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Abstract

Aim H,S is emerging as a signaling molecule involved
in the regulation of many physiological processes in
plants. Here, we investigated the potential antioxidant
role of H,S in soybean (Glycine max)-rhizobia
(Sinorhizobium fredii) symbiotic root nodules.
Method An endogenous H,S production deficit
rhizobia mutant ACSE was constructed to study the
effect of decreased content of H,S in soybean nodules.
Fluorescent probes and confocal microscope were used
to observe the production and accumulation of H,S and
reactive oxygen species. Transmission electronic
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microscopy was conducted to study the structural
changes in ACSE soybean nodules. Finally, qRT-PCR,
enzymatic activity, and oxidative damage parameters
were measured.

Result The results demonstrated that abundant H,S was
generated in the nitrogen-fixing zone of soybean nod-
ules. The deletion of the cystathionine y-lyase (CSE)
gene in S. fredii (ACSE) caused a sharp decrease in H,S
production in both free-living rhizobia and soybean
nodules. We found that decrease in the H,S level in
nodule cells inhibited nitrogenase activity. In addition,
to elevated H,O, and malondialdehyde accumulation,
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increased protein carbonyl content and decreased O,
scavenging ability was observed in ACSE root nodules.
Transmission electron microscopy revealed that an H,S
deficit caused the deformation of bacteroids and damage
of peribacteroid membranes in nodule cells. Moreover,
the expression of some rhizobial and soybean genes
related to antioxidant defense was up-regulated in
ACSE nodules.

Conclusion H,S is crucial for the nitrogen-fixation abil-
ity of soybean nodules by acting as an antioxidant
element that protects nodule cells and bacteroids from
oxidative damage.

Keywords Hydrogen sulfide - Soybean root nodule -
Nitrogenase activity - Oxidative stress - Antioxidant
defense - Rhizobia

Introduction

For a long time, hydrogen sulfide (H,S) was considered
to be a cytotoxic gas until studies revealed its physio-
logical regulatory effects in animals (Szab6 2007; Yang
et al. 2008). More recently, the involvement of H,S in
plant physiological processes has also become a popular
area of research (Lisjak et al. 2013; Filipovic and
Jovanovic 2017). In plants, H,S has been proved to
participate in root formation and seed germination
(Zhang et al. 2008; Zhang et al. 2009). It was reported
that H,S also acts as a regulator of photosynthesis and
autophagy in plant cells (Chen et al. 2011; Alvarez et al.
2012; Laureano-Marin et al. 2016). Recently, it has been
found that H,S may change the structures and activities
of target proteins via persulfidation of reactive cysteine
residues. This occurs via the conversion of the thiol
group (-SH) into a persulfide group (-SSH) (Aroca
et al. 2017a). Moreover, numerous studies have demon-
strated the protective effects of H,S against oxidative
damage in plants caused by abiotic stresses including
heavy metal, heat, drought, hypoxia, and salt stress
(Wang et al. 2010; Zhang et al. 2008; Li et al. 2012;
Cheng et al. 2013; Shi et al. 2013; Chen et al. 2016).
In mammals, endogenous H,S is mainly produced by
two L-cysteine (L-Cys) metabolism-related enzymes,
cystathionine y-lyase (CSE), and cystathionine (3-
synthase (CBS) (Wang 2002; Qu et al. 2008). In plant
cells, it has been reported that L-Cys desulfidrase (LCD)
is mainly responsible for H,S generation (Alvarez et al.
2010). Moreover, another pyridoxal 5’-phosphate
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(PLP)-dependent enzyme 3-cyanoalanine synthase
(CAS) is presumed to contribute to H,S formation by
converting cysteine and cyanide to H,S and f3-
cyanoalanine (Cheng et al. 2013). Furthermore, in mi-
croorganisms, a very early studies demonstrating H,S
production in Shigella alkalescens (Galton and Hess
1946). However, recent studies have been reported that
bacteria endogenously produce H,S via 3-
mercaptopyruvate sulfurtransferase (3MST) or CSE
(Shatalin et al. 2011; Wu et al. 2015). It is worth noting
that the production of H,S in Escherichia coli and some
other pathogenic bacteria has been reported to be crucial
for their survival against antibiotics (Shatalin et al.
2011). Furthermore, a recent study has proved that the
3MST-mediated endogenous production of H,S may
suppress oxidative stress in E. coli by sequestering free
iron required to drive the genotoxic Fenton reaction
(Mironov et al. 2017). So far, various studies have been
reported the link between H,S and the virulence of
pathogenic bacteria. Grosshennig et al. (2016) sug-
gested that HapE, a bifunctional enzyme that generates
H>S, could enhance the virulence of Mycoplasma
pneumoniae, leading to hemolysis in the infected host.
Soutourina et al. (2010) reported that the deletion of the
regulator of cysteine metabolism (CymR) gene, in the
human pathogen Staphylococcus aureus, promoted H,S
production and enhanced bacterial survival inside
macrophages. Furthermore, Peng et al. (2017) also
found that H,S-mediated S-sulfidation may modulate
the expression of secreted virulence factors and the
cytotoxicity of the secretome in S. aureus.

Contrary to the pathogenic infection mechanism, the
symbiosis between legume plants and rhizobia leads to
the formation of a specialized organ known as the root
nodule. After infection, which is strictly regulated by the
host plant, rhizobia are released from infection threads
into nodule cells where they substantially differentiate
into bacteroids. These bacteroids fix atmospheric
dinitrogen (N,) into ammonia for the usage of their plant
host. In legume root nodules, high rates of respiration
are required due to the high energy consumption of
nitrogen (N) fixation (Becana et al. 2001). Nodules are
rich in strongly reducing compounds, polyunsaturated
fatty acids, and O,-labile proteins including nitrogenase
(Nase) itself. This strongly reducing environment in
nodules promotes the generation of reactive oxygen
species (ROS) (Dalton 1995; Santos et al. 2000). Early
studies have reported that root nodules possess a high
capacity for producing ROS (Hunt and Layzell 1993).
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Thus, to resist the oxidative damage caused by ROS,
antioxidant defenses are necessary to maintain N fixa-
tion in root nodules. Our recent study has found that
exogenous H»S treatment could promote nodulation and
Nase activity in soybean (Glycine max) nodules formed
with rhizobia (Sinorhizobium fredii) (Zou et al. 2019).
However, whether endogenous H,S is produced in soy-
bean root nodules and involved in the antioxidant sys-
tem remains unclear.

In the present study, our main objective was to inves-
tigate the antioxidant role of H,S in G. max-S. fredii
symbiotic root nodules, and the mechanism of how H,S
regulates the N-fixation process in soybean nodules.
Genome sequencing was used to find the CSE gene
and 3MST genes in the S. fredii strain Q8, which could
be the main elements responsible for producing endog-
enous H,S in soybean nodules. The results demonstrat-
ed substantial H,S production in soybean nodule cells.
The presence of H,S was crucial for maintaining the
Nase activity. Soybean nodules with impaired H,S pro-
duction exhibited decreased Nase activity, higher H,O,
accumulation, higher lipid oxidation, higher protein ox-
idation, and decreased O, scavenging ability. More-
over, an H,S deficit in soybean nodules stimulated
antioxidant defense responses. Altogether, the present
study implied that H,S has a crucial role in maintaining
N fixation in soybean root nodules by functioning as an
antioxidant element. This may reveal a new physiolog-
ical effect of H,S in the legume-rhizobia symbiotic
system and provide a new solution to reducing the
overuse of nitrogen fertilizers in soybean production.

Materials and methods
Bacterial culture

For the rhizobial culture, TY medium (5 g/L tryptone,
3 g/L yeast extract, and 0.5 g/L CaCl,) was used. Free-
living S. fredii was shake-cultured (180 rpm) in liquid
TY medium for 72 h at 28 °C and then collected by
centrifuging (8000xg). For the E.coli culture, lysogeny
broth medium (10 g/L tryptone, 5 g/L yeast extract, and
10 g/L NaCl) was used.

Plasmid construction

The primers used to construct the CSE deletion mutant
and the complementation strains are listed in Table S1.

Primers CSE-U1 and CSE-U2 were used to amplify an
800-bp upstream fragment of CSE with an EcoRI re-
striction enzyme site at the 5’ end and a 25-bp homolo-
gous sequence of CSE downstream at the 3’ end. The
primers CSE-D1 and CSE-D2 were used to amplify the
800-bp downstream fragment of CSE containing a 25-
bp homologous sequence of CSE upstream at the 5’ end
and a BamHI site at the 3’ end. The two fragments were
then combined using overlap extension PCR with the
CSE-U1 and CSE-D2 primers using standard protocols
(Liu and Naismith 2008). The fused fragment was
checked and recycled by agarose gel electrophoresis.
Then the fused fragment was cloned into the plasmid
pk18mobsacB and digested with the EcoRI and BamHI
enzymes to generate plasmid pK18CSE, which was
verified by sequencing.

To construct the plasmid for CSE complementation,
we used the primers CSE-CP1 and CSE-CP2 to amplify
a DNA fragment containing a putative promoter of CSE
(300 bp upstream of CSE) and full-length CSE with an
EcoRI restriction enzyme site at the 5’ end and an Xbal
restriction enzyme site at the 3’ end. The PCR product
was then purified using a Universal DNA Purification
Kit (Tiangen, Beijing, China). The purified PCR prod-
uct was cloned into the plasmid pPBBRIMCS-5 and
digested with EcoRI and Xbal to generate the comple-
mentation plasmid pBBRCSE, which was verified by
sequencing.

Construction of the S. fredii ACSE and CpACSE strains

To construct the deletion mutant ACSE strain, we first
transformed pK18CSE into the E. coli strain DH5a to
generate DH-CSE. Then a triparental mating procedure
was used, as described previously (Saegesser et al.
1992), to transform pK18CSE from DH-CSE into
S. fredii. Briefly, cultures of E. coli DH-CSE (absor-
bance at 600 nm, ODgoo=0.5), E. coli DH-2013
(ODgno=0.5), and S. fredii (ODgyo=0.5) were mixed
(v:viv=1:1:4) and cultured on a TY agar plate for 7 d.
Single exchange (plasmid pK18CSE integrated into ge-
nomic DNA of S. fiedii) cells of S. fredii were selected
using SM agar plates containing kanamycin (10 g/L
mannitol, 0.5 g/l K,HPOy, 0.5 g/L KNOs, 0.2 g/L
MgS0,4-7H,0, 0.1 g/L CaCl,, 0.1 g/L NaCl, 50 ng/
mL kanamycin). The double-exchange mutant (ACSE
strain) was then isolated using TY agar plates containing
sucrose (5 g/100 mL). Both single-exchange and
double-exchange mutants were verified by colony
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PCR and sequencing. For genetic complementation,
pBBRCSE was transformed from E. coli DH-CPCSE
into S. fredii by triparental mating. SM agar plates
containing gentamicin were used to isolate the comple-
mentation mutant (CpACSE), while colony PCR and
sequencing were used to verify the mutant strain. All
the bacterial strains and plasmids used in this study are
listed in Table 1.

Plant growth and treatment

Soybean (Glycine max cv. Zhonghuang 13) seeds were
surface-sterilized with 75% ethyl alcohol and sodium
hypochlorite and then placed on a 1% agar plate for 72 h
at 28 °C in the dark. Eight hundred milliliters of growth
medium (vermiculite and perlite, v:v = 1:1) was watered
with 400 mL of N-free nutrient solution (100 mg/L
CaCl,, 100 mg/L KH,PO,4, 5 mg/L ferric citrate,
150 mg/L NaH,PO,, 240 mg/L MgSO,, 2.86 mg/L
H3;BO;, 2.03 mg/L MnSO44H,0, 0.22 mg/L
ZnS04-7H,0, 0.06 mg/L Na,Mo0O4-2H,0, and
0.08 mg/L CuSO4-5H,0) and sterilized in a polypropyl-
ene planting bag. Germinated seeds were transferred
into the growth medium (one seedling per bag). Ten
days after transferring the seedling into the medium,
each seedling was inoculated with a 10-mL suspension
of the WT, ACSE, or CpACSE S. fredii strain. Nodules
were harvested at 7, 14, and 28 DPI. Plants were grown

in a controlled growth chamber with a light/dark regime
of 16/8 h, relative humidity of 80%, a temperature of
27 °C, and photosynthetically active radiation of
280 pmol/m?*/s.

To artificially change the H,S content in soybean root
nodules, we used NaHS and hypotaurine (HT) to pre-
treat soybean root nodules. The freshly harvested root
nodules were prepared by soaking them in 100 uM
NaHS or 0.3 mM HT solutions for 1 h at 28 °C, and
washing them with 100 mM phosphate-buffered saline.

Visualization of H,S and H,O, with fluorescent probes

The H,S fluorescent probe SF7-AM and the H,O, fluo-
rescent probe PO-1 were purchased from Sigma-Aldrich
(CAS: 1416872-50-8 and 1,199,576-10-7; Dallas,
USA). Fresh nodule slices (80 wm thick) were obtained
with a freezing microtome (Tissue-Tek, Sakura, Japan).
As described by Lin et al. (2013), nodule slices were
washed with phosphate buffer (pH = 7.4), incubated in
5 mM SF7-AM or PO-1 for 1 h, and washed with
20 mM HEPES. The samples were visualized and
photographed using an Andor Revolution confocal mi-
croscope (Andor Technology, Belfast, Northern Ire-
land). An excitation wavelength (Aex) of 488 nm was
used to detect the green fluorescent signal of SF7-AM,
and a Aex of 561 nm was used for the detection of the
PO-1 signal. The merging of fluorescent pictures and

Table 1 Bacterial strains and plasmids used in this study. Km', Kanamycin resistance; Gm', Gentamicin resistance

Strain or plasmid Description Source
Escherichia coli
DH5a endA hsdR17 supE44 thi-1 recAl gyrA relAl A(lacZYA-argF)UI169 Hanahan (1983)

deoR [P80 dlacA(lacZ)M15)

DH-2013 DH5a carries pRK2013 plasmid; Km"

DH-CSE DH5a carries pK18CSE plasmid; Km"

DH-CP DH5a carries pBBRCSE plasmid; Gm"
Sinorhizobium fredii

WT Wild-type

ACSE S. fredii CSE null mutant

CpACSE ACSE carries pPBBRCSE plasmid; Gm"
Plasmids

pRK2013 Conjugation helper plasmid; Km*

pK18mobsacB Suicide vector derived from plasmid pK18; Mob* sacB Km"

pBBRIMCS-5 Broad-host-range clone vector; Gm"

pKI18CSE pK18mobsacB::CSE

pBBRCSE pBBRIMCS-5::CSE promoter::CSE

Afendra and Drainas (1987)
This study
This study

This study
This study
This study

Afendra and Drainas (1987)
Harrison et al. (2012)
Kovach et al. (1995)

This study

This study
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respective bright-field pictures was conducted with
ImageJ (National Institutes of Health, Bethesda, USA).

H,S determination

The endogenous H,S content in soybean nodules was
assayed using the methylene blue method described by
Zhang et al. (2008). The calibration curve was made
with NaHS solution concentrations. The H,S content
was measured at ODgg7; with an EPOCH ultraviolet
spectrophotometer (BioTek Instruments, Vermont,
USA).

The quantification of H,S in liquid TY media was
conducted as reported by Wu et al. (2015). Properly
diluted aliquots (1.6 mL) were mixed with 0.2 mL of
N, N-dimethyl-p-phenylenediamine sulfate (20 mM in
7.2 M HCI) and 0.2 mL of FeCl3 (30 mM in 1.2 M HCI).
After 30 min of reaction at 25 °C, the absorbance at
667 nm was measured and related to sulfide concentra-
tion using calibration curves generated with NaHS.

The production of H,S by free-living S. fredii was
monitored using a lead acetate detection method
(Shatalin et al. 2011). Paper strips saturated with 2% of
Pb(Ac), were fixed to the inner wall of a culture tube,
above the level of the liquid culture. Overnight cultures
of S. frredii strains were used to inoculate fresh TY
medium to ODggo=0.01. After incubation (24 h,
28 °C), the paper strips were collected and
photographed.

Nase activity assay

Nase activity was assayed using the acetylene reduction
assay (ARA) method as described by Fishbeck et al.
(1973) with slight modifications. Fresh soybean root
nodules were transferred into a 10-mL rubber-capped
airtight glass bottle filled with a mixture of acetylene
and air (v:v=1:100). Bottles were incubated at 28 °C
for 3 h and the concentration of ethylene was determined
using a gas chromatography system (Agilent Technolo-
gies, La Jolla, USA).

Biomass accumulation and N content determination

Plant samples at 28 DPI were harvested and dried at
65 °C for 72 h to constant weight. Dry matters were then
weighed to determine biomass accumulation.

After the biomass determination, dried plant sam-
ples were used for total N content determination. We

used the Kjeldahl method reported by Zdravko et al.
(2014) with slight modifications. 0.3 g dried plant
samples were grounded with mortar and pestle. 5 ml
98% H,S0O, was added and mixed with the sample
powder. Then the mixture was digested at 365 °C
for 2 h. During the digestion, 1.5 mL of H,O, was
added into the system every 30 min. Finally, the
digestion solution was diluted to a constant volume
with distilled water, and the N content was deter-
mined using an automatic Kjeldahl apparatus
(Kjeltec™ 8400, FOSS, Denmark).

Transmission electron microscopy

Soybean root nodules at 28 DPI were observed
using a TECNAI G2 SPIRIT BIO transmission elec-
tron microscope (FEI, Oregon, USA) to detect the
micromorphological differences between ACSE and
WT nodules. Sample preparation was carried out as
described by Yuan et al. (2017) with slight modifi-
cations. Soybean nodules were gently washed and
the clean root nodules were cut into slices approxi-
mately 0.5 mm thick, pre-fixed in 4% glutaralde-
hyde for 24 h, washed with 0.1 M phosphate-
buffered saline (pH=6.8), and post-fixed in 1.0%
osmium tetroxide for at least 3 h. Thereafter, nod-
ules were dehydrated in an ascending ethanol series
and embedded in LR white resin. Thin sections were
excised from the embedded samples using an EM-
UC7 ultramicrotome (Leica, Nussloch, Germany)
equipped with a glass knife. Ultrathin sections were
mounted on copper grids for TEM examination.

Isolation of bacteroids

The isolation of bacteroids from soybean root nod-
ules was conducted with the method described by
Reibach et al. (1981) with slight modification. The
nodules were removed from the roots and washed.
5 g of nodules were gently crushed with a mortar
and pestle on ice in grinding buffer (0.15 M NaCl
and 50 mM KH,PO,, pH 7.6). The crude homoge-
nate was filtered through filter paper. The filtrate
was collected in centrifuge tube for further use.
The residue was then washed with 10 mL of grind-
ing buffer. Add 30 mL of 70% percoll concentrate
(p=1.09 g/cm®) containing 24.5 mL percoll concen-
trate, 3.5 mL of 0.5 M KH,PO, and 1.5 M NaCl,
and 7 mL of ddH,O into 50 mL centrifuge tube.
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Add 1 g of the filtered crude extract onto the top of
percoll concentrate. The tube was then centrifuged
for 2 h at 15000%g. Bacteroids were transferred to a
new centrifuge tube. Percoll was removed by dilut-
ing the bacteroid fraction (underlying substance) 1:5
with 0.15 M NaCl plus 50 mM KH,PO,, pH 7.6,
and centrifuging at 12000xg for 10 min. The bacte-
roid pellet was then resuspended in 0.15 M NaCl
plus 50 mM KH,PO,4, pH 7.6. The rest part were
then mixed with filtrate previously acquired and
used as nodule homogenate for experiment.

Determination of oxidative damage

To determine H,O, content in soybean root nodules, we
used the method described by Liu and Naismith (2008).
Briefly, H,O, was extracted from 0.5 g of freshly har-
vested soybean root nodules in 2 mL of cold acetone
with a mortar and pestle. The homogenate was centri-
fuged at 6000xg for 25 min. Subsequently, | mL of
extracted solution was mixed with 0.2 mL of 20%
titanium sulfate in concentrated HCI. This was followed
by the addition of 0.4 mL of 25% aqueous solution of
ammonia to precipitate the peroxide-titanium complex.
The mixture was then centrifuged at 6000xg for 15 min.
The precipitate was solubilized in 1 mL of 2 M H,SO4
and brought to a final volume of 2 mL. The absorbance
of the obtained solution was read at 415 nm against
water blank. A standard response curve was prepared
with known concentrations of H,O, using the same
method as described above.

For the MDA content measurement, we referred to
the protocol of Redondo et al. (2009) with slight mod-
ification. 0.5 g sample was homogenized with 2.5 mL of
0.1% trichloroacetic acid (TCA) using a mortar and
pestle on ice. The homogenate was centrifuged for
10 min at 12000xg. Then, 2 mL of supernatant was
added to 2 mL of 0.67% thiobarbituric acid in TCA.
The mixture was boiled for 20 min and then cooled at
room temperature. The mixture was then centrifuged for
15 min at 12000xg and the absorbance of the superna-
tant was measured at 450, 532 and 600 nm. The MDA
content (umol/g FW) was calculated using the follow-
ing formula.

CMDA (umol/L) = 6.45 % (OD532*OD600)—0.56 X OD450.
MDA content = (Cypa X V)/(Vs x m x 1000).

@ Springer

Cwmpa : MDA concentration in reaction mixture (pmol/L).V
: Total volume of sample extracts (mL).Vs

: Volume of sample extract used for measurement.

For measuring the protein carbonyl content in soy-
bean root nodules, we used a Comin protein carbonyl
assay kit (Comin Biotechnology, Suzhou, China) fol-
lowing the manufacturer’s instructions. Protein carbonyl
content was measured using OD37o. The O, radical
scavenging ability was assayed using a superoxide an-
ion scavenging ability assay kit (Comin Biotechnology
Co., Ltd., Suzhou, China). All the procedures were
conducted following the manufacturer’s instructions.
0O, scavenging ability was calculated using ODs3y.

Enzymatic activity assay

The activities of SOD, CAT, and TrxR were measured
using enzymatic activity assay kits purchased from
Comin biotechnology (Suzhou). The whole procedure
was conducted following the instructions from the man-
ufacturer. SOD, CAT, and TrxR activities were mea-
sured at ODsgp, OD5y49, and ODyy,, respectively with
an EPOCH ultraviolet spectrophotometer (BioTek, Ver-
mont, U.S.A).

GSH, nicotinamide adenine dinucleotide phosphate
(NADP[H]) and total thiols quantification.

GSH content in nodule tissues was determined with the
method described by (Matamoros et al. 1999) with
slight modification. 0.1 g of nodule tissue was added
to 1 mL of 0.1 M HCI. The mixture was then shaken at
room temperature for 1 h. After centrifugation at
15000 g for 20 min, 100 puL of the supernatant was
added into 100 pL of 2-(cyclohexylamine)ethane
sulphonic acid (CHES), adjust to pH 8.5. Then add
70 uL of 100 mM DTT into the system. The mixture
was then incubated at 28 °C for 1 h. Add 10 pL of
18 mM monobromobimane (mBBr) and incubated in
dark for 30 min. After the incubation, 200 L of 10 mM
methyl sulphonic acid was added into the mixture. The
samples were centrifuged at 20000 g for 40 min and
then filtered through a 0.2 Im nylon filter, and separation
of thiols was conducted on an Agilent Hypersil BDS-
C18 column using an HP1100 HPLC system. Mixed
standards treated exactly as the sample supernatants
were used as a reference for the quantification of cyste-
ine and GSH content.
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For NADP(H) determination, pyridine nucleotides
were extracted from 30 mg of nodules with 23 0.5 mL
of 0.1 m NaOH (NADH and NADPH) or with 2 x
0.5 mL of 5% (w/v) TCA (NADI and NADPI) at room
temperature. After thorough homogenization for 90 to
120 s in an Eppendorf tube, the extracts were boiled for
6 min, cooled on ice, and centrifuged at 13,000 g for
6 min at room temperature. The supernatant (25 mL)
was made up to 100 mL with NaOH or TCA, and the
nucleotides were quantified by the enzymatic cycling
method of Matsumura and Miyachi (1980).

The amounts of total thiols were measured using the
method described by Aravind and Prasad (2005). 0.5 g
of nodule tissue was added into 0.02 M EDTA and
homogenized with pestle and mortar. The mixture was
centrifuged at 15,000 g for 10 min. Reaction mixture
containing 50 mL sample, 150 ml 0.2 M Tris/HCI
pH 8.2, 10 mL DTNB and 790 mL methanol was
incubated for 15 min at room temperature. The absor-
bance was determined at 412 nm.

RNA isolation, reverse transcription and gene
expression analysis

Total RNA isolation was performed using the
MiniBEST Plant RNA Extraction Kit (Takara, Da-
lian, China) according to the manufacturer’s instruc-
tions. After the extraction procedure, we used
recombined DNase to erase the genomic DNA. The
RNA integrity was examined using 1% agarose gel
electrophoresis. The RNA concentration was deter-
mined using an EPOCH Microplate Spectrophotom-
eter (BioTek). Reverse transcription was conducted
using the PrimerScript™ RT Master Mix (Takara) as
suggested by the manufacturer. The qRT-PCR was
carried out using a Quantstudio 6 Flex real-time
PCR system (Thermo Fisher, Carlsbad, USA) and
SYBR Premix Ex Taq II (Takara). The qRT-PCR
program is described in Table S3. The primers used
for the expression assay were designed with Primer
Premier 5.0 (Premier Biosoft International, Palo Al-
to, USA) according to the coding sequence of the
respective gene. The coding sequences were obtain-
ed from GenBank (https://cipotato.
org/genebankcip/) or the European Molecular
Biology Laboratory (https://www.embl.org/). The
target fragments amplified by the primers were
sequenced and checked by 1% agarose gel
electrophoresis to ensure the accuracy of the qRT—

PCR reaction. The sequences of the primers used in
the present study are listed in Table S2. The qRT—
PCR reaction was conducted with three biological
replicates and three technical replicates. For the G.
max gene expression assay, GmActin was selected as
the endogenous control. For the S. fredii gene ex-
pression assay, the /6S ribosomal gene was selected
as the endogenous control.

Statistical analysis

Statistical significance of differences between means
was tested by the one-way analysis of variance
(ANOVA) using SPSS 19.0 (IBM SPSS, Somers,
USA). The results are expressed as the mean values
+ standard error of at least three independent exper-
iments. Three sets of soybean plants were grown at
different times as biological replicates. For the Nase
and antioxidant enzymatic activity assays, three bi-
ological replicates and five technical replicates were
used. For the qRT-PCR assay, three biological rep-
licates and three technical replicates were set. For
the TEM and confocal microscopy, at least twenty
nodules from different biological replicates were
observed. For the H,S, H,0,, MDA, and protein
carbonyl determination and the O, scavenging abil-
ity assay, three biological replicates and five techni-
cal replicates were conducted.

Results
H,S is generated in soybean root nodules

To detect the presence of H,S in soybean root nodules,
we used the fluorescent probe SF7-AM. Due to the large
size of the soybean nodule, it was difficult for the
fluorescent probe to completely penetrate into the cen-
tral zone. Thus, the observation of H,S fluorescence was
conducted using fresh nodule slices (80 pum thick). After
loading the SF7-AM probe, a strong green fluorescent
signal suggested that H,S was produced on mass in both
young soybean nodules (14 days post-inoculation
[DPI]) and mature nodules (28 DPI). This endogenous
H,S production was located in the central N-fixing zone.
However, in the nascent soybean nodules (7 DPI), no
significant fluorescence was observed (Fig. la).

To test the specificity of the fluorescent probe, we
used the H»S scavenger hypotaurine (HT) to treat the
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Fig. 1 H,S production in a Bright field Fluorescent field Overlap
soybean root nodules. (a)

Confocal microscopy using the
fluorescent probe SF7-AM.

Bars =250 um. For fluorescent
signal detection, excitation
wavelength Ao, =488 nm. HT
represents the H,S scavenger
hypotaurine. (b) H,S content at 7,
14, and 28 days post-inoculation
(DPI). Error bars represent
standard error (SE). Values stand
for means = SE of three
independent biological replicates,
n=15. Different letters above the
column indicate significant dif-
ference between means (P < 0.05)
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nodule slices before loading the SF7-AM probe. The
fluorescent signal was no longer present in the 28-DPI
nodule slices pretreated with 0.3 mM HT (Fig. 1a). We
then determined the H,S content in soybean root nod-
ules using the methylene blue method. The H,S content
reached 1.734 pumol/g fresh weights (FW) at 28 DPI,
which was higher than at 7 DPI (0.085 umol/g FW) and
14 DPI (1.323 umol/g FW; Fig. 1b). These results were
consistent with the SF7-AM assay (Fig. 1a).

Deletion of the CSE gene in S. fredii impairs H,S
production

The variation in H,S production from soybean root
nodules at different stages suggests that H,S may be
related to the N-fixation ability of the nodules. To fur-
ther test the correlation between H,S production and N
fixation in soybean nodules, we constructed a S. fredii
mutant strain by deleting the CSE gene. The staining test
with a 2% lead acetate test paper showed that H,S
production in the ACSE mutant (indicated by brown
color) was strongly inhibited under free-living condi-
tions (Fig. 2a). We then combined the coding sequence
of the CSE gene under the regulation of its native
promoter into the plasmid pBBR1IMCS-5 to construct
the complementary strain (CpACSE). The complemen-
tation of the CSE gene successfully rescued the impaired
H,S production capacity. The total H,S production in
the ACSE mutant decreased to ~25% of that of the wild-
type (WT) S. fredii in liquid tryptone-yeast (TY) medi-
um under free-living conditions. H,S production was
fully restored in CpACSE nodules (Fig. 2a).

Under symbiotic conditions, the ACSE strain suc-
cessfully established a symbiosis with soybean plants
and formed root nodules (ACSE nodules) with a normal
appearance similar to WT nodules. Quantification of
H,S found that the H,S content in ACSE nodules was
1.237 wmol/g FW, only half of that found in WT nod-
ules. The complementation of CSE rescued the H,S
production capacity in CpACSE nodules (Fig. 2b). The
SF7-AM assay also showed that H,S content in ACSE
nodules was significantly lower than in WT nodules,
whereas no significant difference was observed for the
H,S content between CpACSE nodules and WT nodules
(Fig. 2¢).

Taken together, these results suggest that the deletion
of the CSE gene in S. fredii strongly inhibited H,S
production in soybean nodules.

Deletion of the CSE gene in S. fredii leads to loss
of Nase activity

To investigate the possible correlation between H,S
content and N-fixation ability, we determined Nase ac-
tivity in soybean nodules. At 28 DPI, which is usually
the peak of the N-fixation ability of soybean root nod-
ules, the Nase activity in ACSE nodules was significant-
ly lower than in WT nodules; however, comparable
Nase activity was found in CpACSE and WT nodules
(Fig. 3a). To ensure that this variation in Nase activity
was due to the change in H,S content, we used sodium
hydrosulfide (NaHS) as an exogenous H,S donor to
pretreat the ACSE nodules. After the 100 uM NaHS
pretreatment, the Nase activity in ACSE nodules partial-
ly recovered. We also used the H,S scavenger HT to
pretreat the soybean root nodules. WT nodules treated
with 0.3 mM HT exhibited a 27.1% loss of Nase activity
compared with the non-treated WT nodules (Fig. 3a).

Quantification of H,S in soybean nodules confirmed
that the 100 pM NaHS pretreatment significantly in-
creased the H,S content in soybean nodules compared
with the non-treated ACSE nodules. The HT treatment
also caused a decrease in the H,S content of WT nodules
(Fig. 3b). In general, the Nase activity correlated with the
H,S content in soybean root nodules. Besides, biomass
and N content determination provide further evidence
that diminished H,S level could impact the N assimilation
of soybean plants. We observed that the inoculation of
WT, ACSE and CpACSE strains showed no significant
effect on the biomass accumulation in soybean plants
(Fig. 4a and b). However, total N content in soybean
plants inoculated with ACSE strain was lower than that
in WT inoculated soybean plants. Moreover, the inocula-
tion of the CpACSE strain partially rescued the decrease
of N content in soybean roots (Fig. 4c and d).

Taken together, these results highlight that H,S gen-
eration is important to maintain the Nase activity in
soybean root nodules.

H,S may act as part of the antioxidant system in soybean
nodules

As Nase activity was strongly inhibited in ACSE nod-
ules, we investigated the nodulation of soybean plants
inoculated ACSE S. fredii strains. Surprisingly, the de-
letion of CSE in S. fredii Q8 strain displayed no effect on
its symbiotic capacity with soybean plants. The results
noted that the soybean plants inoculated with WT and
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Fig. 2 The H,S production capacity of free-living Sinorhizobium
fredii and soybean root nodules. (a) H,S concentration in liquid
tryptone—yeast culture of free-living S. fredii. Error bars represent
standard error (SE), Values stand for means + SE of three inde-
pendent experiments, n = 15. Different letters above the columns
indicate significant differences (P < 0.05). For fluorescence

ACSE generate about the same number of root nodules
(Fig. 5a). Moreover, the ACSE nodules also failed to
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detection, excitation wavelength A, =488 nm. (b) H,S content
in soybean root nodules formed with wild-type (WT), CSE knock-
out mutant (ACSE), and CSE complementary (CpACSE) S. fredii
strains. (¢) Confocal microscopy of H,S production using SF7-
AM probe in WT, ACSE, and CpACSE nodules. Bars = 100 um

exhibit any distinctive morphological features such as
size, color, and shape (Fig. 5b, ¢).
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Fig. 3 The nitrogenase activity
(a) and H,S content (b) in WT,
ACSE, and CpACSE nodules.
Error bars represent standard error 10 ~
(SE). Values stand for means + SE
of three independent experiments,
n = 15. Different letters above
columns indicate significant
differences (P < 0.05)
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We then conducted transmission electron microscopy
(TEM) to determine whether there were structural
changes in the nodule cells. Interestingly, in the infected
cells, a number of ACSE bacteroids exhibited deformed
traits (Fig. 5e). Compared with WT bacteroids (Fig. 5d),
the deformed bacteroids (DFB) exhibited less accumu-
lation of polyhydroxybutyrate (PHB; indicated by bright
arrow) and broken peribacteroid membranes (BPM;
indicated by a dark triangle).

All these structural characteristics were similar to
those previously observed in nodules disordered by
ROS, such as senescent nodules and nodules under

nodule

-

—

I
Cp/ACSE NaHS-treated HT-treated
nodule ACSE WT
nodule nodule

I
WT ACSE
nodule

abiotic stresses (Balestrasse et al. 2004; Li et al. 2008).
To clarify whether H,S could suppress the generation of
ROS, we first used fluorescent probes SF7-AM and
peroxy orange 1 (PO-1) to observe the presence of H,S
and H,O, in soybean root nodules. PO-1 is a fluorescent
probe specific for H,O, detection which can generate a
strong orange fluorescent signal in ACSE nodules after
reacting with H,O, (Dickinson et al. 2010). Here, in the
present study, we found that the orange fluorescent signal
was significantly weaker in WT and CpACSE nodules
where substantial H,S was found. The H,O, signal was
only observed in the intercellular space of WT and
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Fig. 4 Soybean plant growth parameters and N content determi-
nation. Dry weight of shoots (a). Dry weight of roots (b). N
content in leaves (¢) and N content in roots (d). Error bars

CpACSE nodules, whereas H,O, was mainly found in the
infected cells of ACSE nodules (Fig. 6).

The above results were testified by quantification of
H,0, in soybean nodules. The results investigated that at
28 DPI, the H,O, content in ACSE nodules was signifi-
cantly higher than in WT and CpACSE nodules (Fig. 7a),
implying that H,S content may potentially affect the ROS
production in soybean root nodules. To obtain further
proof for the potential antioxidant role that H,S may play
in the root nodules, we investigated the oxidative stress-
related phenotypes in soybean root nodules. We first
measured the total content of carbonyl in the nodule
proteins. The carbonyl content was significantly higher
in ACSE nodules than in WT and CpACSE nodules (Fig.
7b). We then determined malonaldehyde (MDA) content
as a key indicator of lipid peroxidation in root nodules.
The MDA content in ACSE nodules was significantly
higher than in WT and CpACSE nodules (Fig. 7c), signi-
fying that deficit of H,S may lead to higher lipid perox-
idation in root nodules. To further distinguish whether the
oxidative damage mainly occurred in bacteroids or plant
cells, we also conducted protein carbonyl and MDA
content determination with isolated bacteroids and nodule
homogenate without bacteroids. As shown in Fig. S1,
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three independent experiments, n =60. Different letters above
columns indicate significant differences (P < 0.05)

MDA content and protein carbonyl contents in both
bacteroids and bacteroid-free nodule homogenate are
elevated in ACSE nodules. This result indicated that
deficit H,S could cause oxidative damage in both
rhizobia and plant cells in soybean nodule.. In addition,
we compared the O, scavenging ability of the crude
extracts from WT and ACSE nodules. With a higher
H,S content, the WT nodules possessed a greater O,
scavenging ability than ACSE nodules (Fig. 7d).

Impaired H,S generation up-regulates expression
of antioxidant genes in S. fredii and soybean hosts

To further describe the consequences of impaired H,S
generation in nodules, we investigated the expression
levels of antioxidant genes in both bacteroids and plant
sections from nodule cells by quantitative reverse
transcription-polymerase chain reaction (QRT-PCR).
On the rhizobial side, the expression levels of katE and
katG, encoded for CAT, were significantly up-regulated
in ACSE nodules at 28 DPI (Fig. 8a and b). Moreover,
sodA and sodC, encoded for SOD, also exhibited high
expression levels in ACSE nodules (Fig. 8c and d).
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Fig. 5 Nodulation investigation of soybean plants and transmis- and (e) are the TEM images taken from WT and ACSE nodule
sion electron microscopy (TEM) of WT and ACSE nodule cells at cells, respectively. Bars =2 pum. PHB: polyhydroxbutyrate. DFB:
28 DPI. (a) indicates nodule numbers of soybean plants inoculated deformed bacteroids. BPM: broken peribacteroid membrane. The
with WT and ACSE rhizobia strains at 28 DPI. (b) and (¢) are the analysis was conducted with at least 20 nodules as biological
photographs taken from WT and ACSE nodules, respectively. (d) replicates. Representative pictures are shown
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Fig. 6 Confocal microscopy of
H,S (SF7-AM) and H,0, (PO-1)
production in WT, ACSE, and
CpACSE nodules. For H,S detec-
tion, excitation wavelength Aex =
488 nm. For H,O, detection,

Aex =561 nm. Bar =250 um. The
analysis was conducted using at
least 20 nodules as biological
replicates. Representative pictures
are shown

MNCSE

CpACSE

SF7-AM PO-1 Overlap

On the plant side, the impaired generation of H,S led encode Cu-Zn SOD and Fe SOD, exhibited higher
to the up-regulation of several genes that were reported expression levels than in WT nodules (Fig. 9a and b).
to be involved in the antioxidant defense system. In The expression level of GmCAT, which encodes cata-
ACSE nodules, GmSODI and GmSODB2, which lase, was also up-regulated in ACSE nodules (Fig. 9c).
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Fig. 7 Oxidative-related parameters in WT, ACSE, and CpACSE bars represent standard error (SE). Values stand for means + SE of
nodules. (a) H,O, content; (b) Protein carbonyl content; (¢) Mal- three independent experiments, n=15. Different letters above
onaldehyde (MDA) content and (d) O, scavenging ability. Error columns indicate significant differences (P < 0.05)
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Moreover, the expression levels of GmPrx and GmGrx,
which encode 1-Cys peroxiredoxin and glutaredoxin
soybean plants, respectively, were significantly higher
in ACSE nodules than in WT nodules (Fig. 9d and e).
Altogether, the up-regulated expression of these antiox-
idant elements in both the rhizobial symbiont and the plant
host suggests that the impaired production of H,S could
cause an antioxidant defense reaction in soybean nodules.

Impaired H,S generation alters antioxidant-related
enzymatic activities and antioxidant content in nodules

As the low production of H,S led to up-regulated the
expression of several antioxidant genes in soybean root
nodules, we examined the activity of some crucial antiox-
idant enzymes in nodules. The activities of SOD and CAT
were significantly increased in ACSE nodules compared to
WT and CpACSE nodules (Fig. 10a and b). Additionally,
diminished H,S in ACSE nodules resulted in the impaired
activity of thioredoxin reductase (TrxR, Fig. 10c). Besides,
the SOD and CAT activity within isolated bacteroids and
nodule homogenate without bacteroids were also
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nodules. The mRNA abundances were normalized with that of
the endogenous control /6S ribosomal RNA gene and 7poD gene.
Different letters above columns indicate significant differences (P
<0.05)

provoked by the deletion of CSE (Fig. S2). This result is
similar to that of MDA and protein carbonyl content assay,
and also indicated that H,S deficit could cause antioxidant
response to both bacteroids and plant cells.

Also, as a potential element of the antioxidant system,
H,S also influenced the content of other antioxidants in
root nodules. In ACSE nodules, the content of two well-
known antioxidants, reduced glutathione (GSH) and
NADP(H), were strongly reduced (Fig. 1la, b). More-
over, the H,S level in soybean root nodules has a signif-
icant effect on the content of the sulthydryl group. Ac-
cording to our results, the H,S deficit in ACSE nodules
significantly reduced the total thiol content (Fig. 11c).

Discussion

H,S is required for maintaining symbiotic N fixation
in soybean root nodules

Since H,S became a focal point in plant physiology,
many studies have revealed its regulatory effects in
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Fig. 9 Relative expression of soybean antioxidant defense genes.
(a) GmSODI; (b), GmSODB2; (¢) GmCAT: (d) GmPrx; and (e)
GmGrx. Error bars represent standard error (SE), values stand for
means + SE of three independent experiments, n=9. The expres-
sion level of each gene in ACSE and CpACSE nodules was relative

plants as a signaling module. For example, H,S has
positive effects in many plant physiological processes
such as promoting root organogenesis in soybean
(Zhang et al. 2009), enhancing photosynthesis in spin-
ach (Spinacia oleracea) (Chen et al. 2011), and allevi-
ating iron deficiency in maize (Zea mays) (Chen et al.
2015). Our research has additionally provided a new
perspective that H,S may function as a positive regula-
tor of N fixation in the symbiosis between soybean and
S. fredii. In this case, the presence as well as the optimal
content of H,S is important for the performance of
soybean nodules in symbiotic N fixation.
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In the present study, we observed substantial H,S
production in mature soybean root nodules using the
fluorescent probe SF7-AM. This probe is reported to be
cell-permeable and specifically react with H,S to form
green fluorescence (Lin et al. 2013). We found that the
production of H,S was restricted to the N-fixing zone,
where the nodule cells were infected by rhizobia (Fig. 1).
According to Chrysanthi et al. (2015), N-fixing nodules
are rich in thiol and cysteine, and so together with the
high metabolic rate, H,S production in root nodules
could be involuntary. They also stated that sulfur assim-
ilation and metabolism were dampened in non-
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pendent experiments, n = 15. Different letters above the columns
indicate significant differences (P < 0.05)

inoculated L. japonicus or in the plants nodulated by
non-nitrogen-fixing (Fix ) mutant rhizobia. Taken to-
gether with our observation, we postulated that the
production of H,S may be coupled with N fixation in
soybean nodules.

To verify the coupling of H,S and N fixation, we
constructed a CSE knockout S. fredii mutant. It has been
reported that CSE is the main source of endogenous H,S
in many species of bacteria (Shatalin et al. 2011; Wu
et al. 2015). Herein, the ACSE mutant exhibited
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Fig. 11 GSH, NADP(H) and total thiols content determination.
(a) GSH content in soybean nodules; (b) NADP(H) content in
soybean nodules; (¢) Total thiols content in soybean nodules. Error
bars represent standard error (SE). Values stand for means + SE of

three independent experiments, n = 15. Different letters above the
columns indicate significant differences (P < 0.05)

significantly impaired H,S content in both TY medium
and soybean root nodules (Fig. 2). Moreover, the previ-
ous study has suggested that both the plants and the
rhizobial partners can generate H,S using their own
enzymatic systems (Rausch and Wachter 2005). In the
present study, the knockout of CSE caused more than
75% loss of H,S production in the free-living S. fredii
(Fig. 2a), which is much higher than the 48% loss of
H,S content in soybean nodules (Fig. 2b). This
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discrepancy in H,S production between free-living and
symbiotic conditions implies that while bacteroids are a
major source of H,S in soybean nodule cells, the plant
also contributes to H,S production. The result of ARA
and N content determination suggested that there is a
significant correlation between H,S content and N fix-
ation in soybean nodules (Figs. 3, 4). Our recent study
investigated that exogenous H,S treatment can effec-
tively promote the activity of Nase in soybean nodules
(Zou et al. 2019). Similarly, in the present study, the
Nase activity partially recovered in ACSE nodules after
the NaHS pretreatment. Conversely, the HT pretreat-
ment led to loss of Nase activity in WT soybean nodules.
Thus, the use of NaHS and HT confirmed that the
variation in Nase activity was due to the different H,S
content in the soybean nodules. Altogether, our results
indicating that H,S may play an important role in main-
taining N fixation in soybean root nodules.

H,S protects nodule cells and bacteroids from oxidative
damage

Due to their high oxidizing capacity, ROS are ubiqui-
tously dangerous in plant cells. High levels of ROS may
cause several types of damage to bioactive molecules
(Maoller et al. 2007; Dietz 2010). Thus, plant cells have
evolved specific mechanisms to tightly control the gen-
eration and detoxification of ROS. In N-fixing root
nodules, many processes, including N fixation, can gen-
erate ROS (Becana et al. 2001). The high rate of respi-
ration required to fulfill the intensive energy demand for
N fixation in root nodules can generate ROS during
electron transfer. Additionally, many O,-labile proteins
and reducing compounds can react with O, and readily
generate ROS. Thus, the antioxidant defense is especial-
ly crucial for root nodules (Becana et al. 2010). It has
been reported that H,S is an essential antioxidant ele-
ment against ROS and oxidative damage caused by
antibiotics in many pathogenic bacteria and the model
bacteria E. coli (Shatalin et al. 2011; Mironov et al.
2017). In the present study, through TEM observation,
we found structural changes in nodule cells which are
very similar to those observed in nodules that were
senescent or suffering from abiotic stresses
(Balestrasse et al. 2004; Li et al. 2008). It is worth noting
that under both senescence and heavy metal stress con-
ditions, ROS were reported to be generated in plant
tissues and to be responsible for the oxidative damage
(Evans et al. 1999; Finkel and Holbrook 2000; Sandalio
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etal. 2009). To further explore the relevance of H,S and
ROS, we observed the distribution of H,O, in soybean
nodules. H,O, is the most common ROS that is gener-
ated during symbiosis. Except for its signaling function
in the early stage the symbiosis (Cardenas et al. 2008;
Santos et al. 2001), H,O, was related to programmed
cell death and degradation of the symbiosome in soy-
bean nodules (Alesandrini et al. 2003; Rubio et al.
2004). Beyond that, H,O, could generate hydroxyl rad-
icals by participating in the well-known Fenton reaction
and cause severe oxidative damage. As shown in Fig. 6,
H,S significantly reduced the generation and
accumulation of H,O, in soybean nodules. This result
consists with the finding by Santos et al. (2001) and
Rubio et al. (2004). In the context of our study, the fact
that the deletion of CSE led to a significant increase in
H,0, content, may have indicated that H,S helps in
controlling the H,O, level in soybean nodules.

Further proof was provided by the assay of oxidative
damage parameters in root nodule tissues. We found that
in ACSE nodule, the protein carbonyl content was sig-
nificantly higher, which may have indicated a higher
level of protein oxidation damage (Romero-Puertas
et al. 2002). Besides, as suggested by Shulaev and
Oliver (2006), MDA, an end product of lipid peroxida-
tion, is widely accepted as a marker of oxidative damage
and has been extensively used in plants. In plant cells,
various physiological processes rely on functional mem-
brane system (Gombos et al. 1994). Much of the dam-
age caused by ROS has been reported to be related to
membrane lipid peroxidation, such as photosynthetic
loss (Galatro et al. 2013), leaf senescence (Dhindsa
et al. 1981), and inhibition of root elongation
(Yamamoto et al. 2001). Here we found that the MDA
content in soybean nodules was significantly higher in
ACSE root nodules than in WT nodules (Fig. 7c). To-
gether with the impaired peribacteroid membrane ob-
served in ACSE nodules cells by TEM, the MDA assay
suggested that lipid peroxidation is more severe without
sufficient H,S. In this regard, the most probable expla-
nation for the increased protein carbonyl content, MDA
content and deformed bacteroids is that due to the de-
creased antioxidant activity by H,S, the ROS level was
elevated and eventually led to the protein oxidation,
lipid peroxidation, and deformation of symbiosome
membranes in the soybean nodule cells. Moreover, the
diminished H,S level also resulted in a sharp decrease in
0, scavenging capacity in ACSE nodules. Further-
more, MDA and protein carbonyl content determination
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in isolated bacteroids and nodule homogenate without
bacteroids suggested that H2S deficit in nodules could
cause oxidative damage to both bacteroids and plant
cells in soybean nodule (Fig. S1). Altogether, our data
provide solid proof that H,S may function as a ROS
detoxifier in soybean nodules during symbiotic N
fixation.

Deficient H,S production induces responses
of the antioxidant-related enzymatic system

The qRT-PCR data revealed that the disrupted H,S
production in ACSE nodules stimulated the expression
of antioxidant genes (Figs. 8 and 9). On the rhizobial
side, oxidative stress in root nodules may lead to the up-
regulation of defense and signaling-related gene expres-
sion (Mouradi et al. 2018). Impaired carbon metabolism
and loss of N-fixation ability are also found in nodules
under oxidative stress (Naya et al. 2007; Ramirez et al.
2016). In the rhizobium Mesorhizobium loti, katE en-
codes a monofunctional CAT, which is responsible for
H,0, detoxification under symbiotic conditions. A katE
knockout M. loti strain has been shown to form nodules
with significant loss of N-fixation ability (Hanyu et al.
2009). As for katG, it has been related to H,O, detox-
ification under free-living conditions in Bradyrhizobium
Jjaponicum (Vargas et al. 2003; Panek and O'Brian
2004). In root nodules, rhizobial sodA and sodC have
been suggested to encode SOD of different isoforms.
Iron or manganese could be utilized by SodA as cofac-
tors, while sodC uses copper or zinc as cofactors
(Becana and Salin 1989). Our present study identified
that bacteroids in H,S-deficient ACSE nodules exhibited
elevated transcription levels of the katE, katG, sodA, and
sodC genes (Fig. 8). Similarly, the transcript abundance
of several plant genes related to antioxidant defense also
increased in the ACSE nodules (Fig. 9). In ACSE nod-
ules, GmSODI and GmSODB2, which encode the
copper/zinc SOD and iron-SODB2, exhibited higher
expression levels than in WT nodules. Moreover, the
mRNA abundance of 1-Cys peroxiredoxin and
glutaredoxin which are encoded by GmPrx and GmGrx
are higher in ACSE nodules. Herbette et al. (2002) and
Groten et al. (2006) found that peroxiredoxin and
glutaredoxin may catalyze the conversion of H,O, or
alkyl hydroperoxides to water or corresponding alcohols
in pea nodules and tomato leaves. The up-regulation of
antioxidant gene expression is usually related to abiotic
stresses that cause oxidative damage in plant cells (Chen

et al. 1993; Borsani et al. 2001; Pekker et al. 2002;
Ribera-Fonseca et al. 2013). Thus, our result implied
that the H,S deficit provoked antioxidant defense re-
sponses in soybean nodules.

According to the results of the enzymatic activity
assay, the activities of some key enzymes (i.e., SOD
and CAT) related to antioxidant defense were signifi-
cantly high in ACSE nodules (Fig. 10). Besides, SOD
and CAT activity determination were also conducted by
isolated bacteroids and nodule homogenate without bac-
teroids. The results suggested that SOD and CAT in both
bacteroids and plant cells was up-regulated (Fig. S2). A
plausible explanation is that the deletion mutation in the
CSE gene in bacteroids, which led to significantly de-
creased antioxidative H,S content in soybean root nod-
ules. To maintain the redox balance, the activities of
SOD and CAT were elevated to compensate for the loss
of H,S production in soybean nodules. On the other
hand, the activity of TrxR was strongly inhibited in
ACSE nodules (Fig. 10). It has been reported that
thioredoxins are crucial element involved in the regula-
tion of the development of soybean root nodules and
they play a vital role in eliminating ROS in soybean root
nodules (Lee et al. 2005). TrxR is an enzyme that can
reduce oxidized thioredoxins, which is important for
maintaining their antioxidant function (Frendo et al.
2013). In the present study, insufficient H,S production
strongly inhibited the activity of TrxR. This could cause
further oxidative damage to the N-fixation processes in
nodule cells.

Mechanism of H,S’s antioxidant effect

Here, our study evaluated the antioxidant effect of H,S
in soybean root nodules. However, the mechanism un-
derlying still needs further explanation. Our results
showed that one of the direct mechanisms that H,S
could influence the redox environment is that H,S level
in soybean root nodules could significantly change the
content of GSH and NADP(H) in soybean root nodules.
Previous studies demonstrated that GSH plays a crucial
part in the antioxidant regulation in soybean root nod-
ules through an ascorbate-GSH cycle which results ul-
timately in the detoxification of H,O, at the expense of
NADP(H) (Dalton et al. 1992; Dalton et al. 1986).
Moreover, Chen et al. (2011) reported that H,S may
lead to the accumulation of GSH in plant tissues. Our
result also demonstrated that H,S in soybean nodules
could maintain the content of two key elements in the
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Fig. 12 A schematic model of the mechanisms underlying the antioxidant role of H,S in the G. max-S. fredii symbiotic root nodules

ascorbate-GSH cycle (Fig. 11a, b). This may also help to
explain the antioxidant effect of H,S in the present study
that H,S could help keep the redox balance in soybean
root nodules by maintaining the GSH and NADP(H)
content.

On the other hand, Aroca et al. (2018) suggested that
H,S may act as a molecular switch by a posttranscrip-
tional modification (PTM) pathway known as
persulfidation. This persulfidation modification mainly
takes place on the thiol (-SH) of cysteine residue in
proteins and thereby changes enzyme activities, struc-
tures and cellular localization (Aroca et al. 2015; Aroca
etal. 2017b). Among the identified persulfided proteins,
ascorbate peroxidase (APX) is a key element involved
in peroxide scavenging through the ascorbate-GSH cy-
cle. Aroca et al. (2015) reported that persulfidation
modification by H,S could strongly up-regulate the
APX activity in Arabidopsis thaliana. In the present

@ Springer

study, our result found that total thiol content was altered
in ACSE nodules (Fig. 11c). This result may have indi-
cated that persulfidation level was affected by H,S. With
a deeper meaning that H,S could regulate the redox
environment in soybean nodules through persulfidation
modification.

Conclusion

In this study, we investigated that H,S was generated in
the N-fixing zone of soybean root nodules. Deficient
H,S production in soybean nodules led to the accumu-
lation of H,O,, which resulted in oxidative damage to
bacteroids and the Nase complex. Additionally, the def-
icit of H,S triggered antioxidant defense responses in
soybean root nodules, including altered antioxidant con-
tent, enhanced activity of antioxidant enzymes and up-
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regulated expression of antioxidant genes (Fig. 12). Al-
together, the results provide evidence that H,S may play
a role in optimizing N fixation in soybean root nodules
by acting as an antioxidant element.
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