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Antioxidant pathways are up-regulated during biological nitrogen
fixation to prevent ROS-induced nitrogenase inhibition
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Abstract Gluconacetobacter diazotrophicus, an endo-
phyte isolated from sugarcane, is a strict aerobe that fixates
N,. This process is catalyzed by nitrogenase and requires
copious amounts of ATP. Nitrogenase activity is extremely
sensitive to inhibition by oxygen and reactive oxygen
species (ROS). However, the elevated oxidative metabolic
rates required to sustain biological nitrogen fixation (BNF)
may favor an increased production of ROS. Here, we
explored this paradox and observed that ROS levels are, in
fact, decreased in nitrogen-fixing cells due to the up-reg-
ulation of transcript levels of six ROS-detoxifying genes. A
cluster analyses based on common expression patterns
revealed the existence of a stable cluster with 99.8% sim-
ilarity made up of the genes encoding the o-subunit of
nitrogenase Mo-Fe protein (nifD), superoxide dismutase
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(sodA) and catalase type E (katE). Finally, nitrogenase
activity was inhibited in a dose-dependent manner by
paraquat, a redox cycler that increases cellular ROS levels.
Our data revealed that ROS can strongly inhibit nitrogenase
activity, and G. diazotrophicus alters its redox metabolism
during BNF by increasing antioxidant transcript levels
resulting in a lower ROS generation. We suggest that careful
controlled ROS production during this critical phase is an
adaptive mechanism to allow nitrogen fixation.
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Introduction

Sugarcane production in many countries depends on the
traditional practice of adding nitrogen (NHj3) fertilizer for
optimum growth and yield. In regions of the world where
nitrogen input is very low, the diazotrophic bacterium
Gluconacetobacter diazotrophicus has often been isolated
from surface-sterilized roots, stems and leaves (Baldani
et al. 1997; Cavalcante and Dobereiner 1988). Studies
trying to understand the importance of G. diazotrophicus in
plants grown under these conditions showed that in a N-
deficient environment, sugarcane plants inoculated with the
strain PA1S grew better and had a higher total N content
than plants inoculated with the mutant nif- or uninoculated
plants (Sevilla et al. 2001). These results indicate that the
transfer of fixed N from G. diazotrophicus to sugarcane
might be a significant mechanism to support plant growth.

BNF is the process by which N, is converted into NH3
and is considered an energy-demanding process because it
consumes 16 mol of ATP per mol of N, (Kim and Rees
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1994). This energy requirement can be met by aerobic
respiration (Flores-Encarnacion et al. 1999). In this pro-
cess, energy-rich substrates (nutrients) are oxidized,
donating its electrons to a series of membrane proteins,
known as the electron transport chain (ETC.), which will
conserve the energy of the electron flow in the form of a
membrane potential that will be the driving force to allow
ATP synthesis. During respiration, molecular oxygen is the
final electron acceptor, receiving 4 electrons, being reduced
to water. However, some electrons may escape from the
ETC., giving rise to partially reduced oxygen intermedi-
ates, commonly called reactive oxygen species (ROS)
(Kowaltowski et al. 2009). Despite the need of high-energy
supplies to support BNF, which is only achieved by res-
piration, nitrogenase is notoriously sensitive to oxygen and
ROS (Robson and Postgate 1980).

So far, studies concerning the effects of oxygen on G.
diazotrophicus have mainly dealt with the nature of its
respiratory system. The most accepted hypothesis, called
“respiratory protection”, postulates that the increase in O,
consumption during BNF would allow sufficient ATP
production and at the same time lower intracellular oxygen
levels, preserving nitrogenase activity (Dalton and Postgate
1968; Flores-Encarnacion et al. 1999; Pan and Vessey
2001; Ureta and Nordlund 2002). Less data have been
acquired concerning the influence of increased respiration
on the production and detoxification of reactive oxygen
species (ROS), a natural by-product of aerobic metabolism
and its effects on BNF. The generation of partially reduced
forms of oxygen (i.e. ROS), such as superoxide radical
(O3") and hydrogen peroxide (H,0O;), may be part of the O,
toxicity problem in nitrogen-fixing organisms (Dalton
1995). Considering the lack of information about free
radical biology during BNF and the importance of this
process for sustainable agriculture, the aim of our work is
to investigate the influence of ROS production and detox-
ification in G. diazotrophicus. Our data revealed that,
besides the respiratory protection mechanism, G. diazo-
trophicus alters its redox metabolism during BNF by
increasing antioxidant transcript levels resulting in a
decreased ROS generation that is critical to sustain nitro-
genase activity and allow BNF. As we show that ROS can
strongly inhibit the BNF process, we suggest that careful
control of ROS production during this critical phase is an
adaptive mechanism to allow nitrogen fixation.

Materials and methods
Cultivation conditions

Gluconacetobacter diazotrophicus strain PALS (BR11281)
was obtained from the Embrapa Agrobiologia Culture
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Collection and was grown in LGI-P medium on a shaker
with gentle agitation (100 rpm) for 48 h at 30°C. After
three successive rounds of cultivation, cells were harvested
by centrifugation at 12,000g for 2 min and resuspended in
LGI-P medium (0.2 g/l K,HPO,, 0.6 g/l KH,PO,, 0.2 g/l
MgSO, - 7TH,0, 0.02 g/l CaCl, - 2H,0, 0.002 g/l Na,MoOy -
2H,0, 0.01 g/l FeCl; - 6H,O, 100 g/l sacarose) with
1.0 mM of (NH4),SO4 to yield an Aggg of 0.6. Aliquots
(1 ml) of cell suspensions were transferred into 250 ml
flasks containing 50 ml of the fresh LGI-P medium (sup-
plemented with 1.0 mM (nitrogen-fixing condition) or
20 mM of (NHy4),SO, (non-nitrogen-fixing condition) then
incubated at 30°C with agitation (100 rpm).

The resistance of G. diazotrophicus cells to oxidative
stress was investigated by the addition of Paraquat (PQ), a
superoxide generator (Hassett et al. 1987) to a final con-
centration of 0.5 or 5 mM in fixing and non-nitrogen-fixing
cultures after 24 h cultivation.

Determination of ROS production in G. diazotrophicus

Free-radical production was assessed by fluorescence
microscopy of cells from liquid cultures grown in LGI-P
medium under fixing and non-nitrogen-fixing conditions.
G. diazotrophicus cultures were threefold concentrated and
incubated for 10 min in the presence of the redox-sensitive
dye CM-H,DCFDA (5 uM) (Invitrogen—Molecular probes),
followed by a washing step with fresh media and direct
visualization (without fixative agents) of the samples.
Images were acquired on a Zeiss Axioskop microscope
with an Axiocam MRCS using a Zeiss-09 filter set (exci-
tation—BP 450—490; beam splitter—FT 510; emission—
LP 515). Magnification was set at 630x.

Catalase activity

G. diazotrophicus was assayed for catalase activity accord-
ing to (Aebi 1984). Briefly, crude extracts were incubated in
Tris-buffer pH 7.0 in the presence of 9 mM hydrogen per-
oxide (H,0,) and absorbance was monitored at 240 nm for
1 min. The amount of protein was determined according to
Bradford (1976).

Quantitative real-time polymerase chain reaction
(qPCR)

The expression of selected genes was determined by real-
time qPCR with SYBR Green Supermix (Applied Biosys-
tems) using iCycler thermal cycler (Applied Biosystems).
RNA was isolated with Trizol according to the manufac-
turer’s protocol. Samples were treated with DNase I
(Invitrogen). Total RNA (2.5 pg) was used for cDNA
synthesis with the Superscript First-strand synthesis kit
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(Invitrogen). cDNA was purified using MinElute PCR
purification kit (Qiagen) and used as qPCR templates. Each
PCR reaction contained 12.5 pl of 2x SYBR Green Su-
permix (Applied Biosystems), 1 uM primers and appro-
priate templates in a 25-pl 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 15 s, 60°C for 45 s. The gen-
eration of specific PCR products was confirmed by the
melting curve analysis and gel electrophoresis. The p—AACt
method (Livak and Schmittgen 2001) was employed for
relative quantification and 23S rDNA was the housekeep-
ing gene control. The results were based on the average of
triplicate experiments. Primer sequences are available upon
request.

Cluster analysis

We used qPCR to measure mRNA levels of cells grown
under fixing or non-fixing conditions at 18, 24, 36, 48 and
72 h. The expressions of sodA, katE, kat, katC, gorA, gorB
and nifD were measured at the same time points and the
cluster analysis was also carried out at these times. Genes
were grouped on the basis of their common expression
patterns across the time points and different conditions.

Cluster analysis of gene expression was carried out with
the MINITAB v.14 package, using Euclidian distances and
the Ward method for linkage. The single, complete, aver-
age, centroid or median linkage methods displayed the
same results in the test.

Nitrogenase activity

For the in vivo nitrogenase assay, 2 ml of G. diazotro-
phicus-saturated culture grown in LGI-P medium was used
to inoculate 250-ml flasks containing 48 ml LGI-P sup-
plemented with 1 mM of (NH4),SO,. The cells were grown
in a shaking water bath at 100 rpm for the indicated time at
30°C. The nitrogenase activity was determined in whole
cells by the acetylene reduction method as described (Reis
and Dobereiner 1998). Ethylene produced was analyzed by
gas chromatography in a Perkin Elmer gas chromatograph
equipped with a flame ionization detector and Porapak N
column. The protein content was determined by the
Bradford method (Bradford 1976).

Results
ROS levels are decreased during nitrogen fixation
To test our hypothesis that redox metabolism is altered

during the BNF process, we evaluated the presence of
oxygen radicals in G. diazotrophicus. Cells were stimulated

to fix nitrogen and compared to a non-nitrogen-fixing
condition. These two groups were loaded in the presence of
the redox-sensitive fluorescent dye and observed under the
microscope. Figure 1 shows that nitrogen-fixing cells
(FIX—in Fig. 1) present a decreased fluorescent signal (1B
and 1D), an indicative of lower ROS levels, when com-
pared to non-nitrogen-fixing cells (NFIX) (1F and 1H),
both at 24 and 48 h incubation time.

These results demonstrate that cellular ROS are reduced
when G. diazotrophicus is fixing nitrogen, pointing to a
possible inverse correlation between the presence of ROS
and nitrogenase activity. Furthermore, it is evident the non-
fixing cells inhabit an environment where ROS is part of
the cellular milieu without exhibiting any noticeable
adverse effect. This is consistent with the notion that ROS
act as physiological molecules in a diverse set of biological
situations (Forman et al. 2010; Terada 2006), as it seems to
occur in non-fixing G. diazotrophicus. It is tempting to
speculate why ROS levels have to be reduced during BNF
and we hypothesized that the sensitivity of nitrogenase to
inhibition by oxygen intermediates may be in the center of
this question.

ROS detoxification is up-regulated during BNF process

In order to investigate the mechanisms involved in the
decrease of ROS during BNF, we first measured catalase
activity, an antioxidant enzyme involved in H,O, removal.
Figure 2a shows increased activity in nitrogen-fixing cul-
tures at 48 and 72 h. Considering that catalase activity was
increased up to sixfold in fixing cells and at the same time
ROS levels were greatly reduced (Fig. 1), we hypothesized
that other antioxidant pathways may also be active during
BNF. Genes that could possibly be involved in ROS
detoxification were identified in the recently published G.
diazotrophicus genome (Bertalan et al. 2009). Our analysis
revealed the presence of six genes whose products are
directly involved in ROS removal (Table 1).

gPCR used to measure mRNA levels of the identified
ROS-detoxification genes in PAL-5 strain grown in high
(NFIX) or low-nitrogen (FIX) media showed a strong
induction of sodA, katE, kat, katC and gorA genes in
response to nitrogen limitation (Fig. 2b). Importantly,
genes that are not related to ROS metabolism (GS—
glutamine synthetase—and amidase) do not have their
expression levels altered during nitrogen fixation (Fig. 2b).
Our results demonstrated a specific response of cells to
reduce ROS levels under BNF conditions. Consistent with
data presented in Fig. 1, non-fixing cultures seems to
live in the presence of ROS and this condition does not
represent a challenge since all the antioxidant enzymes
analyzed were present in basal levels compared to fixing
cells.
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Fig. 1 ROS levels are decreased in nitrogen-fixing cells. G. diazo-
trophicus grown under fixing (FIX) and non-fixing (NFIX) conditions
were stained with CM-H,DCFDA, sensitive to ROS. a, ¢, e and
g represent bright field images. b, d, £, h are the fluorescent images, an
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Fig. 2 Expression and activity of ROS detoxification in G. diazo-
trophicus during nitrogen fixation. a Catalase activity of cells grown
in fixing and non-fixing conditions. b mRNA expression of the genes
involved in ROS-detoxification from fixing and non-fixing cells. The
data are expressed as the relative expression of the respective mRNAs
normalized to the housekeeping gene 23S. The data are expressed as
the average of three replicates =+ error bars

The genes for catalase type E (katE) and superoxide
dismutase A (sodA) are co-expressed with the o-subunit
of nitrogenase Mo-Fe protein (nifD)

In order to identify the most relevant ROS-detoxification
genes to BNF, we searched for distinct expression patterns
(clusters) (D’Haeseleer 2005). Genes were grouped on the
basis of their common expressions across time points and
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indicative of the presence of ROS. All images were acquired with the
same exposure time to allow comparison of signal intensities. Scale
bar 10 pm

under nitrogen-fixing and non-nitrogen-fixing conditions
(Fig. 3). Cluster analysis separated these genes in two
major clusters: one formed by gorB alone and the other
formed by gorA, kat, katC, nifD, sodA and katE, with
similarities up to 98% inside this group. Notice that the
genes present in this cluster are strongly induced as men-
tioned earlier (Fig. 2b). This last cluster can be divided into
three minor clusters kat + gorA; katC; and katE +
sodA + nifD. This cluster has 99.8% similarity and it is
stable when we use different algorithms for clustering
(single and average linkage, median linkage and ward
linkage), suggesting that sodA and katE have a major
protective role in the nitrogen fixation process. It is inter-
esting to note that the genes grouped in this cluster have
higher similarity to related enzymes from other non-sym-
biontic closely related subclass Alphaproteobacteria
(Table 1), while the other ROS-detoxifying genes analyzed
have higher similarity to related enzymes from phyloge-
netically distant symbiontic organisms. This could be an
indication that nitrogen fixation is an ancient process in G.
diazotrophicus and was probably acquired before the
adaptation to the endophytic lifestyle (Bertalan et al. 2009).

The presence of ROS strongly inhibits nitrogen fixation

To further explore differences concerning ROS levels
between nitrogen-fixing and non-fixing bacteria, the resis-
tance of G. diazotrophicus to oxidative stress was investi-
gated by the addition of Paraquat (PQ), a redox cycler that
increases cellular ROS generation, into the cultures. The
growth of nitrogen-fixing cells (Fig. 4a) was severely
inhibited by the addition of PQ, indicating that the anti-
oxidant capacity of fixing cells (Fig. 2) is overwhelmed by
the pro-oxidant effects of this molecule. On the other hand,
non-nitrogen-fixing cells were resistant to both 0.5 and
5 mM of PQ, as they maintained high growth rates and
achieved high cell densities (Fig. 4a). General appearance
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Table 1 Identification of antioxidant genes from G. diazotrophicus

Gene Locus tag  Product Conserved domains Similar to

sodA  GDI2168  Superoxide “Iron/manganese sod, C-terminal domain” Gluconobacter oxydans (340s, 80%id)
dismutase “Iron/manganese sod, alpha-hairpin domain”

katE  GDIO079  Catalase HPII “KatE” “heme-binding pocket” “tetramer Chromobacter salexigens KatE (788s, 74%id)

interface”

kat GDI0467  Non-heme catalase  “Catalase superfamily”

Methylobacterium extorquens Kat (332s,
53%id)

katC  GDI2359  Catalase HPII “(GATasel)-like” Azoarcus sp. KatC (1055s, 72%id)
gorA  GDI2216  Glutathione “Pyridine nucleotide-disulphide oxidoreductase”  Acetobacter pasteurianus (664s, 70%id)
reductase “Glutathione reductase”
gorB  GDI2280  Glutathione “Pyridine nucleotide-disulphide oxidoreductase”  Xanthomonas campestris (436s, 63%id)
reductase “HI0933-like protein”
katE A 259 — fix
==+ FIX+ 0.5mM PQ -
~ 209 .... Fix+smMPQ
SodA =] o
3 — NFIX
< 159 . N 05mMPQ L2
nifD £ <+== NFIX+5mM PQ & -
T 10 - s
- N -~
o
katC 051 -
0.0 T T T T T 1
kat 0 20 40 60 80 100 120
Time (hours)
gorA > B
2 101
gorB &
c= 81
I } } } o g
80,7 87,1 93,5 100 § e
Similarity (%) g E 4 -
e 3
Fig. 3 Cluster analysis of redox genes. Notice that there are two o 24
major clusters: one formed by gorB alone and the other formed by 2 0
gorA, kat, katC, nifD, sodA, and katE, with similarities up to 98% g

inside this group. This last cluster can be divided in three minor
clusters kat + gorA, katC and katE + sodA + nifD

of cells was similar for all PQ concentrations (data not
shown). This data is in accordance with previous results
(Figs. 1, 2) and demonstrate the resistance of non-fixing
cells to ROS also reveals that fixing cells up-regulate
antioxidant pathways (Fig. 2) to lower ROS levels (Fig. 1),
a condition that is essential for its survival (Fig. 4a).

To investigate whether BNF suppression was the basis
for inhibition of cell growth in the presence of PQ, nitro-
genase activity of cultures grown in the presence of PQ was
tested by the acetylene reduction essay. Cells grown
without PQ were used as a control. PQ was added to the
medium after 24 h of growth and the nitrogenase activity
was measured after a further 48 h (72 h of cultivation).
Nitrogenase activity decreased 64% when 0.5 mM of PQ
was added to the medium. When the concentration was
changed from 0.5 to 5 mM, nitrogenase activity decreased
to zero showing that the presence of ROS can strongly

L) T T
control 0.5mMPQ 5mMPQ

Fig. 4 ROS effect on cell growth and BNF activity. a Effect of
different concentrations of PQ on the growth of fixing (black) and
non-fixing (gray) cells. After an initial growth period of 24 h, PQ was
added at a concentration of 0.5 mM or 5 mM (dashed and dotted
lines, respectively). b Acetylene reduction activity (ARA) of G.
diazotrophicus after 72 h cultivation. The activity was measured after
48 h in the presence of 0.5 and 5 mM of PQ

inhibit BNF in G. diazotrophicus (Fig. 4b). Therefore,
fixing cells up-regulate antioxidant pathways in order to
lower ROS levels and preserve nitrogenase activity, plac-
ing the regulation of ROS levels as a critical step to allow
biological nitrogen fixation.

Discussion

Here, we demonstrate that antioxidant pathways are up-
regulated during BNF to prevent ROS-induced nitrogenase

@ Springer



840

Arch Microbiol (2010) 192:835-841

inhibition in G. diazotriphicus. Organisms that fix nitrogen
usually adopt different strategies to protect nitrogenase
from contact with O,. The most studied is the Rhizobia
strategy that infects the plant and forms nodules that create
an anaerobic environment that favors BNF, while the plant
supplies the energy requirement for the N-fixing bacteria
(Fischer 1994). Differently from Rhizobia, G. diazotriphi-
cus colonizes the intercellular spaces of the plant (apo-
plastic) and doesn’t form nodules and is therefore always
exposed to higher levels of O, (Dong et al. 1994). In fact,
optimal nitrogen fixation by G. diazotrophicus demands
high aerobic conditions both in solid (Pan and Vessey
2001) and liquid cultures (Flores-Encarnacion et al. 1999).
However, when oxygen is measured in the liquid phase
during BNF, the maximum nitrogenase activity of G. dia-
zotrophicus is observed at a pO, of 0.2 kPa (Reis and
Dobereiner 1998). This is an indication that in order to
keep the low levels of O, dissolved in the medium
G. diazotrophicus adopts the so-called “respiratory pro-
tection” strategy. Accordingly, G. diazotrophicus changes
its electron transport chain composition during BNF. In this
context, well-aerated cultures express cytochrome al and
cytochrome bb as the main terminal oxidase. During
repression of diazotrophic activity, cytochrome al dimin-
ishes dramatically concomitantly with the appearance of
cytochrome bd (Flores-Encarnacion et al. 1999). Oxidase
activities are also much higher in membrane preparations
obtained from cultures under BNF conditions than in those
from cultures under non-nitrogen-fixing conditions and the
respiratory rate was among the highest ever reported for
aerobic bacteria (Flores-Encarnacion et al. 1999; Gonzalez
et al. 2006).

However, an aspect that has been overlooked is the
impact of the respiratory protection on ROS generation.
Higher respiratory rates may lead to increased production
of oxygen radicals (Boveris and Chance 1973), a condition
that would favor redox imbalance and consequently oxi-
dative stress. Here, we tried to explore this paradox and
incorporate our data into the respiratory protection
hypothesis. We propose that in parallel to the increase in
aerobic respiration that occurs during BNF, G. diazotro-
phicus also up-regulate antioxidant pathways to protect
nitrogenase from ROS inhibition.

The importance of redox homeostasis to symbiotic BNF
process has been indicated by previous studies with Sino-
rhizobium meliloti strains. Mutants affected in the antiox-
idant defense did not reach the differentiation stage of
nitrogen-fixing bacteroids (Santos et al. 2000; Jamet et al.
2003; Harrison et al. 2005). Similarly, a peroxiredoxin
(prxS)/bifunctional catalase—peroxidase (katG) Rhizobium
etli double mutant has a significantly reduced symbiotic
nitrogen fixation capacity (Dombrecht et al. 2005; for a
review see Chang et al. 2009). Still, these effects could be
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both due to the presence of ROS or due to the incapacity of
the bacteria to promote a normal nodule formation and
therefore the environment that is necessary to allow
nitrogen fixation. Our data show that ROS can directly
inhibit nitrogenase activity, and G. diazotrophicus alters its
redox metabolism during BNF to cope with that.

Concerning our gene analysis, most of the ORFs shared
by G. diazotrophicus and other closely associated Alpha-
proteobacteria are related to energy metabolism and are
generally part of the core genome of G. diazotrophicus
(Bertalan et al. 2009). One interesting aspect of catalase
gene analysis (GDI0467 and GDI2359) is that although the
most similar sequences are from phylogenetically distant
organisms, they were all isolated from plant leaves and
have the ability to promote the growth of various plant
seedlings (Abanda-Nkpwatt et al. 2006; Sessitsch et al.
2005). This is an indicative that these genes were acquired
later, possible by lateral gene transfer. This could be
especially important for bacterial adaptation to the endo-
phytic lifestyle and may confer advantages to G. diazo-
trophicus in comparison with other microbes that colonize
the same niche.

This study can be regarded as the first step toward
understanding of ROS metabolism in Acetobacteraceae. It
is also the first characterization of ROS production and
modification of the redox state during BNF process. Our
main finding is that during BNF G. diazotrophicus activate
antioxidant pathways that diminish the intracellular levels
of ROS protecting nitrogenase from ROS toxicity. These
results complement the respiratory protection hypothesis
previously described and allow a better comprehension of
nitrogenase activity in aerobic environments.
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