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The Arabidopsis Prohibitin Gene PHB3 Functions in Nitric
Oxide-Mediated Responses and in Hydrogen
Peroxide-Induced Nitric Oxide Accumulation

Yong Wang, Amber Ries, Kati Wu,! Albert Yang,2 and Nigel M. Crawford®

Section of Cell and Developmental Biology, Division of Biological Sciences, University of California at San Diego, La Jolla,
California 92093

To discover genes involved in nitric oxide (NO) metabolism, a genetic screen was employed to identify mutants defective in
NO accumulation after treatment with the physiological inducer hydrogen peroxide. In wild-type Arabidopsis thaliana plants,
NO levels increase eightfold in roots after H,O, treatment for 30 min. A mutant defective in H,O5-induced NO accumulation
was identified, and the corresponding mutation was mapped to the prohibitin gene PHB3, converting the highly conserved
Gly-37 to an Asp in the protein’s SPFH domain. This point mutant and a T-DNA insertion mutant were examined for other
NO-related phenotypes. Both mutants were defective in abscisic acid-induced NO accumulation and stomatal closure and
in auxin-induced lateral root formation. Both mutants were less sensitive to salt stress, showing no increase in NO
accumulation and less inhibition of primary root growth in response to NaCl treatment. In addition, light-induced NO
accumulation was dramatically reduced in cotyledons. We found no evidence for impaired H,O, metabolism or signaling in
the mutants as H,0; levels and H,0,-induced gene expression were unaffected by the mutations. These findings identify a
component of the NO homeostasis system in plants and expand the function of prohibitin genes to include regulation of NO

accumulation and NO-mediated responses.

INTRODUCTION

Nitric oxide (NO) is a reactive nitrogen species that acts as an
intermediate in multiple signaling pathways in plants. These
pathways control a diverse set of processes, including program-
med cell death, stomatal movements, auxin-induced lateral root
formation, abiotic stress, and defense responses (reviewed in
Lamattina et al., 2003; Neill et al., 2003; Wendehenne et al., 2004;
Delledonne, 2005; Besson-Bard et al., 2008; Palavan-Unsal and
Arisan, 2009; Yoshioka et al., 2009). Many environmental and
hormonal stimuli, such as anoxia, abscisic acid (ABA), light, salt
stress, pathogens, and elicitors, induce a rapid increase in NO
levels. Treating plants with NO donors can often elicit the same
responses induced by these hormonal or environmental stimuli. It
is thus important to elucidate the processes that control NO
synthesis and accumulation; however, in most cases, these
processes are poorly understood (Meyer et al., 2005; Tischner
etal., 2007; Neill etal., 2008a; Wilson et al., 2008; Gas et al., 2009;
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Leitner et al., 2009). In the case of hypoxia or anoxia, itis clear that
nitrite serves as a substrate and is reduced to NO by nitrate
reductase, mitochondria, or acid-catalyzed reactions (Yamasaki
etal., 1999; Desikan et al., 2002; Rockel et al., 2002; Bethke et al.,
2004; Tischner et al., 2004; Gupta et al., 2005; Planchet et al.,
2005). Under normoxic conditions, however, the mechanisms
and genes have not been resolved, but chloroplasts (Gas et al.,
2009) and peroxisomes (Corpas et al., 2009) play a role.

NO has a strong relationship with another reactive species:
hydrogen peroxide. Hydrogen peroxide works synergistically
with NO to stimulate or delay programmed cell death and
assist in defense responses to pathogens (Beligni et al., 2002;
Wendehenne et al., 2004; de Pinto et al., 2006; Zaninotto et al.,
2006; Asai et al., 2008; Besson-Bard et al., 2008; Asai and
Yoshioka, 2009; Zhang et al., 2009). Hydrogen peroxide is also a
signal for stomatal closure; ABA induces H,O, synthesis, which,
in turn, induces NO accumulation (Garcia-Mata and Lamattina,
2001, 2002; Desikan et al., 2004; Bright et al., 2006; Neill et al.,
2008b). H,0O, plays a role in many other processes as well (Apel
and Hirt, 2004; Mittler et al., 2004; Foyer and Noctor, 2005;
Gapper and Dolan, 2006; Gechev et al., 2006; Pitzschke et al.,
2006). The H,O,-responsive transcriptome has been determined
(Desikan et al., 2001; Vanderauwera et al., 2005; Gadjev et al.,
2006) and can be distinguished from the responses to other
reactive oxygen species, such as singlet oxygen (Gadjev et al.,
2006; Laloi et al., 2007).

To date, several genes that affect NO accumulation have been
identified through genetic analysis. The Arabidopsis thaliana
NOAT1 gene, which encodes a cGTPase (Moreau et al., 2008) and
is needed for NO accumulation during abiotic and biotic
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responses (reviewed in Gas et al., 2009), was identified through
reverse genetics (Guo et al., 2003). The Arabidopsis nox1 mutant
was identified in a screen for NO hypersensitive mutants and has
a defective CUET gene (encodes a chloroplast phosphoenolpy-
ruvate/phosphate translocator), resulting in higher levels of NO
and in delayed flowering (He et al., 2004). Arginase-negative
mutants have increased NO accumulation and enhanced lateral
root formation (Flores et al., 2008). Nitrate reductase mutants
are defective in some NO-mediated processes, such as ABA-
induced stomatal closure but are normal in others (reviewed in
Gasetal., 2009). Several kinases in the mitogen-activated protein
kinase cascade regulate NO bursts during defense responses in
Nicotiana benthamiana (Asai et al., 2008; Asai and Yoshioka,
2009), and GPA1, a subunit of heterotrimeric G proteins, is
necessary for NOA7-dependent NO accumulation that is stimu-
lated by external calmodulin in stomates (Li et al., 2009). To
identify additional genes that mediate and regulate NO synthesis
and accumulation, we developed a genetic screen for NO-
deficient mutants using the fluorescein dye 4-amino-5-methyl-
amino-2’,7’-difluorescein (DAF-FM), which reacts with NO to
produce afluorescent compound. NO levels were measured after
treatment with the physiological inducer H,O,. The isolation of a
mutant defective in H,O»-induced NO accumulation is described
below along with identification of the mutated gene and charac-
terization of the NO-related phenotypes in the mutant.

RESULTS

Identification of a Mutant Defective in H,O5-Induced
NO Accumulation

To develop a screen for mutants defective in NO accumulation,
H,0, was used as an inducer because it had been shown to elicit

H,0,+4-AF DA

H,0,+DAF-FM DA

G/GO+4-AF DA

=
=" G/GO+DAF-FM DA

Figure 1. H>O,-Induced NO Accumulation in Wild-Type Roots.

strong NO accumulation in plant leaves, stomates, and cell
culture (reviewed in Neill et al., 2008b). To monitor NO accumu-
lation, the NO-reactive dye DAF-FM diacetate (DAF-FM DA) was
used. Arabidopsis roots were selected as the target organ due to
the ease of H,O, treatments and the advantage of measuring
DAF fluorescence unimpeded by leaf or chloroplast fluores-
cence. We first verified that NO accumulation responds to H,O,
in Arabidopsis roots as described for other systems. Roots of
7-d-old seedlings treated with 100 wM H,O, for 30 min showed
an eightfold increase of DAF fluorescence (Figure 1A). Staining
with the related fluorescein dye 4-AF DA, which does not react
with NO, showed almost no increase in fluorescence in re-
sponse to 100 wuM H,O, compared with DAF-FM DA (Figure 1B).
Catalase, which degrades H,O,, or the NO scavenger cPTIO [2-
(4-carboxyphenyl)-4,4,5,5 tetramethylimidazoline-1-oxyl-3-oxide]
strongly reduced the H,O, response (Figures 1C and 1D). The
H-O, generating system glucose/glucose oxidase also stimu-
lated NO accumulation (Figure 1E), which was not observed with
4-AF DA or if catalase or cPTIO was included in the treatment
(Figures 1F to 1H). These results indicate that H,O, induces
strong NO accumulation in Arabidopsis roots.

To screen for mutants defective in NO accumulation, ethyl
methanesulfonate-mutagenized M2 seedlings were treated
with DAF-FM DA and 100 pM H,O,. Approximately 40,000
M2 seedlings were screened. A seedling showing weak fluo-
rescence (26-2) was identified then backcrossed twice with
wild-type plants. Backcrossed progeny from 26-2 showed the
same weak fluorescence as the parent (~40% the wild-type
level; Figure 2) after 100 uM H,O, treatment. Increasing the
level of H,O, resulted in recovery of DAF fluorescence to wild-
type levels, reaching a level of 96% of wild-type at 1 mM H,0,
(Figure 2). To verify that the differences in DAF-FM fluores-
cence was due to changes in NO levels and not to differences in
DAF-FM uptake or stability, wild-type and mutant seedlings

H,O,+catalase

H,0,+cPTIO

G/GO+cPTIO

The roots of 7-d-old seedlings grown on agarose half-strength Murashige and Skoog (MS) plates were treated for 30 min with 100 uM H,O ([A] to [D]) or
with the HoO,-generating system 0.5 mM glucose 0.5 units/mL glucose oxidase ([E] to [H]). Catalase (100 units/mL; an H,O, scavenger; [C] and [G]) or 500
1M cPTIO (an NO scavenger; [D] and [H]) was included as shown. NO production was detected using 10 uM DAF-FM DA, a fluorescent probe for NO.
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Figure 2. NO Levels in Wild-Type and 26-2 Mutant Seedling Roots after H,O, Treatment.

(A) NO levels in the roots of 3-d-old wild-type and 5-d-old 26-2 seedlings (age where size is comparable) after 15 min of H,O, treatment were detected

using 10 uM DAF-FM DA.

(B) DAF-FM fluorescence signals from roots corresponding to treatments in (A) (n = 10) were quantified using the Imaged program. Error bars represent

SD (n = 10).
[See online article for color version of this figure.]

were stained with DAF-FM DA and then treated with the NO
donor NOCS9. Similar levels of fluorescence were observed in
wild-type and mutant roots and cotyledons after this treatment
(see Supplemental Figure 1 online), indicating that DAF-FM is
functioning at equivalent levels in both lines. This mutant line
was examined further to determine the identity of the gene that
was mutated and uncover any additional NO-related pheno-
types.

Mapping and Cloning of the Mutated Gene

During seedling growth, 26-2 shows significant growth retarda-
tion. At 12 d, wild-type plants have four to five true leaves, but
26-2 plants have no visible true leaves (see Supplemental Figure
2 online). This growth phenotype was used to map the 26-2
mutation using F2 progeny from a Landsberg erecta X 26-2
(Columbia) cross. The mutation mapped to the chromosome 5 in
aregion encompassed by BAC clones MNF13 and MHK?7 (Figure
3). Genomic DNA of this region was cloned and sequenced from
26-2. A mutation within the gene At5g40770 was found that
resulted in the conversion of Gly-37 to an Asp (Figure 3).
Sequencing cDNA clones for At5g40770 from the mutant con-
firmed the presence of this mutation.

The gene At5g40770 encodes the Arabidopsis prohibitin
protein PHB3 (Van Aken et al., 2007). Two other alleles of
PHB3 have been reported: eer3-1, which has an Asn substitu-
tion for Asp-165 (Christians and Larsen, 2007), and the loss-of-
function allele phb3ko (SALK_020707) (Christians and Larsen,
2007; Van Aken et al., 2007), which contains a T-DNA insertion
at the end of the first exon (Figure 3). RT-PCR using gene-
specific primers revealed that the PHB3 transcript was not
detectable in the phb3ko mutant (see Supplemental Figure 3
online).

To verify that the mutation in PHB3 was responsible for the
reduced NO phenotype in 26-2, NO accumulation in eer3-1 and
phb3ko mutants was examined. Both mutants showed reduced
fluorescence after treatment with 100 wM H,O, (Figure 4). The
eer3-1 mutant showed the highest level of fluorescence among
the mutants, and the phb3ko response was similar to 26-2. If one
compares seedling growth, eer3-1 shows the fastest growth,
while 26-2 and phb3ko have the most stunted growth (see
Supplemental Figure 2 online). These results indicate that muta-
tions in PHB3 reduce NO accumulation in response to H,O, and
that eer3-1 appears to be the weakest allele, while 26-2 is a
strong allele equivalent to a T-DNA insertion mutation. Hereafter,
we refer to 26-2 as phb3-3.
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Figure 3. Mapping of Mutation 26-2 to PHB3.

The structure of the PHB3 is shown with exons indicated by black boxes, introns by black line, and untranslated regions by white box. For the phb3-3
mutant, the mutation is at nucleotide 111 of cDNA sequence, changing Gly-37 to Asp. For the eer3-1 mutant, the mutation is at nucleotide 493 of cDNA,

changing Asp-165 to Asn. The T-DNA insertion is for phb3ko line (Salk 020707).

H;05-Induced Gene Expression and Accumulation Are
Unaffected in the phb3-3 Mutant

A possible explanation for the reduced accumulation of NO in
response to H,O, in the phb3-3 mutant is that H,O, signaling or
accumulation is impaired so that the mutant has lower levels of or
cannot respond to H,O,. To answer this question, the inductions
of several HO,-responsive genes were examined, including the
WRKY transcription factor gene WRKY®6, the heat stress tran-
scription factor gene HSFA4, the touch gene TCH3, and the
glutathione S-transferase gene GSTU72 (Vanderauwera et al.,
2005; Gadjev et al., 2006). Roots of 7-d-old seedlings grown
hydroponically were treated with 0.5 mM H,O, for 0.5 h, and the
mRNA levels in roots for these genes were determined by
quantitative RT-PCR. The results showed that all four genes
were induced by H,O,, and the induction levels for each gene in
phb3-3 roots were similar to those in the wild type (Table 1). Next,
H>O, levels were examined using the fluorescent probe CM-
H>DCFDA [5-(and-6)-chloromethyl-2’7’-dichlorodihydrofluores-
cein diacetate acetyl ester]. Fluorescence was measured in both
untreated roots and ABA-treated stomates. No difference in
fluorescence between wild-type and mutant roots (see Supple-
mental Figure 4 online) or stomates was observed. From these
data we find no evidence that phb3-3 is defective in H,O,
sensing or accumulation and thus conclude that its phenotype is
due to defects in NO accumulation.

ABA-Induced NO Production and Stomatal Closure Are
Abolished in phb3-3

One of the best characterized, NO-mediated responses is ABA-
induced stomatal closure. ABA enhances H,O, production (Pei
et al., 2000; Kwak et al., 2003), which stimulates guard cell NO

accumulation and stomatal closure (Garcia-Mata and Lamattina,
2001, 2002; Desikan et al., 2004; Bright et al., 2006; Neill et al.,
2008b). Because phb3 mutants reduce H,O,-stimulated NO
accumulation in roots, NO accumulation in guard cells and
closure of stomates were examined in the mutant. Epidermal
peels were prepared from wild-type and phb3-3 plants and
treated with ABA, and then NO levels and stomatal apertures
were determined.

NO levels in wild-type stomates increased 2.7-fold when
treated with 10 wM ABA (Figures 5A and 5B). No increase was
observed for phb3-3 mutant stomates after similar ABA treat-
ment (Figures 5A and 5B). These data show that ABA-induced
NO accumulation was severely inhibited in phb3-3 guard cells.
As described above, we found no evidence of reduced H,O,»
accumulation in response to ABA using the fluorescent indicator
dye CM-H,DCFDA.

Stomatal closure was induced by ABA in wild-type stomates,
which showed statistically significant reductions in aperture of 33
and 39% using 1 and 10 wM ABA, respectively, compared with
control stomates (open bars, Figure 5C; P < 0.001). By contrast,
ABA-induced stomatal closure was strongly inhibited in the
phb3-3 mutant. Mutant apertures were reduced by only 6 and
9% with 1 and 10 wM ABA treatments, respectively, which was
not significant compared with untreated stomates (black bars,
Figure 5C; P > 0.05). Measurements of aperture ratios confirmed
these results. ABA treatments significantly decreased the ratios
(P < 0.001) by 29 and 42% of control for 1 and 10 uM ABA
treatments, respectively (Figure 5D); whereas, there were no
significant differences in the ratios between ABA-treated and
control stomates in phb3-3 (P > 0.05; Figure 5D). These exper-
iments demonstrate that PHB3 is required for ABA-induced NO
accumulation and stomatal closure.



Figure 4. NO Levels in Wild-Type, eer3-1, and phb3ko Roots.

Seedlings were grown in liquid medium for 3 to 4 d and then treated with
100 pM H,0, for 15 min. NO production in roots was detected with 10
M DAF-FM DA.

Indole-3-Acetic Acid-Induced Lateral Root Formation Is
Inhibited in the phb3-3 Mutant

Auxin-induced lateral root formation is another well-studied, NO-
mediated process (Pagnussat et al., 2002; Correa-Aragunde
et al.,, 2004, 2006). To test phb3-3 for defects in this auxin
response, mutant and wild-type seedlings were treated with
different concentrations of indole-3-acetic acid (IAA) for 3 d, and
then the number of emerged lateral roots was determined. The
experiment showed that lateral root number increased in a dose-
dependent manner in wild-type roots (Figure 6). By contrast,
lateral root number was unchanged in phb3-3 roots for all IAA
treatments tested, indicating IAA-induced lateral root formation
is inhibited in phb3-3. Interestingly, without IAA treatment, phb3-3
had a similar number of lateral roots as wild-type seedlings,
showing that phb3-3 was fully capable of producing lateral roots.
To test if IAA sensing was impaired in the mutant, the induction of
several IAA-responsive genes, including IAAT, IAA5, and IAA19,
was examined. All three genes were induced to the same extentin
both wild-type and phb3-3 mutant roots after 0.5and 1 hof 1 uM
IAA treatment (Table 2), indicating that the mutant was still able to
sense IAA and support rapid induction of gene expression.

NaCl Effects on NO Production and Primary Root Growth
Were Impaired in the phb3-3 Mutant

It has been reported that NO is involved in salt resistance as
excess salt increases NO levels and salt stress can be alleviated
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by application of NO donors or be aggravated by lowering NO
accumulation (Zhao et al., 2004, 2007; Corpas et al., 2009). Salt
effects on the phb3-3 mutant were tested by measuring NO
accumulation and primary root lengths after treatment with NaCl.
NO levels increased 2.7-fold in roots of wild-type seedlings after
0.5 h treatment with 200 mM NaCl (Figure 7A); by contrast, no
change was observed in NaCl-treated phb3-3 roots. When
growth of primary roots was measured, mutant seedlings
showed less inhibition from salt stress than wild-type seedlings
(Figure 7B). After 2 d of 50 and 100 mM NaCl, the growth of wild-
type roots was reduced by 45 and 69%, respectively, whereas
root growth was reduced by only 33 and 46% in the mutant
(Figure 7B).

The phb3-3 Mutant Is Severely Defective in Green
Light-Induced NO Accumulation in Cotyledons

Strong NO accumulation occurs when leaves are exposed to
light (Gould et al., 2003). During our analysis of the phb3-3
mutants, we noticed that the normal increase in DAF-FM fluo-
rescence observed during green light exposure in cotyledons
was drastically reduced in the phb3-3 mutant compared with
wild type (Figure 8). The cotyledons of 3-d-old wild-type and 5-d-
old phb3-3 mutant plants (ages that have similar sizes) were
stained with DAF-FM DA and then exposed to green light from
the fluorescent microscope. Fluorescence increased rapidly in
wild-type cotyledons during the light exposure, saturating after
1 min. By contrast, no detectable increase in fluorescence was
observed in mutant cotyledons except in stomates during light
exposure (Figure 8). This effect was specific to cotyledons as true
leaves show comparable increases in fluorescence in wild-type
and mutant plants.

DISCUSSION

Our findings show a linkage between NO and prohibitin. Prohib-
itins are an extensively studied family of proteins that are highly
conserved between animals and plants (Nadimpalli et al., 2000;
Mishra et al., 2006). Prohibitins were first identified in a screen for
regulators of human cell proliferation (McClung et al., 1989).
Subsequently, prohibitins were shown to serve many functions in

Table 1. The Induction of H,O,-Responsive Genes in Wild-Type and
phb3-3 Roots after H,O, Treatment

WRKY6 HSFA4 TCH3 GSTU12
Wild type 71 *+0.8 8.9+ 0.7 276 = 3.8 134 + 23
phb3-3 79 *= 0.6 8.6 = 0.8 25.0 £ 2.9 13.6 = 1.7

The roots of 7-d-old seedlings grown hydroponically in half-strength MS
were treated with 0.5 mM H,O, for 0.5 h. RNA was extracted from the
roots, and then mRNA levels were determined by quantitative RT-PCR.
The gene UBA (ubigitin-associated/TS-N domain-containing protein;
At5g12120), which showed no response to H,O, treatment, was used as
an internal control. The four tested genes have the same mRNA levels in
wild-type and phb3-3 roots in the absence of H,O,. Fold induction
values were determined as the ratio of treated versus control root mRNA
levels with sD (n = 3).
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Figure 5. PHB3 Functions in ABA-Induced NO Accumulation and Stomatal Closure.

Stomates prepared from leaves with similar sizes of 3-week old wild-type and phb3-3 mutant plants were incubated for 2 h in stomate buffer and then

treated with ABA.

(A) NO production in stomates treated with 10 wuM ABA was detected by DAF-FM DA (5 pM).
(B) Relative fluorescence signals from guard cells corresponding to treatments in (A) were quantified using the ImageJ program.
(C) and (D) Apertures (C) and ratios of width/length (D) of stomates treated with 1 and 10 uM ABA are shown. Error bars represent sbD (n = 40).

such diverse processes as apoptosis and aging, cell cycle
progression, tumorigenesis, transcriptional regulation, signaling,
oxidative damage, respiration, and mitochondrial biogenesis
(reviewed in Mishra et al., 2006; Artal-Sanz and Tavernarakis,
2009). The biochemical function(s) of prohibitins is not clear, but
they interact with receptors on the plasma membrane and with
transcriptional regulatory components in the nucleus. In the
mitochondria, PHB1 and PHB2 form a complex at the inner mi-
tochondrial membrane and act as a chaperone that influences
mitochondria ultrastructure, respiratory complexes, and cellular
senescence (Artal-Sanz and Tavernarakis, 2009).

In plants, the initial identification and characterization of pro-
hibitins showed a high degree of conservation with animal genes
with >70% similarity at the amino acid level between plants and
mammals and plants and yeast (Snedden and Fromm, 1997).
Plant prohibitins play a role in plant defense (Nadimpalli et al.,
2000), root hair elongation (Wen et al., 2005), cell division, devel-
opment, and senescence (Chen et al., 2005; Ahn et al., 2006; Van
Aken et al., 2007), oxidative stress (Ahn et al., 2006), and ethylene
signaling (Christians and Larsen, 2007). Similar to animals, plant
prohibitins are targeted to mitochondria, form multimeric com-
plexes, and function in mitochondria biogenesis and function
(Takahashi et al., 2003; Ahn et al., 2006; Van Aken et al., 2007).

Arabidopsis has seven members of the PHB family, which can
be divided into two groups: the PHB1 group (PHBS3, 4, and 5) and
the PHB2 group (PHB1, 2, 6, and 7) (Ahn et al., 2006; Van Aken
et al., 2007). The highest similarity among these proteins is

between PHB3 and PHB4, which show 89% identity. Alignment
of the Arabidopsis PHB proteins along with two Saccharomyces
cerevisiae PHBs shows extensive similarity among these pro-
teins (see Supplemental Figure 5 online), especially in the region
containing the SPFH/band 7 domain, which is a common feature
shared by a superfamily of proteins that form multimeric com-
plexes and interact with membranes and the cytoskeleton
(Browman et al., 2007; Langhorst et al., 2007; Hoegg et al.,
2009). The mutation in phb3-3 is at the beginning of the SPFH/
band 7 domain of PHB3 (see Supplemental Figure 5 online).
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Figure 6. Auxin Effects on Lateral Root Formation in Wild-Type and
Mutant Seedlings.

Three-day-old wild-type and 5-d-old phb3-3 mutant seedlings (ages at
which root length were equivalent) grown in liquid media were treated
with different concentrations of IAA for 3 d. Number of visible lateral roots
from each treatment is shown. Error bars indicate sD (n = 20).



Table 2. The Induction of IAA-Responsive Genes in Wild-Type and
phb3-3 Roots after IAA Treatment

IAA Treatment 1AA1 IAAS IAA19
Wild type
0.5h 111 + 2.8 18.2 = 3.3 16.5 = 3.7
1h 16.8 + 3.4 29.3 = 3.5 38.9 = 4.3
phb3-3
0.5h 9.6 + 2.7 16.6 = 2.6 19.4 = 2.8
1h 141 =27 26.6 = 3.8 36.3 = 2.9

The roots of 7-d-old seedlings grown hydroponically in half-strength MS
were treated with 1 wM IAA for 0.5 and 1 h. RNA was extracted from the
roots, and mRNA levels were determined by quantitative RT-PCR. The
gene ACT2 (ACTIN2; At3g18780) showed stable expression when
treated with IAA and was used as an internal control. The three IAA
genes have the same mRNA levels in wild-type and phb3-3 roots
without IAA treatment. Fold induction values were determined as the
ratio of treated versus control root mMRNA levels with sb (n = 3).

Of the Arabidopsis prohibitin genes, PHB3 is the most studied.
It is expressed primarily in regions of active cell proliferation,
including the root and shoot apices (Van Aken et al., 2007). It is
induced by auxin and shows elevated expression in pericycle
cells that give rise to lateral roots. PHB3 knockout mutants show
severe growth defects and have decreased cell division and
expansion in the root apex. phb3 mutants also have larger,
rounder mitochondria. Interestingly, phb4 single mutants display
no phenotype (it is expressed at lower levels than PHB3), yet
phb3/phb4 double knockout mutants are not viable, suggesting
that these two genes have compensating functions, with PHB3
being the predominant gene. PHB3 also functions in ethylene
signaling (Christians and Larsen, 2007). It was identified in a
screen for ethylene hypersensitive mutants and shows reduced
hypocotyl length in the dark. The mutant, eer3, is an ethylene
overproducer in the dark and has reduced induction of ethylene-
responsive genes. The eer3/phb3 mutation is epistatic to two
ethylene insensitive mutations (ein2 and ein3), indicating that
PHBS3 functions downstream of these regulators (Christians and
Larsen, 2007).

Our findings about PHB3 provide a potential explanation for
the diverse phenotypes reported for phb3 mutants: PHB3 reg-
ulates the level of NO accumulation and thus affects diverse
processes involving NO signaling. For example, PHB3 involve-
ment in cell division and tissue proliferation (Van Aken et al.,
2007) may be in part mediated via NO. For the case of auxin-
induced lateral root formation, NO induces the cell cycle gene
CYCD3;1 and represses the inhibitory KRP2 gene (Correa-
Aragunde et al., 2006). This response could be reduced in
phb3 mutants due to lower levels of NO. Interestingly, it was
recently reported that formation and elongation of adventitious
roots in marigold Targetes erecta involves not only NO but also
H>O, (Liao et al., 2009), which supports the linkage between
tissue proliferation and PHB3-mediated NO accumulation. There
is also linkage between NO and ethylene. NO and ethylene levels
are negatively correlated during fruit ripening (Leshem and
Pinchasov, 2000), and NO has been shown to inhibit ethylene
synthesis (Zhu and Zhou, 2007; Cheng et al., 2009). This linkage
provides clues on how phb3 mutations could produce the
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eer3 phenotypes, which include higher ethylene production
(Christians and Larsen, 2007). Results from a transcriptome
study reported for phb3 mutants are also consistent with our
proposal. Many of the genes whose expression is altered by the
phb3 mutation are significantly upregulated by oxidative or salt
stress as well as other abiotic stresses (Van Aken et al., 2007).
Thus, some of the previously reported phenotypes resulting from
phb3 mutations can be explained, at least in part, by defects in
NO accumulation.

Given what we know about prohibitins in general and PHB3 in
particular, we can speculate how PHBS3 affects NO accumulation
and NO-mediated processes. The phb3 mutations do not appear
to affect H,O, accumulation or signaling in our hands. Another
article reported substantial increase in reactive oxygen species
production and suscepitibility in Nicotiana after suppressing PHB
expression; however, this study used virus-induced gene silenc-
ing of Nicotiana PHBs (Ahn et al., 2006) so that it is difficult to
compare with our findings. The result that phb3 mutations
reduce the level of NO at lower but not higher levels of H,O,
suggests that a simple loss of NO synthesis cannot explain the
mutant phenotype. A more complex mechanism that affects
rates of synthesis or degradation resulting in reduced NO accu-
mulation in response to H,0; is indicated. For example, disrup-
tion of mitochondrial function may result in decreased electron
flux in the respiratory chain, resulting in less NO synthesis or
more degradation. A model for this idea is the process of NO
synthesis from nitrite via electron transfer through the respiratory
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Figure 7. NaCl Effects on NO Accumulation in Roots and Primary Root
Length of Wild-Type and Mutant Seedlings.

Three-day-old wild-type and 5-d-old phb3-3 mutant seedlings grown in
liquid media were treated with different concentrations of NaCl for 2 d.
(A) NO induction in wild-type and mutant roots was tested after 10 min
treatment with 200 mM NaCl using DAF-FM DA. Induction ratios were
determined as the ratio of treated versus control root levels.

(B) Increases in primary root length were calculated by subtracting
primary root length at time zero from that measured after 2 d of the
treatments. Error bars represent sp ([A], n = 10; [B], n = 20).



256 The Plant Cell

Omin

0.5min

Tmin

1.5min

2min

[}

[

Figure 8. NO Accumulation in Wild-Type and Mutant Cotyledons under
Green Light Treatment.

Wild-type and phb3-3 mutant seedlings were grown in liquid media for 3
and 5 d, respectively. NO levels in cotyledons were detected using 10
M DAF-FM DA, and photos were taken at the indicated time points after
exposure to green light used for detecting DAF-FM fluorescence as
described in Methods.

chain in root mitochondria during anoxia (Gupta et al., 2005;
Benamar et al., 2008).

Lastly, our PHB3 data provide further support for the involve-
ment of NO signaling in developmental and abiotic stress re-
sponses in plants. NO accumulation in response to H,O, is
reduced in phb3 mutants, and, at the same time, ABA-induced
stomatal closure, auxin-induced lateral root formation, and salt-
induced repression of primary root growth are also impaired. To
elucidate this connection further, we will need to establish the
mechanisms for NO synthesis in plants and the role prohibitins
play in these mechanisms.

METHODS

Mutant Screen and Map-Based Cloning

Ethyl methanesulfonate-treated M2 Arabidopsis thaliana (Columbia)
seeds (Lehle Seeds) were surface-sterilized and then placed in 6-well

plates containing ~50 seeds and 1.5 mL half-strength MS medium (MS
basal medium with vitamins [PhytoTechnology Laboratories], 0.5% [w/v]
sucrose, and 0.5 g MES, pH 5.7) in each well. After 2 d of incubation at
4°C, seedlings were grown at 25°C under constant agitation (100 rpm)
with continuous light. Three- to four-day-old seedlings were washed once
with 2 mL half-strength MS medium per well and then treated with 1.5 mL
half-strength MS medium and 10 wM DAF-FM DA (Molecular Probes) for
10 min. The seedlings were treated with 100 wM H,O, for 10 min and then
examined under a fluorescence microscope (Nikon Eclipse TE2000-U).
Putative mutants were selfed and rescreened. Confirmed mutants were
backcrossed to the Columbia wild type and made homozygous before
analysis. Positional cloning of 26-2 (phb3-3) was performed on individual
F2 recombinants using simple sequence length polymorphisms as de-
scribed (Lukowitz et al., 2000). The Arabidopsis phb3ko line is a T-DNA
insertion mutant (Alonso et al., 2003) obtained from Salk Institute Ge-
nomic Analysis Laboratory. The eer3-1 mutant was a gift of Paul Larsen
(University of California at Riverside).

NO Detection in Roots and Leaves

Seedlings grown in liquid half-strength MS medium for 3 to 5 d or on solid
half-strength MS medium for 7 d were transferred to and incubated with
1.5 mL half-strength MS medium with 10 uM DAF-FM DA for 10 min
before treating with H,O,, glucose/glucose oxidase, or NaCl. For cPTIO
(Invitrogen) experiments, cPTIO was added to a concentration of 500 .M
for 15 min before adding DAF-FM DA. Glucose/glucose oxide H,O,
generating system was set up using 0.5 mM glucose and 0.5 units of
glucose oxidase, which produces a sustained level of 6 to 10 uM of H,O,
(Delledonne et al., 1998). For NO detection in leaves, wild-type and
phb3-3 seedlings were grown in liquid half-strength MS for 3 and 5 d,
respectively. NO levels were measured in cotyledons using 10 uM DAF-FM
DA and a green filter (B-2E/C FITC filter cube; Nikon).

H,0, Detection in Roots

Wild-type and phb3-3 seedlings were grown in liquid half-strength MS
medium for 3 and 5 d, respectively, and then were transferred to 1.5 mL
half-strength MS medium with 2 uM CM-H,DCFDA (Invitrogen) for 10
min. For ascorbic acid treatment, ascorbic acid was added to a concen-
tration of 2 mM for 20 min before adding CM-H,DCFDA.

Gene Expression Analysis

For gene expression experiments, plants were grown under hydroponic
conditions as previously described (Wang et al., 2003). Briefly, plants
were grown in liquid half-strength MS medium at 25°C with continuous
light. After 7 d, H,O, was added to a final concentration of 0.5 mM and
incubated for 0.5 h. For auxin treatments, 7-d-old seedlings were treated
with 1 wM IAA for 0.5 and 1 h. Total RNA was extracted from roots using
the RNeasy plant mini kit (Qiagen). Template cDNA samples were
prepared as previously described (Wang et al., 2004). The cDNA synthe-
sis reaction mixture was diluted 10-fold before being used for PCR. Real-
time PCR was performed using LightCycler system from Roche
Diagnostics.

Stomatal Experiments

Plants were grown on pots in soil at 25°C under 16 h light/8 h dark.
Stomates were prepared from 3-week-old plant leaves, incubated for 2 h
in stomatal opening buffer (5 mM MES, 10 mM KCl, and 50 wM CaCls, pH
6.15), and exposed to the indicated ABA concentrations as described
(Vahisalu et al., 2008). After 2 h treatment, stomatal apertures were
measured. For ABA-induced NO accumulation, 5 uM DAF-FM DA was
used to detect NO levels in stomates after 0.5 h of ABA (10 wM) treatment.



For H,O, measurements, 1 WM CM-H,DCFDA was used after 0.5 h of
ABA treatment. For all stomatal experiments, 40 stomates were tested
per treatment, and three independent replicates were performed.

IAA and NaCl Effects on Root Growth

Three-day-old wild-type and 5-d-old phb3-3 seedlings grown in liquid
half-strength MS medium were treated with different concentrations of
IAA and NaCl. Visible lateral roots were counted after 3 d of IAA treatment.
Primary root length was measured at treatment start point and after 2 d of
NaCl treatments, respectively, and increased primary root length was
calculated by subtracting the first length from the second one. Twenty
roots were measured for each treatment, and three replicates were
performed.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative databases under the following accession numbers: At5g40770
(PHB3), At1g62300 (WRKY®6), At4g18880 (HSFA4), At2g41100 (TCH3),
At1g69920 (GSTU12), At5g12120 (UBA), Atdg14560 (IAAT1), At1g15580
(IAA5), At5g65670 (IAA9), and At3g18780 (ACT2).
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Supplemental Figure 1. DAF-FM fluorescence in Wild-Type and
Mutant Organs after Treating with a NO Donor.
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Supplemental Figure 3. PCR Analysis of PHB3 mRNA in phb3ko
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Supplemental Figure 5. Alignment of the Arabidopsis PHB Protein
Family.

ACKNOWLEDGMENTS

We thank the Salk Institute Genomic Analysis Laboratory for providing
the sequence-indexed Arabidopsis T-DNA insertion mutant and Paul
Larsen (University of California at Riverside) for the eer3-1 mutant seed.
We also thank Yunde Zhao and Youfa Cheng for assistance in the
mapping experiments and Rongchen Wang and Mamoru Okamoto for
helpful discussion and suggestions. This work was funded by a grant
from the National Institutes of Health (GM-40672). We also thank Julian
Schroeder for support of A.R. from National Institutes of Health Grant
GMO060396.

Received October 9, 2009; revised December 10, 2009; accepted
December 21, 2009; published January 12, 2010.

REFERENCES

Ahn, C.S., Lee, J.H.,, Reum Hwang, A., Kim, W.T., and Pai, H.S.
(2006). Prohibitin is involved in mitochondrial biogenesis in plants.
Plant J. 46: 658-667.

Alonso, J.M., et al. (2003). Genome-wide insertional mutagenesis of
Arabidopsis thaliana. Science 301: 653-657.

Apel, K., and Hirt, H. (2004). Reactive oxygen species: Metabolism,

Prohibitin and Nitric Oxide 257

oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 55:
373-399.

Artal-Sanz, M., and Tavernarakis, N. (2009). Prohibitin and mitochon-
drial biology. Trends Endocrinol. Metab. 20: 394-401.

Asai, S., Ohta, K., and Yoshioka, H. (2008). MAPK signaling regulates
nitric oxide and NADPH oxidase-dependent oxidative bursts in Nico-
tiana benthamiana. Plant Cell 20: 1390-1406.

Asai, S., and Yoshioka, H. (2009). Nitric oxide as a partner of reactive
oxygen species participates in disease resistance to nectrotophic
pathogen Botryis cinerea in Nicotiana benthamiana. Mol. Plant Mi-
crobe Interact. 22: 619-629.

Beligni, M.V., Fath, A., Bethke, P.C., Lamattina, L., and Jones, R.L.
(2002). Nitric oxide acts as an antioxidant and delays programmed
cell death in barley aleurone layers. Plant Physiol. 129: 1642-1650.

Benamar, A., Rolletschek, H., Borisjuk, L., Avelange-Macherel,
M.H., Curien, G., Mostefai, H.A., Andriantsitohaina, R., and
Macherel, D. (2008). Nitrite-nitric oxide control of mitochondrial respi-
ration at the frontier of anoxia. Biochim. Biophys. Acta 1777: 1268-1275.

Besson-Bard, A., Pugin, A., and Wendehenne, D. (2008). New insights
into nitric oxide signaling in plants. Annu. Rev. Plant Biol. 59: 21-39.

Bethke, P.C., Badger, M.R., and Jones, R.L. (2004). Apoplastic
synthesis of nitric oxide by plant tissues. Plant Cell 16: 332-341.

Bright, J., Desikan, R., Hancock, J.T., Weir, L.S., and Neill, S.J.
(2006). ABA-induced NO generation and stomatal closure in Arabi-
dopsis are dependent on H202 synthesis. Plant J. 45: 113-122.

Browman, D.T., Hoegg, M.B., and Robbins, S.M. (2007). The SPFH
domain-containing proteins: More than lipid raft markers. Trends Cell
Biol. 17: 394-402.

Chen, J.C., Jiang, C.Z., and Reid, M.S. (2005). Silencing a prohibitin
alters plant development and senescence. Plant J. 44: 16-24.

Cheng, G.P., Yang, E., Lu, W.J,, Jia, Y.X., Jiang, Y.M., and Duan,
X.W. (2009). Effect of nitric oxide on ethylene synthesis and softening
of banana fruit slice during ripening. J. Agric. Food Chem. 57: 5799-
5804.

Christians, M.J., and Larsen, P.B. (2007). Mutational loss of the
prohibitin AtPHB3 results in an extreme constitutive ethylene re-
sponse phenotype coupled with partial loss of ethylene-inducible
gene expression in Arabidopsis seedlings. J. Exp. Bot. 58: 2237-
2248.

Corpas, F.J., Hayashi, M., Mano, S., Nishimura, M., and Barroso,
J.B. (2009). Peroxisomes are required for in vivo nitric oxide (NO)
accumulation in the cytosol following salinity stress of Arabidopsis
plants. Plant Physiol. 151: 2083-2094.

Correa-Aragunde, N., Graziano, M., Chevalier, C., and Lamattina, L.
(2006). Nitric oxide modulates the expression of cell cycle regulatory
genes during lateral root formation in tomato. J. Exp. Bot. 57:
581-588.

Correa-Aragunde, N., Graziano, M., and Lamattina, L. (2004). Nitric
oxide plays a central role in determining lateral root development in
tomato. Planta 218: 900-905.

Delledonne, M. (2005). NO news is good news for plants. Curr. Opin.
Plant Biol. 8: 1-7.

Delledonne, M., Xia, Y., Dixon, R.A., and Lamb, C. (1998). Nitric oxide
functions as a signal in plant disease resistance. Nature 394: 585-588.

de Pinto, M.C., Paradiso, A., Leonetti, P., and De Gara, L. (2006).
Hydrogen peroxide, nitric oxide and cytosolic ascorbate peroxidase
at the crossroad between defence and cell death. Plant J. 48:
784-795.

Desikan R, A-H-Mackerness, S., Hancock, J.T., and Neill, S.J.
(2001). Regulation of the Arabidopsis transcriptome by oxidative
stress. Plant Physiol. 127: 159-172.

Desikan, R., Griffiths, R., Hancock, J., and Neill, S. (2002). A new role
for an old enzyme: Nitrate reductase-mediated nitric oxide generation



258 The Plant Cell

is required for abscisic acid-induced stomatal closure in Arabidopsis
thaliana. Proc. Natl. Acad. Sci. USA 99: 16314-16318.

Desikan, R., Cheung, M.K., Bright, J., Henson, D., Hancock, J.T.,
and Neill, S.J. (2004). ABA, hydrogen peroxide and nitric oxide
signalling in stomatal guard cells. J. Exp. Bot. 55: 205-212.

Flores, T., Todd, C.D., Tovar-Mendez, A., Dhanoa, P.K., Correa-
Aragunde, N., Hoyos, M.E., Brownfield, D.M., Mullen, R.T.,
Lamattina, L., and Polacco, J.C. (2008). Arginase-negative mutants
of Arabidopsis exhibit increased nitric oxide signaling in root devel-
opment. Plant Physiol. 147: 1936-1946.

Foyer, C.H., and Noctor, G. (2005). Redox homeostasis and antioxi-
dant signaling: A metabolic interface between stress perception and
physiological responses. Plant Cell 17: 1866-1875.

Gadjev, l., Vanderauwera, S., Gechev, T.S., Laloi, C., Minkov, L.N.,
Shulaev, V., Apel, K., Inze, D., Mittler, R., and Van Breusegem, F.
(2006). Transcriptomic footprints disclose specificity of reactive oxy-
gen species signaling in Arabidopsis. Plant Physiol. 141: 436-445.

Gapper, C., and Dolan, L. (2006). Control of plant development by
reactive oxygen species. Plant Physiol. 141: 341-345.

Garcia-Mata, C., and Lamattina, L. (2002). Nitric oxide and abscisic
acid cross talk in guard cells. Plant Physiol. 128: 790-792.

Garcia-Mata, C.G., and Lamattina, L. (2001). Nitric oxide induces
stomatal closure and enhances the adaptive plant responses against
drought stress. Plant Physiol. 126: 1196-1204.

Gas, E., Flores-Perez, U., Sauret-Gueto, S., and Rodriguez-
Concepcion, M. (2009). Hunting for plant nitric oxide synthase
provides new evidence of a central role for plastids in nitric oxide
metabolism. Plant Cell 21: 18-23.

Gecheyv, T.S., Van Breusegem, F., Stone, J.M., Deneyv, l., and Laloi,
C. (2006). Reactive oxygen species as signals that modulate plant
stress responses and programmed cell death. Bioessays 28: 1091-
1101.

Gould, K.S., Lamotte, O., Klinguer, A., Pugin, A., and Wendehenne,
D. (2003). Nitric oxide production in tobacco leaf cells: A generalized
stress response? Plant Cell Environ. 26: 1851-1862.

Guo, F.Q., Okamoto, M., and Crawford, N.M. (2003). Identification of a
plant nitric oxide synthase gene involved in hormonal signaling.
Science 302: 100-103.

Gupta, K.J., Stoimenova, M., and Kaiser, W.M. (2005). In higher
plants, only root mitochondria, but not leaf mitochondria reduce nitrite
to NO, in vitro and in situ. J. Exp. Bot. 56: 2601-2609.

He, Y., et al. (2004). Nitric oxide represses the Arabidopsis floral
transition. Science 305: 1968-1971.

Hoegg, M.B., Browman, D.T., Resek, M.E., and Robbins, S.M. (2009).
Distinct regions within the erlins are required for oligomerization and
association with high molecular weight complexes. J. Biol. Chem.
284: 7766-7776.

Kwak, J.M., Mori, I.C., Pei, Z.M., Leonhardt, N., Torres, M.A., Dangl|,
J.L., Bloom, R.E., Bodde, S., Jones, J.D., and Schroeder, J.l.
(2003). NADPH oxidase AtrbohD and AtrbohF genes function in ROS-
dependent ABA signaling in Arabidopsis. EMBO J. 22: 2623-2633.

Laloi, C., Stachowiak, M., Pers-Kamczyc, E., Warzych, E., Murgia, I.,
and Apel, K. (2007). Cross-talk between singlet oxygen- and hydro-
gen peroxide-dependent signaling of stress responses in Arabidopsis
thaliana. Proc. Natl. Acad. Sci. USA 104: 672-677.

Lamattina, L., Garcia-Mata, C., Graziano, M., and Pagnussat, G.
(2003). Nitric oxide: The versatility of an extensive signal molecule.
Annu. Rev. Plant Biol. 54: 109-136.

Langhorst, M.F., Solis, G.P., Hannbeck, S., Plattner, H., and Stuermer,
C.A. (2007). Linking membrane microdomains to the cytoskeleton:
Regulation of the lateral mobility of reggie-1/flotillin-2 by interaction with
actin. FEBS Lett. 581: 4697-4703.

Leitner, M., Vandelle, E., Gaupels, F., Bellin, D., and Delledonne, M.

(2009). NO signals in the haze: nitric oxide signalling in plant defence.
Curr. Opin. Plant Biol. 12: 451-458.

Leshem, Y.Y., and Pinchasov, Y. (2000). Non-invasive photoacoustic
spectroscopic determination of relative endogenous nitric oxide and
ethylene content stoichiometry during the ripening of strawberries
Fragaria anannasa (Duch.) and avocados Persea americana (Mill.). J.
Exp. Bot. 51: 1471-1473.

Li, J.H., Liu, Y.Q., Lu, P., Lin, H.F., Bai, Y., Wang, X.C., and Chen, Y.L.
(2009). A signaling pathway linking nitric oxide production to hetero-
trimeric G protein and hydrogen peroxide regulates extracellular
calmodulin induction of stomatal closure in Arabidopsis. Plant Physiol.
150: 114-124.

Liao, W., Xiao, H., and Zhang, M. (2009). Role and relationship of nitric
oxide and hydrogen peroxide in adventitious root development of
marigold. Acta Physiol. Plant. .

Lukowitz, W., Gillmor, C.S., and Scheible, W.R. (2000). Positional
cloning in Arabidopsis. Why it feels good to have a genome initiative
working for you. Plant Physiol. 123: 795-805.

McClung, J.K., Danner, D.B., Stewart, D.A., Smith, J.R., Schneider,
E.L., Lumpkin, C.K., Dell’Orco, R.T., and Nuell, M.J. (1989). Isola-
tion of a cDNA that hybrid selects antiproliferative mRNA from rat
liver. Biochem. Biophys. Res. Commun. 164: 1316-1322.

Meyer, C., Lea, U.S., Provan, F., Kaiser, W.M., and Lillo, C. (2005). Is
nitrate reductase a major player in the plant NO (nitric oxide) game?
Photosynth. Res. 83: 181-189.

Mishra, S., Murphy, L.C., and Murphy, L.J. (2006). The prohibitins:
Emerging roles in diverse functions. J. Cell. Mol. Med. 10: 353-363.

Mittler, R., Vanderauwera, S., Gollery, M., and Van Breusegem, F.
(2004). Reactive oxygen gene network of plants. Trends Plant Sci. 9:
490-498.

Moreau, M., Lee, G.l., Wang, Y., Crane, B.R., and Klessig, D.F.
(2008). AtNOS/AtNOAT1 is a functional Arabidopsis thaliana cGTPase
and not a nitric-oxide synthase. J. Biol. Chem. 283: 32957-32967.

Nadimpalli, R., Yalpani, N., Johal, G.S., and Simmons, C.R. (2000).
Prohibitins, stomatins, and plant disease response genes compose a
protein superfamily that controls cell proliferation, ion channel regu-
lation, and death. J. Biol. Chem. 275: 29579-29586.

Neill, S., Barros, R., Bright, J., Desikan, R., Hancock, J., Harrison, J.,
Morris, P., Ribeiro, D., and Wilson, I. (2008b). Nitric oxide, stomatal
closure, and abiotic stress. J. Exp. Bot. 59: 165-176.

Neill, S., Bright, J., Desikan, R., Hancock, J., Harrison, J., and
Wilson, I. (2008a). Nitric oxide evolution and perception. J. Exp. Bot.
59: 25-35.

Neill, S.J., Desikan, R., and Hancock, J.T. (2003). Nitric oxide signal-
ling in plants. New Phytol. 159: 11-35.

Pagnussat, G.C., Simontacchi, M., Puntarulo, S., and Lamattina, L.
(2002). Nitric oxide is required for root organogenesis. Plant Physiol.
129: 954-956.

Palavan-Unsal, N., and Arisan, D. (2009). Nitric oxide signalling in
plants. Bot. Rev. 75: 203-229.

Pei, Z.M., Murata, Y., Benning, G., Thomine, S., Klusener, B., Allen,
G.J., Grill, E., and Schroeder, J.l. (2000). Calcium channels activated
by hydrogen peroxide mediate abscisic acid signalling in guard cells.
Nature 406: 731-734.

Pitzschke, A., Forzani, C., and Hirt, H. (2006). Reactive oxygen
species signaling in plants. Antioxid. Redox Signal. 8: 1757-1764.
Planchet, E., Jagadis Gupta, K., Sonoda, M., and Kaiser, W.M.
(2005). Nitric oxide emission from tobacco leaves and cell suspen-
sions: Rate limiting factors and evidence for the involvement of

mitochondrial electron transport. Plant J. 41: 732-743.

Rockel, P., Strube, F., Rockel, A., Wildt, J., and Kaiser, W.M. (2002).
Regulation of nitric oxide (NO) production by plant nitrate reductase in
vivo and in vitro. J. Exp. Bot. 53: 103-110.



Snedden, W.A., and Fromm, H. (1997). Characterization of the plant
homologue of prohibitin, a gene associated with antiproliferative
activity in mammalian cells. Plant Mol. Biol. 33: 753-756.

Takahashi, A., Kawasaki, T., Wong, H.L., Suharsono, U., Hirano, H.,
and Shimamoto, K. (2003). Hyperphosphorylation of a mitochondrial
protein, prohibitin, is induced by calyculin A in a rice lesion-mimic
mutant cdr1. Plant Physiol. 132: 1861-1869.

Tischner, R., Galli, M., Heimer, Y.M., Bielefeld, S., Okamoto, M.,
Mack, A., and Crawford, N.M. (2007). Interference with the citrulline-
based nitric oxide synthase assay by argininosuccinate lyase activity
in Arabidopsis extracts. FEBS J. 274: 4238-4245.

Tischner, R., Planchet, E., and Kaiser, W.M. (2004). Mitochondrial
electron transport as a source for nitric oxide in the unicellular green
alga Chlorella sorokiniana. FEBS Lett. 576: 151-155.

Vahisalu, T., Kollist, H., Wang, Y.F., Nishimura, N., Chan, W.Y.,
Valerio, G., Lamminmaki, A., Brosche, M., Moldau, H., Desikan, R.,
Schroeder, J.l., and Kangasjarvi, J. (2008). SLAC1 is required for
plant guard cell S-type anion channel function in stomatal signalling.
Nature 452: 487-491.

Van Aken, O., Pecenkova, T., van de Cotte, B., De Rycke, R.,
Eeckhout, D., Fromm, H., De Jaeger, G., Witters, E., Beemster,
G.T., Inze, D., and Van Breusegem, F. (2007). Mitochondrial type-I
prohibitins of Arabidopsis thaliana are required for supporting profi-
cient meristem development. Plant J. 52: 850-864.

Vanderauwera, S., Zimmermann, P., Rombauts, S., Vandenabeele,
S., Langebartels, C., Gruissem, W., Inze, D., and Van Breusegem,
F. (2005). Genome-wide analysis of hydrogen peroxide-regulated
gene expression in Arabidopsis reveals a high light-induced tran-
scriptional cluster involved in anthocyanin biosynthesis. Plant Physiol.
139: 806-821.

Wang, R., Okamoto, M., Xing, X., and Crawford, N.M. (2003). Micro-
array analysis of the nitrate response in Arabidopsis roots and shoots
reveals over 1,000 rapidly responding genes and new linkages to
glucose, trehalose-6-phosphate, iron, and sulfate metabolism. Plant
Physiol. 132: 556-567.

Wang, R., Tischner, R., Gutierrez, R.A., Hoffman, M., Xing, X., Chen,

Prohibitin and Nitric Oxide 259

M., Coruzzi, G., and Crawford, N.M. (2004). Genomic analysis of the
nitrate response using a nitrate reductase-null mutant of Arabidopsis.
Plant Physiol. 136: 2512-2522.

Wen, T.J., Hochholdinger, F., Sauer, M., Bruce, W., and Schnable,
P.S. (2005). The roothairless1 gene of maize encodes a homolog of
sec3, which is involved in polar exocytosis. Plant Physiol. 138: 1637-
1643.

Wendehenne, D., Durner, J., and Klessig, D.F. (2004). Nitric oxide: A
new player in plant signalling and defense responses. Curr. Opin.
Plant Biol. 7: 449-455.

Wilson, L.D., Neill, S.J., and Hancock, J.T. (2008). Nitric oxide syn-
thesis and signalling in plants. Plant Cell Environ. 31: 622-631.

Yamasaki, H., Sakihama, Y., and Takahashi, S. (1999). An alternative
pathway for nitric oxide production in plants: New features of an old
enzyme. Trends Plant Sci. 4: 128-129.

Yoshioka, H., Asai, S., Yoshioka, M., and Kobayashi, M. (2009).
Molecular mechanisms of generation for nitric oxide and reactive
oxygen species, and role of the radical burst in plant immunity. Mol.
Cells, in press

Zaninotto, F., La Camera, S., Polverari, A., and Delledonne, M.
(2006). Cross talk between reactive nitrogen and oxygen species
during the hypersensitive disease resistance response. Plant Physiol.
141: 379-383.

Zhang, H.J., Fang, Q., Zhang, Z.G., Wang, Y.C., and Zheng, X.B.
(2009). The role of respiratory burst oxidase homologues in elicitor-
induced stomatal closure and hypersensitive response in Nicotiana
benthamiana. J. Exp. Bot. 60: 3109-3122.

Zhao, L., Zhang, F., Guo, J., Yang, Y., Li, B., and Zhang, L. (2004).
Nitric oxide functions as a signal in salt resistance in the calluses from
two ecotypes of reed. Plant Physiol. 134: 849-857.

Zhao, M.G., Tian, Q.Y., and Zhang, W.H. (2007). Nitric oxide synthase-
dependent nitric oxide production is associated with salt tolerance in
Arabidopsis. Plant Physiol. 144: 206-217.

Zhu, S.H., and Zhou, J. (2007). Effect of nitric oxide on ethyl-
ene production in strawberry fruit during storage. Food Chem. 100:
1517-1522.



