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Alternative oxidase (Aox) has been proposed as a functional marker for breed-
ing stress tolerant plant varieties. This requires presence of polymorphic Aox
allele sequences in plants that affect plant phenotype in a recognizable way.
In this review, we examine the hypothesis that organization of genomic Aox
sequences and gene expression patterns are highly variable in relation to the
possibility that such a variation may allow development of Aox functional
markers in plants. Aox is encoded by a small multigene family, typically with
four to five members in higher plants. The predominant structure of genomic
Aox sequences is that of four exons interrupted by three introns at well con-
served positions. Evolutionary intron loss and gain has resulted in the variation
of intron numbers in some Aox members that may harbor two to four introns
and three to five exons in their sequence. Accumulating evidence suggests that
Aox gene structure is polymorphic enough to allow development of Aox mark-
ers in many plant species. However, the functional significance of Aox struc-
tural variation has not been examined exhaustively. Aox expression patterns
display variability and typically Aox genes fall into two discrete subfamilies,
Aox1 and Aox2, the former being present in all plants and the latter restricted
in eudicot species. Typically, although not exclusively, the Aox1-type genes
are induced by many different kinds of stress, whereas Aox2-type genes
are expressed in a constitutive or developmentally regulated way. Specific
Aox alleles are among the first and most intensively stress-induced genes in
several experimental systems involving oxidative stress. Differential response
of Aox genes to stress may provide a flexible plan of plant defense where
an energy-dissipating system in mitochondria is involved. Evidence to link
structural variation and differential allele expression patterns is scarce. Much
research is still required to understand the significance of polymorphisms
within AOX gene sequences for gene regulation and its potential for breeding
on important agronomic traits. Association studies and mapping approaches
will be helpful to advance future perspectives for application more efficiently.

Introduction

Alternative oxidase (AOX) is a component of the mito-
chondrial respiration pathway present in all higher
plants which diverts electrons from the energy conserv-

Abbreviations – AOX, Alternative oxidase; CS, cleavage site; FUE, far upstream element; MFA, monofluoroacetate; miRNA,
microRNA; NUE, near upstream element; ROS, reactive oxygen species; SNP, single nucleotide polymorphism; TCA,
tricarboxylic acid; UTR, untranslated region.

ing cytochrome pathway to catalyze the four-electron
reduction of oxygen to water (Siedow and Umbach
2000). Although its presence is not restricted in plants
(McDonald 2009, McDonald and Vanlerberghe 2006),
much of the recent interest on this enzyme is because of
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its potential to serve as a functional marker in molecular
plant breeding (Arnholdt-Schmitt et al. 2006).

Accumulating evidence suggests that AOX may play
a significant role in cell adaptation under different types
of stress. AOX is activated at high respiratory substrate
availability and is induced by high levels of endogenous
or exogenous reactive oxygen species (ROS) (Millar et al.
2001, Oliver et al. 2008, Vanlerberghe and McIntosh,
1997). AOX is able to prevent excessive reduction of
the mitochondrial electron transfer chain, which could
result in disruption of glycolysis and the tricarboxylic
acid (TCA) cycle under conditions of high substrate avail-
ability (Lambers 1982). Thus, AOX activity enables high
turnover rates of carbon and operation of TCA cycle
under stress conditions, although with a cost in ATP
synthesis. High induction of AOX with concomitant dra-
matic reduction in growth is also evident under nutrient
limitation as, for example, was observed in tobacco cells,
whereas the growth of transgenic tobacco cells lacking
AOX was only moderately reduced by the nutrient defi-
ciencies, and carbon use efficiency values remained the
same as under nutrient-sufficient conditions (Sieger et al.
2005). These results indicate that AOX respiration pro-
vides an important general mechanism by which plant
cells can modulate their growth in response to nutrient
availability.

Usually, a specific Aox gene is highly induced by
many types of abiotic stress in plants. The expression
of over 60 genes encoding components of the classi-
cal, phosphorylating respiratory chain and TCA cycle
remained largely constant when cells were subjected
to a broad range of abiotic stresses, but expression of
the alternative components responded differentially to
the various treatments (Clifton et al. 2005). A common
aspect of many types of abiotic and biotic stresses is
the high production of ROS resulting in a cell damag-
ing condition known as oxidative stress. As has been
suggested long ago and shown by the results of many
studies, AOX reduces the effects of oxidative stress by
preventing accumulation of ROS in mitochondria (Amir-
sadeghi et al. 2006, Gray et al. 2004, Gupta et al. 2009,
Maxwell et al. 1999, Møller 2001, Popov et al. 1997,
Purvis and Shewfelt 1993).

Many attempts to elucidate the role of the AOX path-
way have been based on the manipulation of Aox gene
expression through overexpression and silencing exper-
iments. Results of these reverse genetic strategies mainly
regarding Arabidopsis and tobacco and manipulation of
only one Aox gene at a time are reviewed in this issue
(Vanlerberghe et al. 2009), and a major conclusion is
that lack of an Aox allele (which is not compensated by
induction of another counterpart allele) has little impact

under normal growth conditions but has severe conse-
quences for survival under stress. It is also evident that
data from reverse genetic experiments provide support
for most of the proposed physiological roles of AOX till
date but do not allow the development of a simple model
to explain all the observations. Thus, the authors make
the hypothesis that AOX may control the mitochondrial
stress signaling (perhaps ROS-based) pathway by defin-
ing the strength of the signal, that is determining cell
death or survival. In doing so, AOX can either enhance
or suppress ROS generation that is largely dependent
upon a given set of metabolic conditions.

The above data from reverse genetics point to a sig-
nificant role for AOX under adverse conditions in both
modulation of plant growth and development and pro-
tection of cells from oxidative stress. More importantly,
it is suggested that this role is not just housekeeping
but can be regulatory, and evidence in support of this
view is accumulating (Van Aken et al. 2009, Vanler-
berghe et al. 2009). Thus, development of Aox-based
functional markers for stress tolerance should be highly
advantageous.

To be useful as a functional marker, Aox should fulfill
several requirements: polymorphic sequences within
species must be available; polymorphic, functional
motifs affecting plant phenotype within Aox genes must
be identifiable; and a strong relationship between DNA
polymorphisms and variation of the trait of interest
should be established. In this review, we provide
evidence that organization of genomic Aox sequences
and gene expression patterns are variable. This fulfills
the first requirement in the path for development of
functional markers based on Aox in plants. The second
requirement, that is a strong correlation between Aox
sequence polymorphism and trait variability, still needs
to be broadly established.

Variation of Aox gene organization

Plant AOXs are encoded by a small nuclear multigene
family that is divided into two subfamilies, Aox1 and
Aox2 in eudicots, whereas only Aox1 members have
been found in monocots. The number of Aox genes
in different plant species is variable. For example, Ara-
bidopsis has five genes: Aox1a, Aox1b, Aox1c, Aox1d
and Aox2 (Clifton et al. 2006, Saisho et al. 1997, 2001b),
whereas rice has four: Aox1a, Aox1b, Aox1c and Aox1d
lacking the Aox2 as monocot, and Vitis vinifera has three
genes: Aox1a, Aox1b and Aox2 (Costa et al. 2009b).
Variation has also been detected in copy numbers of
each subfamily in different eudicot plants. Arabidopsis
has four Aox1-type and one Aox2-type genes whereas
soybean has one Aox1-type and two Aox2-type genes.
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Fig. 1. Intron–exon organization of plant AOX genes. Most genes display the conserved structure of four exons interrupted by three introns. Intron
gain and loss have resulted in variations in some species where Aox genes have five or three exons.
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Thus, while Aox1-type genes have expanded in Ara-
bidopsis, Aox2-type genes have expanded in legumes
such as soybean and cowpea (Costa et al. 2004, McCabe
et al. 1998). Usually, only one of the two Aox subfamilies
has more than one member with carrot being the only
reported exception where both subfamilies expanded
having two members (Campos et al. 2009, Costa et al.
2009a). A tandem gene arrangement has been reported
for Arabidopsis Aox1b and Aox1a (Saisho et al. 1997)
as well as for soybean Aox2b and Aox2a (Thirkettle-
Watts et al. 2003) and rice Aox1b and Aox1a (Ito et al.
1997), probably because of gene duplication. However,
recently, it has been demonstrated that the two carrot
AOX2 genes were linked to two linkage groups (unpub-
lished, see Cardoso et al. 2009). Aox genes in both
families present a conserved intron–exon structure that
in many species consists of four exons interrupted by
three introns at highly conserved splice site positions
(Considine et al. 2002). Variations of this structure have
been evolved by intron loss or gain and Fig. 1 shows Aox
gene intron–exon structure in several species denoting
the most prominent categories.

Sequence variation in Aox genes

Although Aox gene sequence information is available
for several plant species at the genomic and even more
at the transcript levels, evidence for variation in allelic
sequences of Aox within species or in individual plants
is limited. There are few reports for the presence of sin-
gle nucleotide polymorphisms (SNPs) in Aox genes in
rice and tomato, which may be related to differential
gene expression and stress tolerance (Abe et al. 2002,
Holtzapffel et al. 2003). Recently, an effort has been
launched by Arnholdt–Schmitt and coworkers to gather
more relevant information, and most of the results are
presented in this issue. Variation in the intron length
of Aox1b of Hypericum perforatum L. was observed
when two fragments of 1408 and 1349 bps were iden-
tified for the partial AOX1b gene sequence. This intron
length polymorphism was first identified in an individ-
ual plant, but was later verified through Exon-Primed
Intron-Crossing (EPIC)-PCR in individual plants from six
diverse regions in Portugal (Ferreira et al. 2009). In all
plants, both fragments showed near identical sequences
in all three exon regions. However, both complete intron
regions revealed deletions that counted for the differ-
ence in the overall fragment sizes. Polymorphic sites
were observed in several regions of Aox2 cloned from
the olive (Olea europaea L.) cultivars ‘Galega vulgar,’
‘Cobrançosa’ and ‘Picual.’ Data revealed SNP polymor-
phisms in introns of the three varieties and variability in
the 3′-untranslated region (3′-UTR) region among seven

recombinant clones from ‘Galega vulgar’ (Macedo et al.
2009). Repetitive patterns of intron length variation have
been observed in the carrot DcAOX2a gene. Polymor-
phic and identical PCR fragments revealed underlying
high levels of sequence polymorphism encompassing
insertion/deletion events, SNPs and polymorphism pat-
terning (Cardoso et al. 2009). Variable transcript length
of Aox1a and Aox1b was observed among two grape
varieties, PN40024 and Pinot Noir. Also Aox2 in
PN40024 was found to harbor a retrotransposon ren-
dering the gene sequence 5 kb longer than Aox2 in
Pinot Noir (Costa et al. 2009b). It is conceivable that
evidence of variation among individual Aox genes in
diverse plant species is accumulating and existing poly-
morphism may support the development of molecular
markers for breeding purposes in these species.

Aox gene 3’-UTR microheterogeneity

Another aspect of polymorphism in Aox sequences is
the observed 3′-UTR microheterogeneity as a result of
alternative polyadenylation of Aox transcripts in maize
(Polidoros et al. 2005) and olive (Macedo et al. 2009).
Many processes of post-transcriptional control of gene
expression involve the 3′-UTR and polyadenylation
signal of the gene. In animals, the highly conserved
AAUAAA signal, about 10–30 nt upstream of the
cleavage site (CS), and a downstream U- or GU-rich
element define the exact site where the poly(A) tail is
added. In plants, unlike animals, the localization of the
poly(A) tail addition depends on three major groups of
poly(A) signals, namely the far upstream elements (FUEs),
the near upstream elements (NUEs) – a functional
equivalent to the vertebrate AAUAAA element – and the
CS itself (Hunt 2007). It is a general phenomenon that
plant transcripts are heterogeneous regarding the length
of their 3′-UTR. This may affect as much as about 50% of
the rice genes having at least two poly(A) sites that are 30
or more nucleotides apart (Shen et al. 2008). Also a total
of 27.9% of 62 811 expressed sequence tags having
an intact 3′ end of V. vinifera were found to contain
alternative polyadenylation sites (Cai et al. 2008).
Alternative poly(A) site selection may be accomplished
by two different hypothetical mechanisms, the one
involving a single polyadenylation signal defining
multiple 3′ ends depending on changes in the relative
efficiencies of the NUEs and/or CSs associated with the
signal, and the other entailing different polyadenylation
signals (complete combinations of FUE and associated
NUEs and CSs) that might be selected differentially (Hunt
2007). Consequence of this phenomenon that may be
widespread throughout the plant kingdom is that a high
percentage of mRNAs transcribed from the same gene
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are polymorphic at their 3′ ends. The nature of the
3′-UTR and the choice of polyadenylation site in genes
with multiple sites may play a role in the expression of
a gene, with important physiological consequences.

There are examples of several mechanisms capable
of affecting the polyadenylation processing depending
on signaling events as responses to environmental and
developmental cues. Modification of various polyadeny-
lation factors affect their activity and might contribute to
alternative poly(A) site choice (Hunt 2007). For example,
poly(A) synthesis in yeast is controlled by cycles of
phosphorylation and dephosphorylation that require the
action of the phosphatase Glc7 (He and Moore 2005).
In Arabidopsis, signaling cascades stimulate alteration
of the activity of the polyadenylation machinery compo-
nents, as for instance the calcium dependent interaction
of the cleavage and polyadenylation specificity factor
AtCPSF with calmodulin, which inhibits the AtCPSF
RNA-binding activity (Delaney et al. 2006). Finally, a
relationship between polyadenylation and hormonal
signaling was revealed by the abscisic acid (ABA) depen-
dent inhibition of the alternative processing which down-
regulates the production of full-length FCA-encoding
mRNAs that promote Arabidopsis development (Razem
et al. 2006), providing a molecular link between ABA-
mediated signaling, alternative polyadenylation and the
regulation of flowering time.

These mechanisms could affect the polyadenylation
process as a response to signaling and result in the pro-
duction of transcripts with different 3′-UTR lengths. Such
a case involving the maize Aox1a gene was provided by
a study revealing alternative polyadenylation after treat-
ment with H2O2, a well-known stress signaling molecule
(Polidoros et al. 2005). Although the two major classes of
3′-UTRs in the transcript of maize Aox1a differing about
80 nt were also observed in control untreated tissue,
the relative abundance of the two classes was different
(unpublished observations). Interestingly, this difference
could have a functional role if the deleted sequence in
one class had a regulatory role(s).

There are several examples of regulatory elements
residing in 3′-UTRs. A riboswitch (metabolite-sensing
gene control element) function in the 3′-UTR of the
thiamin biosynthetic gene THIC mediates feedback reg-
ulation of expression in response to changes in cellular
thiamin pyrophosphate levels (Wachter et al. 2007). In
this example, 3’-UTR length positively correlates with
transcript accumulation, thereby establishing a basis
for gene control by alternative 3’ end processing. In
a more broad example, 3′-UTRs play an important role
in post-transcriptional regulation that is mediated by
microRNAs (miRNAs) in animals (Stark et al. 2005). Ani-
mal miRNA binding sites occur typically in the 3′-UTRs

of the target genes, and a large set of genes involved
in basic cellular processes avoid miRNA regulation
because of short 3′-UTRs that are specifically depleted
of miRNA binding sites (Stark et al. 2005). In plants,
unlike animals, the complementary sites can exist any-
where along the target mRNA rather than exclusively at
the 3′-UTR (Zhang et al. 2006). Regarding Aox genes,
a repetitive deletion in intron 3 of the carrot Aox2a
was found to affect a putative pri-miRNA site (Cardoso
et al. 2009). Several examples exist where the 3′-UTR
harbor miRNA targets in plants (Rhoades et al. 2002).
Examining the maize Aox1a 3′-UTR for the presence
of miRNA target sites, we identified a putative miR163
target motif (Fig. 2) having characteristics of a canonical
site with good pairing to both 5′ and 3′ ends of the
miRNA (Brennecke et al. 2005) and an overall pairing
energy �G = −22.36 kcal mol−1. Although the func-
tional significance of this motif in Aox1a is obscure
and may be unlikely, as miR163 has been reported
only in Arabidopsis and its putative target (S-adenosyl-L-
methionine:carboxyl methyltransferase family members)
is not related to Aox, the presence of this motif in the
maize Aox 3′-UTR can be suggested as an example
of how modulation of the 3′-UTR length can have
significant effects of the regulation of Aox genes. miRNAs
are regulatory RNAs with a mature length of about 21
nucleotides that are processed from hairpin precursors
by Dicer-like enzymes and can negatively regulate gene
expression by attenuating translation or by directing
mRNA cleavage (Dugas and Bartel 2004). If the miRNA
target site is between two CSs in the 3′-UTR, as is the case
for maize Aox1a (Fig. 2), only transcripts with the long
UTR will be affected by miRNA mediated silencing. Short
UTR transcripts avoid this mechanism by not displaying
the miRNA target site in their sequence. About half of the
cloned maize Aox1a transcripts in H2O2 treated maize
seedlings had short 3′-UTRs (Polidoros et al. 2005). Pref-
erential expression of the Aox1a short UTR class points
to a poly(A) site selection mechanism aiming to avoid

 miR163:   3' uaGCUUCAAGGUUCAGGAGAAGUu 5' 
                   :|:||||||   | :||||||  
     Aox1a:   5' ccTGGAGTTCC-TTTGTTCTTCAt 3' 

(A)

(B)

5’- -3’

FUE NUE1 CS1 NUE2miR163 CS2

Fig. 2. (A) The structure of the maize Aox1a 3′-UTR showing the
position of two different cleavage sites (CS1, CS2) with the neighboring
near upstream elements (NUE1, NUE2) and the far upstream element
(FUE). The position of the putative miRNA target site (miR163) between
CS1 and CS2 is indicated. (B) Alignment of miR163 with its putative
target site at the maize Aox1a 3′-UTR.
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negative regulation through the miRNA or any other
element that might reside in the long UTR transcript.

Aox 3′-UTR microheterogeneity may be not restricted
to maize, as this phenomenon was also observed in olive
Aox2 that contained seven classes of short and long
UTR variants (Macedo et al. 2009). A search for miRNA
sites in the olive 3′-UTR revealed five putative miRNA
targets that had an overall pairing energy of �G <

−20 kcal mol−1. Three of these targets were present in
all seven variants but the other two were absent in the
shorter two variants. The functional significance of these
sites remains to be examined. However, discovery of
Aox 3′-UTR microheterogeneity in two phylogenetically
distinct plant species strengthens the possibility that this
phenomenon is widespread in plant Aox genes possibly
because of a yet unknown regulatory function. Discovery
of other Aox genes with variable 3′-UTR length of
their transcripts will provide the tools to investigate the
putative significance of these findings.

Regulatory element variation in Aox gene
promoters

Different Aox gene family members display differential
expression patterns depending on the plant species, tis-
sues, growth, development and environment. This can
be an effect of within-gene polymorphism and subse-
quent differences in gene regulation as discussed above,
or as a consequence of differences in the structure of
the promoter regions of these genes. Extensive promoter
characterization has been conducted in Arabidopsis as
well as in soybean (Ho et al. 2007, Thirkettle-Watts et al.
2003). These studies have revealed positive as well as
negative regulatory regions that function in a species-
specific manner and sequence motifs that are common
between the two species. It was also found that the
expression patterns observed between Arabidopsis and
soybean were not conserved with gene orthology. Com-
parisons made between promoters driving the expression
of genes with similar expression profiles revealed that
the promoter region of soybean GmAOX2b contained
seven sequence elements in common with the promoter
region of AtAOX1c, pointing to the putative significance
of these elements in co-regulation of the two genes. It
should be noted that these genes are not induced by
oxidative stress. Nevertheless, both genes share three
out of the seven elements with ZmAox1a, which is
highly responsive to oxidative stress (Polidoros et al.
2005). Thus, identification of common elements in the
promoter region is not enough to potentiate common
gene regulation. Identification of common sequence ele-
ments directing the co-expression of Aox1a and NDB2
observed in Arabidopsis under a number of treatments

suggested that common motifs arranged hierarchically
in the upstream promoter regions of these genes may be
related to similar responses (Clifton et al. 2005). It is then
possible that multiple common regulatory elements with
similar organization may be important to support the
necessary specificity and selectivity for common gene
regulatory context. Such a similarity was found between
the maize ZmAox1a and the rice OsAox1a promoters
(Polidoros et al. 2005). Particularly, a 90 bp upstream the
TATA-box region was 73.4% homologous and a TGACG
motif (as inverse repeat) within this region was con-
served between the two promoters. The TGACG motif is
conserved in the promoters of soybean GmAox2b and
Arabidopsis AtAox1a and AtAox1b genes, and repre-
sents the binding motif of the TGA1 protein known to
interact with the redox-activated NPR1 protein (Despres
et al. 2003) important in plant responses to pathogens.
In conclusion, there are many similarities in regulatory
motifs among different Aox promoters, although their
relative significance in common regulation of the har-
boring genes is dependent upon the presence of other
motifs and the local hierarchical organization of the
regulatory elements in these promoters.

Aox gene expression patterns

Aox gene expression in plants was investigated after
cloning the first Aox cDNA in 1991 (Rhoads and
McIntosh 1991). In the following years, a wealth of infor-
mation has been accumulated regarding Aox expression
patterns in various species. Data indicated that Aox
genes are expressed either constitutively at specific
stages, organs and tissues during development or are
highly induced under stress. Thus, it is conceivable that
AOX isozymes could be involved in two major functions:
maintenance of mitochondrial respiratory capacity dur-
ing plant development and preservation of mitochondrial
functionality as a consequence of the high induction of
Aox expression under various stresses. Aox genes are dis-
tributed in two subfamilies in eudicots in which the Aox1
subfamily is regarded as the inducible one whereas Aox2
is usually thought as constitutively or developmentally
regulated (Considine et al. 2002, Juszczuk and Rychter
2003). Differential tissue, developmental and stress reg-
ulation of Aox genes that fits to the above model has
been reported in Arabidopsis (Clifton et al. 2006, Saisho
et al. 2001a, 2001b) and soybean (Considine et al. 2002,
Djajanegara et al. 2002, Finnegan et al. 1997, McCabe
et al. 1998). Orthologous genes tend to have a simi-
lar regulation as, for instance, the soybean and Vigna
unguiculata Aox2a and Aox2b genes (Costa et al. 2004)
but there are examples that are not compatible to this
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model in other species (Considine et al. 2002). Devel-
opmentally regulated Aox genes although belonging to
the Aox1 subfamily have been reported in monocots, for
example rice (Saika et al. 2002), wheat (Takumi et al.
2002) and maize (Karpova et al. 2002). Aox genes in
various species also respond differentially to biotic and
abiotic stresses (Maxwell et al. 1999, 2002, McIntosh
et al. 1998, Mizuno et al. 2008, Simons et al. 1999, Van-
lerberghe and McIntosh 1997), mitochondrial mutations
(Karpova et al. 2002), treatments that interrupt mito-
chondrial functions, hormones and signaling molecules,
particularly ROS, salicylic acid and nitric oxide (Djajane-
gara et al. 2002, Fung et al. 2006, Huang et al. 2002, Li
et al. 2008, Maxwell et al. 1999, McIntosh et al. 1998,
Millar and Day 1996, Polidoros et al. 2005, Rhoads and
McIntosh 1992, Wagner 1995). In Arabidopsis, several
studies comparing Aox1a expression with other stress
defense genes reported Aox1a to be the most stress
responsive (Clifton et al. 2005, Huang et al. 2002, Saisho
et al. 1997). It should be noted, however, that in experi-
ments with different species conflicting results have been
reported (Clifton et al. 2006, Frederico et al. 2009)

There are multiple signaling pathways leading to
Aox induction that can be either ROS dependent or
ROS independent (Gray et al. 2004). ROS dependent
pathways are probably very significant in stress related
studies, as many types of biotic and abiotic stresses
induce ROS production and accumulation at much
higher than normal levels (Mittler 2002). In Arabidopsis,
a network of at least 152 genes is involved in managing
the level of ROS. In a comparative analysis of microarray
expression data for the different genes of this network in
three different knockout or antisense lines (with reduced
or lacking ascorbate peroxidase 1, Cu/Zn superoxide
dismutase 2 and catalase 2) that were overproducing
ROS and in plants subjected to five different abiotic stress
conditions (heat, drought, salt, cold or high light), the
Arabidopsis Aox1a expression was induced to all but one
condition, exposure to high light, where it was actually
slightly reduced (Mittler et al. 2004). No other gene of
this network displayed such a wide range of induction
and responses were more specific. The regulation of
the transcriptional induction of Aox1a was studied by
the analysis of the Aox1a promoter using deletion and
mutagenesis, and a common region especially important
for strong induction by both the mitochondrial electron
transport chain inhibitor antimycin antimycin A (AA)
and the TCA cycle inhibitor monofluoroacetate (MFA)
was identified (Dojcinovic et al. 2005). Although ROS
production by AA is well documented and could be
possibly responsible for the induction of the gene,
the ROS related induction by the concentration of
MFA used in these experiments looked unlikely. The

authors concluded that induction of Aox1a in response
to perturbation of mitochondrial function relies on a
complex set of interactions at the level of promoter,
rather than simple transcription factor–transcription
factor binding site interaction. The above data suggest
that Aox may play a significant role not only in
preventing ROS buildup, but also in sensing metabolic
perturbations and in the coordination of stress responses.
This is furthermore supported by expression studies
using Aox overexpression, suppression or knockout lines
mainly in Arabidopsis where altered Aox expression
results in an altered cellular metabolic state (Umbach
et al. 2005), pointing also to the significance of Aox
function outside the mitochondria, in the organism
level, because altered Aox expression could inflict more
significant extramitochondrial metabolic or antioxidant
defense effects than mitochondrial ones (Clifton et al.
2006, Fiorani et al. 2005, Giraud et al. 2008, Smith
et al. 2009, Van Aken et al. 2009).

Aox alleles are regulated independently of each other
(Clifton et al. 2006) but studies in knockout Arabidopsis
plants lacking Aox1a showed increased induction of
Aox1d, although not enough to fully compensate for the
lack of AOX1a under restricting cytochrome pathway
conditions (Strodtkotter et al. 2009). Overall, the above
studies suggest that differential regulation of Aox genes
is correlated with specific roles each gene has to fulfill in
normal development or under stress and multiple stress
defense, and metabolic pathway signals are integrated in
a ‘regulatory apparatus’ responsible to effect specificity
in Aox expression.

Given the well-documented Aox induction at the tran-
scriptional level under various stress conditions, there
are two important questions regarding the significance
and the role of this response. The first is whether there
is a direct correlation between Aox expression, protein
abundance and its activity or engagement in respiration.
This is an issue that will be covered thoroughly else-
where in this special issue (Florez-Sarasa et al. 2009,
Rasmusson et al. 2009). The second, in relation to the
main theme of this review, that is assessment of Aox
polymorphisms and use as a tool for plant improvement,
is whether Aox expression and induction under stress is
variable in different genotypes and related with pheno-
typic differences and adaptation to stress. In other words,
are there any data pointing to a significant differential
Aox expression between a tolerant and a sensitive vari-
ety under a certain stress and is there any relationship of
variation in Aox expression with differential response to
stress? This is a fundamental question (Arnholdt-Schmitt
et al. 2006), although almost totally unexplored up to
now.
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There is only one published study that has undertaken
the task to examine variation of Aox expression in
contrasting genotypes regarding their response to stress
(Costa et al. 2007). In that study the VuAox1, VuAox2a
and VuAox2b gene expression and AOX protein level
and capacity were examined in roots of a sensitive and a
tolerant V. unguiculata variety after hydroponic exposure
to high salt concentration or osmotic stress. The results
indicated differential VuAox2b expression among the
two varieties under both conditions whereas VuAox1
and VuAox2a remained unchanged. In the tolerant
cultivar (Vita 3), the expression of VuAox2b gene was
induced by an osmotic stress but it was underexpressed
in salt stress conditions. In the sensitive cultivar (Vita
5), the transcript level of the VuAox2b was unchanged
in response to Polyethylene glycol (PEG) treatment, and
upon salt stress, it was overexpressed.

Arnholdt-Schmitt et al. (2006) have pointed to the
importance of considering species- and genotype-
specific AOX expression and its kinetics. Additionally, a
theoretical strategy was developed that highlighted the
significance of designing molecular functional markers
for agronomic traits from important target tissues in a top-
down approach starting at whole plant level (Arnholdt-
Schmitt 2005a, 2005b). Recent data confirm this view
concerning genotype dependent AOX expression on salt
treatments (Mhadhby, Fotopoulos, Mylona, Aouani and
Polidoros unpublished results). Examining the differential
response of a set of antioxidant genes with real-time RT-
PCR in Medicago truncatula leaves and roots to high
salt concentration in one sensitive and two tolerant
varieties, a different picture regarding Aox expression
was recorded than in V. unguiculata. The response of
an Aox1a ortholog in this species was dependent on salt
concentration and showed differences depending on the
duration of the treatment (24 or 48 h) and the organs
studied in interaction with the genotype.

Conclusions

Many lines of evidence suggest that AOX may act as
a central regulator of plant growth and development as
well as an integrator of stress signals for defense deploy-
ment under stress. Therefore, it has been proposed that
this gene could be a promising candidate for functional
marker-assisted breeding strategies for stress tolerance.
The use of Aox as a marker should be based on the
presence of polymorphic sequences and the identifi-
cation of polymorphic motifs related to altered gene
expression, and ultimately modified AOX engagement
and capacity, leading to phenotypic variation for the
trait under investigation. In this review, we presented

evidence documenting that Aox genes are highly poly-
morphic regarding the gene family organization and
gene sequence, and display variable expression patterns
in normal plant development and as a response to stress.
However, limited data are available and still do not
allow an unequivocal link of sequence polymorphism
with phenotypic variation regarding stress tolerance.
The possibility to establish the missing link exists as
sequence variation has been observed at all levels and
gene regions encompassing SNPs, indels and 3′-UTR
microheterogeneity. This variation can have immense
effects on both Aox expression and AOX function. Initial
reports show that different genotypes displaying various
degrees of tolerance under a certain stress condition
have also differences in Aox expression responses to
the stress. Many factors seem to affect the course and
magnitude of the response. Further studies are needed to
establish which of the different parameters affecting Aox
gene expression will be critical for a strong correlation
between Aox gene expression and the stress response
phenotype. Understanding the potential of using Aox as
a functional marker for stress breeding will be largely
dependent upon our ability to recognize these factors
and integrate their effects into a system correlating Aox
sequence polymorphisms, the kinetics and variability of
gene expression at transcript level, and AOX activity
and capacity to the stress response. However, from the
perspective of a breeder, it will be sufficient to closely
associate or link identified AOX polymorphic sequences
to target agronomic traits. This would allow initiating
marker-assisted breeding strategies but broad establish-
ment of this association or link is still not documented by
the limited available results and is a question of increas-
ing interest for plant breeders and plant biologists.

Acknowledgement – We thank Nikos Darzentas for the
miRNA target analysis of the maize Aox1a 3′-UTR.

References

Abe F, Saito K, Miura K, Toriyama K (2002) A single
nucleotide polymorphism in the alternative oxidase
gene among rice varieties differing in low temperature
tolerance. FEBS Lett 527: 181–185

Amirsadeghi S, Robson CA, McDonald AE,
Vanlerberghe GC (2006) Changes in plant
mitochondrial electron transport alter cellular levels of
reactive oxygen species and susceptibility to cell death
signaling molecules. Plant Cell Physiol 47: 1509–1519

Arnholdt-Schmitt B (2005a) Efficient cell reprogramming
as a target for functional-marker strategies? Towards new
perspectives in applied plant-nutrition research. J Plant
Nutr Soil Sci 168: 617–624

Physiol. Plant. 137, 2009 349



Arnholdt-Schmitt B (2005b) Functional markers and a
‘systemic strategy’: convergency between plant
breeding, plant nutrition and molecular biology. Plant
Physiol Biochem 43: 817–820

Arnholdt-Schmitt B, Costa JH, de Melo DF (2006) AOX – a
functional marker for efficient cell reprogramming under
stress? Trends Plant Sci 11: 281–287

Brennecke J, Stark A, Russell RB, Cohen SM (2005)
Principles of MicroRNA-target recognition. PLoS Biol 3:
404–418

Cai B, Peng RH, Xiong AS, Zhou J, Liu JG, Xu F, Zhang Z,
Yao QH (2008) Identification of polyadenylation signals
and alternative polyadenylation in Vitis vinifera based
on ESTs data. Sci Hortic 115: 292–300

Campos MD, Cardoso HG, Linke B, Costa JH, Fernandes
de Melo D, Justo L, Frederico AM, Arnholdt-Schmitt B
(2009) Differential expression and co-regulation of
carrot AOX genes (Daucus carota). Physiol Plant 137:
578–591

Cardoso HG, Campos MD, Costa AR, Campos MC,
Nothnagel T, Arnholdt-Schmitt B (2009) Carrot
alternative oxidase gene AOX2a demonstrates allelic
and genotypic polymorphisms in intron 3. Physiol Plant
137: 592–608

Clifton R, Millar AH, Whelan J (2006) Alternative oxidases
in Arabidopsis: a comparative analysis of differential
expression in the gene family provides new insights into
function of non-phosphorylating bypasses. Biochim
Biophys Acta 1757: 730–741

Clifton R, Lister R, Parker KL, Sappl PG, Elhafez D,
Millar AH, Day DA, Whelan J (2005) Stress-induced
co-expression of alternative respiratory chain
components in Arabidopsis thaliana. Plant Mol Biol 58:
193–212

Considine MJ, Holtzapffel RC, Day DA, Whelan J,
Millar AH (2002) Molecular distinction between
alternative oxidase from monocots and dicots. Plant
Physiol 129: 949–953

Costa JH, Fernandes de Melo D, Gouveia Z, Cardoso HG,
Peixe A, Arnholdt-Schmitt B (2009b) The alternative
oxidase family of Vitis vinifera reveals an attractive
model to study the importance of genomic design.
Physiol Plant 137: 553–565

Costa JH, Cardoso HG, Campos MD, Zavattieri A,
Frederico AM, Fernandes de Melo D,
Arnholdt-Schmitt B (2009a) Daucus carota L. – an old
model for cell reprogramming gains new importance
through a novel expansion pattern of alternative oxidase
(AOX) genes. Plant Physiol Biochem 47: 753–759

Costa JH, Hasenfratz-Sauder MP, Pham-Thi AT,
Lima MDS, Dizengremel P, Jolivet Y, de Melo DF (2004)
Identification in Vigna unguiculata (L.) Walp. of two
cDNAs encoding mitochondrial alternative oxidase
orthologous to soybean alternative oxidase genes 2a and
2b. Plant Sci 167: 233–239

Costa JH, Jolivet Y, Hasenfratz-Sauder MP, Orellano EG,
da Guia Silva Lima M, Dizengremel P, Fernandes de
Melo D (2007) Alternative oxidase regulation in roots of
Vigna unguiculata cultivars differing in drought/salt
tolerance. J Plant Physiol 164: 718–727

Delaney KJ, Xu RQ, Zhang JX, Li QQ, Yun KY,
Falcone DL, Hunt AG (2006) Calmodulin interacts with
and regulates the RNA-binding activity of an
Arabidopsis polyadenylation factor subunit. Plant
Physiol 140: 1507–1521

Despres C, Chubak C, Rochon A, Clark R, Bethune T,
Desveaux D, Fobert PR (2003) The Arabidopsis NPR1
disease resistance protein is a novel cofactor that confers
redox regulation of DNA binding activity to the basic
domain/leucine zipper transcription factor TGA1. Plant
Cell 15: 2181–2191

Djajanegara I, Finnegan PM, Mathieu C, McCabe T,
Whelan J, Day DA (2002) Regulation of alternative
oxidase gene expression in soybean. Plant Mol Biol 50:
735–742

Dojcinovic D, Krosting J, Harris AJ, Wagner DJ,
Rhoads DM (2005) Identification of a region of the
Arabidopsis AtAOX1a promoter necessary for
mitochondrial retrograde regulation of expression. Plant
Mol Biol 58: 159–175

Dugas DV, Bartel B (2004) MicroRNA regulation of gene
expression in plants. Curr Opin Plant Biol 7: 512–520

Ferreira AO, Cardoso HG, Macedo ES, Breviario D,
Arnholdt-Schmitt B (2009) Intron polymorphism pattern
in AOX1b of wild St. John’s Wort (Hypericum
perforatum) allows discrimination between individual
plants. Physiol Plant 137: 520–531

Finnegan PM, Whelan J, Millar AH, Zhang Q, Smith MK,
Wiskich JT, Day DA (1997) Differential expression of the
multigene family encoding the soybean mitochondrial
alternative oxidase. Plant Physiol 114: 455–466

Fiorani F, Umbach AL, Siedow JN (2005) The alternative
oxidase of plant mitochondria is involved in the
acclimation of shoot growth at low temperature. A study
of Arabidopsis AOX1a transgenic plants. Plant Physiol
139: 1795–1805

Florez-Sarasa I, Ostaszewska M, Galle A, Flexas J,
Rychter AM, Ribas-Carbo M (2009) Changes of
alternative oxidase activity, capacity and protein content
in leaves of Cucumis sativus wild-type and MSC16
mutant grown under different light intensities. Physiol
Plant 137: 419–426

Frederico AM, Zavattieri MA, Campos MD, Cardoso HG,
McDonald AE, Arnholdt-Schmitt B (2009) The
gymnosperm Pinus pinea contains both AOX gene
subfamilies, AOX1 and AOX2. Physiol Plant 137:
566–577

Fung RW, Wang CY, Smith DL, Gross KC, Tao Y, Tian M
(2006) Characterization of alternative oxidase (AOX)
gene expression in response to methyl salicylate and

350 Physiol. Plant. 137, 2009



methyl jasmonate pre-treatment and low temperature in
tomatoes. J Plant Physiol 163: 1049–1060

Giraud E, Ho LH, Clifton R, Carroll A, Estavillo G, Tan YF,
Howell KA, Ivanova A, Pogson BJ, Millar AH, Whelan J
(2008) The absence of ALTERNATIVE OXIDASE1a in
Arabidopsis results in acute sensitivity to combined light
and drought stress. Plant Physiol 147: 595–610

Gray GR, Maxwell DP, Villarimo AR, McIntosh L (2004)
Mitochondria/nuclear signaling of alternative oxidase
gene expression occurs through distinct pathways
involving organic acids and reactive oxygen species.
Plant Cell Rep 23: 497–503

Gupta KJ, Zabalza A, van Dongen JT (2009) Regulation of
respiration when the oxygen availability changes.
Physiol Plant 137: 383–391

He XY, Moore C (2005) Regulation of yeast mRNA 3′ end
processing by phosphorylation. Mol Cell 19: 619–629

Ho LHM, Giraud E, Lister R, Thirkettle-Watts D, Low J,
Clifton R, Howell KA, Carrie C, Donald T, Whelan J
(2007) Characterization of the regulatory and expression
context of an alternative oxidase gene provides insights
into cyanide-insensitive respiration during growth and
development. Plant Physiol 143: 1519–1533

Holtzapffel RC, Castelli J, Finnegan PM, Millar AH,
Whelan J, Day DA (2003) A tomato alternative oxidase
protein with altered regulatory properties. Biochim
Biophys Acta 1606: 153–162

Huang X, von Rad U, Durner J (2002) Nitric oxide induces
transcriptional activation of the nitric oxide-tolerant
alternative oxidase in Arabidopsis suspension cells.
Planta 215: 914–923

Hunt A (2007) Messenger RNA 3′-end Formation and the
Regulation of Gene Expression. In: Basset CL (ed)
Regulation of Gene Expression in Plants The Role of
Transcript Structure and Processing. Springer,
pp 101–122

Ito Y, Saisho D, Nakazono M, Tsutsumi N, Hirai A (1997)
Transcript levels of tandem-arranged alternative oxidase
genes in rice are increased by low temperature. Gene
203: 121–129

Juszczuk IM, Rychter AM (2003) Alternative oxidase in
higher plants. Acta Biochim Pol 50: 1257–1271

Karpova OV, Kuzmin EV, Elthon TE, Newton KJ (2002)
Differential expression of alternative oxidase genes in
maize mitochondrial mutants. Plant Cell 14: 3271–3284

Lambers H (1982) Cyanide-resistant respiration: a
non-phosphorylating electron transport pathway acting
as an energy overflow. Physiol Plant 55: 478–485

Li F, Zhang Y, Wang M, Zhang Y, Wu X, Guo X (2008)
Molecular cloning and expression characteristics of
alternative oxidase gene of cotton (Gossypium
hirsutum). Mol Biol Rep 35: 97–105

Macedo ES, Cardoso HG, Hernández A, Peixe AA,
Polidoros A, Ferreira A, Cordeiro A, Arnholdt-Schmitt B
(2009) Physiological responses and gene diversity

indicate olive alternative oxidase as a potential source
for markers involved in efficient adventitious root
induction. Physiol Plant 137: 532–552

Maxwell DP, Nickels R, McIntosh L (2002) Evidence of
mitochondrial involvement in the transduction of signals
required for the induction of genes associated with
pathogen attack and senescence. Plant J 29: 269–279

Maxwell DP, Wang Y, McIntosh L (1999) The alternative
oxidase lowers mitochondrial reactive oxygen
production in plant cells. Proc Natl Acad Sci USA 96:
8271–8276

McCabe TC, Finnegan PM, Harvey Millar A, Day DA,
Whelan J (1998) Differential expression of alternative
oxidase genes in soybean cotyledons during
postgerminative development. Plant Physiol 118:
675–682

McDonald AE (2009) Alternative oxidase: what
information can sequence comparison give us? Physiol
Plant 137: 328–341

McDonald AE, Vanlerberghe GC (2006) Origins,
evolutionary history, and taxonomic distribution of
alternative oxidase and plastoquinol terminal oxidase.
Comp Biochem Physiol D: Genomics Proteomics 1:
357–364

McIntosh L, Eichler T, Gray G, Maxwell D, Nickels R,
Wang Y (1998) Biochemical and genetic controls
exerted by plant mitochondria. Biochim Biophys Acta:
Bioenerg 1365: 278–284

Millar AH, Day DA (1996) Nitric oxide inhibits the
cytochrome oxidase but not the alternative oxidase of
plant mitochondria. FEBS Lett 398: 155–158

Millar H, Considine MJ, Day DA, Whelan J (2001)
Unraveling the role of mitochondria during oxidative
stress in plants. IUBMB Life 51: 201–205

Mittler R (2002) Oxidative stress, antioxidants and stress
tolerance. Trends Plant Sci 7: 405–410

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

Mizuno N, Sugie A, Kobayashi F, Takumi S (2008)
Mitochondrial alternative pathway is associated with
development of freezing tolerance in common wheat.
J Plant Physiol 165: 462–467

Møller IM (2001) Plant mitochondria and oxidative stress:
Electron transport, NADPH turnover, and metabolism of
reactive oxygen species. Annu Rev Plant Physiol Plant
Mol Biol 52: 561–591

Oliver SN, Lunn JE, Urbanczyk-Wochniak E,
Lytovchenko A, van Dongen JT, Faix B, Schmalzlin E,
Fernie AR, Geigenberger P (2008) Decreased expression
of cytosolic pyruvate kinase in potato tubers leads to a
decline in pyruvate resulting in an in vivo repression of
the alternative oxidase. Plant Physiol 148: 1640–1654

Polidoros AN, Mylona PV, Pasentsis K, Scandalios JG,
Tsaftaris AS (2005) The maize alternative oxidase 1a

Physiol. Plant. 137, 2009 351



(Aox1a) gene is regulated by signals related to oxidative
stress. Redox Rep 10: 71–78

Popov VN, Simonian RA, Skulachev VP, Starkov AA
(1997) Inhibition of the alternative oxidase stimulates
H2O2 production in plant mitochondria. FEBS Lett 415:
87–90

Purvis AC, Shewfelt RL (1993) Does the alternative
pathway ameliorate chilling injury in sensitive
plant-tissues. Physiol Plant 88: 712–718

Rasmusson AG, Fernie AR, van Dongen JT (2009)
Alternative oxidase: a defence against metabolic
fluctuations? Physiol Plant 137: 371–382

Razem FA, El-Kereamy A, Abrams SR, Hill RD (2006) The
RNA-binding protein FCA is an abscisic acid receptor.
Nature 439: 290–294

Rhoades MW, Reinhart BJ, Lim LP, Burge CB, Bartel B,
Bartel DP (2002) Prediction of plant microRNA targets.
Cell 110: 513–520

Rhoads DM, McIntosh L (1991) Isolation and
characterization of a cDNA clone encoding an
alternative oxidase protein of Sauromatum guttatum
(Schott). Proc Natl Acad Sci USA 88: 2122–2126

Rhoads DM, McIntosh L (1992) Salicylic acid regulation of
respiration in higher plants: alternative oxidase
expression. Plant Cell 4: 1131–1139

Saika H, Ohtsu K, Hamanaka S, Nakazono M, Tsutsumi N,
Hirai A (2002) AOX1c, a novel rice gene for alternative
oxidase; comparison with rice AOX1a and AOX1b.
Genes Genet Syst 77: 31–38

Saisho D, Nakazono M, Lee KH, Tsutsumi N, Akita S,
Hirai A (2001a) The gene for alternative oxidase-2
(AOX2) from Arabidopsis thaliana consists of five exons
unlike other AOX genes and is transcribed at an early
stage during germination. Genes Genet Syst 76: 89–97

Saisho D, Nakazono M, Tsutsumi N, Hirai A (2001b) ATP
synthesis inhibitors as well as respiratory inhibitors
increase steady-state level of alternative oxidase mRNA
in Arabidopsis thaliana. J Plant Physiol 158: 241–245

Saisho D, Nambara E, Naito S, Tsutsumi N, Hirai A,
Nakazono M (1997) Characterization of the gene family
for alternative oxidase from Arabidopsis thaliana. Plant
Mol Biol 35: 585–596

Shen YJ, Ji GL, Haas BJ, Wu XH, Zheng JT, Reese GJ,
Li QQ (2008) Genome level analysis of rice mRNA
3’-end processing signals and alternative
polyadenylation. Nucleic Acids Res 36: 3150–3161

Siedow JN, Umbach AL (2000) The mitochondrial
cyanide-resistant oxidase: structural conservation amid
regulatory diversity. Biochim Biophys Acta 1459:
432–439

Sieger SM, Kristensen BK, Robson CA, Amirsadeghi S,
Eng EW, Abdel-Mesih A, Møller IM, Vanlerberghe GC
(2005) The role of alternative oxidase in modulating
carbon use efficiency and growth during macronutrient
stress in tobacco cells. J Exp Bot 56: 1499–1515

Simons BH, Millenaar FF, Mulder L, Van Loon LC,
Lambers H (1999) Enhanced expression and activation
of the alternative oxidase during infection of Arabidopsis
with Pseudomonas syringae pv tomato. Plant Physiol
120: 529–538

Smith CA, Melino VJ, Sweetman C, Soole KL (2009)
Manipulation of alternative oxidase can influence salt
tolerance in Arabidopsis thaliana. Physiol Plant 137:
459–472

Stark A, Brennecke J, Bushati N, Russell RB, Cohen SM
(2005) Animal microRNAs confer robustness to gene
expression and have a significant impact on 3’UTR
evolution. Cell 123: 1133–1146

Strodtkotter I, Padmasree K, Dinakar C, Speth B, Niazi PS,
Wojtera J, Voss I, Do PT, Nunes-Nesi A, Fernie AR,
Linke V, Raghavendra AS, Scheibe R (2009) Induction of
the AOX1D isoform of alternative oxidase in A. thaliana
T-DNA insertion lines lacking isoform AOX1A is
insufficient to optimize photosynthesis when treated
with Antimycin A. Mol Plant 2: 284–297

Takumi S, Tomioka M, Eto K, Naydenov N, Nakamura C
(2002) Characterization of two non-homoeologous
nuclear genes encoding mitochondrial alternative
oxidase in common wheat. Genes Genet Syst 77: 81–88

Thirkettle-Watts D, McCabe TC, Clifton R, Moore C,
Finnegan PM, Day DA, Whelan J (2003) Analysis of the
alternative oxidase promoters from soybean. Plant
Physiol 133: 1158–1169

Umbach AL, Fiorani F, Siedow JN (2005) Characterization
of transformed Arabidopsis with altered alternative
oxidase levels and analysis of effects on reactive oxygen
species in tissue. Plant Physiol 139: 1806–1820

Van Aken O, Giraud E, Clifton R, Whelan J (2009)
Alternative oxidase: a target and regulator of stress
responses. Physiol Plant 137: 354–361

Vanlerberghe GC, Cvetkovska M, Wang J (2009) Is the
maintenance of homeostatic mitochondrial signaling
during stress a physiological role for alternative oxidase?
Physiol Plant 137: 392–406

Vanlerberghe GC, McIntosh L (1997) Alternative oxidase:
from gene to function. Annu Rev Plant Physiol Plant Mol
Biol 48: 703–734

Velasco R, Zharkikh A, Troggio M, Cartwright DA,
Cestaro A, Pruss D, Pindo M, Fitzgerald LM, Vezzulli S,
Reid J, Malacarne G, Iliev D, Coppola G, Wardell B,
Micheletti D, Macalma T, Facci M, Mitchell JT,
Perazzolli M, Eldredge G, Gatto P, Oyzerski R,
Moretto M, Gutin N, Stefanini M, Chen Y, Segala C,
Davenport C, Dematte L, Mraz A, Battilana J, Stormo K,
Costa F, Tao Q, Si-Ammour A, Harkins T, Lackey A,
Perbost C, Taillon B, Stella A, Solovyev V, Fawcett JA,
Sterck L, Vandepoele K, Grando SM, Toppo S, Moser C,
Lanchbury J, Bogden R, Skolnick M, Sgaramella V,
Bhatnagar SK, Fontana P, Gutin A, Van de Peer Y,
Salamini F and Viola R (2007) A high quality draft

352 Physiol. Plant. 137, 2009



consensus sequence of the genome of a heterozygous
grapevine variety. PLoS ONE 2: e1326.

Wachter A, Tunc-Ozdemir M, Grove BC, Green PJ,
Shintani DK, Breaker RR (2007) Riboswitch control
of gene expression in plants by splicing and
alternative 3’ end processing of mRNAs. Plant Cell 19:
3437–3450

Wagner AM (1995) A role for active oxygen species as
second messengers in the induction of alternative
oxidase gene expression in Petunia hybrida cells. FEBS
Lett 368: 339–342

Zhang B, Pan X, Cobb GP, Anderson TA (2006) Plant
microRNA: A small regulatory molecule with big
impact. Dev Biol 289: 3–16

Edited by V. Hurry

Physiol. Plant. 137, 2009 353


