, the combined iso-
zymic mRNA signals of one of its biosynthetic steps

Figure 4. The responses of combined isozymic mRNA levels of genes
encoding isozymes of exemplary metabolic pathways to representative
stress conditions in shoots. The combined isozymic mRNA levels of
genes encoding biosynthetic/allosteric enzymes, biosynthetic/nonal-
losteric enzymes, and enzymes catalyzing the first catabolic steps of the
amino acids are indicated by blue, black, and red lines, respectively.
The names of the enzymes encoded by the different isozymic genes, as
provided in Table I, are given in the boxes of each panel. A, Response of
the Thr pathway to oxidative stress. B, Response of the Met pathway to
salt stress. C, Response of the Phe and Tyr pathway to cold stress. D,
Response of the Trp pathway to cold stress. The changes in mRNA levels
are given in log2 ratios of treatments versus controls (y axes on the left).
Only values greater than 2-fold increased or 2-fold decreased in mRNA
levels (broken horizontal lines) were considered to be significant
changes.

Figure 5. Comparative responses between shoots and roots of com-
bined isozymic mRNA levels of genes encoding isozymes of exemplary
metabolic pathways to representative stress conditions. The combined
isozymic mRNA levels of genes encoding biosynthetic/allosteric en-
zymes, biosynthetic/nonallosteric enzymes, and enzymes catalyzing
the first catabolic steps of the amino acids are indicated by blue, black,
and red lines, respectively. The names of the enzymes encoded by the
different isozymic genes, as provided in Table I, are given in the boxes
in B (for A and B) and in D (for C and D). A and B, Comparative
responses of the Met pathway to osmotic stress in shoots and roots. C
and D, Comparative responses of the Trp pathway to UV-B stress in
shoots and roots. The changes in mRNA levels are given in log2 ratios of
treatments versus controls (y axes on the left). Only values greater than
2-fold increased or 2-fold decreased in mRNA levels (broken horizontal
lines) were considered to be significant changes.
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(cystathionine g-synthase) were also repressed in the
roots, but the extent of their repression was signifi-
cantly lower than that of the catabolic steps (Fig. 5B).

Although the combined isozymic mRNA signals of
the biosynthetic steps (allosteric and nonallosteric) of
all of the metabolic pathways generally showed either
no effect or slight down-regulation in response to the
various stresses (Supplemental Figs. S5 and S6), the
response of the Trp pathway to UV-B stress in shoots
exhibited an exceptional situation in which the com-
bined isozymic mRNA signals of both the catabolic step
and many of the biosynthetic steps were stimulated by
this stress cue (Fig. 5C). This expression pattern is in
general agreement with previous reports using wet
experimental research (Zhao and Last, 1996; Ouwerkerk
et al., 1999; Glawischnig et al., 2004).

Our study also exposed several distinct spatial ex-
pression patterns of specific metabolic pathways in
shoots and roots as well as distinct temporal expression
patterns of closely associated metabolic pathways in
either the shoots or the roots. In many cases, the
behavior of a given metabolic pathway to a given stress
cue was similar in the roots and shoots, even though it
seemed that the general response was slightly lower in
roots than in shoots (Supplemental Figs. S5 and S6). In
some cases, the response of a given metabolic pathway
to a given stress was observed only in shoots (Fig. 5, C
and D, depicting the response of the Trp pathway to
UV-B stress in shoots and roots, respectively). In other
cases, the opposite was observed. The repression of the
combined isozymic mRNA signals of the catabolic
steps of the Met pathway in response to osmotic stress,
and the stimulation of the combined isozymic mRNA
signals of one of the catabolic steps of the Phe and Tyr
pathway in response to salt stress, were much stronger
in the roots than in the shoots (Fig. 5, A with B, for the
Met pathway; Supplemental Figs. S5 and S6 for the Phe
and Tyr pathway).

We also observed interesting interactions between
the closely associated pathways of Trp and Phe and Tyr
metabolism, which are synthesized from the common
metabolite chorismate (Fig. 1). Exposure to drought
stress stimulated the catabolism of Trp, but not Phe and
Tyr, in the shoots (Fig. 6, A and B), while exposure to
cold stress stimulated the catabolism of Phe and Tyr,
and Trp catabolism was repressed in the shoots (Fig. 6,
C and D). Finally, as shown in Figure 6, E and F,
wounding stimulated the catabolism of both Trp and
Tyr in the shoots, but the stimulation of Trp catabolism
occurred earlier (between 0.5 and 1 h after wounding)
than Tyr catabolism (between 6 and 12 h after wound-
ing). A similar response of these two metabolic path-
ways was also observed upon exposure of the shoots to
UV-B (Supplemental Fig. S5).

Not only the majority of the responses of the various
metabolic pathways to the various stress cues were
principally associated with stimulation or repression of
their catabolic genes, but also the catabolic genes
responded relatively fast to the stress cues. In the
majority of the cases, pronounced stimulations or re-

pressions of the catabolic genes were observed in the
range of 0.5 to 3 h following the initiation of the stress,
while in only a few cases did the responses occur after 6
to 12 h (Figs. 4–6; Supplemental Figs. S5 and S6).

Figure 6. Comparative responses of the combined isozymic mRNA
levels of genes encoding isozymes of the closely related Trp (A, C, and
E) and Phe and Tyr (B, D, and F) pathways to various stress conditions. A
and B, Drought stress. C and D, Cold stress. E and F, Wounding stress.
The combined isozymic mRNA levels of genes encoding biosynthetic/
allosteric enzymes, biosynthetic/nonallosteric enzymes, and enzymes
catalyzing the first catabolic steps of the amino acids are indicated by
blue, black, and red lines, respectively. The names of the enzymes
encoded by the different isozymic genes, as provided in Table I, are
given in the boxes in A (for A, C, and E) and in B (for B, D, and F). The
changes in mRNA levels are given in log2 ratios of treatments versus
controls (y axes on the left). Only values greater than 2-fold increased
or 2-fold decreased in mRNA levels (broken horizontal lines) were
considered to be significant changes.
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Differential Response of the Pro and Arg Pathway to

Osmotic, Drought, and Salt Stresses

Our analysis revealed that the Pro and Arg pathway
has a distinct principal response to the different stress
cues than the other metabolic pathways, which was
particularly manifested in shoots and to a lesser extent
in roots, exposed to osmotic, salt, and to a lesser extent
also drought stresses. This response was manifested by
an increase in the combined isozymic mRNA signals of
the biosynthetic/allosteric step of Pro biosynthesis,
namely, D-1-pyrroline-5-carboxylate synthetase (Sup-
plemental Fig. S5). These results support published
research showing significant accumulation of the os-
molite amino acid Pro during drought, osmotic, and
salt stresses as a part of the adaptation machineries of
plants to these stresses (Rontein et al., 2002).

The Relative Contribution of Protein Breakdown to the
Pool of Amino Acids during Abiotic Stresses

The pools of amino acids during abiotic stresses may
be derived not only from their de novo synthesis but
also from protein breakdown. To test the relative con-
tribution of protein degradation to the pool of amino
acids during abiotic stresses, we grouped all Arabi-
dopsis genes annotated as proteases by TAIR (http://
www.arabidopsis.org; Supplemental Table S2). Then,
the mean mRNA levels (presented as log2 ratio of
treatment versus control) of all of these genes were
calculated for each time point in each of the eight stress
conditions. Due to the relatively low number of total
time points (104 time points), the distribution of the
mean mRNA levels was estimated using 10 bins rang-
ing from lowest to highest mean mRNA levels. As
shown in Figure 7A, the majority of the time points
possessed mean expression levels around zero. De-
tailed inspection (data not shown) indicated that this is
because only a very small subset of the total annotated
proteases operate during abiotic stresses. Thus, we
decided next to focus only on annotated proteases that
are up-regulated (log2 of treatment versus control . 1)
during senescence or programmed cell death (PCD) in
which there is massive protein degradation. Only ap-
proximately 18% of the total annotated proteases
showed pronounced stimulation of mRNA levels
under these conditions (data not shown) and were
grouped as ‘‘senescence/PCD annotated proteases.’’
This subset of annotated proteases is indicated in Sup-
plemental Table S2. The mean mRNA levels of these
proteases were approximately 0.8 and approximately
1.8 (log2 ratio of treatment versus control) in the senes-
cence and PCD treatments, respectively (Fig. 7B, values
indicated by arrows). In contrast, the mean mRNA
levels of these proteases at all time points of all abiotic
stresses were distributed around zero, with only a
minor proportion reaching the level observed during
senescence (histogram in Fig. 7B).

It was also interesting to test the mean mRNA levels of
the senescence/PCD annotated proteases in the differ-

ent time points of each of the eight different abiotic
stresses individually, both in shoots and in roots. As
shown in Supplemental Figure S7, the mean mRNA
levels of these proteases were hardly changed, either in
roots or in shoots, under all stress conditions, besides the
late stages of osmotic stress, in which these mean mRNA
levels increased to comparable levels to those observed
during senescence. Since some of the stresses also stim-
ulate the conversion of aromatic amino acids into sec-
ondary metabolites (Supplemental Figs. S5 and S6), it is
likely that protein breakdown is not absolutely required
to generate the pools of aromatic amino acids needed for
these secondary metabolites.

DISCUSSION

Regulatory Transcriptional Principles of Amino Acid
Metabolism in Response to Abiotic Stresses

In this report, we used a bioinformatics approach to
analyze the response of genes encoding enzymes in

Figure 7. The distribution of the mean expression levels (log2 ratio of
treatment versus control) of genes encoding total annotated proteases (A)
and the subset of proteases that are induced in senescence and PCD (B) in
individual time points of the entire set of abiotic stresses. The distribution
of the mean mRNA levelswasestimatedusing 10bins ranging fromlowest
to highest mean mRNA levels. Arrows in B show the mean expression
levels of the genes encoding the senescence/PCD subset of proteases in
response to senescence and PCD (Buchanan-Wollaston et al., 2005).
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pathways controlling the metabolism of 11 of the 20
protein amino acids to eight different abiotic stresses
in the model plant Arabidopsis, using data on mRNA
levels derived from publicly available microarray ex-
periments. Since microarray experiments do not allow
differentiating between control mechanisms of tran-
scription and mRNA stability, we include in our
discussion both types of mechanisms under the term
‘‘transcriptional control.’’ Our results revealed several
distinct regulatory transcriptional principles, which
characterized all of the tested metabolic pathways,
besides that of Pro and Arg metabolism, as follows: (1)
genes encoding the catabolic enzymes of the amino
acids are generally significantly more sensitive in
terms of changes in their mRNA levels to environ-
mental and stress-associated signals than genes en-
coding the biosynthetic/allosteric and biosynthetic/
nonallosteric enzymes (this was evident by both
higher ‘‘noise’’ fluctuations and higher magnitudes
of responses to the stress cues); (2) in most cases in
which there was a transcriptional response of a met-
abolic pathway to a given stress cue, this response was
associated with major changes (stimulation or repres-
sion) in mRNA levels of catabolic genes, while the
biosynthetic/allosteric and biosynthetic/nonallosteric
genes mostly did not respond or in some cases were
slightly reduced; (3) the transcriptional responses of
the catabolic genes to the stress cues could be quite
rapid, with significant stimulation of mRNA levels
occurring in many cases between 0.5 and 3 h after the
initiation of the stress; and (4) except for cases in which
genes of metabolic pathways were entirely not re-
sponding in term of their mRNA levels to given stress
cues, there was never a case in which catabolic genes
of all of the pathways responded in terms of their
mRNA levels to a given stress cue in the same manner,
implying the occurrence of pathway-specific tran-
scriptional behaviors. Notably, the metabolic pathway
of Pro and Arg behaved differently from the other
pathways, particularly in its transcriptional response
to osmotic and salt stresses and to a lesser extent also
to drought stress, which was associated with an in-
duction of the mRNA level of biosynthetic genes
encoding D-1-pyrroline-5-carboxylate synthetase. These
results are in strong agreement with previously pub-
lished molecular studies (Yoshiba et al., 1995; Strizhov
et al., 1997). They also explain the unique function of
this pathway to accumulate the osmolite amino acid
Pro in response to osmotic, salt, and drought stresses,
as a part of the machinery responsible for the adjust-
ment of plants to these stresses (Rontein et al., 2002).

The Principal Transcriptional Regulatory Roles of the

Catabolic Genes Are Manifested with Different Spatial
and Temporal Response Patterns of the Different
Metabolic Pathways to Different Stress Cues

Our results showed that the regulatory roles of the
catabolic genes in response to the stress cues were

manifested with variable, pathway-specific, spatial,
and temporal transcriptional behaviors that include
the following. (1) Differential response patterns be-
tween roots and shoots. This is exemplified by the
occurrence of the relatively strong transcriptional re-
sponse of the Trp pathway to UV-B in shoots, while
no response is observed in roots (Fig. 5, C and D),
an expected response taking into account that only
aboveground tissues are naturally directly exposed to
UV-B stress. (2) Variable, pathway-specific temporal
response to a stress cue. This is exemplified by the
temporal pattern of transcriptional coordination of the
different catabolic steps in the Trp and Phe and Tyr
metabolic pathways, whose three aromatic amino acids
are synthesized from the common metabolite choris-
mate (Fig. 1C). Upon wounding of shoots, the mRNA
level of the catabolic gene of Trp was transiently stim-
ulated between 0.5 and 1 h, while the mRNA level of the
catabolic step of Tyr was transiently stimulated be-
tween 6 and 24 h (Fig. 6, E and F, respectively). This
temporal transcriptional pattern may lead to a tempo-
ral coordination of the flux from chorismate to second-
ary metabolites derived from Trp and Tyr. (3) The
transcriptional response of the metabolic pathway of
Trp in shoots to UV-B radiation signified a unique
pattern, which included stimulation of the expression
of genes encoding both the catabolic step and a number
of the biosynthetic steps of this module (Fig. 5C). Yet,
even in this unique situation, the combined mRNA
signals of the catabolic step were stimulated faster than
those of the biosynthetic/allosteric and biosynthetic/
nonallosteric steps (Fig. 5C), supporting our design
principle of a primary role of the catabolic steps in
regulating flux via the pathway in response to a given
stress cue.

A Hypothesis for a Two-Component Module Regulating

Plant Amino Acid Metabolism in Response to Abiotic
Stresses via Combined Transcriptional and
Posttranslational Controls

Our results, when taken together with extensivebio-
chemical studies on amino acid biosynthesis, imply
that amino acid biosynthesis is predominantly regu-
lated by posttranslational allosteric feedback inhibition
loops, while amino acid catabolism is principally reg-
ulated at the transcriptional level. Based on these
results, we wish to propose a hypothesis that integrates
these two components into a principal program regu-
lating plant amino acid metabolism in response to
abiotic stresses. This hypothesis is schematically illus-
trated in Figure 8. A key regulatory factor in this
program is the terminal enzyme of the metabolic mod-
ule, Et, which is responsible for the first catabolic step of
the amino acid. The level of this enzyme can be stim-
ulated or repressed in a significant manner in response
to arriving stress cues via a compound transcriptional
regulation of its gene(s). A second regulatory compo-
nent in this program is the biosynthetic/allosteric en-
zyme, which is the first enzyme of the module and
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therefore is defined as the initiator biosynthetic en-
zyme, Ei. The gene(s) encoding Ei as well as the other
biosynthetic enzymes of the module are generally
expressed at relatively basal levels, which can slightly
fluctuate by diurnal and metabolic controls (Osuna
et al., 2007), and may apparently enable sufficient flux
through the module. Yet, Ei activity is allosterically
inhibited by rising levels of the substrate of Et, namely,
the amino acid itself (St). A single metabolic module
may contain several different Et enzymes, leading to
different metabolic directions, each of which may con-
tain several isozymes. Hence, the level of the amino
acid (St) is apparently determined by the combined
modulation (repression or stimulation) of the entire set
of the catabolic genes. Stated simply, the dynamics of
the principal regulatory program occurs as follows.
Combined stimulation or repression of expression of
the gene(s) encoding all Et enzymes in a module in
response to a stress cue causes the following consecu-
tive steps: (1) stimulation or repression of Et activity(s);
(2) reduction or increase in the level of amino acid,
namely St (Fig. 8, curved dotted arrow); and (3) eleva-
tion or reduction of Ei activity upon an increase or a
reduction in its allosteric feedback inhibition (Fig. 8,
curved dashed line), resulting in an acceleration or
slowdown of the flux into and throughout the meta-
bolic module. This renders the catabolic Et activities as
dominant factors controlling the flux into and through
the metabolic module in response to abiotic stresses.
Only in specific cases in which the levels of the biosyn-
thetic (allosteric and nonallosteric) enzymes may not be
sufficient to maintain adequate flux through the mod-
ule in response to a stress cue, as was observed for the

Trp pathway in response to UV-B stress (Fig. 5C), can
expression of the gene(s) encoding the biosynthetic
enzymes also be stimulated (Fig. 5C).

Our hypothesis claiming that relatively basal levels
of the biosynthetic (allosteric and nonallosteric) en-
zymes are generally sufficient to maintain efficient flux
through the modules is supported by published evi-
dence showing that removal by mutagenesis of the
allosteric feedback inhibition traits of Ei in the two
different modules of Lys and Trp metabolism generally
results in overproduction of the substrates of Et,
namely, the amino acids Lys and Trp (Galili, 1995; Li
and Last, 1996). Yet, our current hypothesis still does
not take into account other potential regulatory factors,
such as posttranslational regulation of metabolic en-
zymes as well as intracellular compartmentation of
enzymes and amino acids for which there is still limited
published evidence. For instance, while the allosteric/
biosynthetic enzymes are likely to respond strictly to
levels of amino acids inside the organelle where they
are localized (mostly plastids), amino acids can be
sequestered inside vacuoles and by that become regu-
latorily inert, causing problems of interpreting meta-
bolic fluxes from analyses of the steady-state levels of
total pools of amino acids. Indeed, different studies
show variable results with respect to the effects of
different abiotic stresses on the levels of total pools of
amino acids. Heat and drought stresses were shown to
cause either increases or decreases in the total pool of
several amino acids (Rizhsky et al., 2004), while cold
stress caused an increase in the total pool of a number of
amino acids (Kaplan et al., 2004; Usadel et al., 2008). The
reason for the increased pool size of some amino acids
in response to some abiotic stresses is yet unknown,
and it is possible that this results from their reduced
incorporation into proteins. However, our hypothesis
assumes that the accumulating amino acids cannot
reside in the plastid, as they would inhibit the allosteric
biosynthetic enzymes. Lastly, not only amino acids but
also metabolic enzymes may be localized in different
compartments. At least some of the catabolic enzymes,
such as LKR/SDH (Kemper et al., 1999; Zhu et al.,
2000), are localized in the cytosol, and the operation of
our hypothetic regulatory module assumes that amino
acid transport is not a limiting factor under stress
conditions. The regulatory significance of posttransla-
tional regulation of amino acid metabolic enzymes and
intracellular transport and sequestration of amino
acids await future studies.

The pool of an individual amino acid is not only
determined by the operation of our proposed two-
component module but also by its incorporation into
proteins and by protein breakdown (Fig. 8, curved
arrows). Yet, although the potential contribution of
posttranscriptional and posttranslational controls to
protease activity was not addressed in this report, our
transcriptional results (Fig. 7) imply that the contribu-
tion of protein breakdown to the pool of amino acids
during the relatively early response to abiotic stresses is
generally more limited than that occurring in senes-

Figure 8. Schematic representation of the proposed regulatory meta-
bolic module. The regulatory steps are as follows. The majorcontroller of
the module is the gene encoding the catabolic enzyme Et, catalyzing the
first catabolic step of the amino acid. Its upregulation stimulates the
module by reducing the level of its substrate (St), namely, the amino acid
(step 1; dotted curved arrow). Reduced levels of St stimulate the activity
of allosteric biosynthetic Ei enzymes by reduction of its feedback
inhibition by St (step 2; dashed curved line), stimulating the flux through
the entire module. The broken line represents all biosynthetic/non-
allosteric steps. The pool of the amino acid may also be determined by
the extent of its incorporation into proteins (curved black arrow) and by
the extent of protein breakdown (curved gray arrow). Our proposed
module mayalso fit to actively growing (nonsenescence) tissues of plants
grown under favorable (nonstress) conditions in which the catabolic
enzymes are generally repressed, but the incorporation of the amino
acids into proteins (black curved arrow) may transiently reduce the level
of the amino acid (St) and as a consequence enhance the flux through the
metabolic module by transiently reducing the feedback inhibition on the
allosteric enzyme Ei.
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cence and PCD, in which there is massive protein
degradation. This observation is also interesting taking
into account that the aromatic amino acids lead to the
synthesis of a large number of secondary metabolites.
Thus, our results also imply that during the relatively
early response to abiotic stresses, the pool of aromatic
amino acids used for the production of secondary
metabolism is apparently largely derived from primary
metabolism via our proposed metabolic module rather
than from extensive breakdown of proteins. Notably,
only in the case of osmotic stress do the total mRNA
levels of these proteases accumulate to a similar inten-
sity to that occurring during senescence (Supplemental
Fig. S7). Moreover, osmotic stress in shoots was also
characterized as the single condition in which the
mRNA levels of most catabolic genes were stimulated
(Supplemental Fig. S3). Thus, our results suggest that
osmotic stress is distinct from all other abiotic stresses
with respect to the operation of amino acid metabolism.
The physiological consequences of this interesting
phenomenon await future studies.

Several differently designed programs of metabo-
lism have been elucidated in different organisms using
a variety of systems biology approaches. In bacteria, the
stimulation of amino acid biosynthesis in response to
its limiting level occurs in the following principally
temporal pattern. The gene encoding the first enzyme
of the biosynthetic pathway responds first, while there
is a progressive time difference in the response of the
genes encoding the consecutive enzymes of the same
biosynthetic pathway (Zaslaver et al., 2004). This de-
signed principle, named ‘‘just-in-time’’ (Zaslaver et al.,
2004), is an energy-saving program that is apparently
important for rapidly dividing organisms, but it re-
quires highly accurate and stringent conservation of
promoters during evolution. In contrast, human stem
cells not only use a just-in-time program but also
maintain a basal expression level of a large number of
genes even in the absence of any cue, so that their gene
products will be available ‘‘just-in-case’’ when they are
needed (Golan-Mashiach et al., 2004; Domany, 2005).
This strategy is energetically uneconomical but re-
quires minimal transcriptional control, enabling the
cells to have a diverse response to arriving cues, which
is critical for their differentiation (Domany, 2005). The
regulatory metabolic program suggested by our bio-
informatics approach offers a novel strategy that com-
bines the just-in-time (amino acid catabolic genes) and
just-in-case (amino acid biosynthetic genes) strategies
as well as transcriptional (Et) and posttranslational
(feedback inhibition of Ei) controls into a single module.

How efficiently can our proposed two regulatory
components (allosteric biosynthetic enzymes and cat-
abolic enzymes of the amino acid) regulate the flux
through amino acid metabolic modules? A possible
answer to this question can be exemplified in the
following published evidence: seeds of an Arabidopsis
knockout mutant in the AtLKR/SDH gene of Lys catab-
olism (Et) accumulate only 2-fold higher Lys levels than
wild-type seeds, and a comparable level of Lys also

accumulates in transgenic Arabidopsis plants express-
ing a bacterial Lys-insensitive DHDPS (Ei of the Lys
metabolic module; Zhu and Galili, 2003). Yet, combin-
ing the AtLKR/SDH knockout and the bacterial Lys-
insensitive DHDPS traits by crossing these two plants
results in a considerable synergistic increase in Lys
level (Zhu and Galili, 2003). These results imply the
following: (1) when the gene encoding LKR/SDH (Et) is
shut down, a 2-fold increase in Lys level significantly
inhibits the activity of DHDPS (Ei); and (2) when the
allosteric feedback inhibition trait of DHDPS is re-
leased, the flux toward Lys is dramatically stimulated,
but most of the overproduced Lys is further catabolized
by LKR/SDH, whose activity is generally upregulated
in seeds and can also be further induced by increased
Lys levels (Karchi et al., 1994; Zhu and Galili, 2003).

The expected metabolic significance of our proposed
two principal regulatory components, particularly the
general localization of the allosteric/biosynthetic en-
zymes in branch points of metabolic pathways (Fig. 1),
is that they apparently allow rapid and pronounced
shifts in fluxes through specific metabolic pathways
needed to achieve specific metabolic and physiological
status for optimal adjustment of the plants to different
stresses. In fact, our suggested principal regulatory
components appear to be optimal for amino acid me-
tabolism, because they apparently also regulate the
interactions between the synthesis of amino acids and
their incorporation into proteins, occurring most ex-
tensively under nonstress conditions. Consumption of
the amino acid by its incorporation into proteins should
analogously reduce the level of the amino acid and
stimulate flux into the pathway by the same principles
suggested in Figure 8.

Suitability of Bioinformatics Analysis of Microarray
Results for Elucidating Regulatory Metabolic Principles

Our proposed principal regulatory program of
amino acid metabolism is based on bioinformatics
analysis of Affymetrix microarrays. The microarray
technology is a well-established method to accurately
monitor mRNA levels and has been widely used to
elucidate regulatory principles of metabolism, even
though it is naturally restricted to transcriptional and
posttranscriptional regulation (Ihmels et al., 2004). In
addition, our proposed principal regulatory program is
also supported by published information concerning
genes encoding individual enzymes belonging to the
metabolic modules analyzed in this report: (1) the
stimulation of mRNA level of the LKR/SDH gene of
Lys catabolism by various abiotic stress conditions is
supported by published evidence that salt or osmotic
stress stimulates the levels of LKR/SDH mRNA,
protein, and enzymatic activity (Moulin et al., 2000;
Stepansky and Galili, 2003); (2) expression of a bacterial
dihydrodipicolinate enzyme of Lys biosynthesis cou-
pled with a knockout of the single LKR/SDH gene of
Lys catabolism causes a dramatic synergistic increase in
Lys level in Arabidopsis seeds, compared with seeds of
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plants expressing each of these traits alone, implying
that the pathway of Lys metabolism has a high flux
potential and is coordinately regulated by the alloste-
ric/biosynthetic DHPS enzyme and the first catabolic
enzyme of Lys, namely, LKR/SDH (Zhu and Galili,
2003); and (3) even though the steady-state level of Phe
in plants is generally very low, stimulation of the ex-
pression of genes encoding its catabolic enzyme Phe-Ala
ammonia lyase generally causes significant increases in
the levels of many Phe-derived secondary metabolites
(Shadle et al., 2003). This implies that the stimulated
expression of Phe-Ala ammonia lyase enhances the flux
through the allosteric chorismate mutase enzyme of Phe
biosynthesis, even though the expression of its gene has
not been transgenically enhanced.

CONCLUSION

Our study, covering metabolic pathways of 11 amino
acids, proposes a hypothesis for a novel regulatory
program controlling plant amino acid metabolism in
response to abiotic stresses. In this program, the first
catabolic enzyme of the amino acid responds to an
external cue by transcriptional control, while the allo-
steric biosynthetic enzyme responds posttranslation-
ally to resulting changes in the level of the amino acid.
Our defined metabolic modules, which initiate by the
allosteric/biosynthetic enzymes and terminate by the
first catabolic enzymes of the amino acids, are generally
located in branch points of metabolic networks and
may apparently enable efficient metabolic redirections
in response to external cues. Such metabolic modules
may enable the redirection of fluxes of primary metab-
olism as well as the conversion of primary metabolism
into secondary metabolism. Our results also imply that
the balance of fluxes through the different metabolic
modules is likely under specific spatial and temporal
controls. Notably, the only exception to our proposed
program is the pathway of Pro metabolism, an amino
acid that distinctively accumulates to significantly high
levels under abiotic stresses. The gene encoding the
allosteric biosynthetic enzyme of this pathway is tran-
scriptionally stimulated in response to a number of
abiotic stresses. Finally, our hypothesis is based solely
on transcriptional programs and posttranslational
feedback inhibition loops of allosteric enzymes. It
does not incorporate the potential influence of post-
translational controls of other biosynthetic enzymes
and intracellular sequestration of amino acids, for
which there is still very little published information.
The influence of these factors on our proposed hypoth-
esis awaits future studies.

MATERIALS AND METHODS

Data Source

Genes encoding biosynthetic/allosteric, biosynthetic/nonallosteric, and en-

zymes catalyzing the first catabolic steps of the amino acids in Arabidopsis

(Arabidopsis thaliana) were identified and collected using the ARACYC database

(http://www.arabidopsis.org/biocyc/index.jsp) supplemented with extensive

literature confirmation to avoid false annotations. Genes encoding proteases

were collected based on their annotation in TAIR (http://www.arabidopsis.

org). Expression data were obtained from the NASC (http://affymetrix.

arabidopsis.info/AffyWatch.html), which contains hundreds of publicly avail-

able expression profiles. In this study, we focused on well-documented exper-

iments of abiotic stresses from the AtGenExpress project. In these data, each

stress experiment contains several time points with replicates and, in total, 272

microarrays. For the evaluation of protease activities during senescence and

PCD, two additional experiments from the AffyWatch database were used

(NASCARRAYS-52 and NASCARRAYS-30, respectively; Buchanan-Wollaston

et al., 2005).

Gene Expression Data Analysis

For gene expression raw data analysis, we used the RMA algorithm im-

plemented under the R programming environment (http://www.bioconductor.

org), which is currently the gold standard technique for high-density micro-

array data analysis. The mean of all replicates was used as the estimated

expression level of each gene in each time point. The RMA results of all genes

used in this study, derived from all microarray chips used in this study, are

provided in Supplemental Table S1 in a CSV (comma separator) format.

Combination of Isozymic mRNA Signals

In order to estimate the transcript level of each enzymatic step, we summed

the mRNA signals of genes encoding all isozymes of a given enzymatic step in

each microarray separately (in a linear scale) and transformed these values back

to a logarithmic scale as an estimator for the expression level of each enzymatic

step. These were named combined isozymic mRNA signals.

Statistical Analysis

A Kolmogorov-Smirnov goodness-of-fit hypothesis test was used to esti-

mate the difference between the SD of expression. The SD of the mRNA levels of

the two groups of genes encoding biosynthetic/allosteric and biosynthetic/

nonallosteric enzymes were not significantly different from each other (P 5

0.25); therefore, their data were joined and tested against the group of the

catabolic genes. This test was also used to examine the differences in the

absolute expression levels of the genes in the different groups. A x2 test was

used to estimate the significance of the data described in Figure 3. First, we

calculated the number of actual statistically significant changes in mRNA level

(treatment versus control; P , 0.01; absolute log2 ratio . 1) for each gene in each

tissue (roots or shoots) in each time point of each of the stresses. Based on this

number, we next calculated the expected number of statistically significant

changes in each of the three groups of genes, based on the relative number of

genes in each group (roots and shoots separately), assuming no preferential

response of the genes of each group to each of the stresses. Although it is

common to use various methods to control the false discovery rate when

analyzing microarray data, we preferred not to use false discovery rate, since

the x2 test is much more valid with large numbers of observations and we

focused on general tendencies rather than on specific genes.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. The three groups of genes possess no significant

difference in their absolute expression levels.

Supplemental Figure S2. The degree of fluctuation of mRNA levels of

individual genes.

Supplemental Figure S3. Response of shoot mRNA levels of biosyn-

thetic/allosteric and catabolic genes to abiotic stresses.

Supplemental Figure S4. Response of root mRNA levels of biosynthetic/

allosteric and catabolic genes to abiotic stresses.

Supplemental Figure S5. Responses of shoot combined isozymic mRNA

levels of all genes to abiotic stresses.

Supplemental Figure S6. Responses of root combined isozymic mRNA

levels of all genes to abiotic stresses.

Supplemental Figure S7. Responses of annotated protease mRNA levels

to abiotic stresses.
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Supplemental Table S1. Raw data of mRNA expression levels.

Supplemental Table S2. List of annotated proteases.
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