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We demonstrate the use of laser photoacoustic detection (LPAD) as a highly sensitive method to detect in planta nitric oxide
(NO) production from tobacco (Nicotiana tabacumnt). LPAD calibration against NO gas demonstrated a linear relationship over 2
orders of magnitude with a detection threshold of <20 pmol h™" (1 part per billion volume [ppbv]). The specificity of the
photoacoustic signal for NO when adding gas or the NO donor, sodium nitroprusside, on injection into plant leaves, was
demonstrated by its abolition with O; (NO + O; — NO, + O,). The utility of the LPAD method was shown by examination of
a nonhost hypersensitive response and a disease induced by Pseudomonas syringae (P. s.) pv phaseolicola and P. s. pv tabaci in
tobacco. NO was detected within 40 min of challenge with P. s. pv phaseolicola, some 5 h before the initiation of visible tissue
collapse. The wildfire tobacco pathogen P. s. pv tabaci initiated NO generation at 2 h postinfection. The use of NO donors, the
scavenger CPTIO ([4-carboxyphenyl]-4,5-dihydro-4,4,5,5-tetramethyl-3-oxide), and the mammalian nitric oxide synthase
inhibitor L-NMMA (N“-monomethyl-L-arginine) indicated that NO influenced the kinetics of cell death and resistance to both
avirulent and virulent bacteria in tobacco. These observations suggest that NO is integral to the elicitation of cell death

associated with these two bacterial pathogens in tobacco.

Nitric oxide (NO), a well-characterized signal in
mammalian systems (for review, see Wendehenne
et al., 2001), is now being recognized as also influenc-
ing a variety of plant processes (for review, see Beligni
and Lamattina, 2001). In particular, NO plays an im-
portant role in plant defense responses, especially
those associated with the hypersensitive response
(HR) form of programmed cell death (for review, see
Wendehenne et al.,, 2004). NO generation has been
observed following inoculation of avirulent (i.e. elicit-
ing a HR) but not virulent bacterial strains into
soybean (Glycine max; Delledonne et al., 1998) and
Arabidopsis (Arabidopsis thaliana) suspension cultures
(Clarke et al., 2000), as well as in tobacco (Nicotiana
tabacum) epidermal peels treated with a necrotizing
elicitor (Foissner et al., 2000). Recently, the expression
of a bacterial NO dioxygenase in transgenic plants to
reduce 'NO levels has demonstrated the role of NO in
the induction of cell death, the activation of the
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phenylpropanoid pathway, and in initiating the gen-
eration of reactive oxygen species (ROS; Zeier et al.,
2004). Application of 'NO elicited the formation of
several features associated with mammalian apopto-
sis, including chromatin condensation, activation of
caspase-like activity (Clarke et al., 2000; Pedroso et al.,
2000), and loss of mitochondrial function that is
associated with cytochrome c release (Saviani et al.,
2002). 'NO also has been shown to elicit the synthesis
of the major defense signal salicylic acid (Diirner et al.,
1998) and antagonize the effects of another, jasmonic
acid (Orozco-Cardenas and Ryan, 2002).

In mammalian systems, NO is synthesized by
'NO synthase (NOS), which catalyzes the NADPH-
dependent two-step oxidation of L-Arg to L-citrulline
(Groves and Wang, 2000). By contrast, a range of
sources of NO have been proposed in plants. These
include a novel inducible NOS (AtNOS1; Guo et al.,
2003), nitrate reductases (Kaiser et al., 2002; Rockel
et al., 2002; Sakihama et al., 2002), and nonenzymatic
routes (Zweier et al.,, 1999; Bethke et al., 2004). In
response to attack by phytopathogens, a NOS-like
enzyme is perhaps the most likely source for NO,
as the mammalian NOS inhibitor L-NMMA
(N“-monomethyl-L-Arg) but not its inactive isomer
D-NMMA (N“-monomethyl-p-Arg) suppressed the
HR with a resulting loss in disease resistance in
Arabidopsis (Delledonne et al., 1998).

All these data notwithstanding, it remains the case
that accurate measurements of in planta NO generation
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are still required (Beligni and Lamattina, 2001). For
instance, the literature does not agree as to whether
'NO production is an early event during the prene-
crotic phase of the HR (Delledonne et al., 1998; Clarke
et al.,, 2000; Zeier et al., 2004) or a later phenomenon
linked with the propagation of cell death (Zhang et al.,
2003; Tada et al., 2004). Further, several effects of NO
are concentration dependent, e.g. the ability of NO to
break seed dormancy (Bethke et al., 2004) and the
interaction with ROS/lipid-derived radicals (Beligni
and Lamattina, 1999), the latter being an important
feature of the elicitation of the HR (Levine et al., 1994;
Chamnongpol et al., 1998) and gibberellin-induced
programmed cell death in barley (Hordeum wvulgare)
aleurone layers (Fath et al., 2001). A comprehensive
examination of NO and ROS interactions during the
HR elicited by an avirulent strain of Pseudomonas
syringae (P. s.) pv glycinea in soybean suspension cul-
tures established that an interaction of NO and H,0O,
was vital to the induction of cell death. Indeed, a
stoichiometric imbalance in NO or H,O, was pro-
posed to reduce cell death (Delledonne et al., 2001). In
programmed cell death linked to the barley aleurone
and droughted wheat, NO appeared to be primarily
suppressing cell death (Garcia-Mata and Lamattina,
2001).

Many methods have been utilized to measure NO
production. Most common are methods based on the
oxidation of reduced hemoglobin (Delledonne et al.,
1998) or the use of ‘NO-specific fluorescent dyes, DAF-
2DA (4,5-diaminofluorescein diacetate) and DAF-FM
(4-amino-5-methylamino-2’,7’-difluorofluorescein;
Foissner et al., 2000; Desikan et al., 2002). Dordas et al.
(2003) exploited the fact that the NO unpaired 7 or-
bital allows its ready excitation by microwave and
magnetlc energy to measure ‘NO using the specific spin
trap Fe®*-(dithiocarbamoyl)-N-methyl-p-glucamine),.
Other measurement techniques sample directly from
the gas phase as 'NO has a very low solubility (par-
tition coefficient 0.04 = 4.6 mL/100 mL water at 20°C,
1 atm). A chemiluminescent approach, based on the
reaction of NO gas with ozone (NO + O; — NO,* +
O, — NO, + light), has been used to investigate the
contribution of nitrate reductase to NO generation
(Morot-Gaudry-Talarmain et al., 2002; Rockel et al.,
2002). Very recently, two powerful methods based on
mass spectrometry (MS) have been described. Bethke
et al. (2004) described a continuous sampling method
where NO was passed through a polyethylene mem-
brane into the vacuum of a mass spectrometer. A sim-
ilar technique was employed by Conrath et al. (2004)
in the combined membrane inlet mass spectrometry
(MIMS)/restriction capillary mass spectrometry (RIMS)
approach, where '‘NO can either diffuse from a culture
through a membrane (MIMS) or from the gas phase
through a thin restriction capillary (RIMS) directly into
a benchtop mass spectrometer (Conrath et al., 2004).
This approach allowed the sensitive detection of
‘NO production from a variety of plant and fungal
sources.
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We have employed another direct-trace gas non-
invasive, online sampling technique based on laser
photoacoustic detection (LPAD; Bijnen et al., 1996;
Harren et al., 2000). Although preliminary results have
been published as conference proceedings (Mur et al.,
2003), here we fully describe the high sensitivity
(<20 pmol h™'/<1 part per billion volume [ppbv])
and specificity of LPAD in the detection of NO. Further,
we use LPAD to present a description of the kinetics of
in planta production of NO in tobacco during a HR
and disease development, revealing generation very
early following pathogen challenge. Inhibitor studies
suggested that INO contributes cell toward cell death
and defense during both types of interaction.

RESULTS
Sensitive and Specific NO Detection Using LPAD

Preliminary studies have used LPAD in the detec-
tion of NO from plants (Leshem and Pinchasov, 2000;
Mur et al., 2003), but the technique was not fully
described and sensitivity and specificity of the ap-
proach was not determined. The experimental setup
used in our LPAD experiments is depicted in Figure 1.
An airflow was passed over the sample held in a sealed
cuvette (Fig. 1, [1]) before being passed into the cold
trap (Fig. 1, [4]) to remove excess water vapor, follow-
ing which the sampled gas enters the photoacoustic
chamber to be excited by chopped laser light (Fig. 1,
[6]). Note that there is the possibility of measuring
multiple samples by switching the gas flow to different
cuvettes using valves (Fig. 1, [3]). Five laser lines were
used to measure the NO concentration (Table I). Among
them, the strongest NO line was at 1,900.0426 cm . Due
to the presence of water, one laser line (at 1,790.6576
cm ') served to determine the water concentration.
The presence of other gases, such as ethylene and NO,,
was checked by the other lines. The photoacoustic
principle is outlined in greater detail in “Materials and
Methods” and elsewhere (Harren et al., 2000).

To determine the sensitivity of LPAD to 'NO, known
concentrations were applied to the airflow in the photo-
acoustic chamber from a bottled '‘NO source (Fig. 2A).
The values obtained by LPAD revealed a near 1:1 pre-
dicted/ measured relationship between approx1mately
28 pmol h™! (1 ppbv) to approximately 4.5 nmol h™!
(200 ppbv) NO. 'NO readily forms NO, in the presence
of O; (NO + O; — NO, + O,), and this was used to in-
dlcate the spec1f1c1ty of the photoacoustlc signal. Ad-
dition of 0.2 Lh "NOtoa 1.3 L h™ ! airflow established
a photoacoust1c: signal and, following addition of 0.2 L
h™ O to this mixture (with a concomitant reduction in
air to mamtam a constant gas flow), this was completely
abolished (Fig. 2B). Removing O, from the gas flow
resulted in the reestablishment of the NO photoacous-
tic signal.

Sodium nitroprusside (SNP; Na,[Fe(CN)s(NO™)]) re-
leases nitrosonium cations, which will readily nitrosylate
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Figure 1. Experimental setup for CO LPAD of
'NO. Up to three samples (typically, a bacterially
challenged leaf, a mock [water]-injected leaf, and
et 8 an instrumental control [baseline]) were sealed in

thiol groups and produce gaseous NO through ho-
molysis of the S-N bond (Hughes, 1999). SNP is widely
used as a nitrosylating agent in biological systems and
has been used to validate NO detection by MS (Bethke
et al., 2004). Various concentrations of SNP were in-
jected into tobacco intercellular leaf spaces, and the
emitted 'NO was monitored (Fig. 2C). At 1 h, NO
production was proportional to added SNP, but at
later time points, the higher concentrations of SNP
appeared to yield lower levels of NO. This may in-
dicate that, for some unknown reason, at higher con-
centrations the donor was more rapidly exhausted. To
demonstrate that NO emissions were being measured
from SNP, O, was added to the gas flow after passing
through the cuvette (Fig. 2D). As in Figure 2B, appli-
cation of O; completely abolished the NO photo-
acoustic signal, which was reacquired once O; was
removed from the gas flow (Fig. 2D).

LPAD Reveals NO Emanation following Challenge with
Both Avirulent and Virulent P. syringae Pathovars

Two approaches were used to measure NO emana-
tion from tobacco following infiltration with bacterial
cultures, as inoculated leaf areas require approxi-
mately 2 h to clear of injected liquid and it was thought
that water-logged intracellular spaces could influence
‘NO production or detection. For early measurements
(0-2 h), leaves were explanted immediately after in-
filtration and sealed within the cuvette, while for
longer time points (>2 h), leaves were kept on the
plant for 2 h, allowing the infiltrated liquid to be
mobilized out of the leaf and then removed for assay.
With tobacco, the nonhost HR-eliciting strain P. s. pv
phaseolicola and the virulent pathogen P. s. pv fabaci
were utilized, which elicited distinctive phenotypes
(Fig. 3A). The elicitation of HR by P. s. pv phaseolicola is
dependent on a type III (hrp) secretion mechanism
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T three glass cuvettes (1), which could be sampled
by alternating electronic valves (3). Airflow (1.5 L
9 h™") through the cuvettes was regulated by mass
flow controllers (2). When not being sampled, the
gas flow was vented from the cuvette to the
atmosphere. Water vapor in the gas flow was
removed using a Peltier cooling element (—5°C)
and a cold trap (—80°C; 4), prior to passage into
the photoacoustic cell (5). The photoacoustic cell
was inserted into a laser cavity to improve laser
power and, thus, detection sensitivity. This laser
cavity consisted of a gas discharge tube (6),
a rotatable grating (7; for laser line selection),
and a 100% reflecting mirror (8). To generate
a photoacoustic signal, the laser light was modu-
lated by a chopper (9; modulation frequency
1,000 Hz). An additional water scrubber made
of CaCl, (*) had no effect on the NO signal.

(Kenton et al., 1999) and, therefore, on the delivery of
elicitory bacterial avirulence proteins into the plant
cell (Collmer et al., 2000). Inoculation with P. 5. pv
phaseolicola resulted in a rapid increase in NO produc-
tion after approximately 40 min (Fig. 3B), but, after 1 h,
this was markedly reduced (Fig. 3C). The increased
rates in NO production during the first hour averaged
17.01 (=0.81 sg; n = 3 experiments) nmol NO h* g™*
fresh weight (FW), which afterward were reduced to
3.08 (=0.47 se) nmol NO h? g~' FW. There was no
evidence of NO production when inoculating with
water (Fig. 3C) or extensive wounding using a wire
brush (data not shown). Following challenge with
P.s. pv tabaci, NO production was first detected after
2 h and increased to achieve approximately one-half
the rate recorded with P. s. pv phaseolicola (Fig. 3, B
and C).

The mammalian NOS inhibitor, L-NMMA, has been
widely used in plant studies, so we sought to in-
vestigate its efficacy in suppressing NO levels in
tobacco. Application of 1 mm L-NMMA, but not 1 mm
D-NMMA, prior to the initiation of NO production
by P. s. pv phaseolicola in controls suppressed NO

Table 1. The absorption coefficients for NO, water vapor, ethylene,
and CO, at CO laser lines utilized in the analyses, together
with their corresponding wavelengths

The sp of the data (in parentheses) are in the units of the last digit.

Laser Absorption Coefficients
Lines Wavelength C,H, CO,
PY ), ‘NO Water

cm™! atm™" cm™!
P(7), 1,933.4265 2.8 (2) 0.0079 (2) 0.303 (1) 0.0044 (1)
P(10), 1,921.8028 0.46 (5 0.0215(5) 0.70 (1) 0.0013 (1)
P(9)g 1,900.0426 11 (1) 0.0014 (2) 0.568 (3) 0.000191 (4)
P(7);, 1,856.4449 0.52 (5) 0.0059 (2) 0.8061 (5) 0.000013 (1)
P(11),, 1,790.6576 0.094 (9) 0.40 (1) 0.0063 (3) <1.107°
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Figure 2. LAPD of NO. A, NO concentration measured with LAPD from '‘NO mixtures in air. sp values are smaller than the
symbols. A linear regression (note double log scale) through the data is added as a dashed line. B, Suppression of the ‘NO
photoacoustic signal with the application of O; (NO + O; — NO, + O,). NO was passed through the photoacoustic chamber
at a rate of 0.3 L (from a bottled source) in 1.5 L h™! air (gray rectangles). For an interval (diagonally hatched rectangle), the
proportion of air was reduced to 1.1 L h™" air to be replaced with 0.2 L h™" O,. C, NO production from tobacco leaves following
injection with water (0, white bars) or 0.1 (gray bars), 0.5 (diagonally hatched bars), 1.0 (horizontally hatched bars), and 10 (black
bars) mm of the NO*/'"NO donor SNPat 1, 6, and 12 h following injection. Results are given as nmol h™' g™' FW. D, NO levels
detected following injection of 0.5 mm O, SNP (dotted rectangles), except during the period when 0.2 L O, was added to the gas
flow after passage through the cuvette holding the leaf (diagonally hatched rectangle). Note that the results are given as nmol h™
as the leaf weight was not recorded.
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Figure 3. 'NO emanation in tobacco
following challenge with avirulent and
virulent P. syringae pathovars. A, P. s.
pv phaseolicola and P. s. pv tabaci
lesion phenotypes on tobacco at 24
and 96 h. Early (to 2 h; B) and later (>2
h; C) 'NO emanation from tobacco
leaves following challenge with P. s.
pv phaseolicola (white circles), P. s. pv
tabaci (black circles), and water (white
triangles). Results are given as mean
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production (Fig. 4). In case L-NMMA could be in-
terfering with bacterial function, such as the delivery
of elicitory protein(s), an additional experiment was
undertaken in which inhibitors and NO scavengers
were infiltrated into bacterially challenged areas after
'NO production had been initiated. Thus, NO pro-
duction was measured in areas challenged with P. s. pv
phaseolicola leaves at 3 h to establish the near steady-
state production of NO (Fig. 3), after which the cu-
vette was opened and water, 1 mm L-NMMA, 1 mMm
D-NMMA, or 1 mm of the NO scavenger CPTIO
(1H-imidazol-1-yloxy-2-[4-carboxyphenyl]-4,5-dihydro-
4,4,5,5-tetramethyl-3-oxide) was injected. The cuvette
was then resealed, and NO levels were determined
after a further 0.5 h and compared to controls of P. s. pv
phaseolicola-challenged leaves, where a second injec-
tion at 3 h had not been carried out. The results pre-
sented in Table II show that injection with water or
D-NMMA did not significantly affect NO production,
but both CPTIO and L-NMMA significantly reduced
'NO levels. Such data indicate that both CPTIO and
L-NMMA are effective suppressors of in planta NO
production.

Defense Responses to Avirulent and Virulent P. syringae
Pathovars Are Influenced by ‘NO in Tobacco

Investigations into the role of NO in tobacco inter-
actions with avirulent and virulent P. syringae patho-
vars involved coinfiltrating bacterial suspensions with
'NO donors, NOS inhibitors, or NO scavengers. Pre-
liminary experiments established that 0.5 mm SNP did

Plant Physiol. Vol. 138, 2005

not elicit plant cell death as assayed by electrolyte
leakage during the first 24 h following infiltration.
Further, when coinfiltrating tobacco leaves with 0.5 mm
SNP and a P. s. pv phaseolicola hrpL mutant, which fails
to elicit a HR (and therefore does not elicit many of
the defense responses), bacterial viability was not
directly affected at 24 h by the NO" donor (data not
shown).

When inoculating with the avirulent P. s. pv phaseo-
licola strain, we made similar observations to other
workers using analogous pathogen systems (e.g.
Delledonne et al., 1998), namely, that NO played a role
in the elaboration of a HR. Coapplication of NO donors
(0.5 mm each), SNP (Fig. 5A), S-nitrosoglutathione
(GSNO), and spermine NONOate (NONO; data not
shown) accelerated cell death, while with CPTIO and
L-NMMA, but not its inactive isomer D-NMMA, the
HR was delayed by at least 3 h (Fig. 5B). These changes
in the kinetics of cell death correlated with either the
decreased or the increased P. s. pv phaseolicola popu-
lation numbers (Fig. 5, C and D).

With compatible interactions involving P. s. pv
tabaci, a lesion-scoring scheme based on five different
phenotypes was drawn up, ranging from no response
(score 0) to spreading necrosis and chlorosis extending
over the central vein (score 4; Fig. 6A). After 7 d,
control infections with P. s. pv tabaci exhibited variable
symptom development (Fig. 6B), although >80% of
the lesions showed either limited or extensive spread
of necrotic and chlorotic symptoms (scores 3 and 4,
respectively; Fig. 6A). Coinfiltration with 0.5 mwm
GSNO, NONO, and, especially, SNP significantly
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Figure 4. Suppression of '‘NO production by the 45
mammalian NOS inhibitor .L-NMMA. 'NO pro-
duction was estimated by LPAD in tobacco leaves
immediately following infiltration with P. s. pv
phaseolicola (white circles) and coinfiltration of
P. s. pv phaseolicola with T mm L-NMMA (black
diamonds, [n = 3] = s£) or T mm bD-NMMA (black
squares). Data given for a single contemporane-
ous experiment that was later repeated to give
similar results.

NO production (nmol. h'l.g"! FW)

40 -O- P.s. pv._phaseolicola
- L-NMMA
4 p.NMMA

(P = <0.001, x*) altered the distribution of lesion pheno-
type, with larger numbers exhibiting either localized
necrosis with chlorosis (score 2) or only necrotic
symptoms (score 1; Fig. 6B). Coapplication of CPTIO
and, to a lesser extent, application of L-NMMA in-
creased the numbers of lesions exhibiting extensive
spreading necrosis/chlorosis (Fig. 6B; P = <0.001).
The results of coinfiltration with b-NMMA gave a sim-
ilar pattern to controls.

The magnitude of P. s pv tabaci-associated cell death
could be augmented with the addition of SNP (Fig.
7A), although this was still delayed compared to those
observed during a HR (Fig. 5A). Significantly, cell
death associated with this compatible interaction
could be suppressed with CPTIO and L-NMMA (Fig.
7B). Coapplication of SNP with P. s. pv tabaci reduced
in planta bacterial growth (Fig. 7C), but CPTIO and
L-NMMA appeared to have little effect on bacteria
numbers within the infiltrated area until approxi-
mately 12 d postinfiltration (Fig. 7D, lesion). However,
an examination of bacterial escape from the infil-
trated areas suggested that application of CPTIO and
L-NMMA, but not b-NMMA, facilitated bacterial es-
cape from the lesion (Fig. 7D, surround).

DISCUSSION

The biological effects of NO are to a certain extent
influenced by its concentration. For instance, in mam-
malian apoptosis, NO has antiapoptotic effects at low
concentrations (10 nm to 1 um), which were associated
with S-nitrosation and inactivation of caspases (for
review, see Brune et al., 1999), inhibition of mitochon-
drial permeability transition pore opening, and asso-
ciated cytochrome c release (Brookes et al., 2000). At
higher concentrations (>1 um), there is an inhibition of
mitochondrial ATP generation but promotion of mito-
chondrial permeability pore opening with concomi-
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Period following inoculation (min)

tant cell death (Brookes et al., 1999, 2000). In plants,
concentration-dependent effects of NO have been
shown to influence the HR-type of cell death, probably
by affecting the interaction with ROS (Delledonne
et al., 2001; de Pinto et al., 2002). Thus, NO levels
must be accurately determined in order to fully un-
derstand its action(s). Ideally, the assay method should
be online, exhibit a high degree of sensitivity, linearity,
and specificity, as well as allowing the determination
of intra- or extracellular levels of NO from gas or
liquid phases. Technically, the assay should be low
cost, easy to carry out, and not dependent on highly
specialized apparatus. In reality, all currently utilized
methods fall short of this paradigm. Perhaps the most
versatile is based on the formation of methemoglobin

Table I1. Inhibition of NO production during the HR by "NO
scavengers and NOS inhibitors

Tobacco leaves (n = 3) were inoculated with bacterial suspensions of
P. s. pv phaseolicola and placed in cuvettes, where ‘NO levels were
monitored by LAPD until steady production at 3 h (Fig. 3). At 3 h
postchallenge, the cuvettes were opened and leaf areas inoculated with
P. s. pv phaseolicola leaves were injected with water, T mm CPTIO,
1T mm L1-NMMA, or T mm b-NMMA. The leaves were returned to the
cuvettes, and ‘NO levels were determined after a further 0.5 h. Hence,
mean (n = 3 = sg) NO production is given at 3.5 h postinoculation and
compared to results obtained to control inoculations with P. s. pv
phaseolicola (n = 3), which had not been injected the second time at
3 h. Differences between these means are indicated as either significant
(***; P = 0.001) or not significant (\*) following the t test.

Chemical ‘NO Levels at 3.5 h following Challenge

nmol h™'g” " FW; n= 3 + s

P. s. pv phaseolicola 33.9 (+0.6)
inoculated at 3 h

+water 34.5 (i2.2)NS

+CPTIO 14.2 (£4.0)***

+L-NMMA 16.7 (£3.0)***

+D-NMMA 30.5 (+2.1)

Plant Physiol. Vol. 138, 2005
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Figure 5. Modulation of NO-mediated events in the developing HR in tobacco as elicited by P. s. pv phaseolicola. A, The effects
of coinfiltration of P. s. pv phaseolicola (white diamonds) with 'NO generators (NO™, 0.5 mm SNP [black circles]); B, NO
scavengers/inhibitors of NOS (NO™, 1T mm of CPTIO [white squares], L-NMMA [black triangles], b-NMMA [white triangles]) on
the conductivity of solution bathing explants (n = 6 treatment™'). Results are given as mean conductivity change (uS cm™2
3 h™") + se. Bacterial numbers were estimated in leaf areas (n = 6 treatment” ' time point_1) coinfiltrated with P. s. pv

phaseolicola with NO™* (C) and NO™ (D) chemicals (see above). Results are given as mean cfu cm™? =+ sk

from oxyhemoglobin, the relative levels of which are
determined by measuring the A,,; and A;,. Increases
in methemoglobin can be calculated based on an
extinction coefficient of 77 mm ' cm™! (Murphy and
Noack, 1994). Therefore, this assay has few technical
requirements and has a detection threshold of approx-
imately 1 nmol (Archer, 1993), although it suffers from
a sensitivity to ROS (Delledonne et al., 2001). DAF-
2DA and DAF-FM dyes exhibit a high degree of
specificity for NO (Kojima et al., 1998) and may be
used to view NO generation, epidermal peels (Foiss-
ner et al., 2000), or in planta (Zhang et al., 2003). DAF
dyes can be viewed by epifluorescence but preferably
by confocal laser-scanning microscopes, which are
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now possessed by many research institutions. How-
ever, DAF dyes do not readily lend themselves to
online monitoring and may be preferentially taken up
by certain organelles, and accurate quantification
is particularly difficult (Foissner et al., 2000).
In mammalian systems, NO electrodes have been fre-
quently used. These rely on the electrochemical oxi-
dation of '‘NO to generate an electric current and tend
to be based on a modified oxygen (Clarke) electrode
(Shibuki, 1990) or a porphyrinic semiconductor
(Malinski et al., 1993). These ‘NO electrodes have fast
response times (sometimes less than 1 s) and specific
sensitivities down to nanomolar levels (Leone et al.,
1995) or lower (Archer, 1993). However, NO electrodes
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Figure 6. 'NO affects wildfire symptom develop-
ment following inoculation of tobacco cv Samsun
NN with of P. s. pv tabaci. A, Classification of P.
s. pv tabaci lesion phenotypes at 7 d following
infection. Score 0, No visible response; score T,
necrosis confined to the infection point, no
chlorosis; score 2, confined necrosis with chlo-
rosis; score 3, spreading necrosis with chlorosis; &
and score 4, extensive spreading necrosis and .
chlorosis. B, Disease scores of 50 lesions forming
on control (black bars) and treated leaves coinfil-
trated with bacteria and ‘NO generators (NO™,
0.5 mm each of GSNO [dotted bars], NONO
[gray bars], and SNP [diagonally hatched bars]).
C, 'NO suppressors (NO~, 1 mm each of CPTIO
[diagonally hatched bars], L-NMMA [white bars],
and b-NMMA [horizontally hatched bars]) were
noted at 7 d postinfiltration. This experiment was
repeated and yielded similar data.
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have only been used infrequently in plant systems, e.g.
with unicellular green algae (Sakihama et al., 2002) or
during high-level ROS generation (Delledonne et al.,
2001). This limited use may be due to the difficulty of
using ‘NO electrodes in planta, although Leshem et al.
(1998) measured ‘NO in fruit by simply pushing the
probe through the surface layers.

Other approaches to assay in planta NO production
rely on special equipment, e.g. electron paramagnetic
resonance (EPR) and MS-based techniques. In EPR,
the unpaired NO electron is spin-trapped by nitro-
socompounds or reduced hemoglobin to form a stable
adduct. EPR exhibits a detection threshold of approx-
imately 1 nmol (Archer, 1993), but it does not easily
allow continuous NO detection in planta. By contrast,
MIMS/RIMS represents a highly versatile approach by
allowing online sensitive NO (approximately 1 nmol)
and other gas detection from gaseous and liquid
phases (Conrath et al.,, 2004). Another MS approach,
where gaseous NO was measured after passage
through a gas-permeable membrane, detected concen-
trations of approximately 1 uM (Bethke et al., 2004). A
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Disease score

chemiluminescent assay for NO in the gaseous phase
exhibits even greater sensitivity, with a detection
threshold of approximately 20 pmol (Archer, 1993).
The attraction of online assays of ‘NO levels leads us
to investigate an alternative approach to measure NO
levels in the gaseous phase based on LPAD. Prelimi-
nary measures of NO from plants have been made
with LPAD and sensitivities down to parts per trillion
volume (pptv) have been claimed (Leshem and
Pinchasov, 2000). Nevertheless, direct sampling of NO
from the gaseous phase may underestimate concentra-
tions within plant tissues, as it relies on the poor solu-
bility of NO in aqueous solutions and cannot assess
'NO reduction (to form the nitroxyl anion, NO™) or oxi-
dation (to form the nitrosonium cation, NO™), both of
which have biologically relevant actions in, for instance,
the formation of S-nitrosothiols (Hughes, 1999). As re-
gards the latter point, it should be noted that all cur-
rent assay methods target particular forms of ‘NO, e.g.
DAF-2DA /FM stains target NO™ (Kojima et al., 1998).
Our estimations of the sensitivity of the photo-
acoustic technique to NO indicated that levels of
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Figure 7. 'NO modulates compatible interactions between P. s. pv tabaci and tobacco cv Samsun NN. Changes in the
conductivity of the solution bathing tobacco explants infiltrated with P. s. pv tabaci (white diamonds) and coinfiltrated with
0.5 mm SNP (black circles; A) and 1 mm each of CPTIO (black squares), L-NMMA (black triangles), and b-NMMA (white triangles;

1

B; n = 6 treatment™ ). Results are given as mean conductivity (uS cm™?) * se. Bacterial numbers were estimated in leaves within
areas (n = 6) coinfiltrated (lesion) with P. s. pv tabaci (white diamonds) and with 0.5 mm SNP (NO™; C) and 1 mm each of CPTIO
(black squares), L-NMMA (black triangles), and b-NMMA (white triangles; D), within the lesion and also bacterial escape into
surrounding tissue (surround). Results are given as mean cfu cm™? =+ sk.

1.3 ppbv (approximately 21.3 pmol h™") could be accu-
rately measured, which were equivalent to thresholds
for chemiluminescent detection (Archer, 1993) and
greater than a 10-fold increased sensitivity compared
to the RIMS approach (Conrath et al., 2004). Measure-
ments of NO also exhibited a linear dynamic range
over at least two orders of magnitude (Fig. 2A). Al-
though the readings over five laser lines (Table I) were
taken for each measurement, these were to assess pos-
sible contributions of other gases to the photoacoustic
signal from ‘NO laser line (P(9)s/1, 900.0426 cm ).
Hence, these readings for other gases were not opti-
mized for their detection and cannot be considered the
most valid means to assess their concentration. There-
fore, for simultaneous detection of multiple gases,
MIMS/RIMS (Conrath et al., 2004) and permeable-
membrane MS (Bethke et al., 2004) represent attractive
alternatives.

Validation of the 'NO signal was initially based on
its physical characteristics (L.LE. Santosa, L.J.J. Laar-
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hoven, L.A.J. Mur, and EJ.M. Harren, unpublished
data) but subsequently by its suppression using O,
(Fig. 2B). Thus, we used O; to assess NO emissions
from plant sources where many gases would be pro-
duced. Our in planta validation involved injections
with SNP, an NO* donor, but which will produce NO
gas via complex chemical reactions, e.g. homolysis of
S-nitrosyl groups. LPAD indicated that, at least over
the first hour following injection, an SNP concentra-
tion correlated with 'NO levels (Fig. 2C). Taken to-
gether, these data show that LPAD is a sensitive and
specific method to assay NO production from in
planta sources.

LPAD has previously been used for online measure-
ments of ethylene (Cristescu et al., 2002; van den
Bussche et al., 2003), acetaldehyde, and ethanol
(Leprince et al., 2000; Boamfa et al., 2003) emanation in
plants. We sought to demonstrate NO measurements
in a plant system that has been extensively character-
ized by other workers, using standard scavenger/
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inhibitor chemicals (e.g. CPTIO and .-NMMA). Thus,
we determined NO production from pathogen-
challenged tobacco leaves. The NO photoacoustic
signal was suppressed by application of the NOS
inhibitor .L-NMMA (Fig. 4) and the 'NO scavenger
CPTIO (Table II). Such data are supportive of a role for
a plant NOS in pathogen-elicited NO production, but
this does not rule out alternative sources of NO pro-
duction. Antisense nitrate reductase plants have been
used to suggest that this is a source of NO in light-
stressed tobacco (Morot-Gaudry-Talarmain et al., 2002).
In this study, only relatively minor increases in NO
flux were detected (approximately 1 nmol g ' h™! FW)
compared to those we measured following pathogenic
challenge (>30 nmol g~' h™! FW), and this could in-
dicate that different sources of NO production were
being utilized.

Although our data confirm key elements of earlier
work, in other ways they reveal some distinctive
differences. During the nonhost HR in tobacco elicited
by P. s. pv phaseolicola, a biphasic generation of NO (as
reported by Delledonne et al. [1998] in soybean cul-
tures and by Conrath et al. [2004] in tobacco cultures)
was not seen. Instead, an early burst of NO produc-
tion was noted, following which NO was produced
at a constant rate. Clarke et al. (2000) also failed to
observe a biphasic rise in 'NO in Arabidopsis cultures
challenged with an avirulent strain of P. s. pv maculi-
cola M6. Such contradictory observations could in-
dicate that patterns of NO generation are interaction
specific. To our knowledge, P. 5. pv phaseolicola elicits
an hrp-dependent (Kenton et al., 1999) HR in all
varieties of tobacco and therefore must be considered
an example of nonhost HR. The elicitation of such
nonhost HR, as opposed to gene-for-gene (pathogen
avirulence gene with host resistance gene)-mediated
HR, is likely to be mediated by multiple interactions
between host and pathogen (Mysore and Ryu, 2004).
As this was likely also to be the case with the P. s. pv
maculicola M6 strain (Rohmer et al., 2003), the lack of
a biphasic 'NO burst in our two studies could be the
net effect of overlapping elicitory events.

A consistent feature of our online assay with that
of Conrath et al. (2004) is the early production of NO
during the elicitation of a HR. This is contrary to the
observations of Zhang et al. (2003) and Tada et al.
(2004), who, using DAF-2DA dyes, failed to detect NO
rises prior to cell death and therefore proposed that
'NO contributed to the elaboration of the HR rather
than its initiation (Wendehenne et al., 2004). This may
be due to the relative insensitivity of the fluorescent
dye, as our data (Fig. 6) and those of others (Delledonne
et al., 1998; Clarke et al., 2000) suggested that NO
plays a role in the elicitation of cell death. We also
observed NO production, although relatively delayed
and at slower rates than during the HR when chal-
lenging with virulent bacteria. Such data were sur-
prising given that both Delledonne et al. (1998) and
Clarke et al. (2000) failed to observe any significant
'NO generation with virulent bacteria. Again, this may
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be due to the relative insensitivity of the assay meth-
ods used, which, in these cases, is based on reduced
hemoglobin, compared to LPAD. Significantly, the
more sensitive RIMS/MIMS approach detected ele-
vated 'NO production in soybean cultures challenged
with virulent P. s. pv glycinea (Conrath et al., 2004). In
mammalian systems, low doses of NO can elicit or
suppress apoptosis (Beligni and Lamattina, 1999) so
that the low-level production of NO during compat-
ible interactions could be important in pathogen vir-
ulence. When examining the effects of coinfiltration of
P. s. pv tabaci with the NO scavenger CPTIO, in par-
ticular, we did not observe a decreased virulence, as
might be the case if NO was acting as an anti-HR
factor. Instead, greater P. s. pv tabaci virulence was ob-
served, which was consistent with NO-mediating host
defense mechanisms during compatible interactions.

To conclude, our data show that LPAD represents
a highly sensitive and reproducible method for assess-
ing NO production in planta. Using this increased
sensitivity, we have demonstrated a rapid production
of NO during a HR in tobacco, consistent with a role in
the elicitation of cell death, as well as a novel action in
suppressing disease development.

MATERIALS AND METHODS
Plant Growth and Chemicals

Tobacco (Nicotiana tabacum) cv Samsun NN was germinated in Levingtons
universal compost (Levingtons Horticulture, Suffolk, UK) and transferred to
John Innes No. 2 after 2 weeks. Tobacco plants were injected with bacterial
suspensions or chemicals at 5 to 6 weeks following germination. All plants
were grown at 22°C under a 16-h photoperiod. No fertilizer was added to the
plants. NO donors, NO scavengers, and mammalian NOS inhibitors were
purchased from Molecular Probes, Europe (Leiden, The Netherlands) or
Calbiochem (CN BioSciences, Nottingham, UK).

Bacterial Strains and Inoculation Techniques and
Estimation of Bacterial Populations

P.s. pv phaseolicola Race 6 strain 1,486 and P. s. pv tabaci strain 110,034 were
used throughout. The culture and inoculation procedures used with these
bacterial pathogens are described by Mur et al. (2000). Chemicals were
injected or coinoculated with bacterial cultures into tobacco leaves using a
1-mL syringe with a 27-G needle (Terumo, Leuven, Belgium). Pathogens were
grown at 28°C in nutrient agar (Oxoid Limited, Basingstoke, UK). The culture
was washed twice with sterile, distilled water and finally diluted to either 108
(where changes in bacterial numbers over time were determined) or 10°
(where 'NO levels were subsequently assessed) colony-forming units (cfu
mL ") based on spectrophotometric readings (Mur et al., 2000). Estimations of
bacterial populations were carried out as described by Mur et al. (2000). When
scoring for P. s. pv tabaci disease symptom development, approximately 1-cm-
diameter patches of leaf lamina were inoculated with bacteria using a 1-mL
syringe without a needle.

When NO levels were measured or bacterial populations estimated, the
entire leaf lamina was inoculated with culture and, as required, the chemical
under assay, using a 5-mL syringae (Iwaki; Asahi Techno Glass, Tokyo) with
a 2.5-G 5/8 needle (Microlance; Becton-Dickinson). All data were analyzed by
t test, ANOVA, or x?, as appropriate, using MiniTab, version 13.

Estimations of Cell Death by Electrolyte Leakage

Changes in the conductivity of the solution bathing 1-cm-diameter leaf
explants were determined as stated by Mur et al. (2000).
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LPAD of Trace Gases

Traces of NO were measured down to approximately 1 ppbv (1:10%)/
approximately 20 pmol levels using a carbon monoxide (CO) laser-based
photoacoustic detector (Fig. 2A). The evolved gases were detected via their
absorption of rapidly chopped infrared light, which generated pressure
variations, resulting in acoustic energy detected by a miniature microphone
(Woltering et al., 1988; Bijnen et al., 1996). The intensity of the sound is
proportional to the concentration of absorbing trace gas molecules. Trace gases
emitted by the plants in the sampling cell were transported by a gas flow to the
photoacoustic detection cell situated within the laser cavity. The source of the
infrared light was a CO laser that was line tunable over a large frequency
range in the infrared wavelength region (200 laser lines between 5.0- and 7.7-
pm wavelength; Persijn et al., 2000). From a spectroscopic point of view, the
properties of NO are well known. A high resolution of the fundamental band
transition of NO covers a wavelength range between 5.1 and 5.6 um (Spencer
et al., 1994). The spectral coincidences between NO and the CO laser have
been demonstrated by Garside et al. (1977) and List et al. (1979). Employing
a CO laser-based photoacoustic detector, Bernegger and Sigrist (1990) mea-
sured the NO concentration in car exhaust. Since there is a mixture of trace
gases in the detection cell and each gas has different absorption strength on
every laser line, the mixed absorption strength pattern was unraveled using
a multicomponent matrix calculation algorithm (Meyer and Sigrist, 1990).

A measurement was performed by flushing the carrier gas through
the sampling cuvette, the cooling trap (at —80°C), and the photoacoustic
cell. Three cuvettes were measured sequentially. One cuvette contained the
infected tobacco leaf, the second cuvette a mock-infected (water-injected)
tobacco leaf as control, and a third (empty) cuvette for measuring and sub-
tracting the background signal. The residence period for the trace gases to
flow from the sampling cuvette to the detection cell was approximately 60 s.
The first data points were collected after 2.5 min.
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