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Gluconacetobacter diazotrophicus is an aerobic diazotrophic 
plant-growth-promoting bacterium isolated from different 
gramineous plants. We showed that reactive oxygen species 
(ROS) were produced at early stages of rice root coloniza-
tion, a typical plant defense response against pathogens. 
The transcription of the pathogen-related-10 gene of the 
jasmonic acid (JA) pathway but not of the PR-1 gene of the 
salicylic acid pathway was activated by the endophytic 
colonization of rice roots by G. diazotrophicus strain PAL5. 
Quantitative polymerase chain reaction analyses showed 
that, at early stages of colonization, the bacteria upregu-
lated the transcript levels of ROS-detoxifying genes such as 
superoxide dismutase (SOD) and glutathione reductase 
(GR). To proof the role of ROS-scavenging enzymes in the 
colonization and interaction process, transposon insertion 
mutants of the SOD and GR genes of strain PAL5 were 
constructed. The SOD and GR mutants were unable to effi-
ciently colonize the roots, indicated by the decrease of 
tightly root-associated bacterial cell counts and endophytic 
colonization and by fluorescence in situ hybridization anal-
ysis. Interestingly, the mutants did not induce the PR-10 of 
the JA-pathway, probably due to the inability of endo-
phytic colonization. Thus, ROS-scavenging enzymes of G. 
diazotrophicus strain PAL5 play an important role in the 
endophytic colonization of rice plants. 

Plants interact with a wide range of microbial pathogens as 
well as with beneficial microbes. Because plants are sessile, 
they must rely on potent defense and immune systems that are 
able to differentiate between beneficial and pathogenic bacte-
ria and to give the appropriate response to each challenge 
(Wojtaszek 1997). One of the most rapid plant defense reac-
tions after pathogen attack is the so-called oxidative burst, 
which consists of the production of reactive oxygen species 
(ROS), primarily superoxide and H2O2, at the site of attempted 
invasion (Apostol et al. 1989). ROS are primarily generated by 
plasma membrane-localized NADPH oxidases (Doke et al. 

1996). The produced ROS directly attack the microbial cells 
and further activate plant defense responses, functioning as a 
second messenger in the induction of various plant defense-
related genes (Torres et al. 2006). An important part of the 
plant immune system relies on key molecules that are modu-
lated by redox signals. The most important of those molecules 
are salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) 
that regulate mutually antagonistic defense responses that are 
differentially effective against specific types of microbes. De-
fense against pathogens with a biotrophic lifestyle is generally 
triggered by SA-dependent responses, whereas necrotrophic 
pathogens and herbivorous insects are commonly deterred by 
JA/ET-dependent defenses (Koornneef et al. 2008). The JA 
response is also activated in the induced systemic resistance 
(ISR) response against nonpathogenic rhizobacteria (van Loon 
et al. 2008). 

Although the accumulation of H2O2 is often associated with 
a characteristic plant early response following perception of 
pathogen avirulence signals (Lamb and Dixon 1997), it was 
also shown that, in the symbiotic interaction with rhizobia, 
bacteria are initially recognized as intruders but then prevent 
or overcome plant defense responses (Baron and Zambryski 
1995; Santos et al. 2001). Accumulation of ROS following the 
inoculation of nodulating nitrogen-fixing bacteria Sinorhizo-
bium meliloti has also been observed in Medicago sativa (al-
falfa) (Santos et al. 2001). These studies indicate that the regu-
lation of the redox state must also play a major role in the 
interaction of plants with beneficial microbes; however, few 
studies analyzed this effect in the interaction between endo-
phytic bacteria and plants of the family Poaceae.  

Unlike rhizobia, some endophytic bacteria usually colonize 
the intercellular spaces of the plant and do not form nodules, 
indicating that the mechanisms involved in plant–microbe 
recognition and establishment of the interaction might be 
profoundly different. Plant growth–promoting bacteria (PGPB) 
are one type of bacteria that confers beneficial effects to the 
plant, such as an increase in plant growth. Gluconacetobac-
ter diazotrophicus is an endophytic diazotrophic PGPB 
found in high numbers in internal tissues of plants such as 
sugarcane (Cavalcante and Dobereiner 1988) and rice 
(Muthukumarasamy et al. 2005). Increase in plant growth is 
achieved as result of transferred fixed nitrogen, phytohor-
mone production (Sevilla et al. 2001), phosphate and zinc 
solubilization (Saravanan et al. 2007), and control of phyto-
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pathogens (Blanco et al. 2005; Mehnaz and Lazarovits 2006). 
In 2009, the complete genome of G. diazotrophicus was pub-
lished, bringing interesting insights about its endophytic 
lifestyle (Bertalan et al. 2009). 

In a recent study, we demonstrated that the ROS-detoxifying 
genes of G. diazotrophicus PAL5 were coexpressed with the 
nif genes in laboratory growth cultures controlling ROS levels 
during oxygen-sensitive nitrogen-fixation activity (Alquéres et 
al. 2010). This raised the question of whether, during endo-
phytic colonization of roots, genes for ROS detoxification 
were expressed. In this report, we focus on ROS production as 
a local plant defense event induced by G. diazotrophicus after 
the inoculation of rice roots as model plant (Meneses et al. 
2011), and the bacterial strategies to counteract this challenge. 

We demonstrate that, after inoculation of rice plants, there is 
an increase in ROS levels in the roots. Due to the toxicity of 
ROS molecules and their importance in plant defense responses, 
plants and plant pathogens have developed strategies for ROS 
detoxification (Molina and Kahmann 2007). Expression analysis 
showed that plant-colonizing bacteria increase the expression 
of ROS-detoxifying enzymes to cope with the plant-derived 
ROS. Insertional mutants for superoxide dismutase (SOD) and 
glutathione reductase (GR), two major ROS-detoxifying en-
zymes, had less endophytic colonization efficiency. We also 
analyzed the activity of key genes of the SA- and JA-depend-
ent defense pathways in response to bacterial inoculation and 
showed that, whereas the G. diazotrophicus PAL5 wild type 
(WT) induces the JA-dependent pathway, the mutants were not 
able to trigger this defense system. 

RESULTS 

Construction and properties of knockout mutants  
for SOD and GR. 

To evaluate the importance of particular ROS-detoxifying 
enzymes for the colonization process, we constructed insertion 

mutants of the genes encoding one GR (gr::Tn5) and the sole 
SOD (sod::Tn5). 

Growth rates and capacity to form nitrogen fixing aerotactic 
pellicles were similar for the WT and the mutants; therefore, 
indicating that the interruption of the SOD or GR gene did not 
affect general growth features such as nitrogen fixation (Fig. 1A 
and B). When exposed to paraquat, a redox cycler that increases 
the generation of superoxide, in an agar diffusion test, a growth 
inhibition halo was observed for the mutants but not for the WT 
strain (Fig. 1C). When exposed to H2O2, the inhibition halos 
were approximately 20% bigger for both mutants compared 
with the WT (Fig. 1D). These data showed that the mutants were 
more sensitive to ROS. Knowing that ROS are produced in 
response to bacterial contact to roots and that the mutants were 
more sensitive to them, we wanted to evaluate the impact of 
these mutations on the ROS accumulation observed in inocu-
lated roots. 

ROS levels during G. diazotrophicus infection. 
To analyze the ROS levels in situ at early stages of an 

endophytic interaction, we inoculated rice roots with G. 
diazotrophicus and used the fluorescent probe dichlorofluo-
rescein diacetate sensitive to ROS, to assess the amount of 
ROS produced after the infection. Although there was no 
ROS production detectable in uninoculated roots, inoculation 
of WT bacteria triggered the accumulation of ROS in two 
clear peaks. One transient peak occurred 10 min after the in-
oculation and a second peak, which was stronger and longer, 
between 10 and 24 h after the bacterial inoculation (hai) (Fig. 
2A). These results indicate that this endophytic PGPB might 
be perceived as an intruder, causing the plant to increase the 
production of ROS in defense. However, after 48 h, this ROS 
response was decreased (Fig. 2A). During the root coloniza-
tion of SOD- and GR-mutants, the ROS levels were signifi-
cantly increased in the time window from 1 to 7 hai compared 
with the WT (Fig. 2B). 

Fig. 1. Physiological characterization of the gr::Tn5 or sod::Tn5 mutants. A, Growth of wild-type (WT), gr::Tn5, and sod::Tn5 in liquid LGI-P medium 
(Reis et al. 1994) without nitrogen supplementation. B, Pellicle formation of WT, gr::Tn5, and sod::Tn5 in semisolid LGI-P medium without nitrogen sup-
plementation. Pellicle formation is indicative of efficient nitrogen fixation and aerotactile abilities. Microorganisms grew at 30°C for 6 days. C, Sensitivity of 
strains to Paraquat was assessed in an agar diffusion test in which a filter soaked with 5 µl of Paraquat (10 mM) was placed on a DYGS agar plate seeded 
with the strains indicated. D, Sensitivity of strains to H2O2 was assessed in agar diffusion test in which a filter soaked with 5 µl of H2O2 (35% [vol/vol]) was 
placed on a DYGS agar plate seeded with the strains indicated. 
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In addition, it could be demonstrated that the nifD gene was 
expressed already in this early phase of colonization, indicat-
ing that the ROS-scavenging enzymes were sufficiently active 
to sustain biological nitrogen fixation during this phase (data 
not shown). 

Expression of bacterial ROS-detoxifying genes increases 
during infection process. 

We hypothesized that ROS-detoxifying enzymes from G. 
diazotrophicus should be activated to be able to cope with this 
redox challenge in the beginning of the infection process. To 
confirm that, we identified in the bacterial genome the pres-
ence of six classical ROS-detoxifying enzymes (one SOD 
[GDI_2168], two GR [GDI_2216 and GDI_2280], and three 
catalases [GDI_0079, GDI_0467, and GDI_2359]) and analyzed 
their expression profile by quantitative polymerase chain reac-
tion (qPCR) at various times after the inoculation. 

All enzymes analyzed showed an increase in the number of 
transcripts within the first few hours after inoculation (Fig. 3). 
The SOD presented an expression peak at 1 hai while the two 
GR and the catalases showed a peak between 1 and 7 hai. The 
similar expression profiles presented by the two ROS-detoxi-
fying enzymes reinforced our hypothesis that the bacteria coun-
teract a strong redox challenge in the initial steps of the infec-

tion by maintaining higher expression levels of the above 
enzymes, providing a mechanism that allows the bacteria to 
deactivate harmful ROS. 

Jasmonate pathway is induced during interaction. 
The accumulation of ROS after infection is also known to be 

a diffusible signal for induction of defense genes encoding en-
zymes involved in JA and SA pathways (Levine et al. 1994). 
We analyzed the expression of two plant genes known to func-
tion in SA- or JA-dependent pathways. Expression of pathogen-
related (PR)-1, a typical marker for an SA-mediated defense 
pathway (Qiu et al. 2007), and PR-10, marker for a JA-mediated 

Fig. 3. mRNA expression of bacterial reactive oxygen species (ROS)-de-
toxifying genes at different times during the infection process. Data are 
expressed as the relative expression of the respective mRNAs compared 
with its expression on the time zero after inoculation. The 23S rRNA gene 
with a constitutive level of expression was used as the internal normalizer. 
A, Expression of the gene encoding the sole superoxide dismutase. B, Ex-
pression of the genes encoding for glutathione reductases. C, Expression 
of the genes encoding for catalases. Data are expressed as the average of 
three replicates ± standard deviation. 

Fig. 2. Reactive oxygen species (ROS) production in rice roots induced by
Gluconacetobacter diazotrophicus inoculation. A, Accumulation of ROS
in noninoculated rice roots or in roots inoculated with G. diazotrophicus
wild type (WT) B, Accumulation of ROS in rice roots inoculated with
gr::Tn5 or sod::Tn5. ROS amount was determined using the fluorescent
probe H2DCFDA. Fluorescence was expressed in relative arbitrary units
(A.U.) Data presented are the average of quintuplicates ± standard devia-
tion (SD). Graph areas ± SD: NI, 600 ± 125; WT, 2,676 ± 535; Δgr, 2,435 
± 316; and Δsod, 2,307 ± 196. 
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defense pathway (Miché et al. 2006), were monitored by qPCR. 
Our results showed that, although the PR-1 transcription was 
not observed at 24 hai, the inoculation of WT G. diazotrophicus 
PAL5 induced the transcription of the PR-10 gene, indicating 
that the JA pathway was active during this interaction (Fig. 4). 
There were no pathogenic symptoms observed on rice seedlings. 

Insertional mutants for SOD and GR  
have impaired endophytic colonization capacity. 

To evaluate the impact of the mutations on colonization effi-
ciency, we inoculated rice seedlings with WT or mutants of G. 
diazotrophicus PAL5 and quantified the bacterial colonization 
at 7 days after inoculation (dai). Root colonization was studied 
by two independent approaches. In the first approach, the 
number of CFU from plant roots and shoots without surface 
sterilization was obtained and compared with surface-sterilized 
roots and shoots to quantify the endophytic bacteria residing 
inside the plant as well as closely associated rhizoplane bacte-
ria protected from the sterilizing agent by residing, for exam-
ple, in surface folds or dents. In non-surface-sterilized plant 
parts, no difference was observed between the WT and the mu-
tant strains (Fig. 5A). However, in surface-sterilized roots and 

shoots, a decrease by two orders of magnitude in CFU was ob-
served in roots of plants inoculated with the gr::Tn5 and 
sod::Tn5 mutants. No bacteria were isolated from the shoots 
of plants inoculated with the sod::Tn5 mutant (Fig. 5B). These 
results strongly indicate that GR and SOD are crucial enzymes 
for efficient plant association, especially endophytic coloniza-
tion, but are not very important for epiphytic bacterial growth. 

In a second approach, the spatial pattern of the bacterial 
colonization of roots by WT and mutant strains was investi-
gated by fluorescence in situ hybridization (FISH) coupled 
with confocal laser-scanning microscopy (CLSM). Probes spe-
cific to G. diazotrophicus were labeled with Cy3. Representa-
tive pictures of roots are shown in Figure 6. Using this tech-
nique, a strong colonization of plant roots inoculated with WT 
bacteria was observed, whereas no or only a few bacterial cells 
were detected in roots inoculated with the mutants. These results 
reinforced our hypothesis that GR and SOD are critical enzymes 
for a successful intimate colonization. 

The impaired colonization phenotype observed for the mu-
tants indicates that they are either i) not able to survive the first 
initial ROS production and, therefore, unable to efficiently 
colonize the plant or ii) inducing a stronger defense response 
from the plant and, consequently, not able to colonize the 
plants. To ascertain that the phenotype observed was due to the 
lack of resistance from the bacteria to the initial redox chal-
lenge, we analyzed the expression of the PR-1 and PR-10 
genes in plants inoculated with the mutants. Our results showed 
that, after the inoculation of both gr::Tn5 and sod::Tn5 mutants, 
the expression levels of those genes were not increased, indi-
cating that the mutants were not able to further trigger a plant’s 
defense response cascade (Fig. 4). 

Taken together, our results demonstrate an accumulation of 
ROS during the first hours of endophytic colonization of rice 
roots by G. diazotrophicus PAL5. Thus, root-colonizing bacte-
ria must be able to cope with that by activating their ROS-
detoxification system. Mutants unable to detoxify ROS had 
impaired endophytic colonization efficiency. 

DISCUSSION 

The generation of ROS is known to be a characteristic early 
plant response following perception of pathogen signals 
(Apostol et al. 1989; Lamb and Dixon 1997). In 2001, ROS 
accumulation was even demonstrated after the inoculation of 
alfalfa with the symbiotic bacterium S. meliloti (Santos et al. 
2001). Verhagen and associates (2010) also showed that inocu-
lation of grapevine cell suspensions with Pseudomonas fluo-
rescens and P. aeruginosa triggered a transient burst of H2O2. 

Fig. 5. Colonization of rice roots and shoots by wild-type (WT), gr::Tn5, and sod::Tn5. A, CFU obtained in rice roots and shoots at 10 days after inoculation 
(dai). B, CFU obtained from surface-sterilized rice roots and shoots at 10 dai. Experiments were done in biological triplicates. Data are expressed as the aver-
age of three replicates ± standard deviation. P values were calculated using a t test: *, **, and *** indicate P < 0.05, 0.01, and 0.001, respectively. Asterisks 
refer to comparison between the samples inoculated with the mutants and samples inoculated with the WT. 

Fig. 4. Expression of plant defense genes at 24 h after bacterial inocula-
tion. mRNA expression of pathogen-related (PR) genes compared with
their expression on noninoculated control. Data are expressed as the rela-
tive expression of the respective mRNAs normalized to the endogenous
control ubiquitin. PR-1 was used as a marker for the salicylic acid defense
pathway and PR-10 for the jasmonic acid/ethylene defense pathway. Data 
are expressed as the average of three replicates ± standard deviation. P val-
ues were calculated using a t test; *, **, and *** indicate P < 0.05, 0.01, 
and 0.001, respectively. Asterisks refer to comparison between the treated
samples and the noninoculated control. 
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Recently, a study was published about the accumulation of 
ROS in plant cells cultures after the inoculation with the endo-
phytic PGPB Burkholderia phytofirmans PsJN as compared 
with P. syringae (Bordiec et al. 2011). In that report, no signif-
icant accumulation of H2O2 was detected in the cell suspension 
medium after challenge with B. phytofirmans. To our 
knowledge, our report is the first showing the accumulation of 
ROS in roots triggered by the inoculation of a non-nodulating 
endophytic PGPB. The observation of ROS accumulation fol-
lowing the inoculation of a non-nodulating endophytic bacteria 
brings a new insight to this theme, because it was believed that 
the production of ROS following the inoculation of beneficial 
bacteria could be a response to the presence of a specific signal 
(nod factor) related to the nodulation process (Ramu et al. 
2002) and not necessarily to the recognition of the bacteria as 
intruders. 

It is known that H2O2 accumulation orchestrates plant dis-
ease-resistance mechanisms (Levine et al. 1994). The most 
studied and better understood resistance mechanism is the so-
called systemic acquired resistance (SAR). In this response, 
pathogen recognition is followed by an increase in ROS levels 
that activates the production of SA that will eventually induce 
the expression of PR genes (Pieterse et al. 2009). The second 
most studied systemic resistance mechanism is the ISR, trig-
gered by wounding from herbivory or necrosis-inducing plant 
pathogens. In this case, instead of SA, the main hormones medi-
ating this response are JA and ET. The production of these hor-
mones is often associated with the expression of another class 
of PR genes that are more effective against this type of patho-
gen (Pieterse et al. 2009). The third type of systemic resistance 
is described as rhizobacteria-ISR (RISR) and is induced by 
beneficial soilborne microorganisms and rhizobacteria. Like 
microbial pathogens, microbe-associated molecular patterns 
are recognized by the plant, resulting in a mild but effective 
activation of the immune response in systemic tissues (van 
Loon et al. 1998). In contrast to SA-dependent SAR, RISR is 
usually associated with priming for enhanced defense rather 
than direct activation of defense systems (Van Wees et al. 
2008; Zamioudis and Pieterse 2012). 

It has been suggested that generation of ROS is one of the 
earliest events in plant response involved in the development 
of RISR in plants (Torres et al. 2006; van Loon et al. 2008); 
therefore, we analyzed the expression of PR genes as markers 
of SA and JA/ET defense pathways. From this experiment, we 
could see an increase in PR-10, a marker for the JA/ET-
defense pathway in rice plants. It can be speculated that G. 
diazotrophicus exerts a similar response in sugarcane plants, 
because sugarcane plants inoculated with G. diazotrophicus 
are more resistant to the infection of pathogens such as Xan-
thomonas albilineans, Colletotrichum falcatum, and Meloido-
gyne incognita. In addition, accumulation of an extracellular 
matrix around bacterial cells in the protoxylem and xylem pa-
renchyma was observed by James and associates (2001). Fur-
thermore, accumulation of polysaccharides and tannins in the 
parenchyma cells around the metaxylem of sugarcane inocu-
lated with G. diazotrophicus has been reported by Dong and 
associates (1997), suggesting that the plant defense system is 
activated during the interaction with the bacterium. Although 
these observations were done in another plant system, our 
results suggest that these effects possibly could be due to the 
activation of the JA/ET-dependent pathway. In accordance 
with that, Nogueira and associates (2001) and Cavalcante and 
associates (2007) showed that the activity of some genes in-
volved in the ET-signaling pathway was triggered in sugarcane 
plants after G. diazotrophicus inoculation. Rice plants inocu-
lated with the mutants showed a reduced expression of PR-10 
when compared with the WT (Fig. 4). This absence of response 

could be another indication that the mutants are not able to 
colonize the plants and trigger the PR-10 expression from the 
plant. 

Another question raised by the accumulation of ROS during 
the bacterial invasion is which mechanisms G. diazotrophicus 
uses to counteract plant defense response. A recent study 
showed that the rice endophyte metagenome contained a high 
number and diversity of genes encoding enzymes involved in 
the detoxification of ROS, and the authors hypothesized that 
endophytes require these enzymes to be able to successfully 
colonize plants (Sessitsch et al. 2012). Proteomic studies have 
also indicated that G. diazotrophicus expressed ROS-detoxify-
ing enzymes (namely, catalase, peroxiredoxin protein, and SOD) 
during the interaction with sugarcane (Lery et al. 2011). In our 
report, in addition to reinforcing these observations by qPCR 
analysis, we confirm the importance of two ROS-detoxifying 
enzymes, GR and SOD, showing that the absence of these 
enzymes could alter the profile of ROS accumulation in roots, 
resulting in an impaired endophytic colonization. 

GR is an enzyme that reduces oxidized glutathione (GSSG) 
to its reduced form (GSH), which is an important cellular anti-
oxidant. Previous work showed that the reduction of the Medi-
cago truncatula GSH pool leads to a large decrease in the 
number of nascent S. meliloti nodules (Frendo et al. 2005) and 
reduced efficiency in biological nitrogen fixation (El Msehli et 
al. 2011; Harrison et al. 2005). Our study shows that the con-
trol of the ratio of reduced to GSSG is critical for the estab-
lishment of a successful endophytic interaction. 

SOD is a metalloenzyme that detoxifies superoxide anion, 
the first highly toxic radical produced in the ROS cascade. The 
lack of growth impairment in free-living sod::Tn5 bacteria 
shows that cells do not suffer from excessive oxidative damage 
before they come into contact with the plant. On the other 
hand, the impaired colonization ability of the sod::Tn5 mutant 
is a strong indication that the plant ROS production causes 
severe damage in the mutant, making it unable to detoxify 
superoxide anions, which further blocks endophytic plant 
colonization. Proteomic studies using different bacteria and 
plant models consistently show the upregulation of bacterial 
SOD expression in response to plant exudates or when bacteria 
are living in association with plants (Knief et al. 2011). The 
effects of the deletion of an SOD gene were also investigated 
in a previous work using S. meliloti–alfalfa as model; it was 
shown that bacterial SOD is critical for efficient nodulation 
and nitrogen fixation (Santos et al. 2000). Our similar results 
in a different system indicate that the protective role of SOD 
occurs in several bacteria–plant models and may be a universal 
mechanism that enables bacteria to colonize plants. 

Alternatively or additionally, it is also possible that the ex-
cess of endogenous superoxide in the sod::Tn5 mutants is 
solely responsible for damaging functions critical to the asso-
ciative phenotype. In any case, our results provide evidence 
that there is an accumulation of ROS in roots after the percep-
tion of these endophytic bacteria and, unless counteracted by 
GR and SOD, a fully successful endophytic association cannot 
be achieved. 

MATERIALS AND METHODS 

Strain, culture media, and growth conditions used. 
G. diazotrophicus PAL5T (BR 11281 = ATCC49037) was 

obtained from the Embrapa Agrobiologia Culture Collection, 
Seropédica, RJ, Brazil and grown in DYGS liquid medium 
without magnesium (Rodrigues Neto et al. 1986) at 30°C, 175 
rpm. Antibiotics tetracycline (20 μg/ml) or ampicillin (500 
μg/ml) were added when required. G. diazotrophicus PAL5 
electrocompetent cells were prepared as described previously 
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(Rouws et al. 2008) using liquid DYGS medium. For cloning 
purposes, electrocompetent Escherichia coli Top10 cells (Invi-
trogen, Carlsbad, CA, U.S.A.), were cultivated in Luria-Ber-
tani (LB) medium (Sambrook et al. 1989) amended with the 
selective antibiotics tetracycline (20 μg/ml) or ampicillin (100 
μg/ml). 

Hydroponic rice cultures. 
Rice (Oryza sativa IR-42) seedlings were cultivated basically 

as described by Hurek and associates (1994). Briefly, seed were 
peeled, surface sterilized, and germinated on NB plates (Fluka 
Chemie AG, Buchs, Switzerland) at 30°C. Three-day-old seed-
lings of approximately 1 cm in length without any visible bac-
terial or fungal contamination were aseptically transferred to 
glass tubes (200 by 30 mm) containing 35 g of glass beads (1.7 
by 2.1 mm) (Carl Roth, Karlsruhe, Germany) and 15 ml of a 
modified Hoagland's solution free of nitrogen and carbon 
(KH2PO4 at 136 mg/liter, K2HPO4 at 174 mg/liter, MgSO4 ⋅ 
7H2O at 246 mg/liter, CaSO4 ⋅ 2H2O at 172 mg/liter, H3BO3 at 
2.8 mg/liter, MnCl2 ⋅ 4H2O at 1.8 mg/liter, ZnSO4 ⋅ 7H2O at 
0.2 mg/liter, CuSO4 ⋅ 5H2O at 0.08 mg/liter, and Na2MoO4 ⋅ 
2H2O at 0.02 mg/liter). Plants were cultivated in a growth 
chamber at day and night temperatures of 23 and 18°C, respec-
tively, with a 12-h photoperiod, with light provided by fluores-
cent tubes. 

For inoculation purposes, G diazotrophicus was grown as 
previously described, washed with sterile phosphate-buffered 
saline (PBS) buffer, and diluted to an absorbance at 600 nm 
(A600) = 1, corresponding to a concentration of 109 cells/ml of 
suspension. Three-day-old axenic seedlings of approximately 
1 cm in length were transferred to 15-ml Falcon tubes contain-
ing 3 ml of cell suspension and incubated for 1 h at room tem-
perature with 100 rpm agitation. Sterile PBS solution buffer 
was used in control seedlings. 

Real-time qPCR. 
qPCR was performed essentially as described by Alquéres 

and associates (2012), with few modifications. Expression of 
selected genes were determined by real-time qPCR with Power 
SYBR Green Supermix (Applied Biosystems, Foster City, CA, 
U.S.A.) using an iCycler thermal cycler (Applied Biosystems). 
In all, 8 to 10 plants or seedlings were pooled and total RNA 
was extracted with TRizol (Invitrogen) from frozen material 
according to the manufacturer’s instructions (for plants). After 
DNase I treatment, 1 μg of RNA was used for cDNA synthesis 
using the High Capacity cDNA Reverse Transcription Kit with 
RNase Inhibitor (Applied Biosystems). cDNA dilutions (1 μl, 
1:4) were used as PCR templates. Each PCR reaction con-
tained 12.5 μl of 2× Power SYBR Green Supermix, 0.4 μM 

primers (Eurofins MVG Operon, Ebersberg, Germany), and 1 μl 
of template in a 25-μl reaction. PCR reactions were heated to 
95°C for 3 min and then for 40 cycles with steps of 95°C for 
30 s, 60°C for 30 s, and 60°C for 30 s. The generation of spe-
cific PCR products was confirmed by melting curve analysis 
and gel electrophoresis. The 2–ΔΔCt method (Livak and 
Schmittgen 2001) was employed for relative quantification, 
23S rRNA was used as the bacterial endogenous control, and 
ubiquitin was used as the plant endogenous control. The 
sequences of the primers for bacterial genes are 23SF: AAAG 
CCGGATCAATCCGTTA, 23SR: AAGCCGTAGTCGATGGA 
AAC, GDI2168F: CCCGCCCATGCAAT, GDI2168R: AGG 
GTGGGCAATTCGAAAG, GDI2216F: TGTGTCCCCAAG 
AAGCTGATG, GDI2216R: GATGTTCCAGCCGAAACCAT, 
GDI2280F: GAGGCGATGCTGTTTACCC, GDI2280R: TC 
CCAATAGGACGAAACCTG, GDI79F: GTTCGAAGTCA 
CCCACGATGT, GDI79R: CCCGGTTGCAGGAATTTG, 
GDI467F: ACGATATTCCGGTCTTCGTC, GDI467R: CAG 
GTCGCGAAATTCCTG, GDI2359F: TTCATCGTCGTGACC 
TTTGG, and GDI2359R: TTCCCATTCCGGAAAATCG. The 
primers for plant genes were described by Qiu and associates 
(2007). The quantity of interested genes was normalized to the 
quantity of the endogenous control for each condition. The 
experiments were done in biological triplicates (each with two 
technical replicates). Results were based on the average of 
triplicates and standard deviation (SD) is shown. 

Cloning and mutagenesis of G. diazotrophicus. 
The SOD and GR genes were amplified by PCR with spe-

cific primers. The 705-bp (for SOD, GDI_2168) and 1,513-bp 
(for GR, GDI_2216) PCR products were cloned into the 
pGEM-T vector (Promega Corp., Madison, WI, U.S.A.). After 
confirming the success of the cloning procedure by PCR and 
sequencing, one recombinant plasmid containing the desired 
fragment was selected and mutagenized in vitro by the inser-
tion of the commercial EZ::Tn5<TET>Transposon (Tn5) (Epi-
centre Technologies Corp., Madison, WI, U.S.A.) following 
the instructions of the manufacturer. The mutagenized plasmid 
was transferred to E. coli Top10 (Invitrogen) and plated on LB 
medium containing ampicillin and tetracycline to select plas-
mids containing insertions of the transposon in the target gene. 
Sequence analysis led to the identification of the plasmids with 
a single insertion of the transposon located 296 bp downstream 
of the predicted ATG start codon of the SOD gene and 546 bp 
downstream of the predicted ATG start codon of the GR gene. 
WT was transformed with 1 μg of the plasmid by electro-
poration as described (Rouws et al. 2008) and selection was 
done on DYGS plates (without Mg2SO4 ⋅ 7H2O) amended with 
tetracycline, allowing the selection of transformants containing 

Fig. 6. In situ detection of B, wild-type (WT); C, gr::Tn5; and D, sod::Tn5 by fluorescence in situ hybridization analysis and confocal laser-scanning mi-
croscopy in roots and root hairs. A, Noninoculated plants. Gluconacetobacter diazotrophicus is identified by the color red from the probe Glac1430 labeled 
with Cy3. Arrow indicates bacterial clump. Background autofluorescence signals are assigned with green and blue colors. 
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Tn5 integrations in their genomes. A second round of selection 
on DYGS plates medium containing both tetracycline and 
ampicillin allowed the selection of one mutant resistant only to 
tetracycline. This indicates that the backbone of the mutagenic 
plasmid had been eliminated by the mechanism of double 
crossing-over, leaving only an insertion of the transposon at 
the desired site. The insertion of the transposon in the G. dia-
zotrophicus genome was verified by PCR followed by sequenc-
ing of the product, as previously described (Meneses et al. 
2011). 

Morphological and physiological studies. 
Growth of the WT and mutants in liquid cultures was moni-

tored by measuring the A600 and CFU. Strains were grown in 
250-ml flasks containing 50 ml of liquid at 30°C and 175 rpm 
in LGI-P medium (K2HPO4 at 0.2 g/liter, KH2PO4 at 0.6 
g/liter, MgSO4 • 7H2O at 0.2 g/liter, CaCl2 • 2H2O at 0.02 
g/liter, Na2MoO4 • 2H2O at 0.002 g/liter, FeCl3 • 6H2O at 0.01 
g/liter, and sucrose at 100 g/liter) (Reis et al. 1994) supple-
mented with 1.0 mM (nitrogen-fixing condition) or 20 mM 
(non-nitrogen-fixing condition) (NH4)2SO4. Every 12 h, 1-ml 
samples were removed for analysis. For counting, samples were 
serially diluted in saline (NaCl 0.7% [wt/vol] solution) and 10-
μl droplets of each dilution were deposited onto DYGS solid 
medium. After incubation for 3 days at 30°C, colonies were 
counted and CFU were determined. Pellicle formation was 
evaluated by growing the indicated strains in N-free semisolid 
LGI-P medium for 6 days. 

To assay ROS sensitivity, 106 cells of G. diazotrophicus 
strains were plated on DYGS medium. Filter disks of What-
man paper (5 mm) were soaked with 5 μl of H2O2 (35% [vol/ 
vol]) or Paraquat (10 mM) and placed on the plates. The halo 
sizes were measured in triplicate after 48 h of incubation. 

Detection of ROS in rice roots. 
The inoculation procedure of rice roots with WT and mu-

tants was performed as described before. At different times 
after inoculation, the primary roots were excised, briefly 
washed with 1 mM Tris-HCl (pH 8.0), then incubated with 10 
μM 2′,7′-dichlorodihydrofluorescein diacetate (Molecular 
Probes; Invitrogen) in Tris-HCl buffer for 10 min. Fluores-
cence developed upon oxidation of the dye by hydrogen perox-
ide, peroxyl radical, and also peroxynitrite anion (Tarpey and 
Fridovich 2001). Stock solutions of the dye were prepared in 
dimethyl sulfoxide and kept in the dark at –80°C. Before 
microscopy, samples were briefly rinsed in Tris buffer to re-
move the dye that had not penetrated into the tissue. Roots 
were imaged by a Zeiss microscope using a ×5 Zeiss EC Plan-
Neofluar and optical filters set to a maximum absorption 
wavelength of 488 nm and maximum emission wavelength of 
530 nm. Images of optical sections corresponding to the root 
cortex of the whole length of the root were acquired digitally 
using an exposure time of 10 ms. Images were analyzed using 
the program ImageJ to calculate the average fluorescence 
intensity per root. Results were based on the average of quin-
tuplicates, and standard deviation is shown. 

FISH. 
FISH was performed as described by Stoffels and associates 

(2001). Root samples were fixed and dehydrated by passing 
them through an ethanol series (50, 80, and 96% [vol/vol]) for 
5 min each. After being dried, roots were covered with 70 μl of 
hybridization buffer containing 0.9 M NaCl, 0.01% sodium 
dodecyl sulfate (SDS), 10 mM Tris-HCl (pH 8.0), 35% deion-
ized formamide, and 15 pmol of fluorescently labeled probe. 
Hybridizations were performed for at least 2 h at 46°C. After 
hybridization, the root pieces were transferred into the wash-

ing buffer (10 mM Tris-HCl [pH 8.0], 5 mM EDTA [pH 8.0], 
70 mM NaCl, and 0.01% SDS) for 20 min at 48°C and dipped 
in deionized water to remove remaining salts. After air drying, 
the slides were mounted with Citifluor anti-bleaching agent 
AF1 (Citifluor Ltd., Canterbury, U.K.) The oligonucleotide 
probe Glac 1430 (Franke-Whittle et al. 2005) (Eurofins MVG 
Operon, Ebersberg, Germany), complementary to a region of 
the 16S-rRNA conserved in the Gluconacetobacter subgroup 
and labeled at the 5′ end with the fluorescent dye Cy3, was 
used (Stoffels et al. 2001). 

CLSM. 
CLSM was performed on samples stained by FISH. Visuali-

zation was performed using a Zeiss 510LSM-Meta confocal 
laser-scanning microscope (Zeiss) with helium neon and argon 
ion lasers for excitation of Cy3 at 543 nm and control excita-
tion wavelengths of 488 and 633 nm, both of which excite 
only autofluorescence. Cells were observed under water im-
mersion using a ×40 objective. In hybridizations using the 
Cy3-labeled oligonucleotide probe, fluorescent signals were 
assigned a red color and background autofluorescence signals 
were assigned green and blue. Images were acquired using a 
Zeiss LSM Image browser. 

Endophytic colonization experiments. 
Endophytic colonization was evaluated as previously de-

scribed (Rouws et al. 2010). Briefly, 108 CFU of the G. diazo-
trophicus strains suspended in 330 μl of saline were added 
directly into the Hoagland’s solution (15 ml) of 7-day-old rice 
seedlings, which were grown as described above. Control 
plants were inoculated with 330 μl of saline solution. At 10 
dai, the roots were separated from the aerial parts and weighed 
after draining the adhering liquid onto absorbent paper. The 
root material was either directly ground in a mortar, diluted, 
and plated, or surface disinfected by incubation in a freshly 
prepared chloramine T solution (1% [wt/vol]) for 2 min under 
gentle agitation followed by extensive washing with sterile 
water, then diluted and plated in DYGS medium. The number 
of CFU was quantified after 3 days of incubation. Intact roots 
were placed on LGI-P plates for 10 s to verify the surface ster-
ilization procedure. The experiments were done in biological 
triplicates (each with a pool of 10 plants and three technical 
replicates). Results were based on the average of triplicates. 
Error bars represent the SD. 
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