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Abstract To investigate salt stress and biochar application
effects on nodulation and nitrogen metabolism of soybeans
(Glycine max cv. M7), an experiment was conducted under
the control condition. The treatments comprised three biochar
rates (non, 50 and 100 g kgf1 soil) and three salinities (0, 5 and
10 dS m™! NaCl), with four replications of treatments. Salt
stress diminished the number of nodules and their weights in
the soybean roots. Nitrogen content and metabolism de-
creased in nodules, roots and shoots, while reducing the activ-
ity of glutamate dehydrogenase (GDH), glutamine synthetase
(GS), glutamine oxoglutarate aminotransferase (GOGAT) and
nitrate reductase (NR). Also, salinity brought down root and
shoot weight, total plant biomass, chlorophyll content, leaf
area (LA) and rubisco activity in the soybean. On the other
hand, application of biochar improved nodulation, nitrogen
content, rubisco activity, GDH, GS, GOGAT and NR activities
in different parts of the soybean and nodules under salt stress,
and consequently improved chlorophyll content, LA, root and
shoot weight. Both the 50 and 100 g kg™ ' biochar rates
showed similar effects in improving nitrogen metabolism
and plant performance under salt stress. Generally, biochar
increased nodulation and nitrogen metabolism of the soybean
under saline conditions.
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1 Introduction

Nitrogen plays a critical role in plant growth (Singh et al.
2016). Although nitrogen appears in the atmosphere as gas-
eous nitrogen molecules, that form of nitrogen is not directly
accessible to plants, which nevertheless require the element
for their chlorophyll structure, proteins, amino acids, nucleic
acids, and enzymes (Sinclair and Horie 1989). In leguminous
plants such as the common bean (Phaseolus vulgaris L.),
chickpeas (Cicer arietinum L.), and soybeans (Glycine max
L.), rhizobia such as the bacteria Bradyrhizobium japonicum
fix atmospheric nitrogen in a process driven by energy created
through photosynthesis (Berman-Frank et al. 2003) and this
biological process is done with nitrogenase enzyme, and other
enzymes such as, glutamate dehydrogenase (GDH), gluta-
mine synthetase (GS) and glutamine oxoglutarate aminotrans-
ferase (GOGAT) have a main roles in nitrogen assimilation.
Briefly, the nitrogenase enzymatic system, reduces molecular
nitrogen (N,) to ammonium (NH4*) in root nodules during the
biological process of nitrogen fixation (Chakrabarti and
Mukherji 2003). The enzymes GDH, GS, and GOGAT are
also critical in nitrogen assimilation and amino acid synthesis
in crops. In particular, GS is central in multifunctional en-
zymes, and improving the activity of this enzyme can facilitate
nitrogen assimilation and translocation in crops (Becker et al.
2000; Wang et al. 2003).

Environmental stresses such as salinity can harm nodula-
tion and enzymatic activities of nitrogen metabolism in le-
gumes (Chakrabarti and Mukherji 2003; Flowers et al.
2010), including their growth, nodulation, and crop produc-
tivity (Tu 1981; Singleton and Bohlool 1984; Faghire et al.
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2013). Abd-Alla et al. (1998) observed that salinity signifi-
cantly inhibited the activity of nitrogenase, as well as reduced
the nodule number and dry weight per plant, in four cultivars
of'soybeans. That same year, Comba et al. (1998) reported that
though sodium toxicity did not affect nodules and nitrogen
metabolism under moderate salt stress, severe salinity
adversely affected nodulation and the activity of nitrogenase,
GDH, GS, and GOGAT. Earlier, James et al. (1993) found that
short-term salt stress greatly reduced nitrogenase activity and
oxygen permeability in soybean nodules, as they do in other
legumes (Chakrabarti and Mukherji 2003; Aragjo et al. 2015).
In the upper organs of soybeans, salt stress reduces the leaf
area, nitrate reductase (NR) activity, compromises the activa-
tion of chlorophyll degradation enzymes such as
chlorophyllase, and inhibits chlorophyll synthesis. Salt toxic-
ity also affects other pivotal enzymes in photosynthesis, in-
cluding rubisco, the capacity of which suffers in terms of
photosynthetic electron transport and cell energy limits
(Koyro and Huchzermeyer 1999; Huchzermeyer and Heins
2000).

The carbon base of soil is vital for nitrogen fixation, espe-
cially given its influence in forming a medium suitable for
physical reactions, chemical processes, and biological activi-
ties. Among new carbon additives for soil, biochar is pro-
duced via the thermal degradation of organic materials such
as plant residues in environments with little or no oxygen
(Antal and Gronli 2003; Fahad et al. 2016). An extremely
constant form of carbon that can linger in soil for many years
(Ascough et al. 2009; Steinbeiss et al. 2009; Lehmann et al.
2009), biochar is used to not only improve soil’s capacity to
act as carbon sink on farms, but also to increase soil fertility
(Chan and Xu 2009; Ogawa and Okimori 2010). Using bio-
char on farms can also increase water retention in soil, directly
due to its high surface area (Lehmann et al. 2009) and indi-
rectly via subsequent increases in organic carbon in the soil
(Blanco-Canqui and Lal 2009). Biochar not only increases
crop yields under regular conditions, but also raises those
yields amid environmental stresses such as salinity by de-
creasing sodium toxicity’s harmful effects after stimulating
the potassium uptake of plants (Akhtar et al. 2015).
Recently, Farhangi-Abriz and Torabian (2017) have reported
that biochar protected bean seedlings against sodium toxicity
by alleviating oxidative stress, and earlier, Quilliam et al.
(2013) found that applying biochar improved the activity of
nitrogenase in clover plants, but reduced nodulation. Van
Zwieten et al. (2015) also observed that biochar improved
nitrogen fixation in acidic soils.

Up to date, the interaction of biochar in the nodulation,
nitrogen fixation, and metabolism of legumes under salt stress
has not been addressed in published research. In response, the
aim of the study reported here was to investigate the influence
of biochar on soybean nodulation and nitrogen metabolism
under salt stress.
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2 Material and methods
2.1 Preparation of biochar

Biochar was produced according to the method of Qian et al.
(2013). Maple residues (Acer pseudoplatanus L.) were split
and passed through a 0.5 mm mesh and heated at 580 °C for
6 h in an environment without oxygen at a rate of 7 °C min .
The element concentration of biochar in terms of carbon, ni-
trogen, hydrogen, and oxygen was assayed with an elemental
analyzer (Elementar, Hanau, Germany). The chief properties

of biochar appear in Table 1.
2.2 Experimental conditions

A pot experiment with four replications was conducted on
March 5, 2016, in a glass greenhouse with a factorial
design based on the randomized complete block design.
Three levels of salinity (i.e., non-saline and 5 and 10 dS
m~" of NaCl) chosen according to the range of the salinity
tolerance of soybean (Grieve et al. 2012) and three bio-
char treatments (i.e., non-biochar and 50 and 100 g kg
soil) were used to test the soybean (Glycine max cv. M7).
The soil was mixed with biochar and distributed into pots
10 cm in radius and 25 cm in height in amounts of 2.5 kg
per pot. Table 1 presents properties of the experimental
soil. Next, six soybean seeds inoculated with
B. japonicum (Strain RS146) in an amount of 10* bacteria
per gram were sown in each pot. The pots were kept in
controlled conditions in a glass greenhouse with a day and
night temperature cycle of 25 and 23 °C, respectively, as
well as 55-60% relative humidity, 150 W m ™2 light inten-
sity, and a 13 h photoperiod. Plants were irrigated every
day with tap water in an amount comparable to field water
capacity. After the first trifoliate leaf emerged, NaCl was
added to the irrigation water supplied to the treatments
involving saline. During the experiment, the electric con-
ductivity of each pot was measured with a digital conduc-
tivity meter (inoLab Model, Weilheim, Germany).
Conductivity was preserved at a favorable level by adding
water or concentrated NaCl to the pots.

2.3 Nodule formation and plant performance

Nodule number and weight, as well as shoot and root dry
weights, of the soybean were measured 58 d after sowing
(i.e., during the flowering stage). The dry weights of tis-
sues were determined after oven drying at 70 °C for 72 h.

2.4 Nitrogen content assay

To measure the nitrogen content of nodules and plants during
the flowering stage, root and leaf tissues were washed with
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Table 1 Some physical and

chemical characteristics of the Soil Biochar
experimental soil and biochar
Texture Silty loam N (%) 0.75
pH 7.7 C (%) 32.96
EC (dSm ™) 1.38 H (%) 1.7
Organic carbon (g kgfl) 13.1 O (%) 28.43
Total N (%) 0.08 Na (mg kg™ 8.3
P (mg kg ™) 37 K (mgkg ™) 3210
K (mgkg ™" 157 Ca(mgkg ™) 3470
Cation exchange capacity (cmol kg ) 17.8 Mg (mg kg ") 960
Cation exchange capacity (cmol kg ) 20.8
pH 73

deionized water at least twice, dried in an oven at 70 °C for
48 h, and powdered, and their nitrogen contents were mea-
sured by using a CHNS elemental analyzer (Elementar,
Hanau, Germany).

2.5 Enzyme assay

All enzymatic activity was assayed in soybean nodules, roots
and leaves at the flowering stage. GS was assayed by measur-
ing the creation of y-glutamyl-hydroxamate, which reacts with
ferric chloride, and the brown color in the acid medium was
measured at 540 nm (100 Conc U/V Visible
Spectrophotometer, Varian, CA, USA). Tissue in portions of
100 mg was homogenized in an extraction buffer containing
0.1 M of potassium phosphate buffer with a pH of 7.8, 0.4 M
of sucrose, 10 mM of KCI and DTT, 1 mM of MgCl,, and
10 mM of EDTA. Enzyme activity was estimated according to
the standard curve with commercial y-glutamyl-hydroxamate
(100-800 pg) (Sawhney and Singh 1985). GDH activity was
assayed after the oxidation of NADH at 340 nm. Fresh tissue
in amounts of 200 mg was homogenized in 3 mL of extraction
buffer containing 0.05 M of Tris-HCL with a pH 0of 7.5, 0.4 M
of sucrose, and 0.01 M of 3-mercaptoethanol, and the mixture
was centrifuged at 20,000 g for 30 min. Prepared samples in
amounts of 1 mL were added to the reaction mixture in
amounts of 2 mL consisting of 1.6 mL of 0.1 M of Tris-HCI
buffer with a pH of 7.5, 0.1 mL of 2-oxoglutarate (0.33 M),
0.1 mL of NH4CI 3 M, and 0.2 mL of NADH. Absorbance
was read at 340 nm. Measuring GOGAT activity involved
using the same extraction buffer for GDH. The reaction mix-
ture for the enzyme included 0.7 mL of 0.1 M of Tris-HCI
buffer ata pH of 7.5, 1 mL of glutamine ata pH of 7.0, 0.1 mL
0f 0.33 M 2-oxoglutarte, 0.2 mL of 10> M NADH, and 1 mL
of extraction enzyme. Absorbance was read at 340 nm by
following the method of Duke and Ham (1976). Lastly, NR
activity was measured spectrophotometrically at 540 nm per
the method of Jaworski (1971).

2.6 Physiological performance

The content of chlorophyll a, chlorophyll b, and total chloro-
phyll in leaves was measured by following Amon’s (1949)
method. A 200 mg of fresh leaf sample was cut and extracted
with 80% acetone at —4 °C, and the extracted samples were
centrifuged at 10,000 g for 10 min. Supernatant was collected
and absorbance read at 645 and 663 nm using a spectropho-
tometer (100 Conc U/V Visible Spectrophotometer, Varian,
CA, USA). Leaf area was measured by a portable area meter
(model ADC-AM 300 UK). The activity of the rubisco en-
zyme from 100 mg of the leaf samples was assayed by fol-
lowing the methods of Lobo et al. (2015), which involved
spectrophotometrically measuring the oxidation of NADH at
340 nm. The assayed buffer contained 100 mM of bicine,
25 mM of KHCO3, 20 mM of MgCl,, 3.5 mM of ATP,
5 mM phosphocreatine, 80 nkat of G-3-P dehydrogenase, 80
nkat of 3-phosphoglyceric phosphokinase, 80 nkat of creatine-
phosphokinase, and 0.25 mM of NADH.

2.7 Analysis of variance

Data were analyzed according to the experimental design
using MSTATC software, and means were compared with
least significant difference test at p < 05. All figures were
drawn by using Microsoft Excel 2016.

3 Results
3.1 Nodule number and weight

The interactive effects of salinity and biochar significantly
affected nodule number and weight per plant (p < 0.01). In
general, salinity reduced nodule number and weight (Fig. 1).
Although no tangible difference emerged among biochar
treatments in terms of nodule number and weight in condi-
tions of non-salinity, the application of biochar significantly
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Fig. 1 Number of nodules and 70 -
their weights in the soybean root
in response to the salt stress and
biochar applications. Different
letters in each column indicate
significant difference at p < 0.05
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increased the nodule number and weight of soybean in condi-
tions of moderate and severe salinity.

3.2 Plant performance

Salinity and biochar significant affected the dry weights of the
roots, shoots, total plant biomass and total nitrogen content of
the soybean (p <0.01). Although increased salinity noticeably
reduced their dry weights, total plant biomass and total nitro-
gen content. The difference in root weight in conditions of 5
and 10 dS m™ ' was not significant (Fig. 2). Applying biochar
particularly improved the dry weights of the roots and shoots
as well as total plant biomass and total nitrogen content, al-
though no difference emerged between biochar in amounts of
50 and 100 g kg .

3.3 Nitrogen metabolism in nodules

Nitrogen content in the soybean nodules decreased in condi-
tions of 5 and 10 dS m™' of NaCl. When biochar was added to
the soil, nitrogen content in the nodules improved. Both treat-
ments involving biochar showed a statistically similar effect
on the nitrogen content of nodules (Table 2). GDH, GOGAT,
and NR activity decreased under salt stress; however, GS ac-
tivity in amounts of 5 dS m™" did not decrease, yet did when
salinity reached 10 dS m™'. All enzyme activity in soybean
nodules significantly improved with biochar. Interestingly,
biochar usage increased GS activity and nitrogen content in
conditions without saline, which was not observed regarding
the other enzymes in nodules (Table 2).

3.4 Nitrogen metabolism in roots
Salinity and biochar significantly influenced the nitrogen con-

tent of roots as well. The nitrogen content in roots diminished
with rising salinity, yet increased with the addition of biochar

@ Springer

Salinity (dS m™)

Salinity (dS m)

to the soil. GDH, GS, GOGAT, and NR activity in the roots
decreased as salinity increased, yet improved with the addition
of biochar. Results presented in Table 3 show that with biochar
added to the soil, GDH and NR activity and nitrogen content
markedly improved under non-saline condition.

3.5 Nitrogen metabolism in leaves

The nitrogen content of soybean leaves decreased with higher
salinity, yet improved with the addition of biochar. All enzyme
activity in nitrogen metabolism in the leaves decreased as salt
stress increased, yet improved with the addition of biochar as
well. In short, adding biochar to the soil enhanced the nitrogen
content and GDH, GS, GOGAT, and NR activity of leaves in
conditions with and without saline (Table 4).

3.6 Physiological performance

Salt stress and biochar treatments markedly affected chloro-
phyll a, chlorophyll b, and total chlorophyll. The chlorophyll
content of soybean leaves decreased in amounts of 5 and 10
dS m_l; however, the a/b chlorophyll ratio increased with
increased salinity. On average, the application of biochar im-
proved chlorophyll content (i.e., a, b, and total) and the a/b
chlorophyll ratio in soybeans. Biochar at the rates of 50 and
100 g kg ™' showed similar results on improving chlorophyll
contents of leaves (Table 5).

Lastly, the effects of salt stress and biochar on leaf area
(LA) and the rubisco activity in soybeans were significant.
Increased salt stress strongly reduced LA and rubisco activity
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Fig. 2 Growth and total nitrogen
content of soybean under salt
stress and biochar applications.
Different letters in each column
indicate significant difference at
p<0.05

(Table 5), whereas adding biochar to the soil at both experi-

mental rates improved them.

4 Discussion

Among the most common forms of environmental stress
worldwide (Lopez-Gomez et al. 2016), salinity can wreak

Table 2 Means =+ standard error
of nitrogen content and different
enzymes activity of soybean in
nodules under salt stress and
biochar applications
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numerous adverse effects on nitrogen metabolism and nodu-

lation processes in plants (Faghire et al. 2011). In particular,
decreased nodule numbers and weights of soybeans under salt
stress (Fig. 1) stem from the harmful effects of salt ions on
rhizosphere biota and soil pH, while salt stress reduces nodu-
lation factors in legumes. More generally, salinity reduces the

growth of plants (Ghoulam et al. 2002), increases oxidative
damage in plant tissues (Farhangi-Abriz and Torabian 2017)

Salinity ~ Biochar Nitrogen GDH GS GOGAT NR
applications
0 Non-biochar 3427 +0.64b  220+0.1la 1.96+0.08b 0.12+0.014a 1.31 £0.05a
50 gkg 'soil  34.16+0.34b  220+0.09a 240+0.07a 0.14+0.01la 1.20 £ 0.08b
100 gkg ' 3640+043a 220+0.08a 240+0.07a 0.13+0.014a 1.36 £ 0.14a
soil
5 Non-biochar ~ 24.30+0.58d  1.10£0.06c 1.87+0.05b 0.050£0.018d 0.50=+0.12d
dsjl 50 gkg 'soil  29.10+044c  1.50+0.10b 240+0.11a  0.080+0.010b  0.90 = 0.09b
m 100 gkg ! 2876 £0.26c  1.35+0.07b 2.43+0.08a 0.080+0.013b  0.90+0.11b
soil
10 Non-biochar ~ 1920+0.74e 0.80+0.11d 137+0.12c  0.047 £0.008d  0.53 £ 0.05d
dS:I 50 gkg 'soil  22.86+024d 123+0.07c 1.83+0.10b 0.063£0.01lc  0.80+0.12¢
m 100 g kg™ 2256 +055d 126+0.05c 1.86+0.09b 0.073+0.012b  0.81 +£0.08¢c
soil

Nitrogen (mg g ' DW), GDH: Glutamate dehydrogenase (nmol NADH ¢! FW min '), GS: Glutamine syn-
thetase (nmole y-glutamylhydroxmate g ' FW min "), GOGAT: Glutamine oxoglutarate aminotransferase (nmol
NADH g71 FW min') and NR: Nitrate reductase (pmoles nitrite gfl FWH )

Different letters in each column indicate significant difference at p < 0.05
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Table 3 Means =+ standard error

of nitrogen content and different Salinity ~ Biochar Nitrogen GDH GS GOGAT NR
enzymes activity of soybean in applications
roots under salt stress and biochar
applications 0 Non-biochar ~ 2523+0.67b 0.70£0.11b 460028 0.18=0.009a  0.70 £ 0.04c
50g kgﬁlsoil 28.06 £0.44a 090+0.1la 4.50+0.17a 0.17+0.011a 0.86 £0.07a
100 g kg71 2776 £0.46a 090+0.08a 4.50+0.17a 0.18£0.012a 0.86 +0.09a
soil
5 Non-biochar 22.304+0.38¢  0.50+£0.07d 3.10+£0.13¢  0.11 £0.008¢c 0.50 £ 0.04e
dS- 50gkg'soil  2450+0.74b  0.70+0.12b 3.60+0.15b 0.16+0.014ab  0.70 +0.04c
m 100 g kg ! 2530+0.51b  0.70+0.06b 3.70+026b 0.15+0.011b  0.80=0.07b
soil
10 Non-biochar 18.10+0.44d 0.30£0.07¢ 2.00+0.12¢  0.07 + 0.006d 0.33 £0.03f
dS- " 50gkg'soil 22304054  0.60+0.10c  2.60+0.09d 0.10+0.01lc  0.63+0.09d
m 100 gkg ! 21.80+0.32¢  0.63+0.08c 2.50+0.11d 0.12+£0.010c  0.53+0.08¢
soil

Nitrogen (mg g ' DW), GDH: Glutamate dehydrogenase (nmol NADH g ' FW min '), GS: Glutamine syn-
thetase (nmole y-glutamylhydroxmate g ' FW min~ " ), GOGAT: Glutamine oxoglutarate aminotransferase (nmol
NADH gf1 FW min ') and NR: Nitrate reductase (pmoles nitrite gf1 FWh')

Different letters in each column indicate significant difference at p < 0.05

and, in soybeans, compromises root and shoot growth. The
results of the study reported here clearly show that salt stress
diminished nitrogen content, the nitrogen metabolism of soy-
bean (Tables 3 and 4), nodulation processes (Fig. 1, Table 2),
root and shoot growth (Fig. 2). Many factors related to soil
quality, including pH, calcium level, form of nitrogen, and
nitrogen availability, can affect the degree of legume nodula-
tion (Slattery et al. 2001). All of those parameters can be
improved with the addition of biochar (Jones et al. 2012).
Even despite salt stress, improved nodulation in soybean with
the application of biochar (Fig. 1) could derive from improved
nodulation factors such as root flavonoids and special

components (e.g., richadsin). Moreover, biochar improved
plant performance under salt stress (Table 5) by providing
more photosynthetic products, including carbohydrates for
rhizobium microorganisms in root zones. Biochar can also
alter soil biota under sodium toxicity. However, future re-
search should further explore all reported benefits of biochar
on soybean. Increased root and shoot growth under salt stress
(Fig. 2) relates to the increased nitrogen content in plant tis-
sues due to improved nitrogen metabolism in different parts of
the soybean (Tables 2, 3, and 4). Improved plant performance
in terms of increased chlorophyll content, leaf area, and the
rubisco activity of leaves (Table 5) play a vital role in the

Table 4 Means =+ standard error

of nitrogen content and different Salinity ~ Biochar Nitrogen GDH GS GOGAT NR
enzymes activity of soybean in applications
leaves under salt stress and
biochar applications 0 Non-biochar  40.36+0.81b  040+0.14c  0.70+0.18c  0.14 = 0.006b 0.83 +0.06b
50g 4133+0.34b 053+0.11a 1.00+£0.17a  0.17 +0.004a 0.90 + 0.09a
kg 'soil
100 gkg ! 4456+0.54a 053+0.11a 1.00+0.12a  0.18 +0.008a 0.86 + 0.07ab
soil
5 Non-biochar  30.50 £0.55d 0.20+0.09d 0.60+0.13d  0.07 +0.009d 0.60 +0.04 cd
dS:l 50g 34.60+£0.65c 0.46+0.07b  0.76 £ 0.09b  0.08 £ 0.009d 0.80 + 0.08b
m kg 'soil
100 gkg ! 3500+ 044c 040+0.09c 0.80+0.11b  0.11 +0.006¢ 0.80+0.07b
soil
10 Non-biochar 2543 +0.71f  020+0.09d 0.30 +0.06f  0.04 +0.005¢ 0.40 £ 0.09
dS:l 50g 2755+042¢ 040+0.07c 046+0.10e  0.09+0.003cd 0.66+0.06c
m kg 'soil
100 gkg ! 2796 £0.63¢  040+0.05c 0.50+0.09¢  0.08 +0.007d 0.66 + 0.08¢c
soil

Nitrogen (mg g ' DW), GDH: Glutamate dehydrogenase (nmol NADH g' FW min '), GS: Glutamine syn-
thetase (nmole y-glutamylhydroxmate g ' FW min~"), GOGAT: Glutamine oxoglutarate aminotransferase (nmol
NADH g71 FW min ') and NR: Nitrate reductase (pmoles nitrite g71 FWh')

Different letters in each column indicate significant difference at p < 0.05
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Table 5 Means + standard error of chlorophyll content, leaf area and rubisco activity of soybean leaves under different salinity levels and biochar

applications

Salinity Biochar applications Chl a Chl b Chl a/b Total Chl LA Rubisco

0 Non-biochar 1.83 £ 0.06b 0.98 £0.05a 1.86 £0.11d 2.56 +0.18b 280.00 + 6.92b 126 +0.07a
50 g kg 'soil 1.90 £ 0.09a 092 +0.11a 2.06+0.11¢c 2.68 £0.17a 320.23 +8.82a 1.27 £ 0.09a
100 g kg ' soil 1.93 £0.13a 0.96 +0.09a 2.03 +0.08¢c 2.73 £0.09a 316.01 +7.90a 1.32 £0.05a

5dSm™! Non-biochar 1.30 +0.11e 0.61 £0.07¢ 2.10+£0.17¢ 1.88 +0.13d 222.12 £4.84d 0.40 +0.07d
50 g kg 'soil 1.50 £ 0.08d 0.67 £0.07¢c 2.33+0.11b 2.23+0.08¢ 254.00 + 8.87¢ 0.81 +0.08b
100 g kg ™' soil 1.66 £0.07¢c 0.74 +0.09b 2.46 +0.08a 231+0.12¢ 245.16 +5.30c 0.79+0.11b

10 dSm™' Non-biochar 090+0.11¢g 042 +0.07¢ 2.10+£0.12¢ 141 £0.07f 180.02 + 4.02f 0.32 +0.06¢e
50 g kg 'soil 1.20 £ 0.09f 0.51 +£0.09d 2.33+£0.07b 1.72 £0.11e 200.00 £991e 0.54 £ 0.05¢
100 g kg ' soil 1.30+0.07e 0.55+0.08d 2.36 +0.09b 1.70 £0.10e 203.25 + 6.86¢ 0.60 + 0.08¢c

Chl a: Chlorophyll a (mg g{1 FW), Chl b: Chlorophyll b (mg g{1 FW), Total chl: Total Chlorophyll (mg g{1 FW), LA: Leaf area (cm > planf1 ),

Rubisco (umol mZsh

Different letters in each column indicate significant difference at p < 0.05

successful growth of soybean under salt stress. Previous re-
search has indicated that under salt stress, biochar alters the
oxidative stress in plant tissues and thereby improves plant
growth (Farhangi-Abriz and Torabian 2017).

Decreasing the nitrogen content in nodules and plant tis-
sues under salt stress (Tables 2, 3, and 4 and Fig. 2) could
relate to the diminished nitrogen uptake, and nitrogen metab-
olism in the different parts of the soybean (Tables 2, 3, and 4).
GS and GOGAT or an alternative GDH pathway may incor-
porate nitrogen from both nitrate reduction and soil into plant
cells. The decreased activity of those enzymes under salt stress
reduced nitrogen content in the roots and leaves of soybean,
and diminished enzyme activity with increased salt stress
could relate to the generally harmful effects of salt stress in
plants, including ion imbalances, toxicity, oxidative damage,
and the down regulation of some genes (Kusano et al. 2011).
Oxygen permeability in nodules is crucial for controlling ni-
trogenase activity. Reducing the nitrogen content of nodules
under salt stress could stem from the reduced oxygen concen-
tration in root zones and the nodule cortex (James et al. 1993;
Serraj et al. 1994; Fernandez-Pascual et al. 1996). Moreover,
salt stress has been observed to reduce the mobilization of
assimilates to the nodules (Fougere et al. 1991; Munns and
James 2003) and consequently inhibit nitrogen metabolism
(Table 2). From the results of the study reported here, it is
clear that all biochar treatments improved nitrogen fixation
and the nitrogen metabolism of soybean under salt stress.
Enriching nitrogen to plant tissues by applying biochar pre-
sumably resulted from improved enzymatic activity in the
nodules, roots, and leaves of the plants (Tables 2, 3, and 4).
The improved nitrogen content in nodules and plants due to
treatment with biochar could have resulted from the altered
pH of the soil.

Nitrogen supply greatly affects leaf growth by increasing
the LA of crops and, in turn, altering the influences of photo-
synthesis. Chlorophyll content is approximately proportional
to leaf nitrogen content (Evans 1983), and studies have also
suggested a positive correlation between chlorophyll content
and the level of nitrogen (Yu-kui et al. 2012; Rambo et al.
2010). The results reported here clearly indicate that by reduc-
ing nitrogen metabolism and nitrogen content, salt stress also
decreased chlorophyll synthesis, LA, and rubisco activity in
soybeans (Tables 2, 3, and 4). The observed reduction of chlo-
rophyll content in soybeans grown in conditions involving
saline could stem from both the increased degradation and
inhibited synthesis of the pigment (Garsia-Sanchez et al.
2002). Taffouo et al. (2010) reported that sodium toxicity de-
creased the content of photosynthetic pigments in treated
plants. Improved chlorophyll content, LA, and rubisco activ-
ity in treatments with biochar (Table 5) resulted from in-
creased nitrogen content and metabolism in soybean
(Tables 2, 3, and 4). Consistent with the results reported here,
Wang et al. (2014) found that biochar noticeably increased the
photosynthetic rate and chlorophyll content in the leaves of
Malus hupehensis Rehd seedlings. Several other studies have
indicated that the general performance of plants increases with
the addition of biochar (Van Zwieten et al. 2010; Lehmann
et al. 2011; Thomas et al. 2013; Akhtar et al. 2015; Hammer
et al. 2015).

With regard to the results, salt stress adversely affects the
nodulation and nitrogen metabolism of soybean. Applying
biochar can improve the nodulation, nitrogen content and ni-
trogen metabolism of the plants by stimulating nitrogen fixa-
tion and GDH, GS, GOGAT, and NR activity. With improved
nitrogen content in soybean, general plant performance, in-
cluding shoot and root dry weight, chlorophyll content, LA,
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and rubisco activity all increased. The results reported here
show that applying biochar under salt stress could mitigate
the harmful effects of salt stress by enhancing the nitrogen
metabolism in soybean and increasing the plants’ general per-
formance. The study reported here involved conducting a
pioneering evaluation of the effects of biochar on the nodula-
tion and nitrogen metabolism of soybean under salt stress.
Future work should seek to confirm the effects of applying
biochar on nitrogen fixation and metabolism in other legumes,
as well as examine changes in nitrogen metabolism with or-
ganic matter under other environmental conditions.
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