
INTRODUCTION

Plant mitochondria are different from those of animals as
their electron transport chain contains a number of com-
ponents that enable non-coupled respiration. Among
them, the best characterized is the cyanide-resistant
alternative terminal oxidase (AOX), a homodimeric di-
iron protein, which transfers electrons via an alternative

pathway from the ubiquinone pool directly to oxygen.1

Because the alternative pathway branches in electron
transport at the ubiquinone pool, its contribution to
energy balance is one-third that of the cytochrome path-
way. The physiological role of such a ‘wasteful’ respira-
tory pathway has been linked to thermogenesis during
anthesis in arum lilies,2 and has been suggested to oper-
ate as a passive overflow mechanism under conditions
where the cytochrome chain is restricted,3 or function to
prevent reactive oxygen species (ROS) formation pro-
duced as a result of impaired or restricted respiratory
activity.3,4
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The alternative oxidase protein is found in every plant
species examined thus far, and in almost every plant
organ. It is encoded by a small gene family that exhibits
highly conserved regions.5–8 This family is divided in
two discrete gene subfamilies. Aox1 is most widely
known for its induction by stress stimuli in many tissues
and is present in both monocot and dicot plant species.
Aox2, on the other hand, is usually constitutive or devel-
opmentally expressed in eudicot species but is absent
from the genomes of all monocot species examined to
date.9 Differential tissue and developmental regulation
of Aox genes has been reported in Arabidopsis,10 soy-
bean9,11,12 and rice.13

Aox genes also respond differentially to various biotic
and abiotic stresses,7,14,15 pathway-specific mitochondrial
electron transport chain inhibitors,8,12,15 hormones and
signaling molecules, particularly ROS,3,14,15 salicylic
acid2,12 and nitric oxide.16,17 Overall, the above studies
are in good agreement with the proposed AOX function
as a means to prevent ROS formation during aberrant or
restricted respiratory activity.3,4,15

In maize, limited data are available on the Aox gene
family, gene structure, role, and regulation of expres-
sion. Preliminary studies suggested that a maize Aox
sequence (GenBank accession no: AF040566) could be
induced in maize seedlings by salicylic acid (SA) treat-
ment.18 Three full-length maize Aox cDNAs were then
detected that were specifically expressed at high levels
in maize mitochondrial mutants.19 Data on the gene
structure and regulation of expression of the Aox gene
family of maize are largely missing.

To study the maize Aox gene family further, we iso-
lated and investigated structural and regulatory aspects
of the maize Aox1a gene. We examined the Aox1a
responses after treatment with mitochondrial inhibitors,
and the signaling molecules NO, SA and H2O2. The
responses were compared with those of GstI, a typical
oxidative stress inducible maize gene and a hypothesis
for the role of oxidative signaling in Aox1a expression is
suggested.

MATERIALS AND METHODS

Plant material and treatments

The maize inbred line B73 was used in this study. Seeds
were surface sterilized, planted in soil mix, and grown in
a chamber under a 16-h light/8-h dark cycle at 22°C and
70% relative humidity for 2 weeks. Fifteen days post
imbibition (15 dpi) seedlings were derooted and the
shoot was submerged in 50-ml tubes containing the
mitochondrial respiratory inhibitors KCN and SHAM,
the NO releasing compound SNP, or SA at the concen-
trations indicated in each experiment. Control plants
were placed in tubes containing water. The plants were
then placed back in the growth chamber for the indicated
duration in each experiment. Treatments with H2O2 were
on detached leaves submerged in the appropriate con-
centration of H2O2 in water, vacuum infiltrated for 2.5
min and incubated for the indicated duration in the
growth chamber. Controls were prepared from leaves
submerged in water.

Primers

The primers used in this study are presented in Table 1.

RNA isolation, cDNA synthesis and 3′-RACE

Total RNA was extracted using the RNeasy plant mini kit
(Qiagen, Hilden, Germany) with on-column digestion of
DNA with the RNase-Free DNase Set (Qiagen). First strand
cDNA synthesis was performed using 2 µg total RNA, 1 µg
3′-RAP primer, 1 mM dNTPs and 200 units M-MuLV reverse
transcriptase (NEB, Beverly, USA) in 50 µl total volume.

An Aox1a-specific probe was synthesized by PCR
using cDNA template with the SAoxF and SAoxR
primer pair and subcloned into a pGEM T easy vector
(Promega, Madison, WI, USA).
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Table 1. The primers used in this study

Abbreviation Description Sequence Synthesis

3RAP 3′-RACE adapter primer 5′-GGCCACGCGTCGACTAGTAC(T)17-3′ Gibco-BRL
SAoxF Short AoxF 5′-GCTGCGGTGCCGGGAATGGT-3′ Custom
SAoxR Short AoxR 5′-CGGCGCGGACGACGGTGACTA-3′ Custom
AUP Abridged universal amplification primer 5′-GGCCACGCGTCGACTAGTAC-3′ Gibco-BRL
LAoxF Long AoxF 5′-GATCGGAATTCGCAACTT-3′ Custom
LAoxR long AoxR 5′-AGCACCTCTCGCACTTAG-3′ Custom
InvF Inverse forward 5′-CGAGTGGAAGTGGACTTGCT-3′ Custom
InvR Inverse reverse 5′-TGGACATAAGCCGTAGCATG-3′ Custom



The 3′-end of the transcript was isolated by 3′-RACE
using either SAoxF or LAoxF as forward and the AUP
reverse primer and the DyNAzyme II DNA polymerase
(Finnzymes, Espoo, Finland). PCR products were sub-
cloned into a pGEM T easy vector (Promega) according
to the manufacturer’s protocol.

DNA isolation, PCR amplification and sequencing

Genomic DNA was isolated from leaves using the
DNeasy plant mini kit (Qiagen) according to the manu-
facturer’s protocol. PCR was performed with the LAoxF
and LaoxR primer pair, and the products were subcloned
and sequenced. Inverse PCR20 was used to amplify the
5′-flanking sequence of the isolated Aox1a fragment.
Genomic DNA (1 µg) was digested with NcoI, PstI,
SpeI, and SphI, the enzymes were heat inactivated, the
DNA fragments were self-ligated with 2 Weiss units T4
DNA Ligase (NEB) for 2 h at 25°C and used as template
in PCR with the primers InvF and InvR. The PCR prod-
ucts were separated on an agarose gel, blotted on Nylon
membrane and hybridized with a 190-bp digoxigenin
labeled probe prepared using the LAoxF and InvR
primer pair and the PCR DIG Probe Synthesis Kit
(Roche, Mannheim, Germany). A band derived from the
NcoI digest could be identified and was re-amplified, cut
out from the gel, purified with the Qiaex purification kit
(Qiagen), cloned in the pGEM T easy vector and
sequenced.

Expression analysis

Leaf material was harvested after treatment with each
compound. All samples were frozen in liquid nitrogen
and stored at –80°C for analysis. Total RNA from leaf
material was extracted as previously described,21 separated
on denaturing 1.6% agarose gels, stained with ethidium
bromide to ensure equal loading, and transferred to nylon
membranes. Digoxigenin-labeled DNA probes were syn-
thesized using the PCR DIG Probe Synthesis Kit (Roche).

An Aox probe was prepared using the SAoxF–SAoxR
primer pair and a GstI probe was prepared as previously
described.21 Hybridization was performed with DIG
Easy Hyb buffer (Roche) at 50°C according to the man-
ufacturer and washes were at 68°C in 0.5x SSC/0.1%
SDS. Detection was performed using the DIG Lumines-
cent Detection Kit (Roche) according the instructions
and chemiluminescence was detected using the GeneG-
nome Bio Imaging System (Syngene, Cambridge, UK).
Duplicate expression analysis experiments were per-
formed and representative results are presented.

RESULTS

The Aox1a transcript has alternative polyadenylation
sites

The 3′-end of the Aox1a cDNA was isolated by 3′-
RACE using the SAoxF primer. This fragment was
almost identical to an EST sequence (GenBank acces-
sion no. AY059647) which encoded a full-length maize
alternative oxidase open reading frame19 and probably
represented the Aox1a mRNA. To confirm this, we per-
formed 3′-RACE with a new primer (LAoxF) that was
designed from the AY059647 sequence and located
upstream of the transcription start codon. Eight clones
derived from the LAoxF and 5 clones from the SAoxF
primers were sequenced. The sequence of these clones
was identical to the AY059647 for the overlapping
regions as expected, because in both cases the same
maize inbred line B73 was used as nucleic acid source.
Sequencing revealed alternate polyadenylation in the
Aox1a mRNA. The length of the 3-untranslated region in
bases, the number and the percentage of clones detected
for each UTR size are shown in Table 2. A majority of
the clones (40%) had the same UTR length with the pre-
viously deposited AY059647 sequence, but several
clones were shorter and one clone was 31 nucleotides
longer. The sequence of the 31 additional bases can be
found at the 3′-end of the genomic Aox1a sequence
(GenBank accession no. AY485264).

Isolation of the Aox1a gene

In order to isolate a genomic Aox1a clone, we designed
an LAoxR primer based on the sequence of the 3′-UTR
of the cDNA and used it in combination with the LAoxF
primer in PCR having genomic maize DNA as template.
The reaction amplified a 2500-bp gene fragment encom-
passing 1219-bp coding sequence and suggesting that it
was interrupted by 1281-bp intron(s). Complete
sequencing of the fragment revealed that the maize
Aox1a gene consists of 4 exons interrupted by 3 introns

The maize Aox1a gene is regulated by signals related to oxidative stress 73

Fig. 1. Schematic representation of the Aox1a genomic sequence. The
filled boxes indicate coding regions. The translation start ATG and the stop
positions, as well as the restriction sites for NcoI (N) and SpeI (S) are
indicated above the scheme. The positions and the labels of the PCR
primers used to isolate the gene are indicated below the scheme.



(Fig. 1). The exact intron insertion positions were pre-
dicted using the Spidey software at NCBI (<http://
www.ncbi.nlm.nih.gov/IEB/Research/Ostell/Spidey/>).
All introns are typical in structural characteristics of
plant introns, being A+T rich (50% for intron 1, 60% for
intron 2, and 55% for intron 3) and containing 5′-splice
donor GT and 3′-splice acceptor AG signals.22 The rela-
tive intron–exon positions are conserved between the
maize Aox1a gene and its rice homologue.

A 653-bp promoter sequence of the Aox1a gene was
isolated using an inverse PCR approach20 and was
searched for plant-specific cis-acting regulatory ele-
ments that serve as binding sites for transcription factor
using the PLACE23 and the PlantCARE24 databases.
Numerous motifs were recognized indicating the com-
plex nature of Aox1a regulation in maize, and the most
relevant are highlighted in Figure 2. These include a per-
fect TATA box at –34 relative to the transcription start
site (+1), and the motifs TGACG, ACGT core sequence,
W-box (TTGAC), CCAACC (MYB-Zm), which are pre-
sent in numerous stress-activated plant gene promoters.25–27

The maize Aox1a promoter was compared with its rice
counterpart and several highly homologous regions were
observed (identical regions are shown in boxes in Fig. 2).
Particularly, the immediate upstream the TATA-box region

between –40 and –130 was 73.4% homologous, and the
TGACG-motif (as inverse repeat) within this region was
conserved between the two promoters. The TGACG
motif is conserved in the promoters of soybean
GmAox2b and Arabidopsis AtAox1a and AtAox1b genes,
and in addition a wGAAGAwG motif is conserved in
soybean GmAox2a and Arabidopsis AtAox1c.28

With the sequences of all the cloned fragments we
compiled the Aox1a gene contig. All clones were
sequenced from both ends and no ambiguities remained
after the compilation of the contig. The sequence of the
Aox1a gene can be found at the GenBank under the
accession number AY485264.

Expression analysis

Expression analysis demonstrated different patterns of
early and late responses of Aox1a and GstI in hydropon-
ically treated seedlings to mitochondrial respiration
inhibitors (KCN, SHAM) and signaling molecules (SA,
NO). In short (1–5 h) treatments, Aox1a was effectively
induced only by KCN (after 2.5 h) and declined there-
after (Fig. 3A). All other compounds caused negligible
effects. In contrast, GstI transcript could be detected in
each treatment within 1 h, and increased with SA, KCN,
and SHAM after 2.5 h. The highest accumulation was
observed at 5 mM SA followed by 0.5 mM KCN and 5
mM SHAM, while NO had no effect. GstI transcript was
still higher than the control for the above-mentioned
treatments at 5 h, although at lower magnitude than that
observed at 2.5 h. Prolonged (28 h) exposure to the
tested compounds caused a high increase of Aox1a tran-
script at 7.5 mM SNP and a moderate increase at 5 mM
SA and 5 mM SHAM, while KCN had no effect (Fig. 3B).
In contrast, GstI transcript accumulation was slightly
higher than the control level at the higher concentration
of each compound tested.

Finally, the effect of H2O2, a ROS, metabolic by-prod-
uct, and signaling molecule in plants29 was examined in
vacuum infiltrated leaves (Fig. 4). Our results revealed
that Aox1a responded rapidly to H2O2 and the steady-
state mRNA level of the gene increased as soon as
within 30 min exposure at all the applied concentrations.
Increased accumulation of Aox1a transcript was detected
thereafter only at high (100 mM) H2O2 concentration,
reaching a maximum at 5 h. Interestingly, the H2O2 con-
centration-dependent Aox1a transcript accumulation did
not display a linear increase as 10 mM H2O2 solution
was not as effective as 1 and 100 mM H2O2 between 1
and 2.5 h of exposure, something that has also been
observed with other genes in maize.21 GstI mRNA accu-
mulation followed a similar induction pattern with the
sharp difference that it was barely detectable after 5 h at
100 mM H2O2, when the highest induction of Aox1a
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Fig. 2. Nucleotide sequence of the maize Aox1a promoter. The promoter
spans 641 nucleotides upstream of the transcription initiation +1 (white
letter over black background). Promoter motifs are shaded gray and
positions of G-box, T-box, W-box, MYC, RY, MYB-Zm, the inverse
repeat, the TGACG motif, and the Aox-specific wGAAGAwG motif, are
shown. The ACGT-core sequence is bold and underlined. The TATA-box
is shown in bold italics. Sequences identical between rice and maize
Aox1a genes are boxed. Translated sequence is shown with white letters
over black background for orientation.



occurred. Another important observation was made
comparing the 0 mM H2O2 controls at the four consecu-
tive time points. Results showed that Aox1a as well as
GstI transcript levels increased within 1 h after submer-
sion of the leaf tissue in distilled water, which reportedly
induces hypoxia. Aox1a transcript declined thereafter
while GstI transcript continued to increase at 2.5 h and
declined thereafter.

DISCUSSION

The maize Aox1a gene consists of four exons and three
introns (Fig. 1) like other plant Aox genes6,8,11 pointing to
an evolutionary conservation of Aox gene structure in
diverse plant species. Numerous putative transcription
factor-binding sites were detected in the Aox1a promoter
(Fig. 2). Most of these are stress responsive factor bind-
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Fig. 3. Effects of mitochondrial pathway-specific inhibitors and signaling molecules on the Aox1a and GstI gene expression in maize. The cytochrome c
pathway inhibitor KCN, the AOX inhibitor SHAM, and the signaling molecules NO (released from SNP) and SA were applied in two concentrations (low
and high) and their effects on Aox1a and GstI gene expression were tested at different time points after short 1–5 h (A) or prolonged 28 h (B) treatment of
derooted 2-week old maize seedlings. Northern hybridization was performed with Aox1a and GstI digoxigenin-labeled gene-specific probes and chemilumin-
escence was detected using the GeneGnome Bio Imaging System (Syngene). The ethidium bromide stained gel is included as loading control.



ing sites and show significant over-representation in the
promoters of stress and defense inducible Arabidopsis
genes.25–27 The TGACG motif and a wGAAGAwG motif
present in the maize Aox1a are conserved in the promot-
ers of soybean and Arabidopsis Aox genes28 and may be
critical for specific Aox responses in different plant
species. The presence of stress-related promoter motifs
suggests that the gene is at least partly regulated by
stress signals, and its expression is involved in the
plant’s stress defense responses.

Transcription of Aox1a resulted in transcripts with
variable length due to alternate polyadenylation that
affects a large number of higher eukaryote mRNAs, pro-
ducing mature transcripts with 3′-ends of variable
length. The role of alternate polyadenylation is not very
well understood, although it has been suggested to be
regulated in a tissue- or disease-specific manner in
humans and mouse.30 The Aox1a mRNA used as
reverse-transcriptase template derived from 100 mM

H2O2 treated tissue, and this may indicate stress-specific
regulation of polyadenylation. However, preliminary
experiments (unpublished results) indicated that both,
control and H2O2 treated tissues contained the two major
mRNA classes shown in Table 2.

Regulation of Aox gene expression seems to involve
the same signals in different species. However, different
Aox orthologs may respond variously to these signals. In
maize, specific induction of the Aox1b transcript was
observed in roots of 10 mM KCN-treated seedlings,
while Aox1a did not respond between 4 and 24 h.19 Nev-
ertheless, our results clearly showed a transient Aox1a
transcript induction after KCN application within 2.5 h.
The difference between the two studies could be due to
the different tissue, and/or different time-points of sam-
pling. It is also possible that Aox1a represents an early and
Aox1b a late response to KCN-induced inhibition of mito-
chondrial electron transport. Induction of GstI transcript
accumulation by KCN was very similar with the pattern
of Aox1a, suggesting that a common mechanism may be
underlying.

SHAM is an inhibitor of alternative respiration as it
inhibits specifically the alternative and not the
cytochrome respiratory pathway.1 Our data show that
SHAM caused an increase in Aox1a transcript only after
prolonged treatment. We are not aware of other studies
examining SHAM effects on Aox gene expression. How-
ever, SHAM effects may be indirect as it may inhibit
other enzymes and also stimulate H2O2 production,31

which could in turn induce Aox1a transcription. Unlike
the similar effects of KCN on Aox1a and GstI expres-
sion, SHAM caused a rapid induction of GstI expres-
sion, which may be due to participation of GstI in
SHAM detoxification processes in plant cells. The rest
of the compounds examined, H2O2, SA, and NO, are
well-characterized signaling molecules that can induce
Aox responses,3,17,32 and effectively induced Aox1a after
short (H2O2) or prolonged (SA, NO) exposure. This
induction is presumably correlated with increase of the
AOX1a protein level since previous reports in several
plant species show that increased Aox gene expression is
correlated with elevated AOX protein.7,12,33 Particularly
in non-chromosomal stripe (NCS) mutant lines of maize,
overexpression of Aox1a is accompanied with high lev-
els of AOX1a protein in the examined tissues.19

Differences between the Aox1a hybridization signals
with those of GstI were observed. Although ROS signal-
ing is involved in the regulation of both genes, different
ROS can induce different gene-specific responses. Addi-
tionally, there are probably other signaling events that
contribute to gene-specific induction. The rapid
response of GstI to SA could be due to a SA-dependent
pathway, as could be the NO response of Aox1a due to a
NO-dependent pathway. Individual Gst genes have been
shown to be SA-inducible in Arabidopsis as well as in
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Fig. 4. Effects of H2O2 on the Aox1a and GstI gene expression in maize.
Transcript accumulation was determined after 30 min, 1 h, 2.5 h, and 5 h
incubation of vacuum-infiltrated leaves with different concentrations of
H2O2. Northern hybridization was performed with Aox1a and GstI
digoxigenin-labeled gene-specific probes and chemiluminescence was
detected using the GeneGnome Bio Imaging System (Syngene). The
ethidium bromide stained gel is included as loading control.

Table 2. Alternative polyadenylation of the Aox1a transcripts
detected by 3′-RACE experiments. The length of the 3-
untranslated region in bases, the number, and the percentage
of clones detected for each UTR size are shown

3′-UTR size (bp) Number of clones %

313 1 6.6
277 6 40.0
252 1 6.6
228 1 6.6

195–201 2 26.6
160 1 6.6
111 1 6.6



other plants.36 Also, Aox1a is a NO-inducible gene in
Arabidopsis.17 In addition, the observed responses could
be due to synergistic effects of different signaling path-
ways on specific gene induction, which have been fre-
quently reported.29 Particularly, accumulation of ROS
after prolonged treatments with NO and SA could lead
to multiplication of the effects of the initial stressor and
enhanced responses as observed with both compounds in
Aox1a expression.

It has been reported that a potent increase of intracellular
ROS, possibly of mitochondrial origin, may occur after
exposure of the plant to the examined compounds KCN,1

NO,16 and SA,33–35 due to restriction of the electron transport
chain, which can be at least partially offset by high levels of
AOX.15 SHAM also can stimulate H2O2 production.31

These data suggest that direct ROS signaling may be
involved in Aox1a induction after treatment with the com-
pounds examined in this study. In addition, SA-dependent
signaling during plant pathogen interactions involves indi-
rect redox regulation since the transcription factor NPR1
(non-expressor of pathogenesis related 1) undergoes activa-
tion from an inactive oligomer to the active monomer as a
result of cellular redox changes induced by SA.37 NPR1
interacts with members of the TGA class of transcription

factors that recognize and bind to the TGACG motif (that is
also present in many plant Aox genes including Aox1a of
maize), and regulates their DNA binding activity in a
redox-dependent manner. NO also affects the ROS-antioxi-
dant balance of the cell and can act either by enhancing or
suppressing the damaging effects of ROS depending on
their respective concentrations.38 Based on these data, we
present a testable model (Fig. 5) suggesting that changes in
redox balance of the cells induced after exposure to the
examined compounds may represent a common signal in
Aox1a induction in maize, which in turn may protect mito-
chondria from oxidative stress.
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