Mitochondrial Alternative Oxidase Is Not a Critical
Component of Plant Viral Resistance But May Play a
Role in the Hypersensitive Response’
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Transgenic tobacco (Nicotiana tabacum) with altered levels of mitochondrial alternative oxidase (AOX) were used to examine
the potential role of this electron transport chain protein in resistance to tobacco mosaic virus. We examined the effect of
AOX expression on the salicylic acid-induced resistance in susceptible plants and the resistance responses of plants
harboring the N-gene. A lack of AOX did not compromise the ability of salicylic acid treatment to heighten the resistance
of susceptible plants. In plants with the N-gene, a lack of AOX did not compromise the ability of the hypersensitive response
to restrict the virus or the ability of the plant to develop systemic acquired resistance. Overexpression of AOX did not
heighten the resistance of susceptible plants, but did result in smaller hypersensitive response lesions, suggesting a link
between mitochondrial function and this programmed cell death event. We conclude that AOX is not a critical component

of the previously characterized salicylhydroxamic acid-sensitive pathway important in viral resistance.

Mitochondria play a central role in energy and
carbon metabolism of eukaryotic cells, being the site
of the tricarboxylic acid cycle and oxidative phos-
phorylation pathways (Siedow and Day, 2000). As
well, mitochondria have other important functions
such as taking an active role in programmed cell
death (PCD) pathways of animals (Green and Reed,
1998) and possibly plants (Jones, 2000; Lam et al.,
2001).

In plants, the electron transport chain supporting
oxidative phosphorylation branches at ubiquinone
(Siedow and Day, 2000; Vanlerberghe and Ordog,
2002). Electrons can flow from ubiquinone through
the usual cytochrome (cyt) pathway or to alternative
oxidase (AOX). Electron flow from ubiquinone to
AOX bypasses two of three sites of energy conserva-
tion supporting oxidative phosphorylation, thereby
reducing the energy efficiency of respiration. Salicyl-
hydroxamic acid (SHAM) is an artificial chemical
inhibitor of AOX activity and has been used in AOX
studies in intact tissues and isolated mitochondria
(Schonbaum et al., 1971; Siedow and Day, 2000).

An effective means to induce AOX gene expression
in tobacco (Nicotiana tabacum) and other plant species
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is by artificial chemical inhibition of the cyt pathway
by compounds such as CN or antimycin A (Vanler-
berghe and McIntosh, 1994; Wagner and Wagner,
1997). Expression is also induced in tobacco and
other species by treatment with salicylic acid (SA;
Rhoads and McIntosh, 1993). In fact, one of the first
roles identified for SA in plants was to induce AOX
expression in thermogenic flowers (Raskin et al.,
1987). The mechanism of action of SA in this regard is
unknown.

Tobacco mosaic virus (TMV) infection of tobacco
plants harboring the N resistance gene results in
plant PCD at the site of infection, restricting the virus
to the immediate region (Whitham et al., 1994; Daw-
son, 1999). This induction of PCD at a site of pathogen
infection is known as the hypersensitive response
(HR) and is commonly associated with pathogen
resistance (Heath, 2000). Another induced defense
response often accompanying the HR is the develop-
ment of systemic acquired resistance (SAR). SAR is
induced several days following pathogen infection
and is a long-lasting heightened resistance to a broad
spectrum of pathogens throughout the plant
(Gaffney et al., 1993). For example, in N-gene tobacco
plants displaying SAR, TMV infection results in a
reduced number and size of HR lesions (Ross, 1961).
TMYV infection of susceptible (nn genotype) tobacco
results in accumulation and systemic movement of
virus, leading to the mosaic symptoms and stunted
growth typical of the diseased state (Dawson, 1999).

SA is a key component of plant signal transduction
pathway(s) involved in defense responses against
bacterial, fungal, and viral pathogens (Dempsey et
al., 1999; Alvarez, 2000). For example, SA levels in-
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crease 20-fold in TMV-inoculated leaves of N-gene
tobacco, preceding the activation of defense re-
sponses (Malamy et al., 1990). As well, pretreatment
of TMV-susceptible tobacco plants with SA delays
TMV accumulation and the onset of disease symp-
toms (White, 1979; Chivasa et al., 1997). Transgenic
tobacco plants expressing the nahG gene (encoding a
bacterial SA-metabolizing enzyme) are unable to ac-
cumulate SA. Such plants fail to develop SAR
(Gaffney et al., 1993), and the HR is compromised in
its ability to restrict the virus (Mur et al., 1997).
Although the importance of SA in plant resistance
responses to numerous pathogens is well established,
the mechanism of action of SA, in particular resis-
tance phenomenon, remains a subject of much debate
(Dempsey et al., 1999; Alvarez, 2000).

In recent years, a series of studies have indicated
that tobacco resistance to TMV occurs via a SHAM-
sensitive pathway (Chivasa et al., 1997; Chivasa and
Carr, 1998; Naylor et al., 1998; Ji and Ding, 2001). The
SA-induced resistance of susceptible (nn genotype)
plants and the resistance responses of N-gene plants
are compromised by SHAM (Chivasa et al., 1997).
Furthermore, pretreatment of plants with cyt path-
way inhibitors strongly induces AOX gene expres-
sion and this treatment is able to heighten the resis-
tance of nn genotype plants (similar to that achieved
by SA treatment) and substitute for SA (in nahG
plants) in the N-gene-mediated resistance responses
(Chivasa and Carr, 1998). In addition, effects of the
respiratory inhibitors on viral resistance are again
compromised by SHAM. Based on these pharmaco-
logical and correlative data, it has been hypothesized
that a role for SA accumulation in viral resistance is
to induce AOX and that resistance responses are
dependent upon AOX activity and hence are antag-
onized by SHAM (outlined in Murphy et al., 1999).
Also, resistance responses to bacterial and fungal
pathogens were unaffected by SHAM, suggesting
that the SHAM-sensitive pathway is viral specific
(Murphy et al., 1999).

Here, we use transgenic tobacco plants with altered
levels of AOX protein to evaluate whether this com-
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ponent of mitochondrial electron transport is critical
in viral resistance responses.

RESULTS
Experiments with Susceptible Plants

Susceptible (nn genotype) plants were used to ex-
amine the effect of AOX expression on TMV accumu-
lation and SA-induced resistance. When plants were
grown hydroponically and supplied with 2 mm SA in
their growth medium, there was a dramatic increase
in the level of leaf mitochondrial AOX (Fig. 1). In an
alternate manner, transgenic plants with constitutive
expression of a sense AOX transgene (524) main-
tained very high levels of AOX in the presence or
absence of SA. In transgenic plants harboring an
antisense AOX transgene (AS8), AOX protein was
never detected, indicating effective inhibition of AOX
expression, even under strong inducing (+SA) con-
ditions (Fig. 1).

We compared the accumulation of TMV coat pro-
tein in wild-type and transgenic plants that were
untreated or treated with SA. Treatment with SA
involved daily changes of the hydroponic medium
supplemented with 0.1 mm SA, whereas untreated
plants received daily changes of the same medium
without SA. The SA treatment was provided for 7 d
prior to TMV inoculation and throughout the exper-
imental period following inoculation. In untreated
wild-type plants, no TMV coat protein (in leaves 2
and 3 above the inoculated leaf) was detected at 3 d
postinoculation (DPI), but significant amounts were
present in most cases by 5 DPI (Fig. 2A). Rapid
accumulation of coat protein then occurred between
5 and 7 DPI, with little further accumulation by 10
DPI. This pattern of accumulation correlated well
with typical visible symptoms of TMV disease in the
plant. The earliest visible symptom (vein clearing at
the base of third leaf above inoculated leaf) became
apparent between 4 and 5 DPIL. By 10 DPI, symptoms
were more obvious and included leaf curling, chloro-
phyll loss (mosaic discoloration), stunting of growth,
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Figure 1. The level of leaf mitochondrial AOX protein in wild-type and transgenic (AS8 and S24) plants. AS8 plants contain
an antisense AOX transgene that results in a silencing of leaf AOX expression, whereas S24 plants contain a sense AOX
transgene that results in constitutive high levels of leaf AOX protein. Plants were either left untreated (—) or were treated for
12 h with 2 mm SA in their hydroponic medium prior to mitochondrial isolation. Mitochondrial protein (100 ug) was
separated by SDS-PAGE, transferred to nitrocellulose, and probed with a monoclonal antibody against AOX. Typical results

are shown.
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Figure 2. The level of TMV coat protein in leaves of wild-type and
transgenic plants. A, Plants were grown in the absence of SA. B, The
hydroponic medium of plants was supplemented with 0.1 mm SA for
7 d prior to TMV inoculation and throughout the postinoculation
period. Results for wild-type (CJ), AS8 (A), and S24 (O) plants are
shown. TMV coat protein in leaves 2 and 3 above the inoculated leaf
was determined using an ELISA assay. Data represent the mean = se
from eight independent experiments (n = 8). In each experiment,
data for each time point were obtained from a separate plant. Hence,
the complete data set is based upon a total of 192 individual plants.
The ELISA assay indicated that mock-inoculated plants measured at
10 DPI had no TMV coat protein.

and leaf burn (necrosis). There was no significant dif-
ference (one-way analysis of variance [ANOVA]) be-
tween wild-type, AS8, and 524 plants in the extent of
coat protein accumulation at any of the time points
examined (Fig. 2A). As well, all three plant lines
showed similar visible disease symptoms at all stages
of the experiment.

When wild-type plants were treated with SA, there
was a heightened resistance against TMV as indi-
cated by a delay or absence of visible symptoms of
disease and accumulation of coat protein during the
experimental period (Fig. 2B). In this case, no plants
showed significant accumulation of TMV coat pro-
tein or any visible symptoms of disease at 5 DPI. The
level of TMV coat protein at 7 and 10 DPI was highly
variable (Fig. 2B) because in five of the eight plants at
7 DPI and in five of the eight plants at 10 DPI, no coat
protein (or visible disease symptoms) was observed.

When AS8 and S24 plants were treated with SA,
none of the plants accumulated significant levels of
TMV coat protein or displayed visible disease symp-
toms at 5 DPI. Again, the level of TMV coat protein at
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7 and 10 DPI was highly variable (Fig. 2B) due to a
complete lack of coat protein in some plants. At 7
DPI, four of the eight AS8 plants and four of the eight
524 plants lacked any coat protein. At 10 DP]I, three of
the eight AS8 plants and four of the eight S24 plants
lacked any coat protein. Again, lack of coat protein in
individual plants correlated well with a lack of visi-
ble disease symptoms. In summary, for the SA-
treated plants, we found no significant difference
(one-way ANOVA) between wild-type, AS8, and 524
plants in the extent of coat protein accumulation at
any of the time points examined (Fig. 2B). Mock-
inoculated plants (*SA) never accumulated coat pro-
tein or showed disease symptom:s.

For the above experiments, we also examined the
level of AOX protein in leaves 2 and 3 above the
inoculated leaf. As expected, S24 plants maintained
high levels of AOX protein at each time point, with or
without SA treatment (Fig. 3C). Also, no AOX protein
was ever detected in AS8 leaves (Fig. 3B). In the wild
type at 3 DPI (prior to any significant accumulation
of TMV coat protein; Fig. 2), we consistently found
that the level of AOX protein was high in SA-treated
plants and very low in untreated plants (Fig. 3A). In
a similar manner, the level of AOX in mock-
inoculated SA-treated wild-type plants (at 10 DPI)
was high, whereas the level in mock-inoculated un-
treated plants remained low (Fig. 3A). These results
indicate that the SA treatments used in these exper-
iments maintained high levels of leaf AOX in wild-
type plants throughout the experimental period. It is
interesting that we found that significant amounts of
AOX protein accumulated by 7 DPI in untreated
(—SA) plants. This accumulation correlated with se-
vere symptoms of TMV disease (such as extensive
necrosis) in the leaves by this time point.

SA +SA
3 5 7 M 3 5 7 M
A —_——
B
c

Figure 3. The level of leaf mitochondrial AOX protein in wild-type
(A), AS8 (B), and S24 (C) plants grown in hydroponic culture. The
(+SA) plants were grown with 0.1 mm SA in their hydroponic me-
dium for 7 d prior to TMV inoculation and throughout the postin-
oculation period. Numbers refer to DPI, whereas the M refers to
mock-inoculated plants, in which case mitochondria were isolated at
10 DPI. Mitochondria were isolated from leaves 2 and 3 above the
inoculated leaf, and mitochondrial protein (40 ug) was separated by
SDS-PAGE, transferred to nitrocellulose, and probed with a mono-
clonal antibody against AOX. Typical results are shown.
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Figure 4. Summary of northern results establishing the presence or
absence of TMV coat protein RNA in leaf tissue from wild-type (A),
AS8 (B), and S24 (C) plants. Data represent the percentage of plants
with detectable TMV coat protein RNA. Plants were grown in the
absence (black bars) or presence (white bars) of SA and were inoc-
ulated with TMV, as explained in the legend to Figure 3. Total RNA
was isolated from leaves 2 and 3 above the inoculated leaf, and 5 pg
of RNA was separated on agarose gels containing formaldehyde and
used for northern analysis with a radiolabeled DNA probe recogniz-
ing TMV coat protein RNA. This allowed plants to be readily scored
for the presence or absence of TMV coat protein RNA. The M refers
to a plant that was mock inoculated, in which case RNA was isolated
at 10 DPI. Each bar represents data obtained from eight separate
plants, each from a separate experiment.

For the above experiments, we also used northern
analysis to score for the presence or absence of TMV
coat protein RNA (in leaves 2 and 3 above the inoc-
ulated leaf) as an independent measure of the degree
of TMV accumulation. Figure 4 summarizes the
northern results of all experiments, showing the per-
centage of plants that scored positive for TMV coat
protein RNA at each time point. In untreated (—SA)
wild-type plants, over 70% of plants were positive for
viral RNA at 5 DPI, whereas only 29% of SA-treated
plants tested positive at this time point (Fig. 4A). A
similar delay by SA treatment was evident in AS8
and S24 plants (Fig. 4, B and C). For all three plant
lines, almost all untreated (—SA) plants were positive
for viral RNA by 7 and 10 DPL. In an alternate man-
ner, in SA-treated plants of each line, only about one-
half of all plants contained detectable viral RNA at
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these time points. In all cases, a lack of detectable viral
RNA in particular plants correlated well with an ab-
sence of TMV coat protein or visible symptoms of
disease in these same plants (see above). In summary,
the northern results verified that SA treatment was
able to delay or prevent TMV accumulation over the
experimental period and that all three plant lines acted
similarly. Note that no bands were ever detected in
mock-inoculated plants (at 10 DPI) or in TMV-
inoculated plants (+SA) at 3 DPL

Experiments with Resistant Plants

Plants harboring the N-gene were used to examine
the effect of AOX expression on resistance responses
(HR and SAR). Initial experiments indicated that the
resistant plants grown in growth chambers main-
tained the same profiles of AOX expression as seen
in hydroponically grown susceptible plants. That is,
AS8 plants lacked detectable AOX protein, wild-
type plants displayed low levels of AOX protein,
and S24 plants displayed high levels of AOX pro-
tein (data not shown).

Wild-type, AS8, and S24 plants each generated
well-defined, circular HR lesions within approxi-
mately 3 d after TMV inoculation. As well, we saw no
difference between plant lines in the total number of
lesions produced (data not shown). However, we did
find that 524 lesions were significantly smaller (one-
way ANOVA) than wild-type or AS8 lesions by
about 15% (Fig. 5). This result was observed in all
five experiments. In an alternate manner, wild-type
and AS8 plants had almost identical mean lesion
diameters (differing by only 1.5%). After measuring
lesions, plants were left in growth chambers for an
additional 1 to 3 weeks. In this case, we never ob-
served the appearance of satellite lesions or lesions in
upper uninoculated leaves, suggesting that in each
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Figure 5. Diameter of HR lesions on TMV-inoculated leaves of
wild-type and transgenic (AS8 and S24) tobacco plants containing
the N-gene. Lesion diameters were determined at 7 DPI. Data are
from five independent experiments. In each experiment, six plants
each of wild type, AS8, and S24 were used (each with a single
inoculated leaf). Approximately 50 lesions per leaf were measured.
Data are the mean = sp (wild type, n = 1,773; AS8, n = 1,467; S24,
n = 1,640).
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plant line the original HR had effectively localized
the virus.

Some component of the N-gene-mediated HR is
temperature sensitive (Whitham et al., 1994). Plants
grown above 28°C and inoculated with TMV do not
mount an HR, but instead allow the virus to accu-
mulate and spread systemically. If such systemic in-
fected plants are then shifted to a permissive temper-
ature, there is extensive and synchronized lesion
formation in the virus-infected tissues. We grew
plants at 30°C and inoculated one leaf with TMV.
Plants were then kept at 30°C for an additional 7 to
14 d, over which time the plants (all three lines)
developed typical disease symptoms similar to that
seen in susceptible plants. Plants were then shifted to
20°C and were monitored closely to evaluate charac-
teristics of the death response in tissues with accu-
mulated virus. In each experiment, lesion develop-
ment became visible at 9 h following transfer to the
permissive temperature. Cell death occurred first
along the veins and following the leading edge of
chlorotic mosaic areas. Between 9 and 12 h, the initial
areas of death expanded, particularly in leaves show-
ing disease symptoms. Plants were monitored for
approximately 36 h, but necrotic regions did not
expand further than what was observed by 12 h. In
each experiment, the amount of time elapsed prior to
the initial signs of necrosis, the progression of death
between 9 and 12 h, the lesion morphology, and the
overall extent of necrosis did not noticeably differ
between the three plant lines.

In a related experiment, plants grown at 22°C were
inoculated with TMV to induce HR lesions. These
plants were subsequently moved to 30°C for 7 d
before being moved back to the permissive temper-
ature. After this final temperature transfer, we never
saw the development of additional lesions on wild-
type, AS8, or S24 plants. This experiment further
illustrates that the original HR response was, in all
cases, effective in restricting the virus.

An experiment outlined in the legend to Figure 6
was used to evaluate the ability of each plant line to
induce SAR. In all three plant lines, significantly
smaller lesions formed on plants that had been pre-
viously inoculated with TMV compared with plants
that had been previously only mock inoculated (Fig.
6). This indicates that each plant line had developed
a heightened resistance to TMV in response to the
initial viral inoculation, i.e. a classical SAR response.
As well, far fewer lesions were seen after the second
inoculation in plants (of each plant line) previously
exposed to virus (data not shown).

DISCUSSION

SA plays a key role in plant resistance responses to
pathogens (see Introduction). SA is also known to
induce AOX gene expression (Raskin et al., 1987;
Rhoads and McIntosh, 1993), and increases in AOX
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Figure 6. Diameter of HR lesions in wild-type and transgenic (AS8
and S24) tobacco plants displaying SAR. In these experiments, plants
were initially inoculated with TMV (black bars) or they were mock
inoculated (white bars). Seven days after this initial inoculation, an
upper leaf (two leaves above the initial inoculated leaf) was inocu-
lated and lesion diameters on this upper leaf were determined after
7 d. Data are the mean = sp (black bars, wild type, n = 22; AS8, n =
38; S24, n = 14; white bars, wild type, n = 150; AS8, n = 147; S24;
n = 169).

expression have been noted in the response of differ-
ent plants to viral and other pathogen attacks
(Chivasa et al., 1997; Lennon et al., 1997; Chivasa and
Carr, 1998; Lacomme and Roby, 1999; Simons et al.,
1999). Furthermore, several studies indicate that viral
resistance (SA-induced resistance in susceptible
plants and N-gene-mediated resistance responses) is
antagonized by SHAM, a well-known inhibitor of
AOX activity (Chivasa et al., 1997; Chivasa and Carr,
1998; Naylor et al., 1998). Hence, it has been sug-
gested that an important role for SA in plant viral
resistance is to induce AOX and that resistance re-
sponses are dependent upon AOX activity and hence
compromised by SHAM (Murphy et al., 1999). None-
theless, another study found that whereas the level of
AOX protein was increased in local and systemic
tobacco tissues following TMV infection, no increase
in AOX activity could be detected using the oxygen
isotope discrimination technique (Lennon et al,
1997). It should also be noted that whereas the
SHAM-sensitive pathway is viral specific (Murphy et
al., 1999), the induction of AOX is not. AOX induc-
tion occurs in response to other pathogen infections
as well (Lacomme and Roby, 1999; Simons et al.,
1999) and hence may be a general consequence of
pathogen infection rather than a specific resistance
response to virus.

Here, we used transgenic plants with altered levels
of AOX protein to critically assess the potential role
of AOXin plant viral resistance. In susceptible plants,
a lack of AOX in AS8 did not compromise the ability
of SA to delay symptom development or to reduce
accumulation of TMV protein and RNA in upper
uninoculated leaves (Figs. 2 and 4 and text). In
N-gene plants, a lack of AOX did not compromise
effective restriction of the virus by the HR (Fig. 5 and
text), and it did not compromise the effective estab-
lishment of SAR (Fig. 6).
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If the ability of SA treatment to increase the viral
resistance of susceptible plants is primarily due to its
ability to increase AOX activity (as previous experi-
ments with SHAM suggest), then one might expect
that constitutive overexpression of AOX might sub-
stitute for SA treatment. We found this not to be the
case. Untreated (—SA) S24 plants were found to de-
velop disease symptoms and to accumulate TMV in
upper uninoculated leaves at a similar rate to the
wild-type and AS8 plants (Figs. 2 and 4 and text).

The key evidence in previous experiments suggest-
ing an involvement of AOX in viral resistance were
experiments using SHAM to inhibit AOX activity
(Chivasa et al., 1997; Chivasa and Carr, 1998; Naylor
et al., 1998). In past plant respiration studies, SHAM
has been primarily used in short-term (minutes) as-
says to estimate the activity or capacity for AOX
respiration. However, the usefulness of SHAM in the
long-term (days) assays done to evaluate AOX in-
volvement in viral resistance will be severely ham-
pered by the nonspecific effects of this inhibitor.
Effects of SHAM on several other plant processes
beside AOX activity have often been described (Rich
et al., 1978; Moller and Berczi, 1986; Pressig and Kuc,
1987; Moller et al., 1988; Singh et al., 1992; Kawano et
al., 1998). Furthermore, several of these other SHAM
targets such as peroxidases, lipoxygenases, and plas-
malemma NAD(P)H oxidase activities (Moller and
Berczi, 1986; Pressig and Kuc, 1987; Kawano et al.,
1998) have themselves been implicated in plant resis-
tance to pathogens. A further complication is that
SHAM treatment likely generates small amounts of
SA in plant tissue (due to contamination of SHAM
with SA or breakdown of SHAM to SA in the tissue).
One apparent result of this is induction of PR-1 pro-
tein by SHAM treatment (Chivasa et al, 1997;
Chivasa and Carr, 1998). Other complications of the
pharmacological approach were that many experi-
ments required a long incubation (up to 9 d) of
isolated leaf discs, the need to inoculate leaf discs
with TMV, and the use of high concentrations of SA
with leaf discs (Chivasa et al.,, 1997; Chivasa and
Carr, 1998). In our hands, these experimental ap-
proaches were problematic and not pursued further.

Another important experiment previously used to
establish a role for AOX in viral resistance involved
treatment of plants with the cyt pathway inhibitors
CN and antimycin A (Chivasa and Carr, 1998). These
AOX-inducing treatments were able to substitute for
SA in resistance responses, and this effect was again
compromised by SHAM. The inhibitor approach may
be problematic. First, the inhibitors have other tar-
gets beside respiration. CN inhibits many enzymes,
including catalase, ascorbate peroxidase, and some
superoxide dismutase isozymes (Zollner, 1989),
whereas antimycin A is an inhibitor of photosyn-
thetic electron transport (Moss and Bendall, 1984).
Second, marked inhibition of energy metabolism is a
drastic treatment likely to initiate a multitude of cell
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stress responses (Yu et al., 2001), some of which
could conceivably impact pathogen resistance. Third,
in treatments including a cyt pathway inhibitor and
SHAM (a key treatment to evaluating the role of AOX),
all of mitochondrial electron transport will be dis-
rupted. It is perhaps not surprising that in these condi-
tions, induced (and presumably energy-requiring)
plant resistance responses would be compromised.

We found that overexpression of AOX reduced the
size of HR lesions (Fig. 5). This effect did not com-
promise the ability of the HR to restrict the virus.
Reduction in lesion size is usually interpreted as a
heightened resistance to virus. Nonetheless, the re-
duction in size (15%) is small in comparison with the
reduction of lesion size that is achieved during SAR
(Fig. 6). Hence, overexpression of AOX should not be
interpreted as substituting for the N-gene-mediated
development of SAR. Also, the establishment of SAR
reduces the size and number of HR lesions (Ross,
1961), and we saw no significant change in lesion
number in 524 plants in an initial inoculation with
TMV. Therefore, our hypothesis is that overexpres-
sion of AOX in N-gene plants has not significantly
heightened viral resistance (just as it did not heighten
the resistance of susceptible plants), but rather that
overexpression has dampened the progression of
PCD at the lesion periphery.

The effects of the addition of exogenous SA have
recently been compared between wild-type tobacco
suspension cells and antisense cells lacking AOX
(Robson and Vanlerberghe, 2002). We find that addi-
tion of SA completely abolishes the whole-cell respi-
ration of antisense cells and that this eventually leads
to a loss of cyt ¢ from the mitochondrion (abolishing
the cyt pathway) and an induction of PCD (as shown
by the accumulation of oligonucleosomal fragments
of DNA). SA-induced cyt ¢ release and PCD have
been recently documented in animal cells (Pique et
al., 2000). SA was also shown to dramatically reduce
respiration of tobacco cells, although its site of action
in respiration was unclear (Xie and Chen, 1999).
These results support the notion that SA accumula-
tion may disrupt mitochondrial function during re-
sponses to pathogens and that AOX may play a role
in modulating entry into a PCD pathway involving
the mitochondrion. One can hypothesize that the
ability of AOX to modulate this PCD pathway may
relate to its ability to dampen the mitochondrial gen-
eration of reactive oxygen species by preventing
overreduction of electron transport chain compo-
nents such as ubiquinone (Maxwell et al., 1999; Par-
sons et al., 1999; Yip and Vanlerberghe, 2001). Such a
function might be critical given that reactive oxygen
species are widely implicated as signaling molecules
in most PCD pathways in plants and animals (Jabs,
1999). Further study of such phenomenon may shed
light on the ability of AOX overexpression to slightly
reduce lesion size in response to TMV.
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In conclusion, we find no evidence that AOX is a
critical component of the SHAM-sensitive signal
transduction pathway important for plant viral resis-
tance, but we do suggest that AOX may play a role in
HR cell death, as previously suggested by expression
data (Lacomme and Roby, 1999).

MATERIALS AND METHODS
Plant Material

The transgenic tobacco (Nicotiana tabacum cv Petit Havana SR1) with
altered levels of mitochondrial AOX (due to the introduction of sense or
antisense AOX gene constructs) has been previously described (Vanler-
berghe et al., 1994). This cultivar of tobacco lacks the N-gene and hence is
susceptible to TMV disease (Dawson, 1999). Experiments were performed
on T, generation seedlings resistant to kanamycin. To introduce the N-gene,
mature pollen from wild-type and T, transgenic plants was applied to the
pistil of tobacco cv Xanthi (with anthers removed). Seed was collected and
kanamycin-resistant seedlings were used.

Growth Conditions

Susceptible plants were grown in hydroponics to facilitate treatment of
the plants with SA. Plants were grown in one-tenth Hoagland medium
(Hoagland and Arnon, 1950), which was changed daily. When indicated,
this medium was supplemented with SA. Plants were grown with a 16-h
photoperiod at approximately 25°C and at a light intensity of approximately
100 wmol photons m™~2 s~ 1. To inoculate plants, carborundum was applied
to the adaxial surface of one panel of one leaf and 10 ug of TMV (in buffer
containing 10 mm Tris-HCI and 1 mm EDTA, pH 7.2) was rubbed on the
surface. The leaf was then rinsed under running water and the plant was
returned to hydroponics. Mock-inoculated plants were treated similarly but
without TMV.

Resistant plants were grown in soil in growth chambers (Conviron,
Winnipeg, Canada) with a 16-h photoperiod, a light intensity of approxi-
mately 200 pmol m ™2 s~ !, and 50% relative humidity. Unless stated other-
wise, temperature was 22°C (light) and 20°C (dark). Watering alternated
between tap water and one-tenth Hoagland medium. Plants were inoculated
(or mock inoculated) as described above except that 5 ug of TMV was
applied to the entire adaxial surface of a fully expanded leaf (sixth or
seventh lowest leaf).

Experimental Analyses

Mitochondria were isolated by a mini-prep procedure previously de-
scribed (Boutry et al., 1984). Reducing SDS-PAGE and immunoblot analysis
of protein from isolated mitochondria was performed as before using a
monoclonal antibody against AOX (Vanlerberghe et al., 1998). The level of
TMV coat protein in leaves 2 and 3 above the inoculated leaf of susceptible
plants was determined using an ELISA-based kit (Agdia, Elkhart, IN) ac-
cording to the manufacturer’s instructions. Total RNA was isolated from
leaves 2 and 3 above the inoculated leaf of susceptible plants by a mini-prep
procedure (Verwoerd et al.,, 1989). Northern analysis was performed by
standard methods using a DNA probe recognizing TMV coat protein RNA.
Lesion sizes on resistant plants were carefully measured with a caliper.
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