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Abstract
Hydrogen peroxide (H2 O2 ) tolerance of Rhodococcus sp. strain APG1, previously isolated from the aquatic fern Azolla pinnata,
was examined in relation to nitric oxide (NO) production by cells cultured on a variety of C sources. Cells inoculated onto A. pinnata
fronds established a surface-sterilant resistant density of 2–4  107 cells g1 without causing disease. Compared to cultures containing glucose, fructose, mannitol, or glycerol, those provided only with sucrose displayed, on a per C basis, substantially lower
(<10%) growth yields and higher resistance to H2 O2 . NO, a positive regulator of catalase synthesis in bacteria, was produced in
larger amounts in sucrose-grown cells as evidence by eightfold greater per cell accumulations in the medium of nitrite (NO
2 ), a
stable oxidation product of NO. Addition to cells of L -arginine, the substrate for nitric oxide synthase (NOS), stimulated production
of NO, detected both by ﬂuorometric reaction with diaminoﬂuorescein-FM diacetate (DAF-FM DA) and by increased levels of
NO
2 in the culture medium. These results suggest that sucrose may enhance H2 O2 tolerance of Rhodococcus APG1 by increasing
cellular NO producing capacity. We propose a regulatory role for NOS in promoting tolerance of Rhodococcus APG1 to oxidative
stress in the phyllosphere.
Ó 2003 Elsevier Inc. All rights reserved.
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Bacteria colonize the exterior and interior habitat of
leaves, or phyllosphere, nourished by sugars (mostly
sucrose) [1] and other products of plant metabolism [2].
Some of these phyllobacteria may beneﬁt their plant
host by providing metabolites, consuming wastes [2], or
out-competing pathogens [3]. To establish a population
on a leaf, a bacterium must be able to overcome several
abiotic and biotic stresses [4] including autogenic and
plant-derived hydrogen peroxide (H2 O2 ), a membranediﬀusible by-product of respiratory and photosynthetic
metabolism. Plants under ultraviolet-B stress [5] or
*
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pathogen attack [6] increase H2 O2 production by upregulating expression of NADPH oxidase, whose
product, superoxide (O
2 ), is disproportionated to H2 O2
by superoxide dismutase (SOD). Concentrations of
H2 O2 on plant leaves have been measured between 0.1
and 0.8 lmol g1 [7]. Though H2 O2 itself is not particularly dangerous, it can react with Fe2þ to form the
toxic hydroxyl radical (HO ), a highly reactive agent of
oxidative stress that can cause irreparable damage to
biological molecules [8,9]. Thus, to preempt its potential
harm, organisms must have eﬃcient mechanisms for
destroying H2 O2 . In many bacteria H2 O2 is decomposed
by catalase.
In general, catalase activity increases in stationary
phase or growth-arrested bacteria [9–14]. In plant-colonizing Pseudomonas species the increase in catalase
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activity is coincident with a rise in the number of catalase isoforms, from one in logarithmic phase cells to
three or four in stationary phase cells [15]. The expression of catalase has been shown in many bacteria to be
positively regulated by the transcription factor OxyR
[9,16], which becomes activated in cells exposed to H2 O2
or nitric oxide (NO) via oxidation or nitrosation, respectively, of an OxyR cysteine redox center [9,17–19].
H2 O2 and NO can also activate SoxR, another transcriptional global regulator of genes involved in oxidative stress tolerance, such as sodA, which encodes a
manganese SOD [9,20].
NO-related activities of plant or animal-associated
bacteria have typically been viewed as responses to NO
arising from the host. NO itself can limit bacterial cell
growth by lowering respiration through the binding of
cytochromes [21] and/or the citric acid cycle enzyme
aconitase [22]. However, it is now known that bacteria,
like eukaryotes, can catalyze NO production via nitric
oxide synthase (NOS) [23–27]. In a process unrelated to
dentriﬁcation-linked NO formation of some bacteria
[28], NOS produces NO by oxidizing L -arginine to L citrulline. NOS genes from bacteria have been cloned
and sequenced and NOS activity has been found in
preparations from Staphylococcus aureus [25], Deinococcus radiodurans [24], Bacillus subtilis [23], Salmonella
typhimurium [26], and from the closely related genera
Rhodococcus [27] and Nocardia [29,30]. Recently, investigations into roles for endogenous NO formation by
NOS in bacteria have been initiated with studies on a
Rhodococcus sp. [27] and a Nocardia sp. [31].
Eukaryotes are known to produce NO as a membrane diﬀusible signal and as a precursor for the microbicidal peroxynitrite (ONOO ) [32,33]. Similar to
eukaryotes, in a Nocardia sp. NO produced by NOS
activates guanylate cyclase to increase synthesis of the
intracellular signaling molecule cyclic guanosine 30 ,50 monophosphate (cGMP) [31]. The eﬀects of higher
cGMP levels in Nocardia are not known but, consistent with a role for NO in adaptation of cells to oxidative stress, exposure of microaerobically grown
Rhizobium japonicum cells to aerobic conditions substantially increases the intracellular pool of cGMP,
consequently inhibiting the synthesis of certain oxygen-sensitive enzymes [34]. In several Rhodococcus spp.
nitrile hydratases are inactivated in the dark by the
binding of NO to a non-heme ferric iron at the catalytic center [35].
Some Rhodococcus spp. form associations with plants
ranging from mutualistic to pathogenic [36–40], but
none of these have been examined for their tolerance to
H2 O2 or for NOS activity. We have recently isolated an
endophytic Rhodococcus sp., termed strain APG1, [41]
from Azolla pinnata, a ﬂoating fern native to subtropical
and tropical regions [42]. This was, to our knowledge,
the ﬁrst ﬁnding of a Rhodococcus sp. living in associa-

tion with an Azolla sp. In this report, we have conﬁrmed
its ability to non-pathogenically colonize A. pinnata.
Furthermore, we have cultured Rhodococcus APG1 in
sucrose-containing medium presupposing that cells
might display traits normally reserved for plant-associated survival. Relative to cells grown on other sources of
C, sucrose-grown cells were found to reach lower
growth yields and show higher tolerance to H2 O2 that
correlated with increased formation of NO.

Experimental procedures
Bacterial culture conditions
A mineral salts medium based on that of Verstraete
and Alexander [43] was prepared containing per liter:
4.7 g (NH4 )2 SO4 , 0.5 g MgSO4  7H2 O, 0.5 g KCl, 0.5 mg
each of CaCl2 , CuSO4  5H2 O, and ZnSO4  7H2 O, and
0.1 mg Fe3þ provided as 0.5 mg FeCl3  6H2 O or 0.2 ml
microelements solution [44]. The medium was made at
pH 7 by the addition of 8.2 g KH2 PO4 and 1.6 g NaOH
or, for cultures to be subjected to DAF-FM DA analysis, at pH 7.9 by the addition of 3.48 g KH2 PO4 and
2.84 g Na2 HPO4 per liter. Concentrated solutions of C
sources were added following autoclaving of the medium to provide a ﬁnal ratio of 3.5 mol C to 1 mol N.
For growth yield comparisons (Fig. 2) exponential
phase cells from nutrient broth cultures were centrifuged
at 5000g for 5 min, inoculated into 30 ml of medium to
0.001 optical density units at 600 nm (OD600 ), and incubated with 120 rpm shaking at 26 °C.
Rhodococcus APG1 colonization of A. pinnata
Rhodococcus sp. strain APG1 was previously isolated
from a healthy HOCl/H2 O2 -treated frond of A. pinnata
that originated from a population in Ginowan, Okinawa
[41]. Plants derived from an A. pinnata population about
30 km distant in Kin, Okinawa did not show the presence of Rhodococcus APG1. Therefore, these plants were
used for determining the ability of Rhodococcus APG1
to colonize A. pinnata.
In separate experiments, cultured stationary phase
Rhodococcus APG1 cells from nutrient broth or sucrose
cultures were centrifuged at 5000g and resuspended to
0.014 or 0.03 OD600 , respectively, in beakers containing
200 ml sterile water; one OD600 unit corresponded to
approximately 1.1  109 colony-forming units (cfu) per
ml. Plants from an outdoor pond conﬂuent with
A. pinnata were placed in a strainer and rinsed for 5 min
under tap water. The plants were then placed in nylon
nets and immersed in either the Rhodococcus APG1
suspension or in sterile water only as a control and
vacuum inﬁltrated for 5 min. Plants having a measured
surface area of 13.85 cm2 were transferred to 500 ml
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Erlenmyer ﬂasks containing 200 ml plant culture medium that was changed weekly. Cultivation conditions
were as previously described except for use of 0.5 mM
total phosphate in the N-free medium [45]; A. pinnata
obtains N as ammonium from symbiotic N2 -ﬁxing cyanobacteria in dorsal leaf cavities [42].
To monitor changes in culturable bacterial populations on the leaves of A. pinnata, samples were periodically removed, de-rooted, wrapped in a nylon net,
rinsed 10 min under a stream of tap water, and treated
successively with 15% commercial bleach/0.01% SDS
for 1 min followed by three sterile water rinses and 3 min
with 3% H2 O2 followed by two sterile water rinses [41].
The fronds were then weighed to 0.05 g, ground in sterile
microfuge tubes, and brought up to 1 ml total volume
with sterile water. The ground extract was serially diluted in C-free medium, plated onto nutrient agar
(Difco), and incubated at 26 °C in darkness. After 5 days
the plates were placed under ﬂuorescent light
(60 lmol m2 s1 ) for 3 days to induce photochromogenesis; in response to light Rhodococcus APG1 shows a
sevenfold increase in a carotenoid spectrophotometrically similar to b-carotene [41]. Colonies were identiﬁed
as Rhodococcus APG1 based on time of appearance
(t ¼ 5 days), morphology (smooth with entire margins),
and photochromogenesis. The identity of randomly selected colonies was further conﬁrmed by a positive catalase test and lack lysis following 3% KOH treatment
[41].

bation at room temperature, the A540 was measured and
NO
2 concentrations calculated based on a standard
curve made from a NaNO2 dilution series. To test for
induction of NO
2 formation, 1 part ﬁlter-sterilized
aqueous arginine solution (or water only as a control)
was added to 4 parts Rhodococcus APG1 culture in test
tubes.
NO production was measured as ﬂuorescence from
a triazole product (DAF-FM T) formed in the reaction of NO and O2 with 3-amino-4-(N-methylamino)20 ,70 -diﬂuoroﬂuorescein diacetate (DAF-FM DA;
Daiichi Pure Chemicals, Tokyo) [46]. One ml Rhodococcus APG1 cells (0.1 OD600 ) cultured in pH 7.9
medium was combined in a cuvette with 1 ml of an
assay buﬀer containing: 10 mM Hepes/KOH (pH 8.2),
7.5 mM K2 SO4 , 10 lM CaCl2 , and 6 lM EDTA. The
cuvette was placed in a ﬂuorescence spectrophotometer (RF-5300PC, Shimadzu, Kyoto, Japan) and the
solution equilibrated to 30 °C with constant magnetic
bar stirring. The NO detection reaction was initiated
by addition of 8 ll of 20 lM DAF-FM DA. To determine L -arginine-induced NO formation, 220 ll of a
solution containing 0–200 mM L -arginine in 5% ethanol was added to the cell suspension. The excitation
and emission wavelength settings on the spectrophotometer were 500 and 515 nm, respectively. Cells for
use in a negative control were killed by heating for
30 s in a microwave oven.

H2 O2 degradation and tolerance

Results

The H2 O2 degradation activity and H2 O2 resistance
of stationary phase Rhodococcus APG1 cells were determined based on the methods of Chen et al. [12]. To
measure degradation activity, cells were diluted in a
cuvette to 0.05 OD600 in 50 mM phosphate buﬀer for a
ﬁnal volume of 960 ll. The reaction was started by
adding 40 ll of 3% H2 O2 and loss of H2 O2 was monitored by the decline in A240 at 25 °C. The units of activity were recorded as DA240 min1 OD1
600 .
To measure resistance to killing by H2 O2 , cells were
harvested by centrifugation at 5000g, suspended in Cfree medium containing from 0 to 1 M H2 O2 for 15 min,
and then serially diluted in 10-fold increments. Samples
were spread onto nutrient agar to determine the decrease in cfu per ml caused by exposure to H2 O2 .

Colonization of A. pinnata by Rhodococcus APG1

Measurement of NO
2 and NO
The formation of NO
2 was monitored by periodic
removal of 0.5 ml medium from the culture ﬂask. The
sample was centrifuged at 18,000g and the supernatant
combined with an equal volume of sulfanilamide (1%,
w/v in 3 N HCl) followed by N-napthylethylenediamine
dihydrochloride (0.02%, w/v). After a 15–30 min incu-

Rinsed plants from a population of A. pinnata that
did not show signs of colonization by Rhodococcus
APG1 were inoculated by vacuum inﬁltration with stationary phase Rhodococcus APG1 cells and incubated
under laboratory conditions. Inoculated and non-inoculated control plants were found to have similar growth
yields and morphology. From a starting surface area of
13.85 cm2 , after seven days the control plants grew to
31.0  2.8 cm2 (mean  SE, n ¼ 9) while those inoculated with Rhodococcus APG1 reached 34.7  1.4 cm2
(mean  SE, n ¼ 9).
To monitor populations of bacteria in close association with the leaves, plants were occasionally removed,
the fronds subjected to a HOCl/H2 O2 treatment, and
bacteria isolated from ground tissue as described in
Experimental procedures. Rhodococcus APG1 established a stable population density of 2–4  107 cfu g1 in
inoculated plants (Fig. 1) and were not found in control
plants. Other bacteria were detected from HOCl/H2 O2 treated tissue up to 2 weeks after inoculation but not
thereafter (Fig. 1), raising the possibility that they were
out-competed by Rhodococcus APG1.
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Fig. 1. Epiphytic colonization of Azolla pinnata by Rhodococcus
APG1. Bars represent average numbers of Rhodococcus APG1 (black)
and other bacteria (hatched) that survived surface sterilization of
fronds with bleach and H2 O2 . Error bars indicate the range of variation between duplicate countings of bacteria isolated from fronds. The
baseline is set at the approximate limit of detection, 105 cfu (g fresh
frond weight)1 .

Comparative C source-dependent growth yields
Fig. 2 shows representative growth curves of Rhodococcus APG1 on a variety of C sources in a mineral salts
medium containing a high concentration of ammonium
(71 mM) and low concentration of iron (2.2 lM). The
yield of cells cultured in sucrose medium was lower than
that of cells in media containing equivalent moles of C
provided as glucose, fructose, mannitol, or glycerol
(Fig. 2). This is of particular interest, since sucrose is

Fig. 2. Growth of Rhodococcus APG1 in liquid mineral salts media
containing equivalent concentrations of C provided as 0.75% glucose,
a combination of 0.375% glucose and 0.375% fructose, 0.61% glycerol, 0.76% mannitol or 0.7125% sucrose. For each growth condition
the experiment was repeated at least three times with similar results.

likely to be the predominant C source available to
Azolla-associated bacteria [47]. Growth rates of cells
were diﬃcult to determine by optical density measurements due to their tendency to clump during exponential
phase.
A role for the sucrose molecule itself in the growth
yield inhibition was inferred from our ﬁnding of a high
yield of cells in medium containing an equal proportion
of glucose and fructose, the monomeric components of
sucrose, as the sole source of C source in the medium
(Fig. 2). However, any inhibitory function for sucrose
can apparently be overridden, since the combination of
sucrose and mannitol in the culture medium did not
reduce the growth yield compared to that in medium
with mannitol as the sole C source (data not shown).
Sucrose-enhanced H2 O2 tolerance
Since Rhodococcus APG1 cells are likely to be challenged by exposure to H2 O2 in planta, we examined
cultured cells for tolerance to H2 O2 . The H2 O2 degrading activity of nutrient broth-grown cells increased
from 0.14  0.03 U (n ¼ 5) in exponential phase to
0.48  0.01 U (n ¼ 4) in stationary phase (means  SE).
Compared to stationary-phase cells cultured in mineral
salts medium with other C sources, those provided with
only sucrose had sixfold higher H2 O2 -degrading activity
(Fig. 3) and were less susceptible to killing by H2 O2
(Table 1). Following a 15 min treatment with 250 mM
H2 O2 , the surviving numbers of glycerol-, fructose/glucose-, and mannitol-grown cells were only 7.3, 6.8, and
0.2% of sucrose-grown cells, respectively (Table 1). Cells
did not survive a 15 min treatment with 1 M H2 O2 regardless of the C source utilized for growth.

Fig. 3. C source-dependent degradation of H2 O2 by Rhodococcus
APG1 stationary phase cells. Values are means of at least three independent measurements. Bars, standard error.
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Table 1
C source-dependent tolerance to H2 O2 by Rhodococcus APG1 stationary phase cells
C source

Percentage of cells surviving treatment
10 mM H2 O2

100 mM H2 O2

250 mM H2 O2

Sucrose
Glycerol
Fructose/glucose
Mannitol

73.1  4.6
100  2.9
88.0  8.6
87.8  5.2

66.8  5.3
50.6  19.5
79.8  6.2
8.3  0.4

32.5  1.5
2.4  0.4
2.2  0.5
0.07  0.02

Cells were sampled 24–48 h following the end of exponential phase
growth. Values indicate percentage of surviving cfu per ml after a
15 min treatment with H2 O2 relative to the cfu per ml from the untreated source culture from two independent experiments (means
 range of variation). C source concentrations as in Fig. 2.

NO production by NOS
NO is known to activate the synthesis of H2 O2 degrading enzymes in bacteria [9] and can inhibit bacterial
growth [21,22], two phenomena which we found to be
associated with Rhodococcus APG1 cells cultured in
sucrose medium. Therefore, we examined the eﬀect of
sucrose relative to other C sources on NO production in
Rhodococcus APG1 cultures. NOS activity has been
detected in crude homogenates of Rhodococcus sp. strain
R312 by the formation of NO
2 (a stable oxidation
product of NO) coincident with the conversion of L arginine to L -citrulline [27]. In all Rhodococcus APG1
mineral salts medium cultures NO
2 accumulation began
in exponential phase and peaked several days into stationary phase (Fig. 4, inset). On a cell density basis,
sucrose cultures showed the highest level of NO
2 accumulation (Fig. 4). An increase in NO
accumulation
2
was stimulated by supplementation of cultures with L arginine (the substrate for NOS), but not with D -arginine (Fig. 5), L -glutamate or L -citrulline (data not
shown), indicating that the NO
2 was ultimately derived
from NOS activity.
Direct evidence of NO production by Rhodococcus
APG1 was obtained by use of the NO-speciﬁc detection
agent DAF-FM DA, which upon reacting with NO
under aerobic conditions, produces the ﬂuorescent
product DAF-FM T (Fig. 6, inset) [46]. Addition of L arginine to sucrose-grown Rhodococcus APG1 cells resulted in dose-dependent increases in NO production
above the basal level of uninduced cells (Fig. 6), whereas
D -arginine showed no eﬀect (Fig. 5, inset). Heat-killed
control cells did not display detectable basal NO production and released barely detectable levels of NO
following addition of 15 mM L -arginine (Fig. 6). Known
inhibitors of mammalian NOSs can inhibit the activity
of bacterial NOSs in crude homogenates or puriﬁed
preparations but not of intact S. aureus cells [48]. Accordingly, we found that treatment of Rhodococcus
APG1 cells with 250 lM N-nitro-arginine, aminoguanidine, 7-nitroindazole, or S-methylisothiocitrulline had
no eﬀect on NO production (data not shown).

Fig. 4. Maximal nitrite accumulations per unit of cell density in stationary phase Rhodococcus APG1 cultures containing diﬀerent C
sources. Values are the means of at least three independent measurements. Bars, standard error. Inset: time course of nitrite concentrations
(not normalized) in sucrose (open circles) and mannitol (closed circles)
cultures.

Fig. 5. Accumulations of nitrite in early stationary phase Rhodococcus
APG1 cultures supplemented with L -arginine or D -arginine following
overnight incubation. Values are plotted relative to the nitrite concentration per OD600 in the source culture at t ¼ 0. L -Arg data points
represent the average of two independent experiments with the error
bars indicating the range of values. D -Arg data points are the results of
a single experiment. Inset: change in ﬂuorescence intensity from DAFFM T in a suspension of sucrose-grown Rhodococcus APG1 cells following addition of 15 mM L - or D -arginine with 0.5% ethanol, at the
time indicated by the arrow.
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tobacco leaves [38] and Rhodococcus luteus has been
found among xylem-inhabiting bacterial communities of
grapevine [40]. Thus, it is likely that intracellular colonization accounts for the survival of Rhodococcus APG1
cells following surface-sterilant treatment of the fronds.
Mechanisms for sucrose-speciﬁc growth control

Fig. 6. L -Arginine-stimulated Rhodococcus APG1 NO production as
detected by DAF-FM T ﬂuorescence. Numbers to the right of the plots
give the concentration in mM of L -arginine added to the cell suspensions, along with 0.5% ethanol, at the time indicated by the arrow. The
asterisk (*) signiﬁes a suspension containing heat-killed cells. Inset: a
scheme based on Itoh et al. [46] depicting the formation of the triazole
ring in DAF-FM T by the reaction of non-ﬂuorescent DAF-FM with
NO and O2 .

Discussion
Colonization of plants by Rhodococcus spp.
Rhodococcus sp. strain APG1 was originally isolated
from a healthy frond of the subtropical fern A. pinnata
[41]. Adaptations of tropical and subtropical phyllobacteria are of particular interest, since their plant hosts
are subject to relatively high light irradiance and temperatures, potential causes of oxidative stress for the
hosts. Studies of phyllobacteria, however, have focused
primarily on those found on temperate agricultural
crops [3,49]. In this report, we have conﬁrmed the ability
of Rhodococcus APG1 to non-pathogenically colonize
A. pinnata and have demonstrated sucrose-enhanced
H2 O2 tolerance, a trait likely to have relevance in the
plant-associated state.
Owing to a combination of tolerance and avoidance,
some phyllobacteria can survive surface-sterilant treatment of their host leaves [4]. Bacteria inside dorsal leaf
cavities of all Azolla species (section Azolla) are largely
sheltered from surface-sterilants. But for A. pinnata
(section Rhizosperma), whose cavity pores are more than
twice in diameter [50], cavity residents are not protected
[51]. Although we did not determine localization of the
bacteria on A. pinnata fronds, Rhodococcus spp. are
known to exist as endophytes of plants. Cells of pathogenic and non-pathogenic strains of Rhodococcus fascians are protected from surface sterilants by entering
into the intercellular spaces of Arabidopsis thaliana or

Sucrose could serve as an ideal plant-speciﬁc cue for
bacterial immigrants, since it is the most common extractable sugar in the leaves of most plants, including
Azolla [47]. Growth of Rhodococcus APG1 on sucrose in
culture resulted in cells reaching stationary phase at a
much lower density than would be expected based on
the growth yield of cells grown on a combination of
glucose and fructose. Stationary phase dark/sucrosegrown cells of Rhodococcus APG1 also show higher
tolerance to light exposure that appears to correlate with
faster photo-induction of carotenoid formation [41]
(M.F.C., unpublished data). Concentrating resources on
stress tolerance mechanisms, rather than on maximizing
growth, may better serve the long-term interest of the
bacterium in planta. The mechanism by which sucrose
exerts regulation over growth yield and stress tolerance
is unknown but clues may be found from studies on
other bacteria, especially those within the family Corynebacterineae, which includes Rhodococcus, Nocardia,
Mycobacterium, and Corynebacterium.
In Corynebacterium glutamicum sucrose uptake occurs via a phosphoenolpyruvate-dependent::sucrose
phosphotransferase system (PTSsuc ) [52]. Inside C. glutamicum sucrose is cleaved by invertase into glucose and
fructose but, since the bacterium lacks fructokinase, the
fructose must ﬁrst be exported and brought back into
the cell by group translocation in order to be metabolized [52]. The extreme diﬀerences we observed between
the sucrose and glucose/fructose growth yields could
possibly be explained to some extent if a similar mechanism for sucrose metabolism is operational and subject
to regulation in Rhodococcus APG1.
The well-studied PTSsuc of B. subtilis uses sucrosespeciﬁc signal transduction to regulate expression of
genes involved in sucrose metabolism [53]. In facultative
plant-colonizing bacteria like Rhodococcus APG1, there
would be adaptive logic in extending the sucrose regulatory network to other genes such as those involved in
stress tolerance. Expression of PTSsuc components are
generally subject to catabolite repression which may
explain the observed loss of a sucrose eﬀect on Rhodococcus APG1 in the presence of the readily catabolized
carbon source mannitol.
Possible regulatory roles for NO
NOS genes and/or activity have been reported from
several bacteria, including a Rhodococcus sp. [27], but
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our results are the ﬁrst to directly show in vivo production of NO by NOS in bacteria. This is an important
point because, although NO
2 formed in NOS-containing cells or suspensions is usually a product of the
spontaneous oxidation of NO, it is also known that
NOS can directly generate NO
2 under certain conditions [24,54].
Our data showing sucrose-stimulated NO production
by Rhodococcus APG1 implies that the activity of NOS
may be connected in some manner with the putative
sucrose regulatory network. The only reported link between sucrose and NO metabolism we have found is in
the pond snail Lymnea stagnalis where sucrose elicits a
positive feeding response by stimulating the NOS activity of buccal ganglia through an unknown mechanism
[55]. (This ﬁnding may hold additional relevance to the
Azolla–Rhodococcus relationship, since Lymnea swinhoei
is known to display species-selective feeding on Azolla
plants [56].) NO released during growth of Rhodococcus
APG1 on sucrose could conceivably explain lower
growth yields if NO levels are high enough to inhibit
enzymes involved in energy metabolism [21,22], but this
possibility requires further study.
Autogenic NO production by Rhodococcus APG1
may prime cells for oxidative stress by activating transcription factors like OxyR and SoxR [18,19,21,28,35]
and by activating guanylate cyclase to increase synthesis
of cGMP [31,33]. Conversely, at high enough levels NO
can directly inhibit catalase activity [57]. Thus, the effects of NO on bacteria are likely to be dependent on a
variety of factors including the concentration and rate of
NO production, as well as the oxidation state, growth
phase, and density of the cells. Such competing inﬂuences of NO may explain the highly variable H2 O2
degradation activities of cells treated with L -arginine or
the NO donor NOC5 (M.F.C., unpublished results).
NO production by phyllobacteria in the leaf habitat
may help ward oﬀ potential competitors by activating
antimicrobial responses of the host. NO can increase
H2 O2 levels in leaves [33] and both H2 O2 and NO can
trigger signaling pathways in plants that lead to the
production of protective phenolics [6,58,59]. R. fasciansinfected tobacco leaves synthesize greater amounts of
certain phenolic compounds that are not inhibitory to
R. fascians cells [60] but may inhibit the growth of other
microbes [61,62].
Several studies have found NOS-like activity in
plants, but to our knowledge no plant NOS has been
puriﬁed nor has a plant NOS gene been found. Moreover, extracts of several plants have one or more proteins that cross-react with antibodies raised against
mammalian NOSs but the majority have sizes within the
range observed for bacterial NOSs (40–100 kDa), not
mammalian NOSs (130–185 kDa) [6,59]. Combined with
our results showing NOS activity by an endophytic
bacterium, these observations imply that care should be
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taken to demonstrate axenic plant tissue sources in
studies of putative plant NOS.
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