Chapter 9
Nitric Oxide in Azospirillum and Related
Bacteria: Production and Effects
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and Lorenzo Lamattina

Abstract Azospirillum and other related plant growth-promoting rhizobacteria
produce several phytohormones and signaling molecules. Among them, nitric oxide
is now recognized as a key second messenger in plants and in beneficial and patho-
logical plant-microorganism interactions switching on and off different processes.
Nitric oxide has been associated to the signaling cascades leading to lateral
and adventitious root development induced by Azospirillum in tomato, in the
Azospirillum biofilm formation, and in the nodule development in rhizobia-legume
symbiosis. As a central component of N cycle, nitric oxide is produced and con-
sumed in different metabolic pathways such as denitrification and nitrification, and
it is closely related to other N compound like nitrate and nitrite. The emerging
importance of nitric oxide in the biology of bacteria-plant relation is a challenge for
understanding the molecular and chemical basis underpinning the nitric oxide
actions in the association of plant growth-promoting bacteria with roots. In this
chapter we describe several techniques that allow detecting and quantifying endog-
enously produced and exogenously applied nitric oxide in bacteria cultures and
inoculated plants, including real-time and/or in situ nitric oxide production. The
most used methods—Griess assay, electron paramagnetic resonance, fluorescent
probes, and electrochemical sensors—are described with detailed protocols, dis-
cussing their advantages and drawbacks. In addition, we remark factors affecting
nitric oxide production like growth conditions, metabolic inhibitors, and others.
Finally, pharmacological, genetic, and histochemical strategies to study the role of
nitric oxide in the association of Azospirillum with plant roots are presented with
examples and methodological procedures.
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9.1 Introduction

Rhizobacteria secrete metabolites into the rhizosphere which can act as signaling
compounds perceived by neighboring cells within the same microcolony, by other
bacterial species present in the rhizosphere, or by root cells of the host plant. Signals
derived from changes in the soil environment trigger selective root and shoot
responses. The mechanisms by which rhizobacteria elicit plant growth promotion,
from the viewpoint of signal transduction pathways is a matter of debate. In this
scenario, the interrelationships established between roots and the biotic components
of the rhizosphere would have a strong impact not only on plant growth, but also on
microorganisms. Nitric oxide (NO) is a small bioactive molecule produced either by
eukaryotic and prokaryotic cells which in plants has a central role in the signaling
pathway for growth and development of roots. The plant growth-promoting rhizo-
bacteria (PGPR) Azospirillum brasilense has been proved to produce NO that par-
ticipates in the signaling cascades inducing lateral and adventitious root formation
in tomato (Creus et al. 2005; Molina-Favero et al. 2008) and also in the induction of
bacterial biofilm formation (Arruebarrena Di Palma et al. 2013). Therefore, it would
be useful and desirable to handle different approaches and techniques that deal with
NO metabolism in PGPR and their interaction with plants.

The chemical properties of NO make it a versatile signal molecule that functions
through interactions with cellular targets via either redox or additive chemistry. Its
small Stokes’ radius and neutral charge allows rapid membrane diffusion and,
together with its short half-life, makes NO ideal as a near real-time signal between
cells (Lamattina et al. 2003). In cells, NO can exist in the form of three intercon-
verting compounds: a free radical nitric oxide (NO"), a nitrosonium cation (NO%),
and a nitroxyl anion (NO~), each one with different chemical reactivities and prop-
erties. Furthermore, the existence of an unpaired electron makes NO highly reac-
tive with oxygen (O,), superoxide (O,”), N derivatives, and transition metals
(Lamattina et al. 2003).

Nitric oxide can be produced by several pathways in bacteria: (1) Denitrification:
is the stepwise dissimilative reduction of nitrate (NO;") to nitrite (NO,"), NO,
nitrous oxide (N,O), and dinitrogen (N,) by the corresponding N-oxide reductases.
This pathway allows denitrifiers to grow under low-oxygen or anaerobic conditions,
since NO;™ is used instead of O, as a final electron acceptor in respiration (Cutruzzola
1999). In addition to anaerobic denitrification, it is accepted that denitrification can
also occur under fully aerobic conditions (Jetten et al. 1997); (2) Nitrification: is an
aerobic ammonium (NH,") oxidation pathway yielding hydroxylamine (NH,OH),
NO,7, and finally, NO;~ (Wrage et al. 2001) in autotrophic conditions. NO is gener-
ated as an intermediary in the reduction of NO,™ to N, This process can also be
performed by heterotrophic microorganisms but without energy generation; (3) NO
synthase: NO is produced by the oxidation of L-arginine to L-citrulline, in the pres-
ence of O, by a bacterial NOS-like enzyme (bNOS) harbored mainly by Gram-
positive microorganisms (Stuehr 1997).
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Since its discovery as an endogenous-free radical, NO has been proposed to be
either cytoprotective or cytotoxic (Stamler 1994; Beligni and Lamattina 1999). The
cytoprotection is based on NO’s ability to regulate the level and toxicity of reactive
oxygen species. NO-mediated toxicity is mainly generated by reaction with O,
leading to the formation of the strong oxidant peroxinitrite, which can oxidize thiols
and nitrate peptides and proteins at the phenyl group of tyrosine (Lamattina et al.
2003). These same reactions, along with the ability of NO to transiently bind to
numerous sites of proteins—including heme, iron—sulfur clusters, and thiols—
enable NO to impact cell activities from the transcriptional to posttranscriptional
levels (Cohen et al. 2010). This dual behavior of NO reinforces the necessity of a
proper knowledge in the designing, measurement, and results interpretation of
experimental approaches to reveal NO actions in the study of plant-microbe
interaction.

9.2 Production of NO by Beneficial Rhizospheric
Microorganisms: Detection and Quantification

9.2.1 Methods for NO Measuring
9.2.1.1 Griess Assay

Nitric oxide production is often measured indirectly by quantifying the stable end
products of its metabolism since NO is not stable and persistent in stored biological
samples. Two of the more stable oxidation products of NO metabolism are inor-
ganic nitrite and nitrate (Archer 1993). In 1879, the German organic chemist Johan
Peter Griess described a colorimetric protocol for nitrite measurement, which is to
date one of the most widely used assays for NO measurement because of its sim-
plicity and commercial availability. In this method, nitrite is first treated with a
diazotizing reagent, e.g., sulfanilamide (SA), in acidic media to form a transient
diazonium salt. This intermediate is then allowed to react with a coupling reagent,
N-naphthyl-ethylenediamine (NED), to form a stable azo compound. The intense
purple color of the product allows assaying nitrite with high sensitivity and can be
used to measure nitrite concentration as low as ~0.5 pM. The absorbance at 540 nm
of the formed adduct is linearly proportional to the nitrite concentration in the sam-
ple (Xu et al. 2000). Through the years, many variations on the original reaction
have been described. The most popular version seems to be the sequential method
in which nitrite is mixed with SA first, immediately followed by the addition of
NED. This method seems to give highest yield of the chromophore, and therefore,
it is the most sensitive way to perform Griess Reaction assay (Verdon et al. 1995;
Guevara et al. 1998). This approach is adopted in most commercial Kits.

For a more accurate measurement of NO produced in a sample, the nitrate formed
via oxidation of nitrite must also be measured. This is often accomplished by reducing
nitrate to nitrite immediately prior to the addition of the Griess reagents to the initial
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sample (Arita et al. 2007). The available kits use either cadmium or nitrate reductase
to reduce nitrate into nitrite (Sun et al. 2003).

This approach was widely employed to identify denitrifying rhizobacteria in
soil communities (Braker et al. 2010; Mora-Ravelo et al. 2013; Vercellino and
Go6mez 2013).

Materials and Reagents

— Reagent A: Sulfanilamide Solution (1 % (w/v) sulfanilamide in 5 % (v/v)
phosphoric acid).

— Reagent B: NED Solution (0.1 % (w/v) N-1-napthylethylenediamine
dihydrochloride).

— Standard Nitrite Solution: 0.1 M sodium nitrite.

— Polystyrene 96-well microtiter plate.

— Microtiter plate reader with 520-550 nm filter.

Griess Assay

— Add 100 pL of the cell-free culture or standard nitrite solution to a well of a
microtiter plate in triplicate.

— Transfer 50 pL of reagent A to each well.

— Incubate 5-10 min at room temperature, protected from light.

— Add 50 pL of reagent B to the wells.

— Incubate at room temperature for 5-10 min, protected from light. A purple/
magenta color will begin to form immediately.

— Record the absorbance at 540 nm with the microtiter plate reader.

— Compare the obtained values with the standard curve prepared with sodium
nitrite (linear between 0 and 100 pM).

Considerations and Recommendations

e Sulfanilamide and NED compete for nitrite in the Griess reaction (Fiddler 1977),
thus greater sensitivity is achieved when the two components are added
sequentially.

e It is recommended to perform two-times reading to decrease the background
variations between wells or samples (Xu et al. 2000).

* The final pH of a sample after addition of reagent A is critical for the Griess reac-
tion. Lower final pH results in higher absorbance at 540 nm. When the pH is
lower than 1.8, the absorbance at 540 nm is stable (Xu et al. 2000). For samples
with a high buffer capacity, more acid should be added to reagent A.

* In a condition where there is low level of NO production, high amount of nitrate
(or nitrite) in the media will make the measurement difficult due to the high
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background (Arita et al. 2007), thus it is important to know minutely nitrite and
nitrate concentration in the media broth used and also to minimize as much as
possible the content of these compounds from water in the solutions.

9.2.1.2 Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR), also known as electron spin resonance
(ESR), is a versatile technique specific for atoms, molecules, and complexes with
unpaired electrons (free radicals). Among its several biological applications (for
examples see Garcia Rubio 2004), this method allows to identify and quantify a
paramagnetic molecule as NO with high specificity and sensibility (detection limit
~107° M). The advantages of EPR are: (1) it is the only method that unequivocally
discriminate NO from other related no free radicals, as nitrate and nitrite; (2) it
can report NO levels in vitro and in vivo; and (3) it is possible to use non-transpar-
ent (i.e., turbid and/or opaque) and non-purified samples (Kleschyov et al. 2007).
The main drawback of EPR is that specialized equipment and technical expertise
are needed.

Unpaired electrons, as spinning charges, generate a magnetic field becoming a
magnetic dipole. Similar to a compass, these dipoles align themselves in external
magnetic fields. EPR is based in the property of these dipoles to take two possible
orientations that show “resonance” as the electrons are flipped when energy in the
microwave range is applied in presence of an external magnetic field. The amount
of energy absorbed is proportional to the amount of unpaired electrons in the sample,
and the value of the external magnetic field at which resonance occur, in a constant
microwave frequency, is related to g, that is a spectroscopic factor characteristic of
a given paramagnetic center. The shape and the hyperfine structure of the spectral
line are also characteristic of a paramagnetic substance (Hogg 2010).

The transient nature and concentration of NO in biological samples prevent its
direct detection with EPR. Instead, NO must be trapped to form stable paramagnetic
adducts before being quantified. Several diamagnetic compounds have been used as
“spin trap” of NO, among them are DETC (diethyldithiocarbamate), MGD
(N-methyl-p-glucamine dithiocarbamate), and DTCS (dithiocarboxy sarcosine)
(Venkataraman et al. 2002; Puntarulo et al. 2009).

EPR has been used to study NO metabolism in several microorganisms. As
examples, the mechanisms for NO production by nitrite reductase (Nir) in
Pseudomonas spp. (Radoul et al. 2012) and Geobacillus stearothermophilus
(Davydov et al. 2009), and for NO consumption by respiratory NO reductase in
Paracoccus denitrificans (Field et al. 2008) were assessed by this technique. In
PGPR, EPR was employed to show the formation of nitrosylleghaemoglobin
(LbNO) within soybean nodules of Bradyrhizobium japonicum (Meakin et al.
2007), the synthesis of NO by a Nir in Sinorhizobium meliloti (Ferroni et al. 2012),
and to quantify the NO production by A. brasilense Sp245 wt and its IAA- and
periplasmic nitrate reductase (Nap~) mutants (Creus et al. 2005; Molina-Favero
et al. 2008). EPR methodology has also been used for assaying enzyme activity in
A. brasilense (Vanoni et al. 1992).
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Materials and Reagents

— Bacterial sample (a minimum of approximately 0.15 g is needed). Samples do
not need to be purified and can simply consist in cells from cultures grown in the
condition desired and harvested by centrifugation.

— Solution of 10 mM sodium N-methyl-p-glucamine dithiocarbamate (MGD) in
1 mM FeSO,.

— Aqueous solution of 4-hydroxy-2,2,6,6-tetramethyl piperidine 1-oxyl, TEMPOL
(a stable free radical used as standard to obtain the concentration of other free
radical adducts).

— Bottom-sealed Pasteur pipettes.

— EPR spectrometer.

EPR Assay

— Add 220 pL MGD solution to 150 mg of bacterial sample.

— Transfer the sample with the spin trap to a bottom-sealed Pasteur pipette and
introduce in the spectrometer cavity for measurements.

— Record the spectra at room temperature (~18 °C) in the EPR spectrometer
operating at 9.5 GHz (X-band). Set the instrument at 200 G field scan, 83.886 s
sweep time, 327.68 ms time constant, 5.983 G modulation amplitude, 50 kHz
modulation frequency, and 20 mW microwave power. Different modulation
amplitude and/or microwave power can be selected to improve the resolution of
spectra depending on the spectrometer used.

— Record the spectra of the TEMPOL solution with the same spectrometer
setting.

— NO concentration is quantified by double integration of the three-line spectra
(Fig. 9.1a) and is referenced to the TEMPOL spectra, which have a known area
to concentration ratio.

9.2.1.3 Fluorescent Probes: Diaminofluorescein Fluorescent Dyes

Diamine derivatives of fluorescein (DAF) are the most widely used NO fluorescent
probes (Namin et al. 2013) and are one of the best options for NO detection due to
their high sensitivity and simple procedure. Diaminofluorescein-2 (DAF-2) was the
first product in the DAF series to become commercially available. It reacts with NO,
in presence of oxygen, resulting in the formation of a triazolo-fluorescein analogue
(DAF-2T) that exhibits a strong green fluorescence (Kojima et al. 1998a, b). DAF-2
DA, a diacetate analogue of DAF-2, was designed in particular for imaging of NO
produced in living cells (Kojima et al. 1998a). The diacetate group is removed by
cellular esterases, allowing the DAF-2 form to react with intracellular NO (Planchet
and Kaiser 2006; Mur et al. 2011). Because of the membrane permeability
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Fig. 9.1 Nitric oxide detection in A. brasilense cultures. (a) Three-line EPR spectra characteristic
of the NO-MGD adduct recorded in pellets of A. brasilense Sp245 grown in liquid OAB medium
with NO;™ or NH,* and in cultures boiled for 5 min. The readout resulting from the detector is a
first derivative of the absorption spectrum, whose area is proportional to the concentration of
unpaired electrons (in this case NO) and the intensity is measured in an arbitrary scale, so the y
axis is omitted. (b) Kinetics of NO production by A. brasilense Sp245 determined with the fluo-
rescent probe DAF-2 DA. Kinetics of controls without probe, non-inoculated OAB medium, and
culture plus the scavenger cPTIO (0.5 mM) are indicated. The fluorescence is showed as arbitrary
units (AU)

characteristic of DAF-2 DA, it is possible to monitor endogenous NO production
within the cells in a real-time fashion, conferring an obvious advantage in efficient
uptake of the fluorescent probe (Arita et al. 2007). DAF-FM has been developed as
a more sensitive NO sensor than DAF-2 DA (~3 nM and ~5 nM, respectively;
Murad 1999). Contrary to DAF-2 DA, it has also been suggested that the fluorescent
signal of DAF-FM is not affected by pH above 5.

DAF-2 DA was employed to detect NO production by A. brasilense Sp245 grow-
ing under aerobic conditions (Fig. 9.2; Creus et al. 2005; Molina-Favero et al. 2008)
and to establish the involvement of NO in the formation of lateral roots induced by
Azospirillum (Creus et al. 2005). Schreiber (2006) made use of DAF-FM DA to
image NO production by Bacillus subtilis and by a nitrifying biofilm. Using these
probes, several authors have detected NO production by confocal microscopy in
functional nodules during legume-rhizobia symbiosis (see Sect. 9.3.3. below).

Materials and Reagents

— NO-specific probes DAF-2 DA or DAF-FM DA (e.g., Calbiochem, La Jolla, CA,
USA).

— DAF-2T or DAF-FMT as standard (e.g., Calbiochem, La Jolla, CA, USA).

— Polystyrene 96-well microtiter plate.

— Fluorescence plate reader (e.g., Fluoroskan Ascent; Thermo Electron) with the
appropriate filters (excitation 480 nm; emission 515 nm).
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DAF-2 DA

+ cPTIO

Fig. 9.2 A. brasilense Sp245 cells showing NO production examined by epifluorescence micros-
copy. The bacteria was resuspended in HEPES-NaOH with or without the scavenger cPTIO for
30 min. Bacteria was further incubated for 2 h with DAF-2 DA and examined at 1,000x magnifica-
tion (Creus et al. 2005; with kind permission from Springer Science and Business Media)

Reagent Preparation

Prepare a 1x working solution of DAF-probe immediately prior to use; a 1:500 dilu-
tion in water or in 0.1 M phosphate buffer pH 7.4 is generally required. Do not store
1x solution for later use.

Observations: DAF-probes are very light-sensitive; protect the reagent and the
stained samples from direct light. Bovine Serum Albumin (BSA) and phenol red in
culture media may affect fluorescence.

Probe Assay

— Transfer 100 pL of the Azospirillum culture of each treatment to a 96-well
microtiter plate. Do at least three replicates per measurement.

— Add 1x working solution of DAF-probe at 10 pM final concentration.

— Incubate 20 min at room temperature, in dark and with gentle agitation.

— Place the 96-well microtiter plate into a fluorescence plate reader. The fluores-
cence intensity must be measured every 2—4 min over a period of at least 2 h.

— Determinate NO concentration by comparison with the DAF-2T (or DAF-FMT)
reference curve (linear between 0 and 1,000 nmol).

Considerations and Recommendations
* Three types of controls must be done in order to establish if DAF-fluorescence is

actually due to NO detection and not caused by methodological artifacts: (1)
culture media without the addition of DAF-probe as background fluorescence,
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(2) non-inoculated media with DAF-probe to establish if the media cause any
interference with the reaction, and (3) inoculated media with DAF-probe plus an
NO scavenger (e.g., cPTIO, see Sect. 9.3.1. below) for NO specificity. Figure 9.1b
shows kinetics of NO production by A. brasilense Sp245 in different conditions
using DAF-2 DA and the controls described above.

e It is now established that simultaneous presence of a NO source and hydrogen
peroxide (H,O,) augments the fluorescence (Balcerczyk et al. 2005), therefore it
is important to determine if the treatment applied produces H,O, by cellular
lysis. Check this possibility using an inverted fluorescence microscope to visual-
ize potential increases in background fluorescence.

* Only NO production kinetics can be measured with these probes because the
reaction is cumulative. For NO consumption, other method must be used.

9.2.1.4 Electrochemical Sensors

Electrochemical methods are the most practical in measuring NO in biological sam-
ples due to small electrode size, in vivo capability, nondestructive properties, mini-
mal or no reagents requirements, high sensitivity, simplicity, and the possibility to
be operated with limited electrochemistry knowledge (Taha 2003).

Nitric oxide can be detected amperometrically using an NO-specific electrode,
typically carbon- or platinum-coated, where the voltage of the electrode is held
constant above the oxidation potential of NO (+900 mV against an AgCl reference
electrode). The current generated is a linear function of NO concentration at the
electrode surface. The available sensors are integrated, which means that there is no
need for additional reference or counter electrode. They employ a gas permeable
membrane for selectivity assurance, coupled with a controlled instrumental param-
eter. Membranes can be made from different compounds such as chloroprene rub-
ber, cellulose acetate, collodion/polystyrene, polytetrafluoroethylene (PTFE), and
phenylenediamine (Davies and Zhang 2008). These sensors are very sensitive and
specific to NO because the gas permeable membrane eliminates all ions and other
compounds except gases, and the applied electrical potential and electrode material
eliminate interferences from other gases such as oxygen, carbon monoxide, carbon
dioxide, etc. Detection levels are as low as 0.3-0.5 nM and a linear range can be
achieved up to 25 pM NO (Taha 2003; Arita et al. 2007). Being electrochemical
sensors, NO sensors are sensitive to temperature fluctuations (Taha 2003), but
newer models are available with a temperature compensation option.

Electrochemical sensors have been extensively used in Escherichia coli (Gardner
et al. 1998; Pathania et al. 2002; Bang et al. 2006) and in many other pathogenic
bacteria (Ouellet et al. 2002; Arai et al. 2005; Lama et al. 2006; Avila-Ramirez et al.
2013) to study real-time NO consumption related to hemoglobin activity. In rhizo-
bacteria, Arruebarrena Di Palma et al. (2013) demonstrated NO production in
A. brasilense Sp245 biofilm formation employing this method.
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Materials and Reagents

— Nitric Oxide Measuring System (e.g., inNO-T-II System, Innovative Instruments,
Inc., Tampa, FL. USA).

— NO-specific sensor (e.g., amiNO-2000, Innovative Instruments, Inc., Tampa,
FL. USA).

— 1 M sulfuric acid.

— Solid potassium iodide.

— 100 pM potassium nitrite as standard solution.

Sensor Calibration

— Before calibrating and using the sensor, it should have been polarized for few
hours, preferably overnight and immersed in calibration solution or water.

— Prepare calibration solution adding 18 mL of water, 2 mL of 1 M sulfuric acid,
and approximately 20 mg of potassium iodide to a 20 mL vial. A small stirring
bar should be used for mixing and obtaining a uniform solution. When this solu-
tion becomes light yellow, due to the formation of iodine, prepare a new
solution.

— Immerse the tip of the sensor in calibration solution. For the amiNO-2000,
submerge 2—-3 mm from the tip.

— Wait for the background to decrease to stable value and then zero the
background.

— The in situ generation of NO is achieved by the addition of standard nitrite solu-
tion to an acidified solution in the presence of a reducing agent such as iodide
ion. In this reaction the molar ratio of nitrite to nitric oxide is 1:1 and conse-
quently, the amount of NO generated equals the amount of nitrite added.

— Add 10 pL of 100 pM nitrite standard solution to a 20 mL stirred calibration
solution; this result in 50 nM NO.

— Before the second addition, wait until the current reaches its maximum potential
and begins to decline. This normally takes a few seconds.

— Add 20 pL of nitrite standard solution. A final NO concentration of 100 nM will
be obtained. Include more additions if you will. It is recommendable using cali-
bration concentrations in the range of the test solution.

— Measure the peak height of the additions. Plot current vs concentration to make
a reference curve.

Notes

» Calibration should be done at the same temperature of the sample to be tested.

* Other procedures can be chosen for calibration. For example, NO gas dissolved
in aqueous solution or a NO-producing agent like S-nitroso-N-acetylpenicillamine
(SNAP) can be used.
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Real-Time Azospirillum NO Production

— Immediately previous to use, stabilize the microelectrode 15 min running in PBS
buffer pH 7.2, followed by 15 min in fresh NFb-malic medium. If another
medium will be used previously, make sure it does not generate interference in
the measurement.

— Zero the background.

— Immerse microelectrode 3—4 mm in the bacterial culture and start recording
changes on current potential. Usually, 3040 min of recording time is needed per
sample to measure NO production in Azospirillum cultures.

— Enter the obtained current value in the standard curve to establish NO concentra-
tion in the samples.

Considerations and Recommendations

» If you fail to observe the release of NO, you can also analyze for nitrite in free
cell supernatants using the same solution employed for calibration. It is recom-
mendable to make dilutions of the supernatant to avoid electrode and solution
saturation. For A. brasilense Sp245 growing in NFb-NO;™ media, 20 pL of a 1:25
dilution is sufficient for nitrite detection in 20 mL of calibration solution.

9.2.2 Factors Affecting NO Production in Azospirillum
Culture

9.2.2.1 Culture Media and Growth Conditions

In order to set the conditions for different experiments, it is necessary to determine
those circumstances in which NO production by rhizobacteria is favored.

One important issue to take into account is the bacterial growth phase as this
represents a particular physiological stage in which some metabolic pathways are
activated and other repressed. Therefore, NO production must be investigated in
each phase to acquire a complete picture of the NO metabolism in the studied bac-
teria. For example, A. brasilense Sp245 produces NO throughout the exponential
growth phase, with the highest concentration at the end of it (~16 h in OAB media).

On the other hand, the composition of the growth media is determinant of NO
production and, depending on the pathway the bacteria use to biosynthesize NO, the
media must provide the precursor for its synthesis. In denitrifying bacteria, media
with NO;™ and low O, tension must be supplied. If bacteria, as in the case of
A. brasilense, harbors a periplasmic nitrate reductase not inhibited nor repressed by
0O,, the agitation can be high. We have characterized aerobic NO production by
A. brasilense Sp245 in OAB medium with NO;™ as N source, in which bacteria
produced ~120 nmol NO per gram, a concentration 25-fold higher than that observed
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for NH," containing media (4.2 nmol NO per gram of bacteria) (Molina-Favero
et al. 2008).

If one suspects that the major source of NO production in the studied bacteria is
heterotrophic nitrification, that possibility must be tested by incubating in media
with NH4* as N source. In this media, the addition of hydroxylamine or nitrite
should enhance NO production. A four-time increase in the NO production rate was
observed when A. brasilense Sp245 was incubated in the presence of 0.1 mM
hydroxylamine (concentrations up to 0.5 mM had no effect or were inhibitory;
Molina-Favero 2014).

If the bacteria produce NO by the action of a bNOS, L-arginine, the substrate of
this enzyme, must be provided in the media in concentrations about 10-15 mM.

9.2.2.2 NO Production Pathways: Inhibitors

The inhibition of key enzymes from metabolic pathways leading to NO production
could help in the study of the biogenic origin of NO when specific deficient mutants
are not available. In these cases, simple and cheap pharmacological application of
inhibitors substances or analogues of substrates result in blocking the activity of key
specific enzymes in a given pathway.

The denitrification pathway that accounts for the majority of the NO produced by
A. brasilense when grown in nitrate is driven by nitrate reductase (NR), nitrite
reductase (Nir), nitric oxide reductase (Nor), and nitrous oxide reductase (Nos)
(Zumft 1997).

Two different dissimilatory NR are present in some strains of denitrifiers. The
dissimilatory membrane bound nitrate reductase (Nar) generates ATP by proton
motive force across plasma membrane, and the periplasmic nitrate reductase (Nap)
which is not repressed nor inactivated by O, and is not involved in ATP generation.

The catalytic centre of NR joins a guanine molibdopterin dinucleotide cofactor.
Tungstate can compete with molybdate for incorporation into the enzyme complex
and results in the inactivation of molybdate-dependent enzymes (Harper and
Nicholas 1978; Hille 2002). Tungstate is widely used as a NR inhibitor in plant NO
research (Mendel 2007) and also in bacteria culture (Betlach and Tiedje 1981). In
nitrogen fixing nodules of Medicago truncatula, the use of tungstate could inhibit
NO production, showing that the NR is involved in the production of NO by the
nodule, but not in roots and leaves as the inhibition by tungstate was not achieved in
that tissues (Horchani et al. 2011).

However, evidence indicates that tungstate not only inactivates NR, but also
inhibits other molybdate-dependent enzymes at least in plants (Xiong et al. 2012).
In addition, a number of investigations have shown that tungstate also inhibits root
growth, affects cortical microtubule formation, and induces programmed cell death
in plants, just like other heavy metals do (Adamakis et al. 2008). Therefore, this
inhibitor must be used with caution in analyzing plant microbe interaction experi-
ments, keeping in mind that it is not completely specific (Xiong et al. 2012). The
majority of the literature revised uses 1 mM of tungstate as final concentration in
liquid bacteria broth (Kletzin and Adams 1996).
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On the other hand, dissimilatory Nir is considered the major source of NO in
bacteria. Its localization is periplasmic and two different types of Nir can be encoun-
tered in denitrifiers even though, so far, there is no report on bacteria harboring the
two types (Zumft 1997). One of these types is cytochrome cd1-d Nir that contains
heme ¢ and heme d1 as prosthetic group. The other is a Cu-containing -d Nir (Ye
et al. 1994).

A Cu-containing Nir from Alcaligenes faecalis strain S-6 was purified and crys-
tallized. The purified enzyme was strongly inhibited by KCN, but only slightly by
sulthydryl reagents such as p-chloromercuribenzoate and N-ethylmaleimide
(Kakutani et al. 1981). The use of this type of inhibitors is appropriate when testing
purified enzymes, but not when pharmacological experiments are done with living
bacteria that would result damaged by blocking other vital processes yielding con-
fusing results and leading to misinterpretation. A combination of pharmacological
and biochemical analysis with a genetic approach will be necessary in order to
investigate the roles of NO in plants (Xiong et al. 2012), bacteria, and their
interaction.

Many Gram-positive bacteria also harbor a specific bNOS which catalyzes the
conversion of L-arginine to L-citrulline and NO (Stuehr 1997). Sequence analysis
of the genes encoding bNOS reveals great similarity with the N-terminal NOSoxy
domain of mammalian NOS, whereas the NOSred domain is completely absent in
bNOS. Nevertheless, bNOS are functional and effectively synthesize NO from
L-arginine, also showing inhibition by the mammalian NOS inhibitors (Chen and
Rosazza 1994; Choi et al. 1997; Sari et al. 1998; Adak et al. 2002). The main used
inhibitors for this enzyme are NG-nitro-L-arginine methyl ester hydrochloride
(L-NAME) and L-N5-(1-iminoethyl)-ornithine dihydrochlorid (L-NIO). Both of
them are selective competitors with L-arginine. They are used in a concentration
range between 50 and 100 pM in liquid bacteria broth (Creus et al. 2005).

9.3 Study of the NO Functions in the Plant-Azospirillum
Association

9.3.1 Pharmacological Approach: NO Donors and Scavengers

In order to fully understand the diverse bioregulatory functions of NO, several
experimental strategies have been developed. The methodological approach mostly
employed in NO research involves the application of exogenous NO. Such a rela-
tively simple methodology has yielded numerous evidences for specific physiologi-
cal functions of NO, although some of them seemed rather ambiguous and
controversial (Floryszak-Wieczorek et al. 2006).

Nitrogen oxide donors are compounds which generate NO or related N-oxide
species in a controlled manner. By definition, all NO donors release NO producing
NO-related activity when applied to biological systems and thus are principally



168 M. Amenta et al.

suited to either mimic an endogenous NO-related response or substitute an endog-
enous NO deficiency (Feelisch 1998). The pathways leading to enzymatic and/or
non-enzymatic formation of NO differ significantly among individual compound
classes, as well as their chemical reactivities and kinetics of NO release.

Several chemical NO donors are currently being used in experimental studies.
The most commonly used donor is sodium nitroprusside (SNP), a transition metal
NO complex that generates mainly NO™. Other donors frequently employed in NO
research include S-nitrosothiols, being the main members within this group
S-nitrosoglutathione (GSNO) and SNAP. The utilization of these compounds, along
with other NO donors, allowed investigators to make a remarkable progress in the
field of NO physiology. In bacteria, SNP and GSNO have been extensively used to
produce nitrossative stress (Poole and Hughes 2000; Brandes et al. 2007; Avila-
Ramirez et al. 2013), to mimic NO activity as signal molecule in biofilm formation
(Barraud et al. 2006; Arruebarrena Di Palma et al. 2013; Barnes et al. 2013) and in
plant biotic interactions (Creus et al. 2005; Molina-Favero et al. 2007; Scheler et al.
2013; Puppo et al. 2013), and also to complement mutations in NO production path-
ways (Arruebarrena Di Palma et al. 2013).

On the other hand, the use of different types, concentrations, and ways of appli-
cation of the NO-releasing compounds has turned out into discrepancies between
experimental results obtained with different NO donors. Hence, in order to make the
obtained data reliable, it is necessary to complement with experiments using differ-
ent inhibitors of NO synthesis or NO-scavengers and to monitor precisely the cur-
rent concentration of NO in the biological sample (Neill et al. 2003).

There are several compounds available that can act as NO scavengers which dif-
fer in specificity and in their ability to gain access to the site of NO action. One of
the first compounds used as NO scavenger is oxygenated hemoglobin, which in
reaction with NO produces methemoglobin and nitrate (Doyle and Hoekstra 1984).
This reaction is fast and stoichiometric, but with low specificity for NO (Arita et al.
2007) and non-suitable for intracellular scavenging (Feelisch 1998). Another class
of compounds used as NO scavengers are the nitronyl nitroxides, which were intro-
duced earlier for the quantification of NO by EPR (Yoshida et al. 1994). Among
them, 2-(4-carboxyphenyl)-4,5-dihydro-4,4,5,5-tetramethyl- 1 H-imidazolyl-1-oxy-3-oxide
(cPTIO) developed by Akaike and coworkers has proved to be very effective for
NO scavenging because of its high specificity and stoichiometric reaction with NO
(Akaike and Maeda 1996). The combination of DAF and cPTIO, although arguably
(see Arita et al. 2007 for more information), has been frequently applied for proving
in vivo NO production in animals (Pittner et al. 2003; Uruno et al. 2005; Negri et al.
2013), plants (Arita et al. 2007; Corpas et al. 2011; Tossi et al. 2012; Verma et al.
2014), and bacteria (Creus et al. 2005; Baudouin et al. 2006; Horchani et al. 2011).
Additionally, the combined action of SNP and cPTIO treatments has been used to
set up the participation of NO in several biological systems including the
Azospirillum-promoted lateral root formation in tomato seedlings (Creus et al.
2005; Molina-Favero et al. 2007).

In order to make a proper experimental design using this methodology, the inves-
tigator should be aware of the key properties and differences between NO donor
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classes, including the mechanism and kinetics of NO release from the donor,
dependence on the external factors, toxicity of accumulated products, etc. Here are
some considerations to take into account when using either SNP or GSNO as NO
donors.

In a biological system, the redox form/s of NO (NO*, NO* or NO") that is/are
actually released makes a substantial difference to the NO donor’s reactivity
towards other biomolecules, the profile of by-products, and the bioresponse. For
example, depending on the reaction conditions, GSNO can act as donors of NO,
NO-, or NO* (Singh et al. 1996).

It is important to know the appropriate information about the susceptibility of a
given NO donor to, e.g., oxygen, light, temperature, and changes in pH, in order
to set appropriate conditions of the experiment and also to prevent decomposi-
tion occurring in the stock solution. In this regard, the release of NO from SNP
has been shown to be caused by photochemical reactions (Leeuwenkamp et al.
1984). In contrast, GSNO was shown to release NO in the dark, even though
light seems to be necessary to initiate the decomposition process (Floryszak-
Wieczorek et al. 2006). In general, stock solutions should be made up fresh
before use, kept on ice, and protected from light (SNP solution is prepared in
water; for GSNO preparation see Hart (1985)). Final dilutions should preferably
be prepared in assay buffer immediately before application and checked for pH.
Formation of compound-specific by-products may arise during decomposition
or metabolism, sometimes in amounts far exceeding those of NO released and
even toxic. In the case of SNP, the reduction and subsequent decomposition of
the nitrosyl complex is accompanied by cyanide release (Feelisch 1998), there-
fore controls with this anion should be included. Another negative control to
check reactivity of the SNP degradation by-products can be made using an old
SNP solution. On the other hand, photolytic and transition metal ion-mediated
decomposition of GSNO can lead to GSH generation (Singh et al. 1996), a mol-
ecule with an important activity as antioxidant. Controls with this molecule
should be included.

Because of the duality nature of the NO (signal molecule vs. stressing agent), the
effect of its action will depend to a large extent on its concentration. Hence, at
too high NO donor concentration—instead of stimulation—an inhibition of the
process may be observed. For instance, in Azospirillum Sp245 growing with
nitrate as N-source, the addition of GSNO induces biofilm formation in a dose-
dependent manner up to 50 pM GSNO, but higher concentrations produce in turn
biofilm disaggregation (see Chap. 11 in this book; Arruebarrena Di Palma et al.
2013). Concentrations above 2 mM GSNO affect Azospirillum viability (own
data not published). In addition, the efficiency of NO release by SNP is better
than GSNO (Ederli et al. 2009) and consequently lower concentrations of SNP
than GSNO are required to obtain similar biological effect.

The temporal signatures of NO release differ significantly among NO donor
classes. It is rapid and transient (between 30 and 60 min) for GSNO, while for
SNP, a slow and sustained release of NO was registered, with a maximum peak
at 24 h (Simontacchi et al. 2012; Grossi and D’ Angelo 2005).
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* The product of exposure time and concentration of the NO donor determines the
quality and magnitude of the biological response to exogenously applied
NO. Thus, short-lived NO donors may have to be administered as continuous
infusions rather than in a bolus form in order to avoid the delivery of only a short
burst of NO. In most cases, NO will have to be delivered continuously over the
entire period of incubation in order to best mimic its biological activity.

9.3.2 Genetic Approach

Previously, we introduce the pharmacological approach to study NO, which is the
most widely used strategy for plants and plant—microbe interactions (Delledonne
2005). However, it is highly recommended that the use of NO donors, scavengers,
and inhibitors is complemented with a genetic approach to substantiate pharmaco-
logical findings and to overcome side effects of chemicals.

The genetic approach offers important tools to elucidate the biochemical path-
ways synthesizing NO and/or its signaling mechanism. The use of mutants pro-
duced by insertion of Tn5 transposon and lacking one or more activities has been
used as strategy by several authors. Baudouin et al. (2006) inoculated M. truncatula
seedlings with different S. meliloti 1,021 derivatives in order to identify the source
of NO in fixating nodules. These mutants, impaired in N fixation (NifH") or denitri-
fication (NirK~ and NorD"), produced nodules with an unaffected NO level, indicat-
ing that these genes are not involved in NO production. Going further, Horchani
et al. (2011) used a nodule-targeted RNA interference (RNAIi) strategy to specifi-
cally knockdown M. truncatula nitrate reductases NR1 and NR2 (MtNr1/2 mutant),
thus decreasing NR activity in the N,-fixation zone without affecting nitrogen
metabolism in the whole plant. By inoculating MtNR1/2 with S. meliloti 2011 wt
and denitrification mutants affected in napA and nirK genes, these authors showed
that both plant and bacterial NR contribute to NO production in functional nodules.
Similarly, we characterized NO production in A. brasilense Sp245 wt and two Tn5
derivative mutants impaired in IAA synthesis (ipdC-, Fajo09 strain, Costacurta
etal. 1994) and in Nap activity (napA-, Faj164 strain, Steenhoudt et al. 2001a), both
in ammonia- and nitrate-containing medium. Subsequently, tomato seedlings were
inoculated with these mutated Azospirillum strains and results demonstrated that
bacterial root-growth-promoting activity is highly dependent on NO production,
particularly by Nap (Molina-Favero et al. 2008). The use of both pharmacological
and genetic approaches allows us to establish NO as a signaling molecule in the
Azospirillum—root interaction and the cross talk of NO with auxin in the promoting
effects (Creus et al. 2005; Molina-Favero et al. 2007, 2008).

Another genetic approach, successfully adopted by Pothier et al. (2007),
involved the use of promoter traps technique. In this methodology short DNA frag-
ments, harboring promoter sequences, are cloned upstream of reporter genes.
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Screening a random promoter library of Azospirillum, these authors found that the
NO-associated nirK gene is up-regulated by wheat seed extracts.

The post-genetic “omics” strategies can also be useful to understand NO func-
tion in PGPR—plant interactions. Boscari et al. (2013) showed the transcriptomic
profiles during nodule development in M. truncatula-S. meliloti symbiosis and how
the expression pattern is modulated by NO. In a similar manner, Van Puyvelde et al.
(2011) studied the transcriptomic response of A. brasilense wt and Faj009 to exog-
enous and endogenous auxin. They found evidence of a putative connection between
the IAA and NO biosynthetic pathways since the Nap operon was up-regulated in
the ipdC~ mutant.

Considering that genomes of A. brasilense Sp245 (Wisniewski-Dyé€ et al. 2011)
and Azospirillum sp. B510 (Kaneko et al. 2010), and in a close future also the Az39
genome (Cassan 2014), are published and annotated, bioinformatics tools are now
available. Using these tools and a PCR-based strategy, Arruebarrena Di Palma
(2008) failed to show the presence of a bacterial NOS-like gene in A. brasilense
Sp245, but he was able to show the presence of a putative ammonium monooxige-
nase gene possibly involved in NO synthesis. This gene is expressed during the
growth of A. brasilense Sp245 wt and the mutant Faj164 (Molina-Favero 2014).

The following considerations should be kept in mind when a genetic approach
is used:

* The conditions needed for a mutation to be expressed. As examples, NO produc-
tion in M. truncatula-S. meliloti nodules rapidly increases in hypoxia and it is in
this condition when the differences in NO levels between wt and mutants (both
rhizobia and plant) are noticed (Horchani et al. 2011). Also, the knockout muta-
tion of A. brasilense Sp245 Faj164 in the napA gene is only relevant when nitrate
is present. Therefore, differences in NO synthesis and root growth-promoting
effects due to inoculation are only recorded in incubation media with 2-10 mM
nitrate (Molina-Favero et al. 2008).

* Mutations can have pleiotropic effects. As a case, some A. brasilense mutated in
NR are reported to have a reduced colonization capacity (Steenhoudt et al.
2001b). For this reason, in inoculated tomato seedlings an obligated control is to
check that the number of wt and Nap mutant Fajl64 cells in roots are not
significantly different (Molina-Favero et al. 2008). Specific controls must be per-
former in each case.

* The degree in which a single mutation affects a metabolic pathway and/or the
number of genes which must to be mutated to completely knock out an activity.
Analogous to IAA, several different NO biosynthetic pathways exist in bacteria
(Schreiber et al. 2012) and in plants (Gupta et al. 2011). In the latter, NO null
mutants has not been obtained so far (Gupta et al. 2011). In A. brasilense
Sp245, there are also redundancies in metabolic pathways leading to NO pro-
duction (Molina-Favero et al. 2007). As well, some compensation or a comple-
mentation can exist between plant and microorganism to produce NO (Horchani
et al. 2011).
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9.3.3 Histochemical Approach

So far in this chapter, we have introduced different methodologies to study NO
production in Azospirillum and related bacteria, and diverse strategies to analyze the
role of NO in bacteria and during beneficial plant biotic interaction by using phar-
macological and genetic approaches.

To deeply understand NO functions in plant-rhizobacteria associations, the
researcher should also analyze whether NO is actually produced differentially dur-
ing the interaction and, if possible, identify its source, timing, and localization.
These goals can be accomplished monitoring real-time NO production in root tis-
sues of inoculated plants by using fluorescent probes under a microscope.

This technique allowed several authors to observe transiently NO production in
Lotus japonicus and Medicago sativa roots 4 h after inoculation with their cognate
symbionts, suggesting that NO production could result from the specific recognition
of the plant and bacterial partners (Shimoda et al. 2005; Nagata et al. 2008).
Furthermore, in M. truncatula roots, using DAF-2 DA, del Giudice et al. (2011)
demonstrated that NO is produced at different sites during the infection process.
Using DAF-FM DA, Baudouin et al. (2006) detected NO production by confocal
microscopy in functional nodules during M. truncatula-S. meliloti symbiosis. Nitric
oxide was specifically localized in the bacteroid-containing cells of the nodule fixa-
tion zone.

This approach was also employed by Creus et al. (2005) to analyze NO accumu-
lation in Azospirillum-inoculated and control tomato roots grown in the presence or
absence of 1 mM cPTIO (Fig. 9.3). Using DAF-2 DA, they demonstrated that: (1)
roots from inoculated seeds displayed higher fluorescence intensity compared to
non-inoculated ones and that this fluorescence could be partially blocked by cPTIO
(Fig. 9.3a); (2) the fluorescence was located mainly at the vascular tissues and sub-
epidermal cells (Fig. 9.3b). The protocol employed in this work is detailed below.

Materials

— 1xdye solution: 15 pM DAF-2 DA in 20 mM HEPES-NaOH pH 7.5.

— 20 mM HEPES-NaOH buffer pH 7.5.

— Bright-field and epi-fluorescence microscope with appropriate filters (e.g.,
Eclipse E 200, Nikon, Tokyo).

Tissue Sections Stain
— Choose the tissue section to analyze. Only fresh tissue sections should be used.

Do not fix sections with organic solvents or formalin as this will denature
enzymes and give false readings from fixatives.
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Fig. 9.3 Nitric oxide detection by fluorescence with DAF-2 DA in Azospirillum-inoculated
tomato roots. Tomato seeds were inoculated with A. brasilense Sp245 and incubated in distilled
water (H,O) or cPTIO for 7 days. Control seeds were not inoculated (—). Root segments were
incubated with DAF-2 DA and observed by epifluorescence (upper panels) or bright-field (lower
panels) microscopy. (a) Longitudinal view of squashed roots. Bar=0.3 mm. (b) Transversal sec-
tions of the primary root showing the green fluorescence corresponding to NO. Bar=0.05 mm
(Creus et al. 2005; with kind permission from Springer Science and Business Media)
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— Wash the sections with 20 mM HEPES-NaOH pH 7.5 or other buffers free of
serum, BSA, and phenol.

— Flood the sections with the 1x dye solution and incubate for 2 h in dark.

— Wash sections three times for 15 min each in the dark with fresh buffer to remove
excess dye.

— Prepare the stained tissue sections to be examined by epifluorescence (excitation
490 nm; emission 525 nm) and bright-field microscopy (e.g., the stained root
tomato segments shown in Fig. 9.3 were squashed (a) or transversally cut with a
razor blade (b)).

— For relative fluorescence quantification, analyze the images using suitable soft-
ware (e.g., IMAGE J).

Note

* Since increased NO accumulation in inoculated plants could be the consequence
of NO production by PGPR itself and/or by the plant (Creus et al. 2005), it is
recommended to use this methodology with genetically modified plants or PGPR
strains displaying diminished NO generation in order to discriminate the origin
of NO between both organisms.

9.4 Concluding Remarks and Perspectives

With the beginning of the twenty-first century, we have faced an impressive advance-
ment of the knowledge in the field of the diversity, biochemistry, and influence of
the rhizosphere in plant growth determination.

The results of improving our understanding of how the “interactome” works in
the diversity of species inhabiting the microbiota in rhizosphere should help us in
learning about the consequences of greatly disturbing the soil homeostasis. It is a
challenge nowadays identifying significant plant-microbe interactions at the rhizo-
sphere at individual level. Knowing the genomes composition of the association
could lead to the incorporation of plant-microbiome interaction as a trait to be con-
sidered into plant breeding programmes (Lundberg et al. 2012; Peiffer et al. 2013;
Wagner et al. 2014).

Soils contribute with almost 20 % of the global atmospheric NO budget (Conrad
1995). Nitric oxide is a product of denitrification, nitrification, and reduction of
nitrate to ammonia through microbial activity in soils (Zumft 1997). On the other
hand, there is a significant increase in the emission of NO from soils fertilized with
either biological or inorganic products (IPCC 1995; Ruser et al. 1998), but, remark-
ably, no studies have been conducted to distinguish between the effects of NO emis-
sion from soils and the effect of N fertilization per se on the crops’ yield. Besides,
NO emission appears to be also dependent on crop species (Roelle et al. 2001), soil
temperature, and water content, in addition to the level of total extractable nitrogen
from soils (Davidson and Kingerlee 1997).
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As aresult, intriguing aspects concerning the significance of the NO produced by
the biological activity in soils remains to be elucidated: (1) Is the contribution of the
microbial activity in rhizosphere a source of NO important for the root perception
of the rhizosphere composition and biodiversity, and for keeping the homeostasis
required for the normal root growth and developmental processes?; (2) Is it possible
to distinguish, among the increased NO fluxes emitted from the microbial activity
in soils, between the NO that is acting as a signal for specific growth and develop-
mental processes, from the NO derived as a by-product of N metabolism? (3) Is it
possible to find a reliable method to distinguish the contribution of NO from micro-
biota in rhizosphere from the NO produced by plants?

These topics represent strong challenges to focus the attention of researchers
working on plant—microbe interactions in soils in the coming decades.
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