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Abstract It has recently been discovered that glutathione-de-
pendent formaldehyde dehydrogenase (FALDH) exhibits a
strong S-nitrosoglutathione reductase activity. Plants use NO
and S-nitrosothiols as signaling molecules to activate defense
mechanisms. Therefore, it is interesting to investigate the regu-
lation of FALDH by mechanical wounding and plant hormones
involved in signal transduction. Our results show that the gene
encoding FALDH in Arabidopsis (ADH2) is down-regulated by
wounding and activated by salicylic acid (SA). In tobacco,
FALDH levels and enzymatic activity decreased after jasmonate
treatment, and increased in response to SA. This is the ¢rst time
that regulation of FALDH in response to signals associated with
plant defense has been demonstrated.
* 2003 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.

Key words: Glutathione-dependent formaldehyde
dehydrogenase; GSNO reductase; Wound response;
Jasmonic acid; Salicylic acid

1. Introduction

Glutathione-dependent formaldehyde dehydrogenase
(FALDH; EC 1.2.1.1) is a ubiquitous enzyme also known
as class III alcohol dehydrogenase. The enzyme catalyzes
the NADþ-dependent formation of S-formylglutathione
from S-hydroxymethylglutathione that forms spontaneously
by condensation between formaldehyde and glutathione. It
has been long proposed that the main function of this enzyme
in biological organisms is to detoxify endogenous and exoge-
nous formaldehyde. This toxic compound forms intracellular-
ly from demethylation of several amino acids [1] and, in
plants, also from the catalase-mediated oxidation of metha-
nol, derived from pectin hydrolysis during leaf expansion [2].
Alternative substrates for FALDH are aldehydic fatty acid
derivatives [3] that can be generated intracellularly from lipid

membranes in a situation of oxidative stress [4]. Recently, it
has been demonstrated that FALDH is very active in the
reduction of S-nitrosoglutathione (GSNO), the condensation
product of glutathione and NO, that is a naturally occurring
NO reservoir and also a reactive nitrogen intermediate. This
GSNO reductase activity has been demonstrated for the en-
zyme puri¢ed from di¡erent organisms, including Arabidopsis
thaliana [5^7].
The nature of the FALDH substrates strongly suggests that

this enzyme might play an important role in cell protection
against di¡erent types of stress and, in particular, in signal
transduction processes that rely on NO. Biotic stress in plants
activates an oxidative burst with production of O3

2 and H2O2,
accompanied by an increase in salicylic acid (SA) and pertur-
bations of cytosolic Ca2þ to trigger defense mechanisms [8].
Recent data indicate that NO and GSNO are signaling mol-
ecules in plant defense [9]. NO cooperates with reactive oxy-
gen intermediates (ROIs) in the activation of hypersensitive
cell death [10], which requires a delicate balance between
ROIs and NO production [11]. In addition, many data sup-
port the linkage of oxidative stress to other abiotic stresses,
such as cold, UV, air pollutants and drought. On the other
hand, phytohormones are also involved in the signaling events
triggered in response to di¡erent types of stresses to activate
di¡erent sets of protectant genes. For instance, ethylene, ab-
cisic acid (ABA), jasmonic acid (JA) and SA have been im-
plicated in stress responses such as wounding, anaerobiosis,
drought, cold and salinity [12].
In this work we have explored the response of the ADH2

gene (At5g43940), coding for the FALDH/GSNO reductase,
to wounding and to several hormones that act as signals for
environmental stress. Our results demonstrate that plant
FALDH, although highly expressed in all plant tissues [13],
is transcriptionally regulated in response to signals associated
with plant defense.

2. Materials and methods

2.1. Biological material and treatments
BY-2 cells were cultivated as described in [14]. A. thaliana ecotype

Columbia was grown in soil under a 16-h light/8-h dark regime, at
22‡C. For the di¡erent treatments, Arabidopsis seeds were surface-
sterilized and grown as in [15]. Stocks were prepared as follows:
100 mM ABA in dimethyl sulfoxide; 100 mM JA in N,N-dimethyl
formamide; 50 mM SA in water (pH 6). Control plants were treated
with an equivalent amount of the corresponding solvent. Wounding
experiments were performed with plants grown in soil, as in [15]. BY-2
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cell viability was calculated with £uorescein diacetate (0.1 mg/ml) and
subsequent observation under a £uorescence microscope (Leica
DRMB), using an I3 ¢lter (Leica).

2.2. Immunochemical procedures, protein extracts and enzymatic
activity

Antibody against Arabidopsis FALDH was produced in rabbits by
conventional methods (unpublished). For Western blotting, 20 Wg of
proteins was electrophoresed on sodium dodecyl sulfate (SDS)^12.5%
polyacrylamide gels, transferred to Immobilon-P membranes (Milli-
pore) and incubated with a FALDH antiserum (dilution 1:3000).
Membranes were revealed with the Immun-Star detection kit system
(Bio-Rad). Protein content was assessed by Bradford analysis [16],
and equal loading con¢rmed by membrane staining (0.1% Coomassie
blue in 7% acetic acid and 50% methanol). Protein extracts were
obtained in 0.1 M sodium phosphate bu¡er, pH 8, 0.5 mM dithio-
threitol, 1 mM phenylmethylsulfonyl £uoride. FALDH activity was
determined as in [13], using S-hydroxymethylglutathione as substrate
and 3-acetylpyridine adenine dinucleotide (APAD) as cofactor. The
assay mixture contained 1 mM formaldehyde, 1 mM glutathione, 0.6
mM APAD, in 0.1 M sodium phosphate bu¡er, pH 8.

2.3. Northern blots
RNA preparation and Northern blot analysis were performed as in

[13]. The complete cDNA for FALDH (ADH2) was used as a 32P-
radiolabeled probe and hybridized in 0.2 M sodium phosphate, pH
7.2, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% bovine serum
albumin, 7% SDS, at 65‡C. The membrane was washed twice in 40
mM sodium phosphate, pH 7.2, 1 mM EDTA, and 1% SDS, at 65‡C.

3. Results

3.1. Wound-induced transcriptional repression of ADH2 gene
Mechanical damage of plant tissue, or wounding, occurs

upon insect attack and initiates a series of biochemical and

molecular events that are identical to those involved in the
defense response to insects. To assess whether FALDH is
involved in host defense, we examined the ADH2 mRNA
levels at di¡erent times after wounding. Fig. 1A shows a tran-
sient decrease in the amount of the transcripts, both in the
locally injured leaves and in the systemic or unwounded
leaves, indicating a transcriptional repression of the gene.
The repression was higher in damaged leaves 2 h after wound-
ing than in unwounded leaves (rosette and cauline). The
mRNA levels were recovered 48 h after wounding. As a con-
trol, the same membrane was subsequently hybridized with
the wound-inducible gene WR3, showing a transient accumu-
lation of mRNA levels, as previously described [15]. The de-
crease in FALDH mRNA correlated with a decrease in the
protein levels, both in wounded and systemic leaves (Fig. 1B).
This e¡ect was observed 2 h after wounding and persisted up
to 48 h after wounding.

3.2. Hormonal regulation of FALDH
The expression of some wound-inducible genes, such as Jr1,

Jr2, or VPS is also strongly induced by application of exog-
enous JA. On the other hand, in potato and tomato, ABA is
required for the wound-induced activation of Pin2 [17]. To
ascertain whether JA is a mediator in the wound-induced
regulation of ADH2 gene in Arabidopsis, we used the coi1
Arabidopsis mutant, which is jasmonic-insensitive [18]. No re-
pression of ADH2 gene was observed after wounding, but, to
the contrary, mRNA levels were slightly higher both in the
wounded and the systemic leaves (Fig. 2). This result supports
the idea that JA mediates the wound-induced repression of
ADH2 gene in Arabidopsis. To get more insight into the mo-
lecular signals involved in the wound-induced transcriptional
repression of ADH2 gene, ABA and JA were added exoge-
nously and FALDH expression was measured during a time
course. The experiments were performed using tobacco BY-2
suspension cells and Arabidopsis plantlets grown in liquid me-
dium. After treatment with 50 WM JA, a dramatic decrease in
the amount of FALDH from tobacco protein extracts was
observed (Fig. 3A) that correlated with a similar decrease in
the speci¢c activity of the enzyme (Fig. 3B). The response was
¢rst observed at 24 h after treatment and persisted after 72 h.
Treatment with 100 WM ABA resulted in no e¡ect on
FALDH levels (not shown). Addition of 50 WM JA to Arabi-
dopsis plantlets resulted in no signi¢cant change in both
FALDH and ADH2 mRNA levels. Increasing the concentra-
tion up to 500 WM did not have any e¡ect, nor did the use of

Fig. 1. Wound-induced repression of ADH2 gene in A. thaliana.
Plants were sampled at the indicated times after wounding. A: 5 Wg
of total RNA was loaded per lane and blots were hybridized with
32P-labeled probes derived from ADH2 or from WR3. Ethidium
bromide-stained rRNAs are shown as loading control. B: Western
blot analysis. The Coomassie blue-stained membrane is shown as
loading control. c, control, rosette leaves from unwounded plants;
w, wounded rosette leaves; s, systemic, unwounded rosette leaves
from wounded plants; up, cauline leaves from wounded plants.

Fig. 2. Wound response of ADH2 gene in Arabidopsis coi mutant.
Plants were sampled at the indicated times after wounding and
Northern blots were performed as in Fig. 1. c, control, rosette
leaves from unwounded plants; local, locally wounded rosette
leaves; systemic, unwounded rosette leaves from wounded plants.
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methyl jasmonate at di¡erent concentrations from 200 WM to
1 mM (Figs. 3C,D). We do not have an explanation for the
lack of response of the ADH2 gene to exogenous JA in Ara-
bidopsis but one possible speculation is that a synergism with
other factors is necessary.

3.3. Regulation of ADH2 by SA
SA is an important signal in plant defense responses. An

increase in the intracellular SA levels is necessary for tran-
scriptional activation of defense genes [19,20] and for the es-
tablishment of the systemic acquired resistance (SAR) [21].
Biosynthesis of intracellular SA is also very tightly linked to
both oxidative and nitrosative stress, as has been demon-
strated by the increase in SA levels provoked by UV and
ozone treatments [22,23], and in NO-treated tobacco plants
[9].
The exogenous application of 150 WM SA to BY-2 tobacco

cells provoked a marked increase in both protein accumula-
tion (Fig. 4A) and speci¢c activity of FALDH (Fig. 4B). The
response was maximal at 48 h after treatment. Exogenous
application of 150 WM SA to Arabidopsis plantlets had very
little e¡ect on FALDH levels (data not shown). However,
treatment with 500 WM SA and 1 mM SA provoked a clear
increase in FALDH levels (Fig. 4C) that correlated with an
increase in ADH2 mRNA levels (Fig. 4D). The higher accu-
mulation of the protein was observed at 48 h after treatment,
whereas the mRNA levels were higher at 5 h and persisted up
to 48 h. These results strongly suggest a transcriptional up-
regulation of ADH2 gene by SA.

4. Discussion

Our results demonstrate that ADH2 gene expression is
regulated by molecular signals related to plant defense.
ADH2 gene is down-regulated by wounding, and the response
is transient and systemic. A stronger repression was observed
in locally injured leaves than in systemic leaves and, in both
cases, the expression returned to basal levels by 48 h after
wounding. Western blot analysis demonstrated a concomitant
decrease in FALDH levels that was ¢rst observed 2 h after
wounding and persisted up to 48 h. Two distinct signaling
pathways involved in the wound response have been proposed
[15]. One of them does not require JA and is mainly respon-
sible for the activation of genes at the site of the local damage.
The other is JA-dependent and activates genes both locally
and systemically to the wound site. On the other hand,
some genes require ABA to be activated in response to
wounding [17]. Our results strongly suggest that ADH2 is a
JA-responsive and ABA-unresponsive gene, both in tobacco
and in Arabidopsis.
ADH2 gene is also regulated by SA, an endogenous signal

that induces certain defense-related genes and that is necessary
for the establishment of SAR. SA also promotes a type of cell
death associated with the hypersensitive response in some
plant^pathogen-incompatible interactions [24,25], whereas in
other cases it suppresses it [26,27]. It has been demonstrated
that SA binds to an endogenous catalase and inhibits its ac-
tivity [28], leading to an increase in the H2O2 concentration
that can exacerbate the oxidative stress at the local site. More-

Fig. 3. E¡ect of JA treatments on FALDH expression in tobacco
BY-2 cells and in Arabidopsis plants. A,B: BY-2 cells (day 2 after
subculturing) were treated with 50 WM JA or the corresponding
amount of N,N-dimethyl formamide (c) for the indicated times.
Samples were analyzed by Western blot (panel A) and FALDH-spe-
ci¢c activities (panel B). Error bars indicate standard deviations of
three independent experiments. C,D: Arabidopsis plantlets grown in
liquid medium were treated with 200 WM methyl jasmonate for the
indicated times. Samples were analyzed by Western blot (panel C)
and Northern blot (panel D). Membranes stained with Coomassie
blue (panels A and C) or methylene blue (panel D) are shown as
loading controls.

Fig. 4. E¡ect of SA treatments on FALDH expression in tobacco
BY-2 cells and in Arabidopsis plants. A,B: BY-2 cells (day 2 after
subculturing) were treated with 150 WM SA or the corresponding
amount of distilled water (c), for the indicated times. Samples were
analyzed by Western blot (panel A) and FALDH-speci¢c activities
(panel B). Error bars indicate standard deviations of three indepen-
dent experiments. C,D: Arabidopsis plantlets were treated with 0.5
mM SA (lines 2, 4 and 6) or 1 mM SA (lines 3, 5, and 7) for the
indicated times. C: Western blot analysis. D: Northern blot analy-
sis, with 15 Wg of total RNA and hybridized with 32P-labeled
ADH2. Membranes stained with Coomassie blue (panels A and C)
or methylene blue (panel D) are shown as loading controls.
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over, inhibition of catalase and of ascorbate peroxidase might
generate the damaging SA free radical [29] that could initiate
lipid peroxidation. We observed that addition of exogenous
SA to tobacco BY-2 cells resulted in cell death in a dose-de-
pendent manner. At 1 mM SA, only 1% of the cells was alive
after 24 h treatment. For this reason, treatments of BY-2 cells
were performed with 150 WM SA (95% viability, same as
control), and a clear increase in both speci¢c activity and
FALDH protein levels was observed that was maximal at
48 h. In Arabidopsis plantlets, however, 0.5 mM SA was re-
quired to observe an increase in FALDH and the correspond-
ing ADH2 mRNA levels. Neither cell necrosis nor cell death
was observed after 48 h of treatment, revealing a di¡erent
sensitivity from the tobacco suspension cells. The up-regula-
tion of the ADH2 gene in response to SA suggests a role of
FALDH in protection against oxidative stress and/or nitro-
sative stress. Although the interrelationship between the NO
and ROS signaling pathways in plants is currently unclear,
both compounds stimulate the accumulation of SA [9,30].
One of the consequences of the oxidative stress is lipid per-
oxidation that might generate formaldehyde and other reac-
tive lipid peroxidation products that can be eliminated by
FALDH [3]. On the other hand, the importance of FALDH
in nitrosative stress has been demonstrated in mice and yeast,
where deletion of the gene encoding FALDH increases the
susceptibility of the cells to nitrosative challenge and produces
an accumulation of nitrosylated proteins [6].
It is di⁄cult to speculate about the functional signi¢cance

of FALDH repression caused by wounding and JA. It has
been reported that jasmonate reduces synthesis of Rubisco
and other proteins related to basal cell functions [31]. One
of the cell’s responses to a herbivore attack might be the
transient repression of housekeeping genes and the concomi-
tant synthesis of speci¢c defense proteins. Alternatively, JA
down-regulation of ADH2 could play a role in pathogenesis.
For instance, a transient decrease of FALDH might be neces-
sary to avoid its GSNO-consuming activity during the ¢rst
moments following a pathogen attack. Though there is no
evidence of a NO-mediated signal in wound defense, it cannot
be ruled out. It has been reported that NO negatively modu-
lates the expression of wound-inducible defense genes in to-
mato by a SA-independent signaling pathway [32], but the
experiments were performed in excised leaves and, thus, the
e¡ects observed only locally. On the other hand, the substrate
of FALDH is GSNO and it is not known how the NO/GSNO
pool is regulated. NO also mediates S-glutathiolation and
S-nitrosation of proteins that modulate intracellular signaling
[33,34]. NO and S-nitrosothiols might thus operate at di¡erent
levels in the NO-mediated signaling pathways, and under-
standing the regulation of the enzymes involved in NO me-
tabolism is of crucial importance. FALDH might play a dual
role in turning o¡/on NO or GSNO signaling, and in modu-
lating the concentration of intracellular thiol compounds that
can generate nitrosative stress. Our results, showing a down-
regulation of FALDH/GSNO reductase by wounding,
strongly suggest a modulation of NO metabolism as part of
the wound defense response. The generation of transgenic
plants with modi¢ed levels of FALDH would provide a
good tool to investigate the importance of this enzyme in
NO signaling in plants.
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