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Salicylic acid (SA), a natural defensive signal chemical, and antimycin A, a cytochrome pathway inhibitor, induce resistance
to Tobacco mosaic virus (TMV). Pharmacological evidence suggested signaling during resistance induction by both chemicals
involved alternative oxidase (AOX), sole component of the alternative respiratory pathway (AP). Roles of the AP include
regulation of intramitochondrial reactive oxygen species and maintenance of metabolic homeostasis. Transgenic tobacco
(Nicotiana tabacum) with modified AP capacities (2- to 3-fold increased or decreased) showed no alteration in phenotype with
respect to basal susceptibility to TMV or the ability to display SA-induced resistance to systemic viral disease. However, in
directly inoculated tissue, antimycin A-induced TMV resistance was inhibited in plants with increased AP capacities,
whereas SA and antimycin A-induced resistance was transiently enhanced in plant lines with decreased AP capacities. We
conclude that SA-induced TMV resistance results from activation of multiple mechanisms, a subset of which are inducible
by antimycin A and influenced by AOX. Other antiviral factors, potentially including the SA-inducible RNA-dependent

RNA polymerase, are regulated by AOX-independent mechanisms.

Salicylic acid (SA) is an important signal molecule
in plants that is required for the induction of systemic
acquired resistance (SAR) against a wide variety of
pathogens, including fungi, bacteria, and viruses (for
review, see Dempsey et al., 1999). Increased biosyn-
thesis of SA and the induction of SAR often follow a
hypersensitive response (HR), a form of resistance
that is usually characterized by localized cell death at
or around the initial point of pathogen entry (Heath,
2000). The ability to exhibit the HR is genetically
determined and is highly pathogen specific (Dangl
and Jones, 2001). In contrast, SAR is broad spectrum
in nature and can even be induced in plants indepen-
dently of a resistance gene-mediated HR if they are
treated with SA or one of its derivatives or functional
analogs (Dempsey et al., 1999; Murphy et al., 2001;
Oostendorp et al., 2001).

Mechanistically, the enhanced resistance to patho-
gens exhibited by plants after the induction of SAR or
after treatment with SA is due in part to the induction
of pathogenesis-related (PR) proteins (Bowles, 1990;
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Hammerschmidt, 1999; van Loon and van Strien,
1999). Many PR proteins have antifungal or antibac-
terial properties (van Loon and van Strien, 1999), but
none of the PR proteins examined so far appear to
have antiviral activity (Cutt et al., 1989; Linthorst et
al.,, 1989). Nevertheless, PR protein induction re-
mains a useful molecular marker for the induction of
SAR.

An important advance in our understanding of
inducible antiviral mechanisms occurred recently
when Chen and colleagues discovered that SA in-
duces the expression of a tobacco (Nicotiana tabacum)
gene, NtRdRpl, encoding an RNA-dependent RNA
polymerase (RdRp; Xie et al., 2001). Host RdRp en-
zymes are important factors in the establishment of
certain forms of RNA silencing, a homology-based
RNA degradation system that can act as an antiviral
mechanism (Baulcombe, 2001; Voinnet, 2001; Ahl-
quist, 2002). Antisense suppression of NtRARpl ex-
pression in transgenic tobacco resulted in plants that
showed increased susceptibility to Tobacco mosaic vi-
rus (TMV), demonstrating that NtRdRp1 does pos-
sess antiviral activity, albeit not sufficient to confer
complete resistance (Xie et al., 2001). However, when
the same antisense plants were treated with SA, they
were still able to display induced resistance to the
virus (Xie et al.,, 2001). Although this experiment
showed that NtRdRpl alone cannot mediate SA-
induced resistance to TMV, it does not rule out the
possibility that NtRdRp1 activity and RNA silencing
may, along with other factors, contribute to the over-
all phenomenon of SA-induced resistance to viruses.
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In tobacco treated with SA the replication of Potato
virus X and TMV, as well as the cell-to-cell movement
of TMV, are inhibited in directly inoculated leaf tis-
sue (Chivasa et al., 1997; Naylor et al., 1998; Murphy
and Carr, 2002). However, replication and cell-to-cell
movement of Cucumber mosaic virus (CMV) are not
inhibited by SA but the chemical does inhibit the
systemic movement of CMV through the phloem
tissue (Naylor et al., 1998). The ability of CMV to
evade the primary layers of SA-induced virus resis-
tance is conferred by its 2b protein. This multifunc-
tional protein influences virus movement and symp-
tom development (Soards et al.,, 2002), but most
importantly it can counter induction of RNA silenc-
ing (Béclin et al.,, 1998; Brigneti et al., 1998) and
SA-induced resistance (Ji and Ding, 2001). The ability
of the CMV 2b protein to act as a counter defense
factor is dependent on its localization to the cell
nucleus (Lucy et al., 2000; Mayers et al., 2000), where
it affects expression of host genes including at least
one SA-inducible gene: the mitochondrial alternative
oxidase (AOX; Ji and Ding, 2001).

All plants possess AOX, which by itself constitutes
a distinct branch of the cytochrome pathway (CYT)
linking the oxidation of the ubiquinol/ubiquinone
(UQ) pool directly to the reduction of oxygen to
water. This branch is usually referred to as the alter-
native respiratory pathway (AP; Affourtit et al., 2001,
2002). AP activity is not coupled to ATP generation.
Instead, it is thought to play a potentially crucial role
in protecting all plant cells against the lethal effects of
reactive oxygen species (ROS; Maxwell et al., 1999;
Yip and Vanlerberghe, 2001), and in the maintenance
of plant homeostasis under varying growth condi-
tions (Affourtit et al., 2001, 2002; Sakano, 2001; Moore
et al, 2002). AOX is a homodimeric protein and
activity is regulated by the redox-sensitive formation
or breakage of an intersubunit disulfide bridge
(Rhoads et al., 1998). AOX activity and transcription
of Aox mRNA can be stimulated by inhibitors of the
CYT (antimycin A [AA] or cyanide), as well as by SA
and the synthetic resistance-inducing chemical, 2,6-
dichloroisonicotinic acid (Raskin et al., 1987; Rhoads
and McIntosh, 1992; Chivasa and Carr, 1998; Chivasa
et al., 1999).

While investigating the possible involvement of
AOX in signaling during pathogen resistance induc-
tion in tobacco and Arabidopsis, we found that the
defensive signal transduction pathway branches
downstream of SA. One branch induces PR proteins
and resistance to bacteria and fungi, whereas another
triggers induction of resistance to viruses (Murphy et
al., 1999; Wong et al., 2002). Initial evidence for this
was based on pharmacological data. Specifically, re-
sistance to viruses can be activated using AA and
cyanide, or inhibited with salicylhydroxamic acid
(SHAM, an AOX inhibitor), independently of the
induction of PR gene expression (Chivasa et al., 1997;
Chivasa and Carr, 1998). Subsequent experiments
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using Arabidopsis nprl/niml mutants confirmed the
existence of this branch point downstream of SA
(Kachroo et al., 2000; Wong et al., 2002).

The results of our pharmacological experiments
were consistent with a role for AOX in the regulation
of induced resistance to viruses. In addition, it was
noted by ourselves and others (Lennon et al., 1997;
Chivasa and Carr, 1998; Lacomme and Roby, 1999;
Simons et al.,, 1999) that Aox gene expression and
AOX protein accumulation are elevated in plant
tissue expressing the HR, further suggesting an as-
sociation between AOX and pathogen resistance.
Although superficially compelling, such pharmaco-
logical and correlative data do not provide conclu-
sive evidence for or against any role(s) for AOX in the
induction of resistance to viruses.

To test the hypothesis that AOX plays a role in
signaling during the induction of virus resistance, we
produced a number of independent transgenic to-
bacco lines with altered Aox gene expression and AP
capacity. Consistent with recently published work
from another group (Ordog et al., 2002), we found
that altering Aox gene expression in TMV-susceptible
tobacco had no clear cut effects on SA-induced resis-
tance to systemic infection with TMV. Nonetheless,
further, more detailed investigations revealed that
the modification of Aox gene expression did affect
chemically induced resistance to TMV in the directly
inoculated leaf tissue. However, there were differen-
tial effects on SA- and antimycin A-induced resis-
tance. Together with other data, these findings indi-
cate that SA-induced resistance to TMV results from
the activation of multiple antiviral mechanisms, a
subset of which are affected by AOX.

RESULTS

Construction and Characterization of Transgenic
Tobacco Plants with Altered Respiratory Characteristics

Transgenic tobacco plants with modified Aox gene
expression levels have been reported previously
(Vanlerberghe et al., 1994), but were not available for
distribution, making it necessary for us to generate
new lines. Agrobacterium tumefaciens-mediated trans-
formation of cv Xanthi tobacco (a TMV-susceptible
variety) was used to produce transgenic tobacco
plants harboring the Bright Yellow tobacco Aoxla
cDNA in sense or antisense orientation fused to an
enhanced Cauliflower mosaic virus 35S promoter for
constitutive expression of the transgene. Primary
transformants and plants of subsequent generations
were selected on hygromycin, and analysis of Aox
gene expression and protein accumulation was car-
ried out by northern and western blotting, respec-
tively (Fig. 1 and data not shown).

The respiratory characteristics of T; and T, gener-
ation transgenic plants were examined to assess
whether transformation with the Aox ¢cDNA con-
structs resulted in an effect on their AP capacities. AP
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Figure 1. Characterization of alternative respiratory capacity and
AOX protein levels in transgenic tobacco lines. A, Cells were isolated
from leaves of nontransgenic (NT) cv Xanthi and T, generation
Aox-transgenic tobacco plants (lines Sn10, Sn11, Sn20, Sn21, Sn29,
and Sn47). These cells were used for the measurement of CYT
capacity (black bars) and alternative pathway (AP) capacity (gray
bars) using an oxygen electrode. CYT is defined as oxygen consump-
tion sensitive to a final concentration of 20 uM antimycin A, whereas
AP corresponds to oxygen uptake insensitive to 20 uM AA but
sensitive to 2 mm SHAM. Steady-state oxygen consumption levels
were measured before the successive additions of AA and SHAM.
The rates of CYT and AP oxygen consumption presented have had
residual rates (oxygen uptake in the presence of both inhibitors)
subtracted from all values. Data is expressed as the mean = st (n =
12). B, Immunoblot analysis of levels of AOX protein isolated from
nontransgenic (NT) cv Xanthi and T, generation sense Aox-
transgenic tobacco lines (Sn10, Sn11, Sn20, Sn21, Sn29, and Sn47).
Proteins were denatured in the presence of 0.1 m dithiothreitol and
were separated on a 15% (w/v) acrylamide SDS-PAGE gel and sub-
jected to immunoblot analysis using an anti-AOX monoclonal anti-
body. Antibody binding was detected using anti-mouse immuno-
globulin (Ig) G conjugated to horseradish peroxidase (HRP) and a
chemiluminescent substrate. Each lane was loaded with a total of 20
ug of protein. The apparent M, (in kilodaltons) of the reduced form of
the AOX protein is indicated. Prestained M, markers were not visible
on the x-ray film.

capacity is a measure of the maximum potential ac-
tivity of AOX (Moore and Siedow, 1991) and is rela-
tively straightforward to assay. In contrast, direct
measurements of in vivo AOX activity require spe-
cialized mass spectrometry equipment to determine
the relative uptake of the '°O and '"O isotopes of
oxygen during respiration (Robinson et al., 1992). AP
capacity was assessed using cells released from
leaves by digestion with macerase. Unlike proto-
plasts, which are obtained by digestion of leaf tissue
with macerase plus cellulase, these cells retain their
walls. Retention of the cell wall means that cells can
safely be subjected to stirring in the oxygen electrode.
Additionally, this uniform suspension of cells can
take up chemicals and exchange gases much more
efficiently than tissue slices. The method also avoids
the need to generate cell suspension cultures for each
line to be analyzed. In any case, cultured plant cells
probably do not accurately represent the physiology
of leaf tissue and have to be maintained in the pres-
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ence of plant growth regulators, some of which are
known to trigger defense gene expression (Antoniw
et al., 1981).

Oxygen consumption by freshly prepared leaf cells
was measured in the presence or absence of inhibi-
tors of the CYT or the AP, or combinations of both
types of inhibitor. The inhibitor studies revealed the
proportion of oxygen consumption attributable to
AOX versus cytochrome c oxidase (Fig. 1A). As a
control, oxygen consumption in the absence or pres-
ence of the uncoupler carbonyl cyanide 4-trifluoro-
methoxyphenylhydrazone (FCCP) was also mea-
sured to check that the cells’ mitochondria were
intact. In all experiments, FCCP treatment greatly
increased overall oxygen consumption (i.e. induced
uncoupling of respiration). Thus, cells prepared by
this method had fully functional mitochondria in
which electron flow through the CYT was coupled to
proton translocation across the inner mitochondrial
membrane (data not shown).

Initial results with antisense Aox transgenics at the
T, generation (primary transformants) were promis-
ing in that experiments using detached leaves indi-
cated that SA-induced Aox transcript accumulation
was inhibited. Unfortunately, T, generation antisense
plants did not inherit this phenotype and, further-
more, these plants showed wild-type, or even in-
creased, AP capacities (data not shown). Therefore,
these lines were not used for further experimenta-
tion. Fortunately, T, and T, generation plants from
three independent lines resulting from transforma-
tion with the sense Aox construct had AP capacities
that were significantly lower than the AP capacity of
untransformed tobacco (Fig. 1A, lines Snl0, Snll,
and Sn20). Initially, it was thought that this resulted
from cosuppression of Aox gene expression, an effect
seen previously in studies of Aox transformants
(Vanlerberghe et al., 1994). However, AOX protein
levels in these lines were similar to, or slightly higher
than, that seen in untransformed tobacco, making
this explanation less likely (Fig. 1B). Speculatively,
the decreased AP capacity seen in these lines may be
explainable by a dominant-negative mutation-like
mechanism (Herskowitz, 1987). That is, the level of
expression of the Aox transgene may have been in-
sufficient to cause a significant increase in AOX pro-
tein accumulation and in AP capacity. However, the
expression of low levels of Bright Yellow tobacco
AOX 1la expressed in these transformed cv Xanthi
plants may be enough to interfere with the formation
of active (noncovalent) dimers of the native AOX
protein and promote formation of less active het-
erodimers of Bright Yellow and cv Xanthi AOX
polypeptides. In any case, the lowered AP capacities
seen in plants of lines Sn10, Snll, and Sn20 were
comparable with those in the antisense Aox trans-
genic tobacco lines produced by Vanlerberghe et al.
(1994).
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Three other transgenic lines harboring the sense
Aox gene sequence exhibited clearly increased levels
of AOX protein accumulation and had enhanced AP
capacities (Fig. 1, lines Sn21, Sn29, and Sn47). Cells
from these three lines showed a greater than 2-fold
increase in AP capacity compared with cells from
untransformed tobacco (Fig. 1A).

Transgenic Plants with Altered Alternative Respiratory
Capacity Display Normal TMV-Induced Systemic
Disease Development and SA-Induced Delay in the
Onset of Systemic Disease

Experiments were carried out to determine
whether transgenic plants with altered respiratory
characteristics exhibited any unusual responses to
infection with TMV or any change in SA-induced
resistance to TMV-induced disease symptoms. In
these experiments, untransformed cv Xanthi plants,
in parallel with T; or T, generation plants of trans-
genic lines with increased (5n21, Sn29, and Sn47) or
decreased (Sn10, Snll, and Sn20) AP capacity, were
sprayed with 1 mm SA or water for 3 to 5 d before
inoculation of one lower leaf on each plant with TMV
(2 wg mL ™). Depending upon the experiment, there
were 14 or 21 plants of each line (including nontrans-
genic cv Xanthi) for each treatment. After inoculation
with TMV, plants were monitored daily for the ap-
pearance of systemic disease symptoms (vein clear-
ing, chlorosis, stunting, and mosaic) in the uninocu-
lated leaves.

In eight separate experiments, we observed no con-
sistent evidence that the transgenic plants showed
altered systemic disease responses to TMV or that
they differed from nontransgenic plants in their abil-
ity to exhibit SA-induced resistance to the virus. Fig-
ure 2 shows an example of data taken from one such
experiment using nontransgenic cv Xanthi tobacco
plants and plants belonging to lines Sn47 and Sn10,
which possess increased and decreased AP capaci-
ties, respectively. It can be seen that the kinetics of
disease development in all three groups of plants are
substantially the same and that all three groups of
plants showed similar SA-induced delays in disease
development (Fig. 2). The results show that modifi-
cation of the AP capacity of tobacco plants does not
affect their basal resistance or susceptibility to TMV,
and it does not have any obvious effect on the ability
of plants to respond to SA. The results are broadly
consistent with data obtained by Ordog et al. (2002).

Alterations in Alternative Respiratory Capacity
Modify the Induction of Resistance to TMV by
AA and SA in Directly Inoculated Leaf Tissue

SA and AA primarily inhibit replication and local
movement of TMV in directly inoculated tissue,
rather than systemic movement (Chivasa et al., 1997;
Chivasa and Carr, 1998; Murphy and Carr, 2002).
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Figure 2. Development of TMV-induced systemic disease symptoms
on nontransgenic tobacco and transgenic tobacco with modified
alternative respiratory capacities. In this experiment, the plants used
were nontransgenic cv Xanthi tobacco (circles), together with trans-
genic lines Sn10 (squares) and Sn47 (triangles) and there were 21
plants per group. Lines Sn10 and Sn47 exhibit decreased and in-
creased AP capacities, respectively (see Fig. 1). Plants were treated
normally (black symbols) or sprayed with 1 mm SA (white symbols)
once daily for 5 d before inoculation with TMV. Inoculation was
carried out on one lower leaf per plant with a suspension of 2 ug
mL~" TMV in water using carborundum to increase the efficiency of
inoculation. The plants were observed at regular intervals over a
period of 34 d and plants were recorded as being “diseased” upon
the appearance of visible systemic symptoms (vein clearing, chloro-
sis, or mosaic) on noninoculated leaves.

Therefore, we investigated TMV accumulation in di-
rectly inoculated tissue using western-blot analysis
to detect the viral coat protein (CP) in chemically
treated leaves. In previous work with tobacco, we
found that spraying plants or simply floating leaf
tissue on solutions of AA are not effective means of
inducing Aox gene induction or resistance to TMV,
and that tissue must be infiltrated with the solution
using a syringe (Chivasa and Carr, 1998). While op-
timizing this procedure in nontransgenic tobacco
leaves, we noted that resistance to TMV was induced
immediately after infiltration not only with solutions
of antimycin A, but also with solutions of SA. There-
fore, for the experiments in the present study, we
infiltrated resistance-inducing chemical or control so-
lutions into leaves immediately before inoculation
with TMV to ensure that all the cells in the tissue
received a uniform and synchronized dose of SA or
antimycin A. In these experiments, resistance is char-
acterized by a delay in the onset of detectable virus
accumulation or in a reduced level of accumulation.

We found that 25 um AA was an effective inducer
of resistance to TMV in nontransgenic tissue and
tissues of transgenic plants with diminished AP ca-
pacity (Fig. 3). However, antimycin A-induced resis-
tance to TMV was inhibited in leaf tissue from trans-
genic plants with an enhanced AP capacity. Figure 3
shows the accumulation of TMV CP over time in
directly inoculated leaves from nontransgenic plants
and plants of line Sn21 (enhanced AP capacity) and
line Sn10 (decreased AP capacity). It can be seen that
the virus accumulated to a detectable level in 25 um
antimycin A-treated Sn21 tissue earlier than in simi-
larly treated tissues from nontransgenic or Sn10 to-
bacco leaf, which showed the expected delay in virus
accumulation (Fig. 3). Consistent with the earlier ex-
periments that showed that modification of alterna-

1521



Gilliland et al.

Non-Transgenic sn10 ¥ sn21 4
W SA AA W SA AA W SA  AA

72
Pe——— R RS

== <CP

96

pampe——— N <LSU
----CCP

120 <LSU

—
— e - \<CP

Figure 3. Differential effects of altered alternative respiratory path-
way capacity on SA- and antimycin A-induced resistance to TMV in
directly inoculated leaf tissue. Leaves of nontransgenic cv Xanthi
tobacco plants or plants of the transgenic lines Sn10 and Sn21 were
infiltrated with 0.5 mm SA, 25 um AA, or a control solution of water
(W) containing 0.05% (v/v) ethanol. The control solution contained
an amount of ethanol equivalent to that used to dissolve the SA and
AA before dilution with water. Within 10 min of infiltration, the
leaves were inoculated with a suspension of TMV strain U1 at a
concentration of 10 wg mL™". At various times after infiltration and
inoculation (72, 96, and 120 h), four leaf discs (12 mm in diameter)
were punched out of the leaves of each plant and used for extraction
of total soluble proteins. The proteins were analyzed by immuno-
blotting using, simultaneously, polyclonal rabbit antisera against the
TMV CP and the large subunit (LSU) of ribulose 1,5-bisphosphate
carboxylase (RuBPCase). The LSU band was used as an indicator of
equal loading of protein. Binding of the primary antibodies was
detected by probing the immunoblots with anti-rabbit 1gG conju-
gated to HRP and visualizing the CP and LSU bands on x-ray film
using a chemiluminescent HRP substrate. The transgenic lines Sn10
and Sn21 have, compared with nontransgenic cv Xanthi, decreased
(1) and increased (1) AP capacities (refer to Fig. 1).

tive respiratory capacity had no effect on SA-induced
resistance to systemic disease induction (Fig. 2), there
was no apparent effect on SA-induced resistance to
virus accumulation in either of the transgenic lines
(Fig. 3). The same effect on antimycin A-induced
resistance was also seen in the other transgenic lines
with enhanced alternative respiratory capacities
(lines Sn29 and Sn47; data not shown).

In subsequent experiments, a lower concentration
of AA (12.5 uMm) was infiltrated into the leaves on
nontransgenic and transgenic plants before inocula-
tion with TMV. Infiltration of AA at this concentra-
tion was less effective at inducing resistance to TMV
in the leaves of nontransgenic cv Xanthi plants or in
leaves of transgenic plants with an enhanced AP
capacity (Fig. 4). Surprisingly, this diminished con-
centration of AA was able to induce resistance to
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TMV in leaves of transgenic plants that had a de-
creased AP capacity. This can be seen in Figure 4,
which shows that accumulation of TMV is still inhib-
ited in lines Sn10 and Snll, both of which have
decreased AP capacities.

Because transgenic lines with decreased alternative
respiratory capacities appeared to be more sensitive
to the resistance-inducing activity of antimycin A, we
decided to see if the same was true for SA-induced
resistance. First, preliminary experiments were car-
ried out to investigate the dose-response characteris-
tics of SA-induced resistance to TMV in nontrans-
genic leaves infiltrated with a single dose of SA
immediately before inoculation (data not shown). In
nontransgenic leaf tissue, infiltration with SA at a
concentration of 0.25 mM or greater resulted in com-
plete inhibition of TMV CP accumulation for at least
72 h after infiltration and inoculation (for example,
see Fig. 3). In contrast, SA at concentrations below 0.2
mM did not completely inhibit the accumulation of
the virus in nontransgenic tissue (Fig. 5A). However,
although 0.2 mm SA did not induce complete resis-
tance in tissues of plants belonging to transgenic
lines with lowered alternative respiratory capacities,
there was a greater reduction in TMV CP accumula-
tion in these plants (Fig. 5A). Densitometry was used
to quantify the relative levels of TMV CP accumula-
tion in nontransgenic and transgenic plant tissues
treated with 0.2 mm SA at 72 h after infiltration and
inoculation. It was found that for all three transgenic
lines with decreased alternative respiratory capaci-
ties, 0.2 mM SA treatment consistently decreased
TMV CP accumulation by approximately 76% or
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Figure 4. Transgenic tobacco lines with decreased alternative respi-
ratory capacities show increased sensitivity to the resistance-
inducing effect of AA. Leaves of nontransgenic (NT) cv Xanthi to-
bacco plants or plants of the transgenic lines Sn10 and Sn11 (both
with decreased alternative respiratory capacity, indicated by | ), as
well as lines Sn21 and Sn29 (both with increased alternative respi-
ratory capacity, indicated by 1), were infiltrated with 12.5 um AA or
a control solution of water (W) containing 0.05% (v/v) ethanol.
Within 10 min of infiltration, the leaves were inoculated with a
suspension of TMV strain U1 at a concentration of 11 ug mL™". At
various times after infiltration and inoculation (72 and 96 h), four leaf
discs (12 mm in diameter) were punched out of the leaves of each
plant and were used for extraction of total soluble proteins. Equal
amounts of protein were analyzed by immunoblotting using poly-
clonal anti-TMV CP serum. Lanes labeled X and TMV were, respec-
tively, empty or loaded with pure TMV as a marker for CP. Equal
loading of proteins was checked by staining with a solution of 0.1%
(w/v) Ponceau red (data not shown).
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Figure 5. Transgenic tobacco lines with decreased alternative respi-
ratory capacities show increased sensitivity to the resistance-
inducing effect of SA. A, Immunoblot analysis of TMV CP accumu-
lation (72 h after inoculation) in directly inoculated leaves of
nontransgenic cv Xanthi (plants 1-3) and plants belonging to the
transgenic lines Sn10 (plants 4-6) and Sn11 (plants 7-9), both of
which have decreased alternative respiratory capacities (indicated by
). At the concentration of SA used (0.2 mm), TMV CP has already
reached readily detectable levels in the SA-treated nontransgenic and
transgenic plants (compare with data in Fig. 3 in which 0.5 mm SA
was used). However, the accumulation of TMV CP in the inoculated
leaves of SA-treated plants belonging to lines Sn10 (plants 5 and 6) or
Sn11 (plants 8 and 9) is less than that seen in the SA-treated non-
transgenic plants. Infiltration with SA or the water control solution
(W), inoculation, and protein extractions were carried out as de-
scribed in the Figure 3 legend. Proteins were analyzed by immuno-
blot analysis using anti-TMV CP simultaneously with anti-LSU (to
monitor for equal protein loading). The positions of TMV CP and
RuBPCase LSU are indicated to the right of the blot. On this blot, an
additional artifactual band (possibly a breakdown product of LSU)
was present (indicated by an asterisk). TMV, Lane was loaded with
pure TMV as a marker for CP. B, Densitometric analysis of TMV CP
accumulation in nontransgenic (NT) and three transgenic plant lines
with decreased AP capacity (Sn10, Sn11, and Sn20). Data is ex-
pressed as TMV CP accumulation in virus-inoculated tissues treated
with 0.2 mm SA as a proportion of the accumulation occurring in
tissue treated with the control solution. Data refers to protein ex-
tracted at 72 h postinoculation from two separate experiments (NT,
n=8;Sn10, n = 6; Sn20, n = 3, and Sn11, n = 2). Data expressed
as the mean =* sE.

more, whereas the SA-induced decrease in TMV CP
accumulation in nontransgenic tissue was consis-
tently around 50% (Fig. 5B). The results show that
plants with decreased alternative respiratory capac-
ity are more sensitive to the virus resistance-inducing
activity of SA in directly inoculated leaves, although
the extent of this effect would be unlikely to affect the
eventual outcome of systemic TMV infection.

The induction of PR-1 protein accumulation in the
transgenic lines was analyzed by western blotting
using anti-PR1 serum. PR protein accumulation was
similar in SA-treated Aox-transgenic and untrans-
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formed plants (Fig. 6), indicating that AOX has no
influence on PR protein gene expression. Interest-
ingly, Maxwell et al. (1999) noted that PRI gene
expression was enhanced in a transgenic tobacco line
with a decreased AP capacity. However, that work
was carried out using exponentially growing suspen-
sion cell cultures in which the tobacco cells may have
been subjected to additional stresses or chemicals
(such as plant growth regulators) that could have
caused the induction of PRI genes (Antoniw et al.,
1981).

Taken together, the results of our experiments ex-
amining the effects of chemical treatment on TMV
accumulation in directly inoculated tissues suggest
that altering Aox gene expression and the AP capac-
ity can affect chemically induced resistance to the
virus. Importantly, altering the AP capacity has dif-
ferential effects on SA-induced resistance compared
with antimycin A-induced resistance.

Inducible RARP Gene Expression Is Triggered by SA
But Not by Antimycin A

In transgenic plants with an enhanced alternative
respiratory capacity, the induction of resistance to
TMV by AA is inhibited, but resistance induced by
SA appears to be unaffected (Fig. 3). Why is this? One
possibility is that SA and AA induce resistance to
TMV by completely separate signaling pathways,
only one of which is influenced by AOX and AP
capacity. However, the finding that antimycin A- and
SA-induced resistance are to some degree enhanced
in transgenic plants with decreased alternative respi-
ratory capacity argues against this. A second possi-
bility is that SA may influence more than one
resistance-inducing signal pathway. If this were the
case, it is possible that if only one of these mecha-
nisms was regulated by AOX, then its inhibition in
transgenic plants with altered alternative respiratory
capacity would be masked by the induction of one or
more additional SA-induced resistance mechanisms
via AOX-independent signaling.

To investigate this possibility, we examined the
induction of the gene for NtRdRp1, an SA-inducible
enzyme that is known to have antiviral activity but
which is dispensable for SA-induced resistance (Xie
et al.,, 2001). In particular, we wanted to know if it
was induced by AA as well as by SA. Primer exten-
sion was used to analyze steady-state levels of
NtRARp1 transcripts in untreated, SA-treated, and
antimycin A-treated tobacco leaf tissue because this
is a specific and quantitative method for transcript
analysis (Fig. 7). As expected, SA induced an increase
in steady-state NfRdARpl transcript accumulation.
However, AA did not. This indicates that although
NtRdRp1 could play a role in SA-induced resistance,
it cannot participate in antimycin A-induced resis-
tance. This result lends credence to the possibility
that resistance to TMV resulting from the induction
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Non Transgenic Sn11 * Sn29 *
W SA AA W SA AA W SA  AA

- o L < PR1

Figure 6. SA-induced induction of the SAR marker protein PR1 is not
affected by genetic modification of alternative respiratory capacity.
Leaves of nontransgenic cv Xanthi tobacco plants or plants of the
transgenic lines Sn11 (decreased AP capacity indicated by |) and
Sn29 (increased AP capacity indicated by 1) were infiltrated with
0.5 mm SA, 25 um AA, or a control solution of water (W) containing
0.05% (v/v) ethanol. Equal amounts of total soluble proteins ex-
tracted from leaf tissues 96 h after infiltration were subjected to
immunoblot analysis using rabbit polyclonal anti-PR1 serum. In all
three types of plant, infiltration with the SA solution is the only
treatment that induced PR1 accumulation.

of additional antiviral factors, like NtRdRp1, may be
masking any effect that alterations in AP capacity
may have on SA-induced resistance. It is also consis-
tent with the idea that the induction of antiviral
resistance by SA is controlled by more than one
signaling pathway and is effected by more than one
mechanism.

DISCUSSION

We found that genetic modification of Aox gene
expression and AP capacity did not alter the overall
susceptibility of plants to TMV-induced systemic dis-
ease or their ability to resist the systemic spread of
the virus after treatment with SA. To this extent, our
conclusions are in agreement with those of Ordog et
al. (2002) who studied the accumulation of TMV CP
in noninoculated leaves of Aox-transgenic tobacco
plants with or without hydroponic administration of
SA. However, we extended our investigation to ex-
amine antimycin A-induced resistance because pre-
vious studies showed that this chemical, like SA, can
induce resistance to TMV in tobacco and to a closely
related tobamovirus (Turnip vein clearing virus) in
Arabidopsis (Chivasa and Carr, 1998, Wong et al.,
2002). In addition, we carried out further studies of
the effect of SA on TMV accumulation in directly
inoculated tissue because, in tobacco, SA affects local
TMV replication and cell-to-cell movement, rather
than systemic spread (Chivasa et al., 1997, Murphy
and Carr, 2002). These additional experiments
showed that alteration of Aox gene expression and
AP capacity in transgenic tobacco did, in fact, affect
the induction of resistance to TMV by AA and SA.
However, we found that altering AP capacity had
differential effects on the induction of resistance by
the two chemicals. Therefore, it may be premature to
conclude, as Ordog et al. (2002) recently have, that
AOX does not play a role in the induction of virus
resistance, but our results do indicate that the rela-
tionship between AOX and induced resistance to
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TMV is by no means simple. Therefore, it is likely
that AOX is a regulator rather than a trigger of de-
fensive signaling, and that SA may induce multiple
resistance mechanisms, some of which are not regu-
lated by AOX (Fig. 8).

The results presented in this paper are consistent
with the hypothesis that our attempts, and those of
Ordog and colleagues (2002), to assess the effect of
AOX on SA-induced resistance to systemic infection
with TMV were confounded by the induction of one
or more resistance mechanisms that are inducible by
SA but not by antimycin A. Our rationale for sug-
gesting that NtRdRpl is potentially responsible for
masking any inhibitory effect of increased AOX on
SA-induced resistance (as seen for antimycin
A-induced resistance) is that this enzyme is SA-
inducible and is known to impede TMV accumula-
tion (Xie et al., 2001). Furthermore, our data (Fig. 7)
shows that NtRdRpl is not induced by AA (and
therefore cannot be influenced by AOX), which
would explain why the inhibitory effect of enhanced
AP capacity on AA-induced resistance is apparent
(Figs. 3 and 4). Our model suggests that SA can
simultaneously induce multiple antiviral mecha-
nisms regulated by more than one signaling process,
as illustrated diagrammatically in Figure 8.

A

Experiment 1 Experiment 2

SA W AA SA W AA

Figure 7. NtRdRp1 transcript accumulation is induced by SA but not
by AA. In two separate experiments, nontransgenic cv Xanthi to-
bacco tissue was treated with 0.5 mm SA, 25 um AA, or a control
solution of water (W) containing 0.05% (v/v) isopropanol. After 24 h
of treatment, total RNA was extracted and was used as substrate for
primer extension with a *?P-labeled oligonucleotide complementary
to the NtRdRpT transcript. Reaction products were analyzed by
PAGE and were visualized by phosphorimaging (A). The expected
primer extension product for NtRdRp1 (indicated by <) was only
present at an increased level in reactions using template RNA ex-
tracted from SA-treated tissue. B, Sections (containing the rRNA
bands) of ethidium bromide-stained agarose gels loaded with the
template RNAs to demonstrate that equal amounts of template RNA
were used in each reaction.
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Figure 8. Model for the relationship between AOX and chemically induced resistance to TMV in tobacco. It is proposed that
ROS generated in the mitochondrion may function as signals leading via subsequent, unknown steps to the induction of a
subset of antiviral mechanisms (inhibition of replication and/or movement). Thus, nonlethal concentrations of AA (an
inhibitor of complex Il in the CYT) inhibits respiration by constricting electron flow through the CYT, leading to an increase
in mitochondrial ROS levels (the putative signal). Engagement of AOX could negatively regulate ROS production by
enhancing conversion of reduced to oxidized forms of UQ, modulating the signal. However, in transgenic plants with
increased or decreased AOX capacity, signaling would be dampened or amplified, respectively. The situation with SA is
more complex. SA may be able to increase mitochondrial ROS by inhibiting the activity of the respiratory chain (Xie and
Chen, 1999), although the mechanism of inhibition is unclear (Arrow “12”). It may also increase mitochondrial ROS levels
by other mechanisms (Arrow “2?2”). Hence, two possible routes, neither of which are mutually exclusive, leading from SA
to ROS, are shown. Additionally, SA, but not AA, can increase expression of RdRp1 (which has been shown to enhance
resistance to the virus; Xie et al., 2001). However, other AOX-independent mechanisms of TMV resistance induction are not

Salicylic Acid

ruled out by this study (Arrow “327).

The results obtained with the Aox-transgenic plants
suggest that AOX is regulating a signal or signals. If
this is the case, what is the nature of these putative
AOX-regulated signal or signals? AOX is increas-
ingly being viewed as a potentially important ho-
meostatic regulator, for example, by allowing for
flexible and rapid adaptation of mitochondrial respi-
ratory efficiency (Moore et al., 2002) or regulation of
the redox status of electron transport components
(Robson and Vanlerberghe, 2002). However, an im-
portant physiological role for AOX resides in the
minimization of ROS levels in the mitochondria
(Wagner and Moore, 1997; Maxwell et al., 1999; Yip
and Vanlerberghe, 2001). Restriction of electron flow
through the CYT by AA causes a build up of reduc-
ing power in the electron transport components,
which in turn will enhance the rate of generation of
ROS in the mitochondrion (Maxwell et al., 1999). It is
known that ROS act as signals at a number of points
in defensive signal transduction and that they can
influence the expression of a wide range of plant
genes (Bolwell and Wojtaszek, 1997; Desikan et al.,
2001; Mittler, 2002; Neill et al.,, 2002). These may
include those controlling certain aspects of induced
resistance to TMV. However, the most intensively
studied ROS production phenomenon is the oxida-
tive burst that occurs at the cell periphery early on
during a defense response, rather than ROS accumu-
lation in the mitochondrion. Nonetheless, the level of
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ROS accumulation in mitochondria does influence
plant nuclear gene expression (Maxwell et al., 2002).

SA can also enhance the production of ROS (for
review, see Alvarez, 2000) possibly by inhibiting en-
zyme targets within the cytosol, such as catalase
(Chen et al., 1993) and ascorbate peroxidase (Durner
and Klessig, 1995), or a recently discovered carbonic
anhydrase within the chloroplast (Slaymaker et al.,
2002). There is also evidence indicating that SA can
inhibit respiration in the mitochondrion within min-
utes of administration (Xie and Chen, 1999; A. Gilli-
land, unpublished data), an effect that might also
increase ROS production within that organelle. The
mechanism of respiratory inhibition by SA is not well
understood, although it has been suggested to in-
volve loss of cytochrome c from the mitochondria
(Robson and Vanlerberghe, 2002). However, cyto-
chrome c loss was only seen after incubation of cul-
tured cells for 8 h in the presence of 0.5 mmM SA
(Robson and Vanlerberghe, 2002), a much longer
time frame than that needed to see respiratory inhi-
bition (Xie and Chen, 1999; A. Gilliland, unpublished
data). Nonetheless, the increased sensitivity of trans-
genic plants with decreased AP pathway capacities
to the resistance-inducing activity of SA (Fig. 5) could
be explained by the impaired ability of these plants to
dissipate ROS in the mitochondria. Whether these
ROS are generated as a result of inhibition of respi-
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ration or as a result of other SA-induced mechanisms
remains to be seen.

Thus, we hypothesize that the accumulation of
ROS in the mitochondrion is most likely to be the
resistance-inducing signal under the control of AOX
(Fig. 8). In this model, an increased level of AOX
(and, therefore, an increased level of alternative re-
spiratory capacity) would damp ROS production
and, therefore, signal generation. This would be con-
sistent with the data shown in Figures 3 and 4. Con-
versely, the increased sensitivity to AA and SA seen
in plants with decreased AP capacities (Figs. 4 and 5)
can be explained by less effective dissipation of ROS
due to less effective oxidation of the UQ pool.

Although this proposed mechanism might go some
way to explaining how AOX could function in the
induction of some aspects of resistance to TMV, it
does leave some key questions unanswered. For ex-
ample, if increasing the level of AOX in transgenic
plants “damps” signaling by inhibiting ROS build up
in the mitochondria, why is Aox gene expression
transiently enhanced in plants treated with
resistance-inducing chemicals (for example, see
Wong et al., 2002)? Similarly, if decreasing the AP
capacity in transgenic plants causes an increase in
sensitivity to resistance-inducing chemicals, how
does the suppression of Aox gene induction by CMV
apparently help that particular virus evade SA-
induced resistance in directly inoculated tissue, as
observed by Ji and Ding (2001)? Both of these obser-
vations imply that increased expression of Aox is
important for resistance to be successful. One possi-
bility is that, after the induction of resistance, the
transient increase in Aox gene expression acts to reset
the signaling mechanism, whereas another possibil-
ity is that it is necessary for the re-establishment of
normal mitochondrial homeostasis, an important
function of AOX (Sakano, 2001; Moore et al., 2002). If
this resetting does not occur, it may interfere with the
further operation of the defensive signaling network
and prejudice the plant’s ability to respond to sec-
ondary pathogen challenges or other stresses.

It appears that although a relationship between
AOX and chemically induced resistance to viruses
exists, it is more complex than originally envisaged.
Thus, increasing or decreasing AP capacity can, re-
spectively, impede or enhance antimycin A-induced
resistance to TMV. However, SA-induced resistance
is only affected in the directly inoculated leaves of
transgenic plants with decreased AP capacity. Fur-
thermore, the alterations in AP capacity (at least to
the extent achievable in transgenic plants) did not
alter the overall response of the plants to systemic
disease with or without prior SA treatment (this
study and Ordog et al., 2002). Our interpretation of
these results is that in the case of antimycin
A-induced resistance, this chemical triggers the pro-
duction of increased levels of ROS from the over-
reduction of electron transport chain components,
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and these ROS can function as signals that are indi-
rectly regulated by AOX. In the case of SA-induced
resistance, increasing ROS in the mitochondria is
only one of several potential signaling mechanisms
that could be activated by this chemical. Therefore,
we conclude that SA-induced resistance to TMV in-
volves multiple resistance mechanisms, some of
which are subject to regulation by AOX.

MATERIALS AND METHODS
Plant Growth Conditions

Seeds of tobacco (Nicotiana tabacum) cultivar Xanthi (nn genotype, TMV
susceptible) and of the transgenic lines were germinated under sterile
conditions on 1% (w/v) agar containing 1X Murashige and Skoog medium
(Melford, Ipswich, UK). For germination of transgenic seed, the medium
was supplemented with hygromycin B (Melford) to a concentration of 100
pg mL~% After transfer to soil, all plants were maintained under green-
house conditions with supplementary lighting in winter. Chemically treated
and virus-inoculated plants were also maintained under greenhouse
conditions.

Construction of Transgenic Plants

A cDNA encoding AOX1a from Bright Yellow tobacco (Vanlerberghe and
MclIntosh, 1994) was made available (gift of L. McIntosh, Michigan State
University) and used for Agrobacterium tumefaciens-mediated transformation
of cv Xanthi tobacco, a cultivar that is normally susceptible to infection by
TMV. The cDNA was inserted in sense or antisense orientation behind the
enhanced 35S promoter of Cauliflower mosaic virus of the expression cassette
of pFF19 (Timmermans et al., 1990). The sense and antisense Aox gene
expression cassettes were subcloned into the plant transformation vector
pGPTV-HPT (Becker et al., 1992) to yield pDJSn and pDJAnt, respectively.
pDJSn and pDJAnt were introduced into A. tumefaciens LBA4404 by elec-
troporation (Shen and Forde, 1989) using a Gene Pulser apparatus (Bio-Rad,
Hercules, CA) according to the manufacturer’s instructions. A. tumefaciens
lines harboring pDJSn and pDJAnt were used for tobacco leaf disc transfor-
mation (Horsch et al., 1985). Primary transformants were selected on hy-
gromycin B (Becker et al., 1992) before transfer to soil. Upon request, these
plant lines will be made available in a timely manner for noncommercial
research purposes subject to a Cambridge University materials transfer
agreement.

Alternative Pathway Capacity Measurements and
Characterization of the Transgenic Tobacco Lines

The AP capacity of plant lines was measured by obtaining cells (with cell
walls still intact) from leaf strips using 0.5% (w/v) macerase (Macerozyme
R-10; Yakult, Tokyo) in 0.7 M mannitol. This cell production procedure was
based on the first step of a published protoplast purification method (Carr
et al., 1994; Murphy and Carr, 2002). Cells were transferred to a Clarke-type
oxygen electrode (Digital model 10; Rank Brothers, Cambridge, UK). Mea-
surements of oxygen consumption were performed in the absence or pres-
ence of 20 uM AA or 1 mMm cyanide (cytochrome path inhibitors); 2 mm
SHAM or 10 um n-propylgallate (AOX inhibitors); in the presence of both
types of inhibitor, or with 0.2 um FCCP. Measurements were carried out in
the dark to prevent photosynthetic oxygen production. For each line exam-
ined, at least three sets of triplicate measurements were carried out to have
statistically valid comparisons of AP capacity between nontransgenic and
transgenic plant lines.

AOX protein and Aox transcript steady-state levels were assessed by
western immunoblot and northern-blot analysis, respectively, using previ-
ously described methods (Chivasa and Carr, 1998; Chivasa et al., 1999).
However, in this study, binding of the monoclonal anti-AOX antibody
(Elthon et al., 1989) was detected using an anti-mouse secondary antibody
conjugated to HRP and binding was visualized on x-ray film using a
chemiluminescent HRP substrate (“western Lightning”; New England Nu-
clear, Boston).
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Assessment of Plant Susceptibility to Systemic
TMV-Induced Disease with and without Prior
Treatment with SA

Groups (consisting of 14 or 21 individuals) of nontransgenic and trans-
genic plants were used for experiments at between 3 (in the summer) and 5
(in the winter) weeks after transfer to soil. Plants were between 5- and
7-weeks-old when used. The foliage was sprayed until runoff with 1 mm SA
or water daily for 3 or 5 d before inoculation with TMV strain Ul. TMV (2
pg mL~! in water) was inoculated onto one lower leaf per plant using a
cotton bud soaked in the virus suspension. To enhance the efficiency of
infection, the leaves destined for inoculation with TMV were sprinkled with
carborundum before application of the virus suspension. Thereafter, plants
were checked daily for the appearance of TMV-induced systemic disease
symptoms (chlorosis, vein clearing, and /or mosaic on upper, noninoculated
leaves).

Detection of TMV Accumulation in Directly Inoculated,
Chemically Treated and Untreated Tobacco Leaves

Expanded leaves of 5- to 7-week-old transgenic and nontransgenic to-
bacco plants were infiltrated with water or solutions of SA or AA (Sigma
Chemical, St. Louis) using a 10-mL hypodermic syringe without a needle
pressed against the lower surface of the leaf. The method is similar to that
used for agroinfiltration (Schob et al., 1997). It should be noted that because
AA was initially dissolved in a small volume of ethanol or isopropanol, a
proportionate amount of solvent was added to the water and SA treatments.
Ethanol was also used for the initial dissolution of SA. Immediately after
infiltration, leaves were inoculated uniformly over their upper surfaces
using a gauze pad soaked in TMV suspension (10 pg mL™!). Carborundum
was sprinkled on leaf surfaces before inoculation to enhance the efficiency
of infection. Note that the leaves were not detached from the plants during
the course of the experiments.

At various times after infiltration and inoculation, samples were collected
by punching out 12-mm discs of leaf tissue using a cork borer. For each
treatment and line, between one and three plants were used and two leaves
per plant were infiltrated and inoculated with TMV. Depending upon the
experiment, between four and six discs were sampled per leaf. Leaf discs
were pooled and soluble proteins were extracted for subsequent immuno-
blotting analysis of TMV CP accumulation using a rabbit polyclonal anti-
TMV serum (Chivasa et al., 1997). In some cases, proteins were also ana-
lyzed by immunoblotting with a rabbit polyclonal anti-PR1 serum as
previously described (Carr et al., 1987; Chivasa et al., 1997). Equal loading
of gels with protein was checked by staining of immunoblots with 0.1%
(w/v) Ponceau red and/or probing or reprobing of blots with a polyclonal
rabbit antiserum raised against the LSU of RuBPCase (Berry et al., 1985; Carr
et al., 1987). Primary antibody binding for anti-TMV CP and anti-LSU was
detected with a secondary anti-rabbit IgG conjugated to HRP and visualized
using chemiluminescence. In some experiments, band intensities were mea-
sured using a densitometer (Molecular Dynamics, Sunnyvale, CA) and
ImageQuant 3.0 software (Amersham-Pharmacia, Chesham, UK). Experi-
ments were carried out at least three times unless otherwise stated.

Detection of NtRdRp1 Gene Expression

Steady-state accumulation of the transcript for NtRdRp (Xie et al., 2001)
was detected by primer extension (Calzone et al., 1987; Boorstein and Craig,
1989) with the oligonucleotide primer TCTTTACTTCCCAACACTGC end-
labeled using y-[**P] ATP and T4 polynucleotide kinase (Ambion, Austin,
TX). After annealing the labeled primer to total RNA extracted from leaf
tissue (Berry et al., 1985), the extension reaction was carried out using Avian
myoblastosis virus reverse transcriptase. The reaction products were analyzed
on an 8% (w/v) acrylamide sequencing gel and visualized using a Molecular
Dynamics Typhoon 8600 phosphorimager system (Amersham-Pharmacia).
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