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Oxidative stress can strongly affect biological nitrogen fixation (BNF) in nodules; therefore, the antiox-
idant system in nodules works to reduce the damage caused by the deleterious effects of oxidizing
compounds and maintain adequate BNF. In this context, the objective of this work was to evaluate
variables related to BNF and oxidative metabolism in the nodules of cowpea inoculated with Bradyrhi-
zobium sp. and grown in soils subjected to different levels of composted tannery sludge amendment. A
randomized block design was used with a 4 � 2 factorial scheme, involving four doses of composted
tannery sludge (0, 5, 10, and 20 t ha�1) for uninoculated cowpea and cowpea inoculated with Bra-
dyrhizobium sp. The cowpea inoculated with Bradyrhizobium sp. showed a better growth response than
the cowpea inoculated with native rhizobia. Increases in the number of nodules, nodule dry mass, ni-
trogen fixation efficiency and nitrogen content were recorded in the cowpea inoculated with Bradyrhi-
zobium sp. grown in soils with composted tannery sludge. The cowpea nodules colonized by
Bradyrhizobium sp. showed lower hydrogen peroxide levels, while leghemoglobin was maintained at the
highest levels. The catalase and phenol peroxidase enzymes were positively modulated in the nodules of
the cowpea inoculated with Bradyrhizobium sp. We conclude that the presence of composted tannery
sludge affects the establishment and development of the symbiosis between rhizobia and cowpea,
mainly between native soil rhizobia and cowpea. When cowpea was inoculated with Bradyrhizobium sp.,
it was concluded that these plants were able to maintain better plant growth and nitrogen capture and
lower oxidative stress in their nodules. Thus, inoculation with Bradyrhizobium sp. could be a useful tool
for minimizing the deleterious effects of exposing plants to composted tannery sludge and for ensuring
plant growth and productivity.
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1. Introduction

The interactions between plants and microorganisms that occur
in the rhizosphere have important implications for agriculture
worldwide [1,2]. Plants and microbes perform important ecological
functions such as biological nitrogen fixation (BNF) when they are
intrinsically connected. BNF takes place in bacteroids, which are
differentiated forms of rhizobia present in the nodules of legumi-
nous plant roots, such as peanut, cowpea, lentil, common bean,
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lima bean, and soybean roots [3]. In this process, atmospheric ni-
trogen is converted to ammonia, which is an assimilable form of
nitrogen for plants [4]. Members of the rhizobia group, particularly
the Rhizobium and Bradyrhizobium genera, are nitrogen-fixing
bacteria that interact with specific forms of host plants and thus
infect a limited range of hosts [1].

BNF depends on the host plant genotype, host photosynthesis
and strain of rhizobia and is responsive to pedoclimatic factors [2].
Cowpea (Vigna unguiculata [L.] Walp) displays nodules in the
presence of various species of rhizobia bacteria [5]. Several studies
have shown that some strains of rhizobia can promote increased
productivity through effective symbiosis and therefore promote
high agronomic efficiency [6,4]. Cowpea has been used in studies
aimed at optimizing BNF by selecting strains [7] or by producing
new vehicles for inoculation [8]. However, the establishment and
development of cowpea-rhizobia symbiosis under adverse condi-
tions, such as high heavy metal concentrations, have been poorly
studied [9,10].

Chromium (Cr) is a heavy metal that is present at high con-
centrations in tannery sludge, a sub-product of the tannery in-
dustry that is produced during the tanning process [9]. In addition
to the presence of high concentrations of Cr, organic matter origi-
nating from animals, inorganic salts, and carbonates are also pre-
sent in sludge [10]. Landfilling is the most commonly used method
for disposing of tannery sludge, but other methods, such as the
production of organic compost that may be used in agricultural
soils, have been suggested [10,11]. When properly executed, com-
posting tannery sludge reduces Cr levels [12]. Composted tannery
sludge can be used in agriculture; however, the long-term appli-
cation of composted tannery sludge results in increased salinity,
soil alkalinity, and Cr accumulation [9].

Although previous studies have indicated that composted
tannery sludge has positive effects on plant growth and produc-
tivity [10,11,13], the efficiency of cowpea-rhizobia symbiosis in
such environments remains poorly understood. Cr accumulation
has toxic effects on plant-soil ecosystems [14,15] and can induce
oxidative stress [16]. Oxidative stress occurs when the amount of
reactive oxygen species (ROS) formed inside the cell is greater
than the amount of ROS that the cell can remove [17,18]. In this
context, the activity of the antioxidant defense system, which
involves both antioxidative compounds and enzymes, represents
an important mechanism for combating or controlling the
possible oxidative damage induced by the presence of heavy
metals [19,20]. In bacteroids, oxidative stress increases oxidative
reactions and damage to cellular constituents, which accelerates
nodule senescence, reduces BNF, alters photosynthesis, and in-
creases lipid peroxidation and protein oxidation, which decreases
plant productivity [3,20].

The establishment and development of symbiosis involves a
complex molecular dialogue between the host and symbiont and
is mediated by chemical signals [21]. Hydrogen peroxide (H2O2)
is a ROS that acts as a signaling molecule in many physiological
processes and probably mediates the establishment of legume-
rhizobia symbiosis [19,20]. It is possible that H2O2 acts as a de-
fense mechanism against the oxidative stress caused by excess Cr
in the presence of effective plant-microbe symbiosis. In this
situation, the antioxidative enzymes in nodules are stimulated,
and high rates of BNF are maintained. We hypothesize that
effective cowpea-rhizobia symbiosis minimizes the deleterious
effects of excess Cr compared with cowpea nodulated with
native rhizobia. Thus, this study aimed to evaluate the variables
related to BNF and antioxidative metabolism in the nodules of
cowpea inoculated with Bradyrhizobium sp. and grown in soils
subjected to six years of successive applications of composted
tannery sludge.
2. Materials and methods

2.1. Long-term tannery sludge application: general aspects

A long-term field experimentwas initiated in 2009 and has been
used to study the changes in a plant-soil ecosystem after successive
applications of composted tannery sludge to the soil at doses of 2.5,
5, 10, and 20 t ha�1 (dry basis). This research was conducted in the
experimental area of the Center of Agricultural Science located at
the Federal University of Piaui (Teresina, Piaui, Brazil). Tannery
sludge was continuously composted using the aerated-pile method
after beingmixed with sugarcane straw and cattle manure at a ratio
of 1:3:1 (v/v/v), and chemical analyses were performed on the
composted tannery sludge. This sludge was spread over the soil
surface (0e20 cm) in plots of 20 m2 in a completely randomized
design, with rows spaced 1.0 m apart. After spreading, the com-
posted tannery sludge was incorporated using a harrow. Each
composted tannery sludge application rate was used for four plots.
For soil sampling, a 12 m2 area in each plot was considered as the
usable area. The soil was classified as a Fluvisol, with 10% clay, 28%
silt and 62% sand in the 0e20 cm layer.

2.2. Preparation of the inoculant

The BR 3267 strain of Bradyrhizobium sp. used in the greenhouse
experiments was obtained from the National Center for Research in
Agrobiology (Serop�edica, Rio de Janeiro, Brazil). The BR 3267 strain
was purified in yeast mannitol agar (YMA) mediumwith 0.25% (w/
v) Congo red as an indicator. After purification, the BR 3267 strain
was multiplied in tubes with YMA medium without the indicator.
To prepare the inoculant, the BR 3267 strain was placed in Erlen-
meyer flasks with yeast mannitol (YM) liquid medium and incu-
bated for 96 h in a rotator shaker set at 220 rpm (28 �C).

2.3. Greenhouse experiment

For the greenhouse experiment, soil was collected from the
different plots maintained in the previously described long-term
field experiment. To fill the pots, soil collected from the 0e20-cm
soil layer was sieved (2.0-mm-mesh sieve) and homogenized af-
ter air-drying. Pots containing 3.8 kg of the unsterilized soil were
amended with CaCO3, P2O5 and K2O according to the recommen-
dations obtained from the soil chemical analysis (Table 1). Soil from
an adjacent area without the application of composted tannery
sludge was used as a control. In each pot, cowpea (Vigna unguicu-
lata [L.] Walp. cv. BRS Guariba) seeds were sown after being dis-
infected. For disinfection, the cowpea seeds were immersed in 70%
(v/v) ethanol for 30 s and 2% (v/v) sodium hypochlorite for 60 s.
Subsequently, the seeds were rinsed seven times with sterile
distilled water.

Cowpea seeds were sown in pots containing soil amended with
composted tannery sludge (5, 10, or 20 t ha�1) and simultaneously
inoculated with 1.0 mL of YMmedium containing the BR 3267 strain
at 108 CFU mL�1. Additionally, uninoculated cowpea seeds were
sown in pots containing soils amended with composted tannery
sludge (5, 10, or 20 t ha�1). For the control (zero level), uninoculated
cowpea seeds or cowpea seeds inoculated with Bradyrhizobium sp.
were grown in the soil in the absence of composted tannery sludge
and collected in an adjacent area, as noted above. On the seventh day
after planting, two plants were left in each pot. All plants were
irrigated with Hoagland and Arnon's nutritive solution modified
according to Silveira et al. [22] and without nitrogen.

The adopted experimental design consisted of a randomized
block design with four replications. The treatments were arranged
in a 4 � 2 factorial design involving four levels of composted



Table 1
Chemical analysis of the soil used in the experiment. The soil was collected after the application of 5,10 and 20 t ha�1 of composted tannery sludge for six consecutive years and
utilized to fill pots. An adjacent area that did not receive composted tannery sludge was used to fill the control pots (level zero). TOC is total organic carbon.

Soil samples pH TOC P K Na Al Ca Mg Cr

(H2O) (g kg�1) (mg dm�3) (cmolc dm�3) (mg kg�1)

Adjacent area 6.2 5.60 3.3 42.3 1.0 0.07 0.77 0.10 3.8
5 7.0 7.39 7.9 51.0 1.1 0.07 1.51 0.16 55.9
10 7.3 7.74 11.2 49.5 1.2 0.06 1.32 0.19 75.2
20 8.1 10.50 18.6 58.5 1.2 0.06 1.61 0.48 253.5
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tannery sludge (0, 5, 10, and 20 t ha�1) in uninoculated cowpea and
cowpea inoculated with Bradyrhizobium sp. The experimental unit
was composed of a pot with two plants.
2.4. Measurements

Throughout the experimental period, the heights of the cowpea
plants were measured and used to calculate absolute growth rate.
At harvest (65 days after planting), the length of the major root of
each collected plant was measured using a measuring tape, and the
collected plant material was partitioned into shoots, roots, and
nodules. The numbers of nodules were manually counted. The dry
masses of the shoots, roots, and nodules were determined after
drying in a forced aeration oven at 65 �C until a constant weight
was achieved. The nitrogen contents in the shoots and nodules
were measured using the methods described by Bremner [23].
Based on the aforementioned data, the nitrogen fixation efficiency
[24], shoot dry matter nitrogen content, accumulated nitrogen
content, and specific nodulation were calculated.

Fresh cowpea nodules were used to quantify leghemoglobin
using Drabkin's reagent according to themethodology described by
Smagghe et al. [25], and the resulting data were expressed in mg
g�1 fresh weight (FW). After extraction with 5% (w/v) trichloro-
acetic acid, fresh nodules were used to measure their H2O2 content
and lipid peroxidation. The H2O2 content was determined accord-
ing to the method described by Brennan and Frenkel [26], and the
resulting data were expressed as mmol of H2O2 g�1 FW. Lipid per-
oxidation was quantified by measuring of the malondialdehyde-
thiobarbituric acid (MDA-TBA) complex, as described by Heath
and Packer [27], and the resulting data were expressed as hmol
MDA-TBA g�1 FW. The catalase (CAT) and phenol peroxidase (POX)
activities weremeasured in fresh nodules as described by Havir and
McHale [28] and Amako et al. [29], respectively.

The enzymatic extract employed in the assays was the super-
natant collected after centrifugation of themacerated fresh nodules
at 14,000 g for 25 min at 4 �C in the presence of 100 mM K-phos-
phate buffer (pH 7.0) containing 1.0 mM EDTA. CAT activity (EC
1.11.1.6) was assayed in aliquots of the enzymatic extract after
mixing with 50 mM K-phosphate buffer (pH 7.0) containing
20 mM H2O2 at 30 �C, and the decrease in absorbance at 240 nm
was monitored. CAT activity was calculated based on an extinction
coefficient of 36 mM�1 cm�1 and expressed as mmol H2O2 g�1 FW
min�1. To determine the POX activity (EC 1.11.1.7), aliquots of the
enzymatic extract were mixed with 50 mMK-phosphate buffer (pH
7.0) containing 20 mM pyrogallol. The reaction initiated by the
addition of 20 mM H2O2 was stopped after 300 s by adding 0.5% (v/
v) H2SO4. The absorbance of the samples was obtained at 420 nm,
and POX activity was calculated using an extinction coefficient of
2.47 mM�1 cm�1 and expressed in mmol pyrogallol g�1 MF min�1.
2.5. Statistical analysis

The results were subjected to analysis of variance (ANOVA)
preceded by the F test at the 5% probability level. Initially, the data
were analyzed using the Shapiro-Wilk test to evaluate normality. To
compare the means of each level of composted tannery sludge,
Student's t-test (p < 0.05) was utilized. Dunnett's test (p < 0.05) was
used to identify the effects of Bradyrhizobium sp. (BR 3267) inoc-
ulation relative to uninoculated cowpea for each level of composted
tannery sludge. Pearson's correlation coefficient and simple
regression analysis were carried out to seek a correlation between
the obtained variables and the composted tannery sludge dose, Cr
concentration, and soil pH (p-values less than 0.05 were considered
statistically significant).
3. Results

The uninoculated cowpea and cowpea inoculated with Bra-
dyrhizobium sp. (BR 3267) displayed different growth responses
when cultured in soils with different doses of composted tannery
sludge. The growth variables of the uninoculated cowpea and the
cowpea inoculated with Bradyrhizobium sp., including the absolute
growth rate, root length, shoot and root dry weight, number of
nodules, and nodule dry weight, were analyzed in response to the
sludge dose, Cr level and soil pH using simple regression and
Pearson's correlation analyses. ANOVA showed significant in-
teractions between the composted tannery sludge dose and inoc-
ulation with Bradyrhizobium sp. that affected the absolute growth
rate (F ¼ 77.7, p < 0.0001). Regression and correlation analysis
showed that the absolute growth rate of the uninoculated cowpea
is not significantly and linearly correlated with increasing sludge
dose, Cr levels or soil pH (Table 2 and Fig. 1A).

The cowpea inoculated with Bradyrhizobium sp. and grown in
soils without composted tannery sludge exhibited an absolute
growth rate increase of 120% when compared with uninoculated
plants grown under the same conditions. Composted tannery
sludge application resulted in an increase in the absolute growth
rate (~30%) in the uninoculated plants, but this increment was
reduced by approximately 10% when the doses of composted tan-
nery sludgewere increased (Fig. 2A). In the cowpea inoculatedwith
Bradyrhizobium sp., a significant linear relationship and negative
correlations between the absolute growth rate and sludge dose, Cr
level and soil pH were observed, indicating decreasing growth with
increasing sludge dose, Cr level and soil pH (Fig. 1B). Although the
cowpea inoculated with Bradyrhizobium sp. exhibited lower abso-
lute growth rates when cultivated with increasing doses of com-
posted tannery sludge, the absolute growth rate remained higher
than that of the uninoculated plants.

Significant interactions between sludge dose and inoculation
with Bradyrhizobium sp. for root length were observed when using
ANOVA (F ¼ 29.4, p < 0.0001). The root length of the uninoculated
cowpea did not display significant linear relationships or correla-
tions with sludge dose, Cr level or soil pH (Table 2; Fig. 1A). As
illustrated in Fig. 2B, the lengths of the uninoculated cowpea roots
increased by 20% when cultivated in the presence of 5 or 10 t ha�1

of composted tannery sludge; however, when 20 t ha�1 of sludge
was applied to the soil, the lengths of the uninoculated cowpea
roots were not significantly different from the lengths of the



Table 2
Regression analysis (R2-value) between the variables measured in this study and the doses of composted tannery sludge, Cr levels in soil or soil pH.

Variables Uninoculated Inoculated

Sludge Cr levels Soil pH Sludge Cr levels Soil pH

Absolute growth rate 0.210 0.129 0.381 0.954** 0.873** 0.918**

Root length 0.108 0.051 0.281 0.888** 0.906** 0.811**

Root dry weight 0.520* 0.384* 0.702** 0.432* 0.397* 0.603*

Shoot dry weight 0.744** 0.711** 0.901** 0.788** 0.933** 0.669**

Number of nodules 0.285 0.159 0.722* 0.920** 0.763** 0.962**

Nodule dry weight 0.323 0.219 0.506* 0.320 0.211 0.505
Accumulated nitrogen 0.630** 0.502* 0.810** 0.954** 0.943** 0.843**

Specific nodulation 0.476* 0.604** 0.394* 0.867** 0.798** 0.965**

Nitrogen (N) content 0.742** 0.585** 0.880** 0.952** 0.824** 0.986**

N-fixation efficiency 0.972** 0.857** 0.988** 0.966** 0.891** 0.876**

Leghemoglobin 0.826** 0.649** 0.754** 0.883** 0.764** 0.974**

Lipid peroxidation 0.141 0.129 0.287 0.002 0.002 0.017
Hydrogen peroxide 0.063 0.030 0.185 0.841** 0.682** 0.754**

Catalase 0.777** 0.645** 0.900** 0.014 0.001 0.044
Phenol peroxidase 0.965** 0.854** 0.965** 0.991** 0.927** 0.958**

Double asterisk (**) - significant at 1% (p < 0.01); Single asterisk (*) - significant at 5% (0.01 ¼ < p < 0.05).

Fig. 1. Cross-correlograms between the variables obtained in uninoculated cowpea (A) or cowpea inoculated with Bradyrhizobium sp. (B) and the composted tannery sludge doses,
Cr levels, and soil pH values. Circles are used to indicate the strengths of the associations between these elements (factors and/or variables). The blue circles show positive cor-
relations, and the red circles show negative effects, with the intensity of the color indicating the strength of the association. The blank cells in the correlogram indicate that the
correlation was not significant (p < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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uninoculated cowpea roots and the roots of the cowpea cultivated
in soils without composted tannery sludge. When compared with
the uninoculated cowpea plants, the cowpea plants inoculatedwith
Bradyrhizobium sp. and cultivated in soils without composted
tannery sludge exhibited a 35% increase in root length.

For the cowpea inoculated with Bradyrhizobium sp. and culti-
vated in soils with composted tannery sludge, a gradual reduction
in root length was observed in response to increasing levels of
composted tannery sludge (Fig. 1B). This reduction was supported
by the regression and correlation analysis, which indicated a sig-
nificant and negative linear relationship (Table 2 and Fig. 1B) be-
tween the root length of cowpea inoculated with Bradyrhizobium
sp. and the tested factors (sludge dose, Cr level and soil pH). When
20 t ha�1 of composted tannery sludge was applied, which was the
highest level of sludge application, the cowpea plants inoculated
with Bradyrhizobium sp. showed a decrease in root length of 16%
relative to the cowpea plants inoculated with Bradyrhizobium sp.
and cultivated in soil without composted tannery sludge. As shown
in Fig. 2B, the lengths of the cowpea roots in the uninoculated and
Bradyrhizobium sp. inoculated treatments with 20 t ha�1 com-
posted tannery sludge were statistically similar.

All of the applied treatments were compared with the uninoc-
ulated cowpea, and the root and shoot dry weight data are pre-
sented as percentages (Fig. 3). Notably, significant interactions
between sludge dose and Bradyrhizobium sp. inoculation were
observed for root and shoot dry weight (ANOVA, p < 0.0001). After
regression and correlation analyses, it was observed that root and
shoot dry weight were positively influenced by sludge dose
(Table 2; Fig. 1). An increase in the root dry weight of the cowpea
plants exposed to different doses of sludge was observed, mainly
when the cowpea plants were inoculated with Bradyrhizobium sp.
(Fig. 3). The increase of root dry weight in the uninoculated cowpea
was approximately 170% relative to the control (without sludge),
while the cowpea inoculated with Bradyrhizobium sp. displayed
increases of more than 240% relative to the control. The shoot dry
weight percentage was greatly increased in the uninoculated
cowpea and the cowpea inoculated with Bradyrhizobium sp. in the
absence of sludge, particularly under 20 t ha�1. At this level, the
cowpea inoculated with Bradyrhizobium sp. displayed a 120% in-
crease in shoot dry weight compared with the uninoculated plants
cultivated without sludge.

The variables related to nodule development presented higher
values for the cowpea inoculated with Bradyrhizobium sp., even
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when sludge was present in the soil (Fig. 4). ANOVA showed sig-
nificant interactions between sludge level and inoculation with
Bradyrhizobium sp. for the number of nodules, nodule dry weight,
accumulated nitrogen content, and specific nodulation
(p < 0.0001). The cowpea plants inoculatedwith Bradyrhizobium sp.
exhibited a greater number of nodules than the cowpea plants
nodulated by native soil rhizobia (Fig. 4A). On average, the increase
in the number of nodules in the cowpea inoculated with Bra-
dyrhizobium sp. and cultivated in soils with sludgewas greater than
60% relative to the uninoculated plants cultivated under the same
conditions (Fig. 4A). It is likely that increasing the sludge level was
responsible for the observed decreased number of nodules in the
cowpea inoculated with Bradyrhizobium sp. In fact, the number of
nodules in these plants was negatively correlated with increasing
sludge dose (Fig. 1B). When 20 t ha�1 of the sludge was applied to
the plants inoculated with Bradyrhizobium sp., the number of
nodules was reduced by 33% when sludge was added.

Uninoculated plants and plants nodulated by native rhizobia
exhibited low nodule dry weights relative to cowpea inoculated
with Bradyrhizobium sp., even when the plants were cultivated in
soils with sludge (Fig. 4B). The cowpea inoculated with Bradyrhi-
zobium sp. did not exhibit different nodule dry weights in response
to the different sludge doses. Positive correlations were observed
between the accumulated nitrogen and composted tannery sludge
doses for the uninoculated cowpea and the cowpea inoculatedwith
Bradyrhizobium sp., while negative correlations were observed
between the specific nodulation of the uninoculated cowpea or the
cowpea inoculated with Bradyrhizobium sp. and the sludge level
(Fig. 1). Furthermore, the accumulated nitrogen measured in the
cowpea inoculated with Bradyrhizobium sp. and exposed to
different levels of sludgewasmuch higher than that recorded in the
uninoculated plants, particularly when 20 t ha�1 of this sludge was
applied (Fig. 4C). Likewise, specific nodulation was higher in the
plants inoculated with Bradyrhizobium sp. (Fig. 4D); however, this
variablewas reduced as the level of sludge in the soil was increased.
When 20 t ha�1 of the sludge was applied, specific nodulation was
reduced by 40% relative to the control plants inoculated with Bra-
dyrhizobium sp.

Variables related to nitrogen absorption, including the nitrogen
content based on shoot dry weight and the nitrogen fixation effi-
ciency, were measured (Fig. 5), and significant interactions be-
tween sludge levels and the inoculation with Bradyrhizobium sp.
were observed for these variables (ANOVA, p < 0.0001). The ni-
trogen contents in the dried shoots of the uninoculated cowpea or
the cowpea inoculatedwith Bradyrhizobium sp. increased in a dose-
dependent manner in response to the applied level of sludge
(Fig. 5A), which was confirmed by regression and correlation
analysis (Fig. 1). Moreover, the nitrogen contents in the cowpea
inoculated with Bradyrhizobium sp. were much greater than those
in the uninoculated cowpea. Likewise, the nitrogen fixation effi-
ciency increased in a dose-dependent manner in the cowpea
inoculatedwith Bradyrhizobium sp. and subjected to different levels
of sludge addition (Fig. 5B). Correlation analysis showed a strong
positive relationship between the nitrogen fixation efficiency of the
cowpea inoculated with Bradyrhizobium sp. and the sludge dose
(p < 0.0001). The cowpea inoculated with Bradyrhizobium sp.
exhibited nitrogen fixation increases of 99, 77, 104, and 123%
relative to the uninoculated plants when zero, 5,10, and 20 t ha�1 of
sludge was added, respectively.

The uninoculated cowpea and the cowpea inoculated with
Bradyrhizobium sp. displayed different responses with regard to the
examined indicators of oxidative stress/protection in the presence
of different levels of sludge. According to ANOVA, the interaction
between sludge level and inoculation with Bradyrhizobium sp. was
statistically significant at 1% for leghemoglobin, H2O2 content, and



Fig. 4. Variable related to nodule development: number of nodules (A); nodule dry weight (B); accumulated nitrogen (C); and specific nodulation (D) of uninoculated cowpea or
cowpea inoculated with Bradyrhizobium sp. (BR 3267) and grown in soils amended with zero, 5, 10, and 20 t ha�1 of composted tannery sludge. Means followed by a different
lowercase letter show a significant difference between each level of composted tannery sludge (Student's t-test, p < 0.05). An asterisk (*) indicates a significant difference between
the uninoculated cowpea and the cowpea inoculated with Bradyrhizobium sp. under each level of composted tannery sludge applied (Dunnett's test, p < 0.05).
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N.J. Moraes et al. / European Journal of Soil Biology 76 (2016) 35e4540
the antioxidative enzymes CAT and POX, and the interaction be-
tween lipid peroxidation and these factors was significant at 5%. In
the uninoculated plants, the leghemoglobin in the nodules was
reduced when these plants were exposed to 10 and 20 t ha�1 of
sludge, a reduction of approximately 30% compared with the con-
trol (Fig. 6). In fact, a negative correlation between the leghemo-
globin and sludge levels was observed for the uninoculated plants
(Fig. 1). The cowpea inoculated with Bradyrhizobium sp. displayed
leghemoglobin reductions of 16, 19, and 28% when grown in soils
with 5, 10, and 20 t ha�1 of sludge relative to the cowpea inoculated
with Bradyrhizobium sp. and grown in soils without sludge (Fig. 6).
Despite the reduction in the leghemoglobin content in response to
increased levels of sludge, the leghemoglobin concentration
recorded in the presence of 10 and 20 t ha�1 of sludge was 60%
higher than that observed in the uninoculated plants.

Lipid peroxidation was quantified in the nodules of the unin-
oculated cowpea and the cowpea inoculated with Bradyrhizobium
sp. and exposed to composted tannery sludge (Fig. 7A). When the
uninoculated cowpea and the cowpea inoculated with Bradyrhi-
zobium sp. were compared, it was possible to observe that the lipid
peroxidation in the uninoculated plants was superior to that in the
cowpea plants inoculated with Bradyrhizobium sp., even when the
plants were grown in soils amended with sludge. The greatest lipid
peroxidation was observed in the uninoculated cowpea plants or
the cowpea plants inoculated with Bradyrhizobium sp. with 5 t ha�1

of sludge, with an increase of approximately 30% relative to the
respective controls. The lipid peroxidation in the nodules of the
uninoculated cowpea amended with 20 t ha�1 of the sludge was
20% greater than the lipid peroxidation of the uninoculated cowpea
grown without sludge. Regression and correlation analysis shows
that lipid peroxidation in the nodules of uninoculated cowpea or
cowpea inoculated with Bradyrhizobium sp. is not significantly and
linearly related or correlated with increasing sludge dose, Cr level
or soil pH (Table 2; Fig. 1).
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Fig. 6. The contents of leghemoglobin in the nodules of uninoculated cowpea or
cowpea inoculated with Bradyrhizobium sp. (BR 3267) and grown in soils amended
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Fig. 7. Variables related to oxidative stress: lipid peroxidation (A), hydrogen peroxide content (B), and activities of catalase (C) and phenol peroxidase (D) in the nodules of un-
inoculated cowpea or cowpea inoculated with Bradyrhizobium sp. (BR 3267) and grown in soils amended with zero, 5, 10, and 20 t ha�1 of composted tannery sludge. Means
followed by a different lowercase letter show a significant difference between each level of composted tannery sludge (Student's t-test, p < 0.05). An asterisk (*) indicates a
significant difference between the uninoculated cowpea and the cowpea inoculated with Bradyrhizobium sp. under each level of composted tannery sludge applied (Dunnett's test,
p < 0.05).
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Uninoculated cowpea plants exhibited greater nodule H2O2

contents than cowpea plants inoculated with Bradyrhizobium sp.
for all doses of sludge (Fig. 7B). The H2O2 contents in the nodules of
the uninoculated plants were not significantly and linearly related
or correlated with increasing sludge dose (Table 2; Fig. 1) but
slightly increased relative to the uninoculated plants grown in soils
without sludge amendment (Fig. 7B). For the cowpea plants inoc-
ulated with Bradyrhizobium sp., it was observed that the H2O2
content was negatively influenced by the sludge dose (Fig. 1B). The
H2O2 contents in the nodules of the cowpea inoculated with
Bradyrhizobium sp. grown in soils with 10 or 20 t ha�1 of sludge
were reduced by approximately 20% relative to the cowpea inoc-
ulated with Bradyrhizobium sp. and cultivated in soils without
composted tannery sludge (Fig. 7B). Moreover, 27 and 32% re-
ductions in the H2O2 content were observed in the nodules of the
cowpea inoculated with Bradyrhizobium sp. compared with the
uninoculated plants under the same conditions.

The antioxidative enzymes CAT and POX were measured in this
study and exhibited different responses to the applied treatments
(Fig. 7). The CAT activity in the nodules of the uninoculated cowpea
displayed a significant linear relationship and were positively
correlated with increasing sludge dose, Cr level and soil pH
(Table 2; Fig. 1) because the CAT activity in the nodules of the un-
inoculated cowpea treated with sludge was superior to the CAT
activity in the uninoculated plants grown in soils without sludge
(Fig. 7C). Furthermore, the cowpea plants inoculated with Bra-
dyrhizobium sp. showedmuch higher CATactivities in their nodules
than in the nodules of the uninoculated plants. In the nodules of the
cowpea plants inoculated with Bradyrhizobium sp., no correlation
was observed between CAT activity and increasing sludge dose
(Table 2; Fig. 1B). When composted tannery sludge was applied at
20 t ha�1, the CAT activity in the nodules of the uninoculated
cowpea or the cowpea inoculated with Bradyrhizobium sp.
increased by approximately 30% relative to the respective controls
(zero level). Cowpea inoculated with Bradyrhizobium sp. and grown
in soils with 5 t ha�1 of composted tannery sludge showed the
highest CAT activity in the nodules relative to the other treatments
(Fig. 7C).

The POX activity measured in the nodules of the uninoculated
cowpea or cowpea inoculated with Bradyrhizobium sp. increased in
a dose-dependent manner in response to the applied levels of
composted tannery sludge (Fig. 7D). In fact, simple regression
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analysis showed a significant linear relationship between the POX
activity in the uninoculated cowpea or the cowpea inoculated with
Bradyrhizobium sp. and sludge dose (Table 2). Additionally, a posi-
tive correlation was observed between the POX activity in the un-
inoculated cowpea and the cowpea inoculatedwith Bradyrhizobium
sp. and the increase in sludge dose (Fig. 1). The POX activity
measured in the nodules of the uninoculated cowpea was lower
(~25%) than that in the nodules of the cowpea inoculated with
Bradyrhizobium sp. under all composted tannery sludge doses.
When the uninoculated cowpea or the cowpea inoculated with
Bradyrhizobium sp. subjected to 20 t ha�1 of composted tannery
sludgewere compared with their respective controls, a POX activity
increase of approximately 25% was observed in the nodules of the
plants exposed to sludge (Fig. 7D). An increase in POX activity was
also detected in the nodules of the uninoculated cowpea or the
cowpea inoculated with Bradyrhizobium sp. and grown in soils
treated with 5 or 10 t ha�1 of composted tannery sludge relative to
the uninoculated plants.

4. Discussion

Cr is a toxic metal present in composted tannery sludge that can
disturb vital plant metabolism processes such as photosynthesis,
resulting in detrimental effects on plant growth [30]. In this study,
uninoculated cowpea exhibited a dose-dependent decrease in ab-
solute growth ratewhen cultivated in soils with composted tannery
sludge, i.e., this variable was reduced as the sludge level increased.
The absolute growth rate reflects the daily plant growth rate and is
therefore related to carbon sequestration by photosynthetic pro-
cesses [31]. Although they displayed greater absolute growth rates
than the uninoculated plants, the cowpea plants inoculated with
Bradyrhizobium sp. had lower absolute growth rates with
increasing sludge dose. In Pithecellobium dulce, Pongamia glabra and
Cassia auriculata, which are three species of the Fabaceae family,
the shoot length was reduced when 50 mg kg�1 of Cr was added to
the soil [30].

Changes in the photosynthetic rate, coupled with decreases in
protein synthesis and photosynthetic pigment contents, may be
responsible for reducing plant growth and have been reported as a
response to Cr toxicity [32]. As previously reported, the composted
tannery sludge used in this study displayed higher Cr contents
(Table 1). High Cr levels may alter the effectiveness of diazotrophic
bacteria in symbiosis with legumes due to the reduction of nitro-
genase enzyme activity [33]. However, under low or moderate Cr
levels, successful establishment of plant-microbe symbiosis has
been reported [10]. Considering that photosynthesis is closely
related to the BNF performed by diazotrophs, mainly by species of
the Azorhizobium, Bradyrhizobium and Rhizobium genera, in sym-
biosis with legumes [3], it is possible that high concentrations of Cr
result in unbalanced carbon fixation and consequently delay plant
growth.

Cowpea plants inoculated with Bradyrhizobium sp. and grown in
soils containing composted tannery sludge were more efficient in
retaining Cr in their root cells, thereby avoiding its translocation to
photosynthetic tissues. Our study group previously reported that
cowpea exhibited greater Cr contents in the plant leaves when
cultivated in soils with sludge under field conditions [10]; however,
this increase represented approximately 10% of the Cr quantified in
the soil, suggesting that this element was accumulated on the roots
of these plants. According to Singh et al. [15], plant roots can
accumulate 100 times more Cr than plant shoots, and Cr is likely is
stored as insoluble chemical complexes deposited in the vacuoles of
root cells. Furthermore, large amounts of Cr in the rhizosphere
result in physiological and metabolic alterations of the plant roots
[34]. Indeed, we observed changes in the growth of cowpea roots
when the plants were exposed to composted tannery sludge.
Moreover, cowpea inoculated with Bradyrhizobium sp. had shorter
roots in response to the composted tannery sludge treatments;
however, the root length of these plants was significantly greater
than that observed in the uninoculated plants (Fig. 2B).

Some authors have reported that the cultivation of plants in
soils with high Cr concentrations may cause damage to the root
system and thereby reduce water and nutrient absorption
[11,13,34,35]. The presence of Cr inside root cells can cause symp-
toms of Cr toxicity, including the inhibition of cell division, delayed
cell elongation or other cellular damage [15,33]. In accordance with
Kirschbaum [31], low primary root growth reflects a reduction in
the final size of differentiated root cells and the number of cells
entering cell division. With fewer roots, a plant explores a smaller
volume of soil, which can compromise the formation of shoot or-
gans [13,35]. An alternative to the inhibition of primary root growth
is the stimulation of lateral root production from the translocation
of photosynthetic carbon from the plant shoots [34].

The high availability of organic matter and nutrients identified
in the composted tannery sludge may be primarily responsible for
the observed increases in plant biomass [10,11,13]. Indeed, in
addition to the increases in root dry mass, the application of
composted tannery sludge was effective for increasing the shoot
dry mass of uninoculated cowpea or cowpea inoculated with Bra-
dyrhizobium sp. (Fig. 3). Similar findings have been recorded for
Capsicum [11], Tagetes minuta [36], and Ocimum basilicum [37]
cultivated in soils amended with tannery sludge, which suggests
that these plants are tolerant of the Cr present in the sludge.
Together, the growth data presented here indicate that cowpeamay
be tolerant of the high concentrations of Cr in composted tannery
sludge, which allows it to maintain growth.

Considering that the metabolic energy that sustains plant
growth comes from the maintenance of the photosynthetic process
[31], which is inhibited in the presence of Cr [32], it is likely that the
retention of Cr in roots represents a tolerance strategy employed by
cowpea. In pea plants cultivated in the presence of different con-
centrations of Cr (20e2000 mg L�1), it was observed that plant
roots accumulate more Cr than plant shoots under different treat-
ments [32]. Likewise, the increase in root dry weight, which is
potentially linked to the increase in lateral root growth, could be an
important strategy for storing Cr. According to Singh et al. [15], the
Cr absorbed by plants generally accumulates in the plant roots,
which form a barrier to decrease the translocation of Cr to the plant
shoots. Previous studies performed using tannery sludge at levels
greater than 10 mg kg�1 have shown positive effects on plant
growth [11,36,37]; however, the efficiency of cowpea-rhizobia
symbiosis in the presence of Cr in the rhizosphere remains poorly
understood [10].

Rhizobia are bacteria that can establish symbiotic interactions
through the colonization and formation of root nodules with le-
gumes [2]. Here, the number of nodules in cowpea inoculated with
Bradyrhizobium sp. decreased in a dose-dependent manner in
response to increasing levels of sludge, although the nodule dry
weight was not altered in response to the employed treatments.
These results show that a small number of nodules increase their
mass to maintain a higher nitrogen fixation rate and provide a
continuous flux of nitrogen to the plant. In fact, the dry weight of
each nodule in cowpea inoculated with Bradyrhizobium sp.
increased in response to the investigated sludge levels (data not
shown). The shoot/root carbohydrate reserves were likely mobi-
lized to a small number of nodules, resulting in the maintenance of
a constant total nodule dry weight in all treatments involving
cowpea inoculated with Bradyrhizobium sp. grown in soils amen-
ded with sludge. Nodules are active sinks; therefore, carbohydrate
reserves are useful for maintaining the full functions of these
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nodules [2,21]. According to Furlan [18], carbon remobilization is a
basic strategy in stress mitigation.

Effective plant-microbe interactions induce plant growth,
mainly by maintaining proper carbon-nitrogen flow between the
plant and its symbiont [38]. Thus, the selection of elite strains has
shown that symbiotic nitrogen fixation can successfully replace the
use of mineral nitrogen in cowpea cultivation, even in stressful
environments. Soils exhibiting excess heavy metal concentrations,
water restrictions, or high salt concentrations are considered
stressful environments for both plants and microorganisms [17].
Under these conditions, plant-microbe interactions can be maxi-
mized if the microorganisms possess resistance mechanisms [38].
In environments with high metal concentrations, the secretion of
exopolysaccharides, which are deposited around microbial cells,
has been reported as a mechanism of microbial resistance [14,38].
According to these authors, these exopolysaccharides can sequester
metal pollutants, thereby preventing their entry into microbial
cells, and are responsible for protecting the microbes against this
type of stress.

Through plant-microbe interactions, microorganisms offer ni-
trogen to the plant in the form of amino acids, and the plants
respond by providing carbohydrates to bacteria as a source of en-
ergy to complete their life cycle in a satisfactorymanner [3,7]. In the
present study, variables related to the capture of nitrogen and its
flow from rhizobia to plants (i.e., the nitrogen-fixing efficiency and
nitrogen content in the shoots) significantly increased in response
to the application of composted tannery sludge. BNF is a mecha-
nism for supplying nitrogen to plant species in symbiosis with
bacteria [3]. Although organic matter, which is a potential source of
nitrogen after mineralization, is present at high concentrations in
composted tannery sludge [10], the better performances of cowpea
inoculated with Bradyrhizobium sp. reinforce the notion that the
interactions between these partners are the most effective for
providing nitrogen andmaintaining vegetative growth, particularly
in the presence of the investigated sludge.

Themetabolism of microorganisms in symbiosis with plants can
also be altered when high Cr concentrations are present in the
rhizosphere [19]. The root nodules of Cicer arietinum [35] and
Pithecellobium dulce, Pongamia glabra, and Cassia auriculata [30]
show reduced leghemoglobin in response to increased Cr levels.
Here, root nodules produced by Bradyrhizobium sp. on cowpea
exhibited more leghemoglobin than the root nodules formed by
native rhizobia in uninoculated plants; however, reductions in
leghemoglobin content were observed in the nodules of these
plants in response to increasing sludge amendment. Interestingly,
the reduction in the leghemoglobin contents in the nodules of
uninoculated cowpea was not correlated with the increase in the
H2O2 concentrations in these nodules (Fig. 1A). However, a positive
relationship between leghemoglobin and H2O2 concentration was
observed in the cowpea inoculated with Bradyrhizobium sp.
(Pearson's correlation coefficient [r] ¼ 0.819, p < 0.0001).

Leghemoglobin is a protein that binds molecular oxygen, pre-
venting its diffusion inside nodules and allowing for nitrogenase
activity in microaerobic environments [39]; thus, leghemoglobin is
essential for symbiotic nitrogen fixation in legume root nodules
induced by rhizobia [17,18]. The reduction in leghemoglobin con-
tent observed in this study potentially resulted from the different
metabolic strategies employed by the cowpea symbionts. Thus, it is
likely that the strong reduction in leghemoglobin content observed
in the root nodules of uninoculated cowpea must be involved with
the autoxidation of leghemoglobin, whereas the reduction
observed in the root nodules of cowpea inoculated with Bradyrhi-
zobium sp. should be involved with the H2O2 homeostasis in the
nodules. Indeed, leghemoglobin can undergo autoxidation in the
presence of toxic metals such as Cr and can result in the formation
of superoxide radicals (O2
�-), which can spontaneously form H2O2

[20]. In the root nodules of cowpea plants inoculated with Bra-
dyrhizobium sp., the reduction in leghemoglobin content may be
due to their action in the decomposition of H2O2 to water, similarly
to plant peroxidases [17,32,39].

Increasing ROS contents, especially H2O2, have been reported in
response to the exposure of cells to Cr [30,32,35] and inhibit BNF in
the nodules of several legumes [17]. In fact, the uninoculated
cowpea plants treated with composted tannery sludge displayed
increasing H2O2 concentrations in their root nodules relative to the
uninoculated cowpea plants grown in soils without sludge
amendment (Fig. 5B). On the other hand, cowpea inoculated with
Bradyrhizobium sp. and grown in soils with high sludge amend-
ment levels exhibited decreased H2O2 contents relative to the
control. H2O2 plays a dual role in cells, acting as a signal trans-
duction molecule and as a ROS that oxidizes cellular macromole-
cules [17]. Overall, oxidative stress stimulates the formation of ROS,
resulting in damage to the plant membranes via lipid peroxidation
[20]. In this study, no correlation was observed between lipid
peroxidation in uninoculated cowpea and increasing sludge dose,
Cr level or soil pH (Fig. 1A), but a positively relationship was
observed between lipid peroxidation and H2O2 content in the un-
inoculated cowpea (r¼ 0.895, p < 0.0001). It is possible to conclude
that the lipid peroxidation exhibited by the uninoculated plants
was a response to increased H2O2 concentrations. Indeed, increases
in H2O2 are frequently associated with protein and lipid damage
and with the activation of the ROS-scavenging system [4,40].

To form an environment that is compatible with nitrogenase
activity, rhizobacteria possess a complex array of antioxidant
molecules and antioxidative enzymes that maintain the ROS con-
centrations at a low and steady-state levels [3,19]. This ROS-
scavenging system includes different antioxidative enzymes, such
as CAT, superoxide dismutase (SOD), ascorbate peroxidase (APX)
and POX, which play particularly important roles in ROS scavenging
[17,20]. CAT and POX are metalloenzymes that use different
mechanisms to degrade the H2O2 produced in nodules and can be
activated in different situations because they are an important
primary line of protection against oxidative stress [3,20]. Overall,
the CAT activity was strongly enhanced in the nodules of cowpea
plants inoculated with Bradyrhizobium sp. and treated with com-
posted tannery sludge. Similarly, nodules of alfalfa (Medicago sativa
L.) were observed to display increased CAT activity in response to
the supplementation of soils with sewage sludge, which is similar
to tannery sludge (i.e., rich in nitrogen and containing high heavy
metal concentrations) [41].

CAT activation is considered an important mechanism that is
involved in metal detoxification [16] and might control the H2O2
content with the assistance of POX in nodules in stressful envi-
ronments. POX is an enzyme that decomposes H2O2 through the
oxidation of co-substrates, such as phenolic compounds and/or
antioxidants, and has much higher activities than CAT [4,20]. In
nodules of a tolerant genotype of common bean, the activation of
POX activity has been shown to occur in environments with salt
stress [42]. Here, increases in POX activity were observed in the
nodules of cowpea inoculated with Bradyrhizobium sp. in response
to the application of composted tannery sludge. In cowpea inocu-
lated with Bradyrhizobium sp., increases in the POX activity were
correlated with decreases in H2O2 content and root length and with
increases in root dry weight. Taken together, these results indicate
that POX can be involved in H2O2 homeostasis and the formation of
a physical barrier against heavy metal inputs by inducing lignin
biosynthesis, as reported by Bhaduri and Fulekar [40]. Overall, H2O2
at low levels in the nodules of cowpea inoculated with Bradyrhi-
zobium sp. is maintained by the synchronic actions of leghemo-
globin, CAT and POX.
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The present study demonstrated a significant positive effect of
inoculation with Bradyrhizobium sp. (BR 3267) on the growth, ni-
trogen content and antioxidative responses of cowpea relative to
uninoculated plants when grown in soils amendedwith composted
tannery sludge, particularly at a concentration of 10 mg kg�1. Taken
together, our data reinforce the notion that favorable plant-microbe
interactions improve plant performance. Furthermore, possible
biochemical changes that may occur in the presence of sludge or,
more specifically, the changes that result from the stressful envi-
ronment caused by the presence of Cr in the sludge, can be mini-
mized through appropriate interactions between plants and
microorganisms. In nodules formed by Bradyrhizobium sp. on
cowpea, it is possible that H2O2 induces defenses against the
oxidative stress that results from the presence of excess Cr in the
surrounding area as a strategy to maintain BNF at high rates. This
hypothesis is supported by significant correlations between the
increases in nitrogen-fixing efficiency and POX activity as the H2O2
content in the nodules of the cowpea plants inoculated with Bra-
dyrhizobium sp. decreased. Although the high concentrations of Cr
(253.5 mg kg�1) present in tannery sludge could result in metabolic
changes, inoculation with Bradyrhizobium sp. was observed to be a
useful tool forminimizing such detrimental effects and for ensuring
plant growth and productivity.

5. Conclusion

We conclude that the presence of composted tannery sludge
affects the establishment and development of the symbiosis of
rhizobia with cowpea, mainly when this symbiosis occurs with
native soil rhizobia. When cowpea was inoculated with Bradyrhi-
zobium sp., the plants were able to maintain better plant growth
and nitrogen cavitation and flux and had lower oxidative stress in
their nodules.

Acknowledgements

The authors are grateful to the National Council for Scientific
and Technological Development (CNPq) and National Council for
the Improvement of Higher Education (CAPES), Brazilian Research-
funding Agencies, for financial support.

References

[1] M.V.B. Figueiredo, L. Seldin, F.F. Araujo, R.L. Mariano, Plant growth promoting
rhizobacteria: fundamentals and applications, in: D.K. Maheshwari (Ed.), Plant
Growth and Health Promoting Bacteria, Springer, Berlin, 2011, pp. 21e43.

[2] B. Gourion, F. Berrabah, P. Ratet, G. Stacey, Rhizobium-legume symbioses: the
crucial role of plant immunity, Trends Plant Sci. 20 (2015) 186e194.

[3] M. Andrews, P.J. Lea, Our nitrogen ‘footprint’: the need for increased crop
nitrogen use efficiency, Ann. Appl. Biol. 163 (2013) 165e169.

[4] A.C. Rodrigues, A. Bonifacio, J.E.L. Antunes, J.A.G. Silveira, M.V.B. Figueiredo,
Minimization of oxidative stress in cowpea nodules by the interrelationship
between Bradyrhizobium sp. and plant growth-promoting bacteria, Appl. Soil
Ecol. 64 (2013) 245e251.

[5] A. Freitas, A. Silva, E. Sampaio, Yield and biological nitrogen fixation of cowpea
varieties in the semi-arid region of Brazil, Biomass Bioenerg. 45 (2012)
109e114.

[6] P.I. Fernandes Júnior, E.B. Silva Júnior, S. Silva Júnior, C. Santos, P.J. Oliveira,
N.G. Rumjanek, L. Martins, G.R. Xavier, Performance of polymer compositions
as carrier to cowpea rhizobial inoculant formulations: survival of rhizobia in
pre-inoculated seeds and field efficiency, Afr. J. Biotechnol. 11 (2012)
2945e2951.

[7] L.V.M. Ferreira, R.S.A. N�obrega, J.C.A. N�obrega, F.L. Aguiar, F.M.S. Moreira,
L.P. Pacheco, Biological nitrogen fixation in production of Vigna unguiculata
(L.) Walp, family farming in Piaui, Brazil, J. Agr. Sci. 5 (2013) 153e160.

[8] A.C. Rodrigues, C.T. Vendruscolo, A.S. Moreira, M.V.S. Santana, J.P. Oliveira,
A. Bonifacio, M.V.B. Figueiredo, Rhizobium tropici exopolysaccharides as car-
riers improve the symbiosis of cowpea-Bradyrhizobium-Paenibacillus, Afr. J.
Microbiol. Res. 9 (2015) 2037e2050.

[9] M.D.M. Silva, A.S.F. Araújo, L.A.P.L. Nunes, W.J. Melo, R.P. Singh, Heavy metals
in cowpea (Vigna unguiculata L.) after tannery sludge compost amendment,
Chil. J. Agric. Res. 73 (2013) 282e287.
[10] A.R. Miranda, L.A. Nunes, M.L. Oliveira, W. Melo, A.S. Araujo, Growth and

nodulation of cowpea after 5 years of consecutive composted tannery sludge
amendment, Span. J. Agric. Res. 12 (2014) 1175e1179.

[11] J.D. Silva, T.T. Leal, A.S. Araújo, R. Araújo, R.L. Gomes, W. Melo, R. Singh, Effect
of different tannery sludge compost amendment rates on growth, biomass
accumulation and yield responses of Capsicum plants, Waste Manage. 30
(2010) 1976e1980.

[12] S. Yadav, A. Juwarkar, G. Kumar, P. Thawale, S. Singh, T. Chkrbarti, Bio-
accumulation and phyto-translocation of arsenic, chromium and zinc by
Jatropha curcas L.: impact of dairy sludge and biofertilizer, Biores. Technol. 100
(2009) 4616e4622.

[13] O.P. Shukla, A.A. Juwarkar, S.K. Singh, S. Khan, U.N. Rai, Growth responses and
metal accumulation capabilities of woody plants during the phytoremediation
of tannery sludge, Waste Manage. 31 (2011) 115e123.

[14] A. Sessitsch, M. Kuffner, P. Kidd, J. Vangronsveld, W. Wenzel, K. Fallmann,
M. Puschenreiter, The role of plant-associated bacteria in the mobilization and
phytoextraction of trace elements in contaminated soils, Soil Biol. Biochem. 60
(2013) 182e194.

[15] H.P. Singh, P. Mahajan, S. Kaur, D.R. Batish, R.K. Kohli, Chromium toxicity and
tolerance in plants, Environ. Chem. Lett. 11 (2013) 229e254.

[16] P.C. Nagajyoti, K.D. Lee, T.V.M. Sreekanth, Heavy metals, occurrence and
toxicity for plants: a review, Environ. Chem. Lett. 8 (2010) 199e216.

[17] D. Marino, I. Damiani, S. Gucciardo, I. Mijangos, N. Pauly, A. Puppo, Inhibition
of nitrogen fixation in symbiotic Medicago truncatula upon Cd exposure is a
local process involving leghemoglobin, J. Exp. Bot. 64 (2013) 5651e5660.

[18] A.L. Furlan, E. Bianucci, M.D.C. Tordable, S. Castro, K.J. Dietz, Antioxidant
enzyme activities and gene expression patterns in peanut nodules during a
drought and rehydration cycle, Funct. Plant Biol. 41 (2014) 704e713.

[19] C. Scheler, J. Durner, J. Astier, Nitric oxide and reactive oxygen species in plant
biotic interactions, Curr. Opin. Plant Biol. 16 (2013) 534e539.

[20] A. Puppo, N. Pauly, A. Boscari, K. Mandon, R. Brouquisse, Hydrogen peroxide
and nitric oxide: key regulators of the legume-rhizobium and mycorrhizal
symbioses, Antioxid. Redox Signal. 18 (2014) 2202e2219.

[21] G.E. Oldroyd, J.D. Murray, P.S. Poole, J.A. Downie, The rules of engagement in
the legume-rhizobial symbiosis, Annu. Rev. Genet. 45 (2011) 119e144.

[22] J.A.G. Silveira, J. Contado, J. Rodrigues, J. Oliveira, Phosphoenolpyruvate
carboxylase and glutamine synthetase activities in relation to nitrogen fixa-
tion in cowpea nodules, Braz. J. Plant Physiol. 10 (1998) 19e23.

[23] J.M. Bremner, Organic forms of nitrogen, in: C.A. Black (Ed.), Methods of Soil
Analysis, American Society of Agronomy, Madison, 1965, pp. 1238e1255.

[24] R.H. Gulden, J.K. Vessey, Low concentrations of ammonium inhibit specific
nodulation (nodule number g-1 root DW) in soybean (Glycine max [L.] Merr.),
Plant Soil 198 (1998) 127e136.

[25] B.J. Smagghe, J.A. Hoy, R. Percifield, S. Kundu, M.S. Hargrove, G. Sarath,
J. Hilbert, R. Watts, E.S. Dennis, W.J. Peacock, S. Dewilde, L. Moens, G.C. Blouin,
J.S. Olson, C.A. Appleby, Review correlations between oxygen affinity and
sequence classifications of plant hemoglobin, Biopolymers 91 (2009)
1083e1096.

[26] T. Brennan, C. Frenkel, Involvement of hydrogen peroxide in the regulation of
senescence in pear, Plant Physiol. 59 (1977) 411e416.

[27] R. Heath, L. Packer, Photoperoxidation in isolated chloroplasts. I. Kinetics and
stoichiometry of fatty acid peroxidation, Arch. Biochem. Biophys. 125 (1968)
189e198.

[28] E. Havir, N. Mchale, Biochemical and development characterization of multi-
ples forms of catalase in tobacco leaves, Plant Physiol. 84 (1987) 450e455.

[29] K. Amako, G. Chen, K. Asada, Separate assays specific for ascorbate peroxidase
and guaiacol peroxidase and for the chloroplastic and cytosolic isozymes of
ascorbate peroxidase in plants, Plant Cell Physiol. 35 (1994) 497e504.

[30] P. Unnikannan, L. Baskaran, A.L.A. Chidambaram, P. Sundaramoorthy, Chro-
mium phytotoxicity in tree species and its role on phytoremediation, Insig.
Bot. 3 (2013) 15e25.

[31] M.U. Kirschbaum, Does enhanced photosynthesis enhance growth? Lessons
learned from CO2 enrichment studies, Plant Physiol. 155 (2011) 117e124.

[32] E. Rodriguez, C. Santos, R. Azevedo, J. Moutinho-Pereira, C. Correia, M.C. Dias,
Chromium (VI) induces toxicity at different photosynthetic levels in pea, Plant
Physiol. Biochem. 53 (2012) 94e100.

[33] P. Sangwan, V. Kumar, U.N. Joshi, Effect of chromium (VI) toxicity on enzymes
of nitrogen metabolism in cluster bean (Cyamopsis tetragonoloba L.), Enzyme
Res. 784036 (2014) 1e9.

[34] E. Chidambaram, P. Sundaramoorthy, A. Murugan, K.S. Ganesh, L. Baskaran,
Chromium induced cytotoxicity in black gram (Vigna mungo L.), Iran. J. En-
viron. Health Sci. Eng. 6 (2009) 17e22.

[35] P.A. Wani, M.S. Khan, Bacillus species enhance growth parameters of chickpea
(Cicer arietinum) in chromium stressed soils, Food Chem. Toxicol. 48 (2010)
3262e3267.

[36] A. Patel, D.D. Patra, Influence of heavy metal rich tannery sludge on soil en-
zymes vis-�a-vis growth of Tagetes minuta, an essential oil bearing crop, Che-
mosphere 112 (2014) 323e332.

[37] A. Patel, V. Pandey, D.D. Patra, Influence of tannery sludge on oil yield, metal
uptake and antioxidant activities of Ocimum basilicum L. grown in two
different soils, Ecol. Eng. 83 (2015) 422e430.

[38] M. Jaszek, M. Janczarek, K. Kuczy�nsk, T. Piersiak, K. Grzywnowicz, The
response of the Rhizobium leguminosarum bv. trifolii wild-type and
exopolysaccharide-deficient mutants to oxidative stress, Plant Soil 376 (2014)

http://refhub.elsevier.com/S1164-5563(16)30085-1/sref1
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref1
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref1
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref1
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref2
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref2
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref2
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref3
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref3
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref3
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref4
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref4
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref4
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref4
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref4
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref5
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref5
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref5
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref5
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref6
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref6
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref6
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref6
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref6
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref6
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref7
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref7
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref7
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref7
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref7
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref7
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref8
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref8
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref8
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref8
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref8
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref9
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref9
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref9
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref9
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref10
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref10
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref10
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref10
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref11
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref11
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref11
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref11
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref11
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref12
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref12
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref12
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref12
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref12
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref13
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref13
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref13
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref13
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref14
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref14
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref14
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref14
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref14
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref15
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref15
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref15
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref16
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref16
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref16
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref17
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref17
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref17
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref17
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref18
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref18
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref18
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref18
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref19
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref19
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref19
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref20
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref20
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref20
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref20
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref21
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref21
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref21
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref22
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref22
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref22
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref22
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref23
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref23
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref23
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref24
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref24
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref24
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref24
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref24
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref25
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref25
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref25
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref25
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref25
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref25
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref26
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref26
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref26
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref27
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref27
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref27
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref27
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref28
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref28
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref28
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref29
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref29
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref29
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref29
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref30
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref30
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref30
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref30
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref31
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref31
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref31
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref31
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref32
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref32
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref32
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref32
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref33
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref33
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref33
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref33
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref34
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref34
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref34
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref34
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref35
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref35
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref35
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref35
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref36
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref36
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref36
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref36
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref36
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref37
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref37
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref37
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref37
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref38
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref38
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref38
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref38


N.J. Moraes et al. / European Journal of Soil Biology 76 (2016) 35e45 45
75e94.
[39] J. Navascu�es, C. P�erez-Rontom�e, M. Gay, M. Marcos, F. Yang, F.A. Walker,

A. Desbois, J. Abi�an, M. Becana, Leghemoglobin green derivatives with nitrated
hemes evidence production of highly reactive nitrogen species during aging of
legume nodules, Proc. Natl. Acad. Sci. U. S. A. 109 (2012) 2660e2665.

[40] A.M. Bhaduri, M.H. Fulekar, Antioxidant enzyme responses of plants to heavy
metal stress, Rev. Environ. Sci. Biotechnol. 11 (2012) 55e69.
[41] M.C. Antolín, M. Fiasconaro, M. S�anchez-Díaz, Relationship between photo-
synthetic capacity, nitrogen assimilation and nodule metabolism in alfalfa
(Medicago sativa) grown with sewage sludge, J. Hazard. Mater. 182 (2010)
210e216.

[42] S. Jebara, J.J. Drevon, M. Jebara, Modulation of symbiotic efficiency and
nodular antioxidant enzyme activities in two Phaseolus vulgaris genotypes
under salinity, Acta Physiol. Plant 32 (2010) 925e932.

http://refhub.elsevier.com/S1164-5563(16)30085-1/sref38
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref38
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref39
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref39
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref39
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref39
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref39
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref39
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref39
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref39
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref39
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref40
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref40
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref40
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref41
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref41
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref41
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref41
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref41
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref41
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref42
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref42
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref42
http://refhub.elsevier.com/S1164-5563(16)30085-1/sref42

	Bradyrhizobium sp. inoculation ameliorates oxidative protection in cowpea subjected to long-term composted tannery sludge a ...
	1. Introduction
	2. Materials and methods
	2.1. Long-term tannery sludge application: general aspects
	2.2. Preparation of the inoculant
	2.3. Greenhouse experiment
	2.4. Measurements
	2.5. Statistical analysis

	3. Results
	4. Discussion
	5. Conclusion
	Acknowledgements
	References


