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In thiswork, we evaluated the effects of cadmium (Cd) on the antioxidant defense system responses and
the role of nitrate reductase (NR) in the redox balance maintenance in Bradyrhizobium japonicun strains.
Forthat, B japonicum USDA110 and its NR defective mutant strain (GRPAT) were used. Results showed
that the addition of 10 uM Cd did not modify the aerobic growth of the wild type strain while the mutant
strain was strongly affected. Anaerobic growth revealed that only the parental strain was able to grow
under this condition. Cd reduced drastically the NR activity in B. japonicwm USDAT10 and increased lipid
peroxide content in both strains. Cd decreased reduced glutathione (GSH)/oxidized glutathione (GSSG)
ratio in B japonicum USDAT10although, a significant increased was observed in the mutant GRPA1.GSH-
related enzymes were induced by Cd, being more evidentthe increase in the mutant strain. This different

behavior observed between strains suggeststhat NR enzyme plays an important role in the redox balance
maintenance in B. japonicunt USDA 110 exposed to Cd.

1. Introduction

Nitrogen is a basic element for life being a constituent of main
macremelecules, proteins and nucleic acids. Despite de fact that
nitrogen is essential for living organisms and consist in 78% of the
atmosphere, this form cannot be used by animals or by plants due
to the stability conferred by a molecular triple bound. Thus, for use
in metabolic processes it must be oxidized or reduced to combined
and assimilable forms, such as nitrate (NO3 ) or ammonium (NHs ™)
[1]. The N-cycle includes both reductive and oxidative processes,
in which prokaryotes play a predominant role. Nitrogen fixation
and nitrate assimilation are assimilatory pathways that generate
ammonium that is further incorporated inte cell, mainly by the
glutamine synthetase-glutamate synthase (GS-GOGAT) route. The
first pathway is carried out by free living or symbiotic diazotrophic
prokaryotes, while the second pathway is carried out by bacte-
ria, fungi, algae and higher plants, and almost all living organisms
able te incorporate ammonium into carbon skeletens. In contrast,
some prokaryotes can obtain metabolic energy by redox processes
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involving nitrogen compounds, such as nitrification and denitri-
fication [2]. The denitrification constitutes one of the three main
branches of the biogeochemical nitrogen cycle, in which prokary-
otes take place since they have all the enzymes ableto carry out this
process [3,4]. The nitrate reductase (NR) enzyme catalyze the first
step ofthe denitrification pathway where nitrate (NOs~ ) is reduced
to nitrite (NO,~). Denitrifying bacteria not only can reduce NO;~
to NO;~ but also to nitric oxide (NO) and nitrous oxide (N>Q) to
dinitrogen (Nz).

Twotypes of dissimilatory nitrate reductases have beenfound in
denitrifying bacteria. One is known as the respiratory membrane-
bound nitrate reductase (Nar), and the other is the periplasmic
nitrate reductase {Nap) [5-7]. It is known that Nap system has
different physiclogical functions such as redox balancing to dissi-
pate excess reducing power in Paracoccus and Rhodobacter species
[8-10]. It catalyses the first step of aerobic denitrification in Para-
coccus denitrificans [11], and could also participate in adaptation
toanaerebic metabolism inRalstonia eutropha [ 12,13]. Considering
many functions ef Nap activity, nap gene expression canalsobe dif-
ferent depending on the organism [ 5]. In Escherichia coli, nap gene
is maximally expressed at low nitrate concentrations under anaer-
obic conditions [ 14-17]. On the other hand, the Nap system from
R. eutropha is maximally expressed under aerobic conditions at the
stationary phase of growth and is not induced by nitrate [13]. In
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Paracoccus pantotrophus, maximal nap expression is found in cells
growing aerobically with butyrate, a highly reduced carbon source,
even inthe absence of nitrate [3].

Bradyrhizobium japonicum belongs to a group of bacteria collec-
tively referred as rhizobia. It is a Gram negative soil bacteriumwith
high agronomic importance since it is able to establish a symbiotic
nitrogen-fixing association with soybean plant, contributingto soil
fertility. Once introduced inte soils, bradyrhizobia can survive for
vears and the population level will depend on soil characteristics
and soybean cropping history [ 18]. Denitrification pathway is rare
inrhizobiastrains since most species do not containthe entire set of
denitrification genes. B. japonicum is the only true denitrifier rhizo-
bia.It has beenshownthat it reduces NO;~ simultaneously to NH4 "
and N> when cultured microaerobically with nitrate not only as a
source of nitrogen but also as a terminal electron acceptor. More-
over, B. japonictom USDAT110, is the only rhizobium in which the
denitrification genes (napEDABC, nirK, ner CBQD and nosRZDFYLX)
have been isolated and characterized [19].

Cadmium (Cd) is a chemical element that does not have any
biclogical function known and is highly toxic even at low con-
centration. It can be introduced into agricultural seils through
phosphate fertilizers, sewage sludge, and atmospheric fallout from
industrial and urban activities [20,21]. In this way, Cd can not
only affect soil microorganisms and plants that have a high eco-
nomic value but alse it can accumulate in organisms, transfer
from one trophic level te the next and multiply its concentration
along the food chain [22]. This metal is known to induce oxida-
tive status alterations in microorganisms, increasing the levels
of reactive oxygen species (ROS) such as superoxide anion rad-
ical (O5*~), hydrogen peroxide (Hz05), and the highly reactive
hydroxyl radicals (~OH) [23]. Studies performed on soil bacterial
communities exposed to Cd are scarce even more on rhizobia. In
a previous work, we have demonstrated that Cd caused oxida-
tive stress, modification of intracellular inclusions, and alterations
of the antioxidant defense system in Bradyrhizobium sp. (peanut
microsymbiont) [24,25].

Enzymatic and non enzymatic defense systems allow microor-
ganisms to maintaintheir cellular redex status reducingdeleterious
effects of Cd [26]. GSH is the most abundant intracelular thiol that
may complex heavy metals and is invelved in ROS sequestration by
its oxidation to GSSG [27]. Moreover, enzymatic defense involved
in GSH metabolism such as GSH peroxidase {GPx), GSH reductase
{GR) and GSH-S-transferase (GST) contribute to mitigate Cd effects

25].

Studies on seil microorganisms growing in heavy metal con-
taminated environment are scarce. Moreover, it is known that NR
enzyme participates inthe redox balance dissipating excess reduc-
ing power under certain metabolic conditions, however there is no
report regarding NR enzyme in redox balance maintenance under
heavy metal stress. Therefore, we decided to evaluate the role of
NR activity as well as the participation of the antioxidant defense
system in B japonicuim exposed to Cd.

2. Materials and methods
2.1. Bacterial strains and growth media

B. japonicuni USDAT10, able toinfect soybean (Gly cine max L.) (USDA, Belstville),
and the nitrate reductase mutant (GRPAT), obtained by disruption of the napA gene
[28], were used in this study.

Cultures were grown in yeast extract-mannitol (YEM) medium [29] supple-
mented with different concentrations (0-20 uM) of Cd [as CdClz 2.5H;0) and
incubated on an orbital shaler (150rpm) at 28° Cduring 72 h.

Antibiotics were added to B. japonicum GRPAL culture at the following concen-
tration: 200 pg/ml of spectinomycin and 200 jug/ml of streptomycin. The number
of viable cells was determined at different time points of bacterial growth as colony
forming units (CFUYml by the drop-plate method [30] on YEM solid medium (15%
agar wiv).

Anaerobic cultures were lept at 28° C in YEM medium supplemented with
10mM KNGy in completely filled, rubber-stoppered serum bottles. Antibiotics were
added to B, japenicum USDAT10 GRPAT culture.

2.2, Determination of nitrate reductase activity

Cells of B. japonicum grown aercobically in YEM medium were harvested by cen-
trifugation (8000 g for 10min at 4°C), washed twice with YEM, resuspended in
150 ml of the same medium supplemented with 10 mM KNO5, and finally incubated
under anaerobic conditions for 96 h. After incubation, the cells were washed with
50 mM Tris/HCl buffer (pH 7.5) and then resuspendedin 1ml of the same buffer. The
reaction mixture contained 50 mM Tris/HC buffer (pH 7.5), 10 mM KNO;, 200 mM
methyl viologen (MV*) and 50 ml cell suspension (0.3-0.5mg protein). The reaction
was started by the addition of 50 ml of freshly prepared sodium dithionite solution
(Bmgml ') inTris/HC buffer. After incubation for 10min at 30° C, the reaction was
stopped by vigorous shaking until the samples had lest their blue color. Nitrite was
estimated after diazotation by adding the sulfanilamide/naphthylethylene diamine
dyhydrochloride reagent [31].

2.3, Assessment of oxidative damage

The quantification of lipid peroxide was estimated by determining MDA (malon-
dialdehyde) reacting to TBA (thicbarbituric acid)-reactive substance following the
method described by [32] with modifications. Bacterial pellets were obtained
from cultures in late exponential phase of growth by centrifugation for 10min at
10,000 » g at 4°C and washed twice with 0.85% sterile NaCl, as previously described
[24]. Samples were resuspended in 50mM phosphate buffer at pH 7 and 28 pl of
trichlorcacetic acid (TCA), vortexed, sonicated (width: 80; time: 2 min, pulse, every
6s) and then centrifugated at 2000 s g at 4°C for 15 min. Finally, 100 pl of super-
natant were added to an assay mixture of 100wl of 0.1 M EDTA and 600 l of a
solution of 17 [w/v) TBA and 50 mM NaOH. Samples were lkept in boiling water for
15min and, after cooling, the absorbance at 532 nm was measured.

2.4. Determination of glutathione content

Cell pellets were obtained from bacterial cultures at late exponential phase of
growth by centrifugation for 10 min at 10,000 s g at 4°C. Cells were homogenized
in 5% 5-sulfosaliclic acid using a homogenizer with plunger and centrifuged for
10minat 10,000 s gat 4" Ctoremove cell debris and thenwashed twice with 0.85%
sterile NaCl. The supernatants were used to measure total GSH content [33]. GS5G
was determined by the same method in the presence of 2-vinylpyridine and GSH
content was calculated as the difference between the two forms. The supernatant
(15 1) was added to 0.174 mgml ' NADPH, 0.6 mM 5,5/ -dithio-bis(2 -nitrobenzoic
acid) (DTNB) and distilled water to complete 1 ml. This mixture was incubated for
15min at 30°C. Then, 5l of glutathione reductase (266 Uml ') were added. The
reaction was followed at 412 nm and the total GSH content was calculated from a
standard curve using GSH (0-30 wmol). In order to measure GS5G the supernatant
was incubated with 2 pl of 2 vinylpyridine followed by 5l of triethanolamine
(TEA), the latter being placed on the side of the tube above the level of the lig-
wid. 2-Vinylpyridine and TEA were added to ensure that GSSG is the only form of
glutathione that can react with the DTNE reagent. The solution was vortex-mixed
for 30 s and left at room temperature for 60 min. Afterwards, 100 pl of the resultant
solution was assayed as described above. Calibration curves were carried out using
GSSG samples (0-10 pmol) treated exactly as above. The intracellular G5H content
was expressed as mol GSH/mg protein. Protein was estimated by the Coomassie
blue staining method with bovine serum albumin as standard [34].

2.5. Enzymatic assays

Bacterial pelletswere obtained as described in assessment of oxidative damage.
Pellets were resuspended in 2 ml of extraction buffer (50 mM phosphate potassium
buffer, EDTA pH 7.5) and sonicated (as described before). The supernatants were
used to determine enzymatic activities.

GPx activity was determined as described by Flohe and Gunzler [35]. The assay
mixture in 1 ml contained 100wl of protein extract, 0.1 M phosphate buffer at pH
74,0240 GCGRand 10 mM G5H. Then 1.5mM NADPH and 1.5 mM Hz 0z were added.
Thereactionwas measured following NADPH oxidation at 340 nm. One unit of GPxis
defined as the quantity of enzyme neededtoproduce 1 pmol NADP* /min. GR activity
was determinedas describedby Sheadle and Bassham [ 96 ]. The assay mixturein 1 ml
contained 300 pl protein extract, 0.5 mM GS5G and reaction buffer (50 mM Tris-HQ,
0.15mM NADPH, 2 mM MgCly at pH 7.5). Areaction without G55G was performedin
order to determine the non-specific consumption of NADPH. The reduction of GS5G
by GRwas followed by the NADPH oxidation at 340 nm. One unit of GRis defined
as the quantity of enzyme needed to produce 1 wmol NADP* fmin. GST activity was
assayed by Habig et al. [37] technique, measuring G5H conjugates with 1-chloro-
2,4-dinitrobenzene (CONB) as substrate. The assay mixture in 1 ml contained 0.1 M
phosphate buffer atpH 7,025 mM CONBE, 4mMGSH and 200 g protein extract. The
enzymatic activity was followed continuously at 340 nm. One unit of GSTis defined
as the quantity of enzyme needed to produce 1 umel conjugated CONB-G5H min.
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Fig. 1. Acrobic growth of wild type B. japonicum USDAT10 (A) and napA mutant
derivative GRPAT (B) at different cadmium concentrations.

2.6. Statistical analysis

Differences among treatments were analyzed by two-way ANOVA at P< 0.05 as
significant according to Duncan's test.

3. Results
3. 1. Effects of cadmium oncell viability

Bradyrhizobium sp. strains were grown on YEM complex
medium to analyze whether Cd affects their growth by measuring
the viable cell number each 24 h. The wild-type strain (B. japon-
icuim USDA110) grew up to 20 uM Cd (Fig. 1A) meanwhile the NR
defective mutant strain({GRPA1) was unableto grow at this concen-
tration (Fig. 1B). At the Cd concentration evaluated, both strains
showed an extended lag growth phase, being clearly more evi-
dent inthe napA mutant. Anaerobic growth revealed that only the
parental strain was able to grow under this cendition (Fig. 2).

3.2, Nitrate reductase activity in response to Cd

NR activicy of the wild type was 777.42+067 and
307.28 £0.99 nmol nitrite/min/mg protein in control and Cd-
treated conditions, respectively. This results showed a 60% of
significant reduction of NR activity when strain was exposed to
Cd. In order to corroborate the mutation of napA gene, nitrate
reductase activity was measured on the mutant strain. In control
conditions, the activity found in B. japonicwm GRPAI1 (95.94 nmol
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Fig. 2. Nitrate-dependent anaerobicgrowth ofwild-type B. japonicumUSDA110 and
napA mutant derivative GRPAL.

nitrite/min/mg protein) represent only 12% of total activity
observed inthe wild type strain at the same condition.

3.3. Lipid peroxidation

Quantificationof MDA content in B. japenicum USDA110showed
a significant increased when exposed to 10 M of Cd compared to
control conditions. This behavior was also observed in the mutant
strain GRPA1 (Fig. 3).

3.4. Biothiols induced by cadmium in bacterial cells

GSH content of the wild type and the mutant strains showed
a significant increased when exposed to Cd. However, GSSG
remained unchanged in both strains.

Comparison between strains exposed to metal showed that B
japenicum GRPA1 was able to induce more GSH than the wild type
strain. In control condition, GSSG content was higher inthe mutant
strain thanthe wild type one and this behavior was also observed
after Cd treatment (Table 1).
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Fig. 3. MDA contentin Bradyrhizobium japonicum exposed to 10 M cadmium. Data
represent the mean +£5E (n=4). Different letters in each column indicate significant
differences between strains for a same treatment. Different numbers in each col-
umn indicate significant differences between treatments for each strain (P<0.05)
according to the Duncan's test.
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Table 1
Glutathione content in Bradyrhizobium japonicum strains exposed to cadmium.

E Bianucci et al { Enzyme and Microbial Technology 53 (2013) 345-350

Strains GSH (nmol/mg protein)

Cadmium addition (L)

i] 10
UspDA 110 1.77 £ 0.12 Al 3.35+ 036 A
GRPAT 1.60 £+ 0.01 A1 14.11 £ 1.96 B2

GSS5G (nmol/mg protein)

GSH|GS5Gratio

0 10 0 10
0.01 +£0.01 Al 0.03 £ 0.01 Al 177 111
010 +£0.01 B1 0.19 £ 0.01B1 842 7432

Data represent the mean £5

). Different numbers in each row indicate significant differences between treatments for each strain. Different letters in each column

indicate significant differences between strains for a same treatment (P<0.05) according to Duncan’s test

3.5, Glutathione related enzymes

The determination of GSH-related enzymes (GPx, GR and GST)
of B japonicum strains showed different responses to Cd exposure
(Fig. 4A-C). GPx activity was strongly induced by Cd in both strains
however, the enzyme basal activity inthe mutant strain was higher
than the wild type one. Even whenthis behaviorwas also abserved
for GR, increased enzyme activity induced by Cd was greater in the
mutant strain.

Cd caused an increase of GST activity in both strains. However,
this increase was higher in the wild type strain (3 fold). In contrast,
no differences were observed when comparingthe strains between
equivalent treatments.

4. Discussion

It is documented that ene of the main effects of Cd on microor-
ganisms is the alteration of the cell oxidative status, increasing ROS
production [23] and inducing lipid, protein and DNA alterations
[38.39]. Until now, there is no experimental evidence that involve
NR with Cd oxidative stress. It is known that this enzyme is active
both aerobically and anaerobically and is inveolved in the mainte-
nance of the redox status of the cells in Rhodococcus [40]. Growth
rate differences observed in B japonicum strains could be due to
the oxidative cell status modified by the presence of the metal
that induced oxidative stress. Nevertheless, the wild type strain
grew up to 20 pM Cd, suggesting that the presence of NR allows
cells to maintain its redox status and therefore confers a higher Cd
tolerance.

Denitrification is an important process in the biological cycle of
nitrogen, where bacteria play an important role as they have all
the enzymatic machinery to carry out this process [3,4]. Liu et al.
[41]studied Cd and Pb effects on urease, phosphatase, catalase and
invertase enzymatic activities ofsoil bacteria and fungi. The results
obtained showed that the most negative effects were observed
after Cd treatment. Our results demonstrated that Cd decreased
NR activity of B. japonicum USDA110. Considering that Cd induce
oxidative stress by depletion of the enzymatic defense system [42],
it could be suggest that in the wild type strain, the reduction of
NR activity is related to an increase in ROS production affecting its
functionality.

Literature reviewed indicates that Cd is able to induce lipid per-
oxide in eukaryotic cells [43,44] however, studies on prokaryotic
cells are scarce. Cd does not experiment redox changes, so it is
not involved in ROS production in a direct way. ROS production
could be duetoa displacement of bounding Fe?* proteint hat leaves
this ion available to participate on Fenton-type reactions, caus-
ing oxidative stress. Pacheco et al. [45] reveled that 30 p.g/ml Cd
induced lipid peroxides on E. coli K-12 BW25113. Similar results
were found in the sensitive peanut microsymbiont Brad yrhizobium
sp. SEMIAG144 strain, exposed to 10 pM Cd [25]. Results obtained
in this study are in agreement with these authors since Cd induced
an increase in the MDA content in B. japonicum strains. Cd dam-
age on membrane lipids of the wild type strain was similar to the

J-Ccntrnl B2 &
ao0 o771 10uM Cd
AT
s
2 %
B Z,
&5 600 o
(=]
B E /
E = /
2E 7
ol
77
© 2 a004 7
g 7
13
= - B1
0-
B. japonicum USDA110 B. Japonicum GRPA1
I Control B
7777 10uM Cd
210 82
g 1 3
2
2140 77
E ’
gz %
g E o
5%
w3 7
g 704 B1 L
£ A2
Al %%?
n4
. 8. japonicumJSDA 110 8. japonicurn GRPA1
I Control B2 c
10uM Cd B2
=]
=
z g
2 B
< E
= 'n
8 22
z
5
£
£
04

B. JaponicumUSDA 110 B. japonfcum GRPA1

Fig. 4. Activities of GSH related enzymes in Bradyrhizebivm japonicum USDA 110
and GRPA1 exposed to 10 wM cadmium. (A) GPx.(B) GR. (C) GST. Data represent the
mean+£5E (n=4). Different letters in each column indicate significant differences
between strains for a same treatment. Different numbers in each column indicate
significant differences between treatments for each strain (P< 0.05) accordingto the
Duncan's test.



E. Bianucci et al.

mutant strain, but isimpeortant to highlight that in control condition
B. japonicum GRPA1 had higher lipid peroxide content thanthe wild
type strain. Cd reduced B. japonicum growth and induced lipid per-
oxide, being more evident in the mutant strain. Therefore, it could
indicatethat NRis involved incellular redoxbalance contributingto
a better adaptation against metal. Probably, in the wild type strain
the NR enzyme and the antioxidant defense system could be play-
ing an important role that allows B japonicum USDA110 to have a
highviability, evenwhen lipid peroxide content is enhanced, under
Cd stress.

GSH is the most abundant intracellular thiol that may complex
heavy metals and is involved in ROS sequestration by its oxidation
to GSSG [27]. This molecule keeps a strong reducing environment
inthe cell and participates in different stressing conditions such as
acidity, salinity, H;Os and methylglyoxal reducing cellular damage
[46,47]. Corticeiro et al. [438] demonstrated that Cd addition pro-
duced atotally oxidationof GSH in Rhizobium leguminosarum biovar
viciae. Moreover, studies performed on Bradyrhizobium sp. revealed
that GSH contribute tothe tolerance of the peanut microsymbiont
strains against Cd toxicity [24]. In both strains, Cd induced GSH
synthesis although the GSH/GSSG ratio was different, since in B.
japonicum USDA110 this ratio was decreased while the opposite
result was observed inthe mutant strain. This differential response
of the studied strains is due to a significant increment on GSH con-
tent while the level of GSSG kept unaltered in the mutant strain
compared with the wild type one. Furthermeore, GSSG content was
significantly higher in Bradyrhizobium GRPA1 strain thaninthe wild
type one, under control condition. Taken toget her, the increase in
biothiols content and the elevated amount of lipid peroxide found
onthe mutant strain suggest that NR enzyme contributes to cellular
redox balance inbacteria. The elevated GSH/GSSG ratio observedin
the mutant strain could result in higher concentrations of free GSH,
allowing to cell to maintain a reduced environment and mitigate
ROS effects.

In order to evaluate whether GPx, GR and GST enzymes are
involved against Cd toxicity, their specific activities were analyzed
on B. japonicum strains exposed to metal. CPx and GR enzymes have
an important role in GSH/GSSC maintenance being crucial to keep
cellular redox status. Our results showed that GPx and GR activity
were significantly induced by Cd, beingthe increment of GR activity
higher in the mutant strain thanin the wild type one. These results
are in agreement with those obtained by Bianucci et al. [25] and
Corticeiro et al. [48] where a strongly induction of the GSH-related
enzymes was observed inrhizobiastrains exposedto Cd. Qurresults
revealedthat the GR enzyme is being strongly induced totransform
GSSG to GSH. Thus, free GSHis available to be complexed to Cd ions
and mitigate ROS induced damage.

Glutathione-S-transferases (GSTs) are detoxifying enzymes
present in all aerobic organisms [49]. However, less information is
available onthe biclogical functions ofbacterial GSTs, being mainly
related to growth and degradation of aromatic compounds [49,50].
It was already demonstrated in S cerevisiae that GSTs appear to
be crucial against ROS as well as in overall cellular detoxification
of toxic oxidants such as H:Q; and arsenic species [31]. Studies
of GST activity performed on prokaryotic cell exposed to heavy
metals are scarce. Results obtained by Bianucci et al. [25] revealed
that 10 M Cd decreased GST activity in Bradyrfizobium sp. strains.
In this study, GST activity increased in both B. japonicum strains,
although this increment was higher in the wild type strain. GST
enzymatic induction by Cd suggest that this enzyme could be form-
ing conjugates with GSH and oxidative stress products (oxidized
lipids, proteins and DNA) avoiding metal cellular damage. Particu-
larly, GSH content and GR activity inthe mutant strain were higher
than in the wild type strain. Possibly, a still undescribed mecha-
nism allows cells to increase free GSH availability instead of being
used by GST enzyme.

{ Enzyme and Microbial Technology 53(2013) 345-350 349

The differential behavior observed in the B. japonicum strains
suggest that NR enzyme would have an impoertant role, allowing
the microorganismto maintain a correct redox balance and limiting
metal caused damage, particularly on ROS generation.

5. Conclusion

In B japenicum USDA110, NR activity would have an important
role inthe cellular redox balance maintenance against Cd toxicity.
Thus, NR activity, together with the antioxidant system, could allow
tobradyrhizobial cells to have a better growing, aveiding oxidative
damage to macromolecules by Cd exposure.
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